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Highlights

¢ Hydroxycinnamic acids can enhance the color quality of wine through copigmentation.
¢ Copigmentation is driven by hydrogen bonding and dispersion forces.

* The anthocyanin backbone and the carboxyl group of sinapic acid are the key sites.
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Abstract

The effect of adding hydroxycinnamic acids (caffeic acid, sinapic acid, p-coumaric acid and chlorogenic acid) in Cabernet
Sauvignon dry red wine before and after fermentation was investigated, taking into account the color parameters,
anthocyanin content, and overall polyphenol levels in the wine samples. The copigmentation effect of malvidin-3-O-
glucoside and sinapic acid was further explored in model solution and through theoretical calculations. The results indicated
that the addition of hydroxycinnamic acids significantly enhanced the wine’s color with sinapic acid (before the fermentation)
showing the most pronounced color protection effect. Compared to control samples, the addition of hydroxycinnamic acids
resulted in a 36% increase in total phenolic content and a 28% increase in total anthocyanin content. Thermodynamic
analysis revealed that the interaction between sinapic acid and malvidin-3-O-glucoside was spontaneous and exothermic.
Theoretical studies identified hydrogen bonding (HB) and dispersion forces as the main primary stabilizing forces, with the
carboxyl group of sinapic acid playing a critical role while the anthocyanin backbone also influenced the interaction.

Keywords: matrix effect, dry red wine, polyphenol, hydroxycinnamic acids, anthocyanins

1. Introduction

Color is a key metric for evaluating the quality of red wine,
offering insights into grape variety, winemaking practices, and
the wine’s stage of aging and maturity (Fanzone et al. 2015)
and shaping consumer perception (Bimpilas et al. 2016).

Anthocyanins, the most important pigments in vascular
plants, are natural colorants with promising applications and
unique physiological functions (Sun et al. 2019). Several
studies have shown that anthocyanins possess antioxidant,
anti-inflammatory, antidiabetic, and anti-aging effects (Kent
et al. 2017). As major polyphenolic constituents of grapes
and wines, anthocyanins significantly influence the chromatic
characteristics of red wines (Peri et al. 2015; Fan et al.
2023a).

During winemaking and aging, changes in the quantity and
type of anthocyanins can occur, including the degradation
of monomeric anthocyanins and the formation of acylated
and polymerized anthocyanins through copigmentation,
cycloaddition, polymerization and oxidation (Alcalde-Eon
et al. 2006). These transformations are influenced by the
molecular structure of anthocyanins and the substrates
of wine samples (Liu et al. 2015). Copigmentation refers
to the formation of stable complexes by anthocyanins
through intermolecular stacking, hydrogen bonding (HB),
and complexation with other colorless organic molecules
or metal ions (Escribano-Bailon and Santos-Buelga 2012),
which changes the molecular properties, thereby achieving
increased stability. It has been found that copigmentation
contributes 30-50% of the color in young red wines, while in
aged one the contribution range from 8-30% (Boulton 2001).
A wide range of wine constituents can act as copigments
that enhance the stability of the floral chromosome, including
organic acids, metal ions, phenolic compounds (flavonoids,
phenolic acids, alkaloids), polysaccharides (e.g., gum
arabic, guar gum, pectin, chitosan, alginate), and proteins
(e.g., amino acids, casein, whey proteins, soy proteins, and
mannoproteins) (Gonzalez-Manzano et al. 2009; Liu et al.
2025a).

Polyphenolic compounds constitute a fundamental
component of the wine matrix and play a pivotal role
throughout the fermentation and aging processes, exerting a
critical impact on wine color quality (Liu et al. 2025b; Wu et al.

2025). They are currently attracting great interest due to the
structures have a broad m-conjugated system which facilitates
binding to the anthocyanins via —1 stacking (Trouillas et al.
2016; Liu et al. 2025c). Such interactions typically adopt a
“sandwich-like” structure, which shields the flavylium cation
from nucleophilic attack by water, thereby enhancing pigment
stability and preventing chromatic decay (Teixeira ef al. 2013;
Wu et al. 2026). According to their structural characteristics,
wine phenolics are classified into non-flavonoids and
flavonoids. Flavonoids possess a characteristic C6-C3-C6
carbon skeleton (Ignat et al. 2011) and can be divided into
flavonols, flavanols, and anthocyanins (Fontana et al. 2013).
Non-flavonoid substances primarily include phenolic acids
and stilbenes, with phenolic acids being more abundant in
wine. Phenolic acids are categorized into hydroxybenzoic
acids, which have a C6-C1 skeleton, and hydroxycinnamic
acids, characterized by a C6-C3 skeleton (Lingua et al.
2016).

A variety of hydroxycinnamic acids, including
chlorogenic acid, sinapic acid, ferulic acid, p-coumaric
acid, and caffeic acid, are generally recognized as
effective copigments, exhibiting potency similar to that of
flavanols and dihydroflavonols (Fanzone et al. 2015). Both
experimental and computational studies have revealed
that hydroxycinnamic acids generally exhibit stronger
copigmentation effects than hydroxybenzoic acids (Zhang
et al. 2015b). It was speculated that the reason may be that
acrylic acid has a longer carbon chain than formic acid, which
is more conducive to the combination of copigment and
anthocyanin (Zhang et al. 2015b).

This study aims to explore the copigmentation of
hydroxycinnamic acids under real wine fermentation
conditions. Among the tested compounds, sinapic acid,
commonly found in real wines, was copigment of malvidin-3-
O-glucoside investigating the thermodynamic nature of the
effect in a model wine. Quantum mechanics (QM) calculation
was applied to explore the intermolecular mechanisms
of copigmentaion effect, focusing on their structural and
energetic properties. It is expected to further explore and
explain the color protection ability of polyphenols, provide
theoretical and technical support for the improvement of dry
red wine color protection.
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2. Materials and methods
2.1. Raw materials for winemaking

The raw materials used in the winemaking are Cabernet
Sauvignon grapes from Ningxia Hui Autonomous Region,
China. The reduced sugar g L™ and total acid content of raw
materials were 270 g glucose L™ and 6.2 g tartaric acid L™".

2.2. Chemicals

Hydroxycinnamic acids, including sinapic acid, caffeic acid,
p-coumaric acid, and chlorogenic acid, were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. The
anthocyanin standard, malvidin-3-O-glucoside, was supplied
by SHANGHAI ZZBIO Co., Ltd. The Saccharomyces
cerevisiae (Angel Yeast Co., Ltd., China) and pectinase
(Lallemand, CA, USA) were prepared for winemaking. All
other chemicals used in the experiments were purchased
from Tianjin Kemiou Chemical Reagent Co., Ltd., China.

2.3. Winemaking

Harvested from Ningxia, China, fully ripe grapes were
sorted, destemmed, and crushed before being placed in
ten tanks. Then, Saccharomyces cerevisiae (200 mg L™),
pectinase (20 mg L™") and sulfur dioxide (60 mg L") were
added to initiate fermentation. All wine samples were
divided into ten groups, including five groups receiving pre-
fermentation treatment with hydroxycinnamic acids and five
groups receiving post-fermentation treatment with the same
compounds. One group without any hydroxycinnamic acid
served as the control (CK), while the remaining samples were
supplemented with 360.32 mg L™ caffeic acid, 448.42 mg L™
sinapic acid, 328.32 mg L p-coumaric acid, and 708.62 mg
L™ chlorogenic acid, respectively. At the end of fermentation,
all samples were filtered and bottled for further analysis.

2.4. Determination of general parameters of wine

General parameters of the wine samples were determined
following the protocols outlined in the Compendium of
International Methods of Analysis of Musts and Wines,
including pH value of samples, alcohol content (% vol),
reduced sugar (g glucose L™), total acid (g tartaric acid L™),
volatile acid (g acetic acid L™') and free sulfur dioxide (mg L™).

2.5. Optical and chromatic feature

The optical characteristics of the wine samples were
evaluated using a UV-Visible spectrophotometer (UV-1780,
SHIMADZU, Japan). Absorbance spectra were recorded
over the wavelength range of 400—780 nm at 1 nm intervals
using a 1 mm pathlength quartz cuvette, with distilled water
as the reference.

Based on the absorption spectrum, absorbance values
(Ag30, As70s Aszo, @and Ausg) were selected to obtain the
chromatic parameters, including L* (lightness), a* (green/
red), b* (blue/yellow), h,, (hue dependency), C*,, (saturation
dependency), and AE*,, (total color difference) of wine
samples (Gonnet 1999).

The feature color of wine samples can visualize the
macroscopic color characterization compared with the

parameters calculated from the absorbance of the visible
absorption spectrum (Fan et al. 2023b).

2.6. Polyphenol content analysis

The content of total phenolics, flavonols, anthocyanins were
measured, following previous suggestions (Cliff et al. 2007),
using wine (0.5 mL) sample diluted with 10% ethanol (4.5 mL).
The diluted samples (0.25 mL) were added with 2% HCI
(4.55 mL) and 95% ethanol-0.1% HCI (0.25 mL). After
shaking and mixing, the samples were allowed to stand for
15 min to ensure homogeneity and stability. The absorbance
of wine samples was measured at 280, 360 and 520 nm with
1 mm cuvette. Absorbance readings (Ao, Asge and Asy)
corresponded to total phenolic, flavonols, and anthocyanin
content. The p-DMACA method was applied to determine
flavanols (Arnous et al. 2002).

2.7. Anthocyanin form analysis

The proportions of anthocyanins into monomeric,
copigmented, and polymeric forms was analyzed using the
method adapted from Mazza et al. (1999). To assess A,
the wine sample (2 mL) was prepared with a 10% (v/v)
acetaldehyde solution (20 pyL) and then incubated at
room temperature for 45 min. For Ago,, the wine sample
(2 mL) was mixed with a 5% (w/v) SO, solution (60 L),
and measurements were taken after 10 min. Additionally,
the wine sample was diluted tenfold with model wine to
measure Asy. The A, Aso, and Ag,, were the absorbance
values of the prepared samples at 520 nm using a 1 mm
pathlength quartz cuvette. The proportion of anthocyanins
in different forms was calculated using egs. (1)—(3):

. . (Aacet_ASZO)
Copigmented anthocyanin (%)=|—————|x100 (1)
acet
Asp—A
Monomeric anthocyanin (%)=[(520—802)] x100 (2)
acet
. . ASOZ
Polymeric anthocyanin (%)= %100 (3)
acet

2.8. Monomeric anthocyanin analysis

The monomeric anthocyanins were quantified using high-
performance liquid chromatography (HPLC, LC-20A,
SHIMADZU, Japan), with wine samples pre-filtered through
a water filtration membrane (0.22 ym) as pretreatment.
Mobile phase A consisted of formic acid, acetonitrile, and
purified water in a volume ratio of 1:4:32, while mobile phase
B had the same composition with a different ratio (1:20:16).
The LC Column (4 um, 250 mmx4.6 mm) was used as the
chromatographic column. The gradient elution program was
as follows: 0—45 min, 0-35% B; 45—-46 min, 35-100% B;
46-50 min, 100% B; 50-51 min, 100—-0% B; and 51-55 min,
0% B. The column temperature was maintained at 35°C, and
detection was performed at a wavelength of 520 nm. The
sample injection volume was set to 20 pL, with a flow rate of
1.0 mL min™".

Anthocyanins were identified based on their retention
times and maximum absorption wavelengths, with each



342 Lulu Wu et al. | Journal of Integrative Agriculture 2026, 25(1): 339-351

chromatographic peak corresponding to a specific
anthocyanin. The quantification of anthocyanins was
obtained using the formula y=0.000002x+0.1768. The peak
area of different anthocyanins is “x”, and the content of
anthocyanins (mg L™") is “y”. The malvidin-3-O-glucoside was
used as the standard in the measurement.

2.9. Preparation of model wine solutions

To ensure an ionic environment similar to that of real wines,
5 g L™ of tartaric acid and 12% (v/v) ethanol were added to
the model wine, and the pH was adjusted to 3.6. Sodium
chloride was added to adjust the ionic strength to 0.2 mol
L™'. Malvidin-3-O-glucoside was dissolved in a 0.1 mmol L™
model wine solution to prevent self-association, followed by
dilution with specific volumes of copigment solution to achieve
molar ratios of 1:0, 1:5, 1:10, 1:20, 1:40, and 1:80 for sinapic
acid/malvidin-3-O-glucoside at 20°C. To assess the effect of
temperature on copigmentation behavior, additional model
solutions with a fixed molar ratio of 1:40 were incubated at
15, 20, 25, 30, and 35°C. All samples were equilibrated in
the dark for 30 min and prepared in triplicate.

2.10. Measurement of copigmentation magnitude and
thermodynamic parameters

According to the methodology described by Boulton (2001),
the extent of copigmentation was quantified by measuring
the hyperchromic effect and bathochromic shift. Absorption
spectra of the model wine samples were recorded from
400 to 780 nm at 1 nm intervals using a 1 cm pathlength
quartz cuvette, with distilled water as the reference. The
hyperchromic effect and bathochromic shift were calculated
as (A-Ay)/A, and AA,.=Ana—Ao, respectively, where A, is
the absorbance of malvidin-3-O-glucoside at Ay, A is the
absorbance of the copigmentation solution (sinapic acid/
malvidin-3-O-glucoside) at Ay, and A,,, represents the
maximum absorption of the copigmentation solution (sinapic
acid/malvidin-3-O-glucoside).

The thermodynamic parameters of the copigmentation
process were calculated according to the reported method
(Brouillard et al. 1989). The enthalpy (AH), entropy changes
(AS), Gibbs free energy (AG), and equilibrium constant (K)
for the copigmentation reaction were determined using egs.
(4)—(7) as described by Lambert et al. (2011).

A-Aq \_ 4
In( . )an+nnﬂcpb (4)
AG=—-RTxInK (5)
AG=AH-TAS (6)

A-A,\_ AH . AS
L = )

where n is the stoichiometric ratio of anthocyanin to sinapic
acid [cp], is the concentration of sinapic acid added to the
anthocyanin solution, R is the gas constant (8.314 J mol™ K™),
and K is absolute temperature in Kelvin.

2.11. Quantum mechanics calculation

To investigate the molecular conformations and interaction
mechanisms between malvidin-3-O-glucoside and sinapic

acid, we adopted the approach described by Li et al. (2018).
This method was used to explore the conformational space
and identify the optimal copigmentation conformer(s). The
geometries of these conformers were optimized using the
dispersion-corrected hybrid functional B3LYP-D3 (Grimme
et al. 2010) with the 6-31+G(d) basis set, which includes
polarization and diffusion functions for heavy atoms.
To ensure that each structure corresponded to a true
energy minimum, vibrational frequency calculations were
performed. These calculations also provided corrections for
thermodynamic parameters. Additionally, the solvent effects
on molecular structures were incorporated using the Integral
Equation Formalism Polarizable Continuum Model (IEFPCM)
(Li et al. 2018, 2019), simulating the interaction between
malvidin-3-O-glucoside and sinapic acid in aqueous solution.

To further refine the thermodynamic properties of
copigmentation, the B3PW91-D3 hybrid functional, combined
with the IEFPCM implicit solvation model and the aug-cc-
pVDZ basis set, was employed. Additionally, the counterpoise
correction method was applied to account for Basis Set
Superposition Error (BSSE) at the same computational level
(Simon et al. 1996).

The binding energies, including Gibbs free energy (AG),
thermal energy (AE), and enthalpy (AH) for each conformer,
were calculated using the following equation:

AEbinding= complex_Epigment_Ecopigment (8)

To compare the conformers within the copigmentation
complex, Boltzmann weights (BW) were determined based
on their relative Gibbs free energies.

Intermolecular non-covalent interactions were visualized
using Multiwfn 3.8 (Lu and Chen 2012) and VMD 1.9
(Humphrey et al. 1996). All computations were executed
using the Gaussian 09 software package (Frisch et al. 2009).

2.12. Statistical analysis

All data were expressed as meantstandard deviation. One-
way analysis of variance (ANOVA) with SPSS software
(version 19.0; SPSS Inc., Chicago, IL, USA), and mean
comparisons were conducted through Duncan’s multiple
range test. Graphical representations were generated using
Origin 2024 software (OriginLab, Northampton, MA, USA).

3. Results

3.1. General enological parameters

Appendix A shows the pH, total acid, volatile acid, reduced
sugar, ethanol content, free SO, of the samples after the
treatment with four hydroxycinnamic acids at two different
stages.

As indicated in Appendix A-a, all the indices complied
with the Wine National Standard GB/T 15037-2006. When
hydroxycinnamic acids were added before fermentation, the
differences in pH, volatile acid and alcohol content of the
treated samples were smaller compared to CK. In addition,
the total acid in the hydroxycinnamic acid treated wine
samples decreased, the reduced sugar content increased,
and free SO, in the chlorogenic acid treated wine samples
decreased by 5.13 mg L™' compared to CK.

As shown in Appendix A-b, the values of all indicators were
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within the normal range. The changes in pH, volatile acid,
reduced sugar and alcohol content of the wine samples after
fermentation with four hydroxycinnamic acids were minimal,
indicating that the correlation between the indicators and
the treatments was not significant. Compared with CK, the
total acid and free SO, of the treated-samples showed slight
increases.

3.2. Chromatic feature

The absorption spectra (400-780 nm) of wine samples
treated with different phenolic acids are shown in Fig. 1,
covering both pre- and post-fermentation additions. In
particular, Fig. 1-A illustrates four hydroxycinnamic acid
treatments prior to fermentation. Compared with CK, the
maximum absorbance of each treated group increased,
and a bathochromic shift occurred, especially in the sample
containing sinapic acid. As shown in Fig. 1-B, the maximum
absorbance of treated samples also increased, but the
differences between the groups were not significant.

Table 1 presents the color parameters (L*, a*, b*, C*,,
and h,,) of wine samples before fermentation. The L*
values of all the wine samples ranged from 62.40 to 69.28,
with all treated samples showing a decrease in lightness
compared with CK, suggesting darker wine color. Sinapic
acid caused the most pronounced darkening, followed by

—CK  ----- Caffeic acid Sinapic acid ~ ---- p-Coumaric acid -

A B

Chlorogenic acid

4
3

=4
=Y

Absorbance
Absorbance

o
IS

o
[

005 530 %0 PR 400 500 600 700 800

Wavelength (nm)

Wavelength (nm)

Fig. 1 Visible spectra of real wine samples treated with
hydroxycinnamic acids before fermentation (A) and after
fermentation (B).

Table 1 CIELAB parameters (L*, a*, b*, C*
acids at different fermentation stages

ab’

p-coumaric acid, chlorogenic acid, and caffeic acid. The a*
value of each sample is between 35.29 and 43.35, indicating
a significant difference among wine samples. Among them,
the a* value of sinapic acid treatment is the largest, indicating
that its redness was the heaviest, which was also consistent
with its deepest color. The range of b* value is between
-3.42 and 4.61, and the smallest b* value was obtained
for the wine sample with added sinapic acid. C*,, value
represents the color saturation of the wine, and increases in
all treatment groups compared to CK, indicating that different
hydroxycinnamic acids additions to the samples before
the fermentation resulted in more saturated color, with the
best effect being sinapic acid, followed by p-coumaric acid.
Generally speaking, the h,, value of red wines ranges from 0°
to 90°, and h,, of each sample ranges from —4.51° to 6.65°.
As far as CIELAB parameters are concerned, all four different
hydroxycinnamic acids additions to the wine samples before
the fermentation positively affected the color of the wine
samples compared to CK, and sinapic acid had the best
effect.

The color parameters after fermentation are presented
in Table 1. For the L* values, the addition of four different
hydroxycinnamic acids to the wine samples after fermentation
resulted in varying degrees of decrease compared to CK,
with the largest decrease of 2.1 a.u. occurring with sinapic
acid. The change in the a* values indicated that the redness
of all treatment samples was more pronounced, particularly in
the sample containing sinapic acid, followed by chlorogenic,
caffeic, and p-coumaric acids. The b* values exhibited
the same trend as L*. The C*,, valuesranged from 29.24
to 31.01, following the order: sinapic acid>chlorogenic
acid>caffeic acid>p-coumaric acid>CK. As illustrated in
Table 1, it can be obtained that the wine samples with
hydroxycinnamic acids can make their h,, decreased and
had better trend. In general, the samples treated with caffeic
acid, sinapic acid, p-coumaric acid and chlorogenic acid after
the fermentation resulted in better development, but the effect
was not very significant compared to adding them before the
fermentation.

h_,) and characteristic color of real wine samples treated with hydroxycinnamic

CK Caffeic acid Sinapic acid p-Coumaric acid Chlorogenic acid
Before fermentation
L* 69.28+0.49 a 67.49+0.05 b 62.40+£0.30 d 65.40+£0.13 ¢ 67.01£0.49 b
a* 35.29+0.73 ¢ 36.16£0.00 ¢ 43.3520.24 a 39.58+0.03 b 35.53+0.22 bc
b* -0.22+0.36 d 0.91+0.06 ¢ -3.4240.05 e 4.61+£0.01 a 1.59+0.03 b
C 35.291+0.73 ¢ 36.171£0.00 ¢ 43.4810.24 a 39.85+0.03 b 35.56+0.22 ¢
h,/° -0.35+0.07 e 1.44+0.09 c —4.51£0.09 e 6.65+0.02 a 2.57+0.06 b
Characteristic color ()
After fermentation
L* 68.68+£0.01 a 67.05£0.04 c 66.58+0.06 e 67.33+£0.06 b 66.83+0.04 d
a* 29.2240.02 d 30.64+0.08 b 31.01+£0.07 a 29.84+0.02 ¢ 30.96+0.04 a
b* 1.10+0.03 a 0.25+0.00 b —-0.37+0.05d 0.34+0.09 b 0.01+0.02 c
C. 29.24+0.02 d 30.64+0.08 b 31.01£0.06 a 29.84+0.02 ¢ 30.96+0.04 a
h,/° 2.16+0.06 a 0.484+0.01 b -0.68+0.10d 0.66+0.17 b 0.01+0.03 c

Characteristic color

Different letters on the same line indicate significant differences, P<0.05.
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3.3. Phenolic content and anthocyanin form analysis

Table 2 presents the concentrations of various phenolic
compounds following the addition of hydroxycinnamic acids
to the wine samples at different periods.

The total phenolic content of the wine samples treated
with four hydroxycinnamic acids increased significantly.
The increase ranged from 25 to 46%, and the highest total
phenolic content (2,690.71 mg L™") occurred in the p-coumaric
acid-treated sample. In addition, although only the phenolic
acids were added before fermentation, the content of flavonols
also significantly increased in each treatment compared with
CK. The content of flavanols in the samples treated with
p-coumaric acid, caffeic acid, chlorogenic acid, and sinapic
acid increased by 40, 61.43, 61.43, and 122.66 mg L™,
respectively. Furthermore, there was a significant difference
in the content of flavanols among the treated samples. Except
for a slight decrease in the chlorogenic acid-treated samples,
the other treatment groups showed a significant increase,
with the highest content of 546.49 mg L™ observed in the
p-coumaric acid-treated sample. The content of anthocyanins
in the sample with sinapic acid reached 334.08 mg L™,
reflecting an increase of 28% compared with CK. Regarding
the percentage of anthocyanins, the results of the wine
samples varied among the treatment groups. Among them,
the proportions of copigmented anthocyanins in caffeic acid
and sinapic acid treated samples increased, but the changes
were not significant. The monomeric anthocyanins in the
chlorogenic acid-treated sample were on the rise, while a
significant increase in polymeric anthocyanins was observed
in the p-coumaric acid-treated sample.

In Table 2, the differences observed in the samples
treated with phenolic acids after fermentation are presented.
Firstly, the total phenolic content of each treatment group
was significantly increased compared to the control group,
in the order of: p-coumaric acid>caffeic acid=chlorogenic
acid>sinapic acid. Also, the flavonols content of the four
hydroxycinnamic acids treatment groups were higher than
that of CK, with increases ranging from 8.57 to 94.29 mg L™".

Unlike the situation before the fermentation, the flavanols
content was decreasing in all treatment groups. Secondly,
the changes in the proportions of anthocyanins can be seen
that the copigmented anthocyanins of p-coumaric acid and
chlorogenic acid treatment samples were increasing. In
contrast, the monomeric anthocyanins of caffeic and erucic
acid treated samples were decrease, the changes were
not significant, and further storage is needed to assess the
effects of the treatment groups.

3.4. Monomeric anthocyanins

The types and concentrations of anthocyanins in
wine samples were determined using HPLC, and
five monosaccharide anthocyanins and four acylated
anthocyanins were detected, as shown in Fig. 2.

As illustrated in Fig. 2-A, the addition of phenolic acids
before fermentation resulted in significant differences in
anthocyanin content across treatment groups. Among the
nine monomeric anthocyanins, malvidin-3-O-glucoside and
malvidin-3-O-acetyl-glucoside were the most abundant due
to their more stable structure. Compared with CK and other
treatments, the content of all types of anthocyanins in the
sinapic acid-treated samples was significantly higher, which is
also consistent with their superior chromatic characteristics.
The amounts of delphinidin-3-O-glucoside, cyanidin-3-O-
glucoside, petunidin-3-O-glucoside, malvidin-3-O-glucoside,
and malvidin-3-O-coumaroyl-glucoside with outstanding
growth increased by 45.29, 65.31, 42.14, 21.44, and 37.58%,
respectively, compared to CK.

Fig. 2-B reports the data obtained after fermentation and,
in contrast to the data obtained before fermentation, shows
no significant differences. The content of malvidin-3-O-
glucoside in caffeic acid, chlorogenic acid, and p-coumaric
acid-treated samples increased by 1.87, 4.05, and 5.67 mg
L™, respectively, compared to CK.

3.5. Copigmentation thermodynamic data
Based on the observation that the addition of hydroxycinnamic

Table 2 Phenolic composition and anthocyanin distribution in wine samples treated with hydroxycinnamic acids at different

fermentation stages

Content CK

Caffeic acid

Sinapic acid p-Coumaric acid  Chlorogenic acid

Before fermentation

Total phenolics (mg gallic acid L") 1,837.14+10.10d 2,522.86+10.10 b 2,505.00+5.05b  2,690.71+5.05 a 2,305+5.05 ¢
Flavonols (mg quercetin L") 131.7142.02 d 193.1424.04 b 254.57+2.02 a 171.7122.02 ¢ 193.14+0.00 b
Flavanols (mg catechin L") 464.02+0.44 d 484.54+1.17 ¢ 506.39+2.33 b 546.49+7.73 a 450.72+0.00 d
Anthocyanins (mg malvidin-3-glucoside L-')  260.61+1.44 ¢ 266.73x1.44 b 334.08+1.44 a 250.41+1.44d 237.14+0.00 e
Copigmented anthocyanin (%) 32.02£0.74 a 34.67+0.15 a 36.54+£0.41 a 23.83x0.70 b 26.20+0.43 b
Monomeric anthocyanin (%) 37.49+0.68 ab 34.48+0.23 bc 36.40+0.36 ab 29.56+0.48 ¢ 40.17£0.42 a
Polymeric anthocyanin (%) 30.49+0.07 c 30.85+0.09 c 27.06+0.05d 46.62+0.22 a 33.63+0.01b
After fermentation
Total phenolics (mg gallic acid L") 1,958.57x10.1d 2,576.43+5.05b 2,187.144+0c 2,780.00£0.00a 2,576.43+5.05b
Flavonols (mg quercetin L") 124.57+4.04 d 184.57+0.00 b 186.00+2.02 b 133.1410.00 ¢ 218.86+0.00 a

700.82+0.58 a
255.51+2.89 b

Flavanols (mg catechin L")
Anthocyanins (mg malvidin-3-glucoside L)

674.02+0.00 b
261.63+0.00 a

666.08+0.44 c
257.55+0.00 ab

666.08+1.31 ¢
261.63+0.00 a

642.68+0.58 d
255.51+0.00 b

Copigmented anthocyanin (%) 36.46+0.83 b 32.90+£0.96 ¢ 35.16+0.90 bc 37.99+0.87 ab 40.66+0.45 a
Monomeric anthocyanin (%) 32.66+£0.91 ab 36.29+£0.96 a 33.79£0.94 ab 32.49+£1.03 b 30.82+0.32 b
Polymeric anthocyanin (%) 30.88+0.07 a 30.81+0.01 a 31.05+0.04 a 29.53+0.16 b 28.52+0.13 ¢

Different letters on the same line indicate significant differences, P<0.05.
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acid to real wines can significantly enhance their color profile,
the prominent hydroxycinnamic acid, sinapic acid, and the
representative anthocyanin, malvidin-3-O-glucoside, were
selected to investigate the copigmentation process in model
wines.

As illustrated in Fig. 3, the visible absorption spectra of
sinapic acid/malvidin-3-O-glucoside solution with varying
molar ratios under different temperatures was measured
to analyzed the impact of sinapic acid on the spectral
characteristics of anthocyanin. The absorption intensities
observed for the experimental group (molar ratios of 1:5, 1:10,
1:20, 1:40, and 1:80) exceeded those of the control group
(molar ratio of 1:0). Upon incremental addition of sinapic
acid to the model wine solution, a significant enhancement
in absorption was observed across the visible spectrum,
particularly near 520 nm. The absorption increased
proportionally with the quantity of sinapic acid introduced. In
contrast, temperature exhibited a comparatively minor effect
on the absorption profile.

The spectral modifications induced by sinapic acid
were further quantified in terms of hyperchromic effect and
bathochromic shift, derived from the spectral data in Fig. 3.
The hyperchromic effect intensified, and the bathochromic
shift increased with rising molar ratios, reaching a maximum
at a ratio of 1:80, as shown in Appendix B. However, at
lower sinapic acid concentrations (molar ratios below 1:20),
the copigmentation effect remained statistically insignificant
(P>0.05).

Thermodynamic parameters provide insights into the
possibility of interactions and enable the prediction of energy
exchanges between anthocyanins and copigments. Using
UV-Vis spectroscopy, the intercept (InK) and slope (n)
were obtained from the linear regression of In[(A-A.)/A]
against In[cp],. The resulting plot displayed strong linearity
(R2=0.986), yielding K=15.56 mol L™, consistent with prior
findings (Wu et al. 2024a). The K quantifies the strength

of the copigmentation interaction between malvidin-3-0O-
glucoside and sinapic acid. The stoichiometric constant
(n=0.977) closely approximates 1, indicating a 1:1 binding
stoichiometry between malvidin-3-O-glucoside and sinapic
acid.

The Gibbs free energy variation (AG=-1.63 kcal mol™') was
negative, indicating that the copigmentation process proceeds
spontaneously. The enthalpy change (AH=-5.91 kcal mol™)
was derived from the slope of the linear plot of In[(A-Ac)/Ad]
versus the reciprocal temperature (1/T), while entropy change
(AS=—60.14 J K" mol™") was obtained by the equation,
AG=AH-TAS. The negative AG and AH values suggest that
HB and van der Waals forces are key contributors to the
spontaneous interaction (Zhang et al. 2015a). Meanwhile,
the negative AS may reflect the influence of hydrophobic
effects and m— stacking interactions in the binding process.

3.6. QM investigation of the intermolecular copigmen-
tation between sinapic acid and malvidin-3-O-gluco-
side

In order to better understand the intermolecular mechanism
betweent sinapic acid and malvidin-3-O-glucoside (Appendix
C), we performed QM calculations of density functional theory
(DFT) to gain insights on their interaction. By scanning the
interaction potential energy surface, the optimal conformation
of sinapic acid/malvidin-3-O-glucoside was found. The
mechanism was dissected from the structural features of the
system, visual demonstration and energy analysis.
Performance of the structural characteristics of the
copigmentation system Seven low-energy conformers
were identified through a comprehensive scan of the
conformational space. The geometry of the copigmentation
complexes are illustrated in Fig. 4 (conformer 6, the most
predictable structure) and Appendix D (the other six
conformers) labeled with detailed stacking parameters. Two
stacking modes of the copigmentation complex were found:

—=— CK --e-- Caffeicacid ---a... Sinapic acid -+~ p-Coumaric acid  --e-- Chlorogenic acid
A B
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Fig. 2 Anthocyanin content of the real wine samples with the addition of hydroxycinnamic acids before fermentation (A) and
after fermentation (B). |, delphinidin-3-O-glucoside; I, cyanidin-3-O-glucoside; lll, petunidin-3-O-glucoside; IV, peonidin-3-O-glucoside;
V, malvidin-3-O-glucoside; VI, peonidin-3-O-acetyl-glucoside; VII, malvidin-3-O-acetyl-glucoside; VI, peonidin-3-O-coumaroyl-glucoside;

IX, malvidin-3-O-coumaroyl-glucoside.
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In[(A-A,)/A,] vs. (1/T) for the copigmentation interaction.

a “translated-parallel” configuration (conformers 3 and 6)
and an “aslant-parallel” arrangement (conformers 1, 2, 4,
5, and 7). The stacking distances between the planes of
the conformers ranged from 3.43 A to 4.47 A, with dihedral
angles spanning 4.00° to 6.80° in the translated-parallel
mode and 10.06° to 18.70° in the aslant-parallel mode.
Misalignment angles ranged from 11.27° to 43.35°, where
smaller values corresponded to stronger 1T—11 stacking. For
conformer 6, these parameters were 3.43 A, 4.00°, and
16.91°, respectively, reflecting its optimized stability.

HB plays a critical role in the stability of the copigmentation
complexes, with 0 to 4 hydrogen bonds observed among the
seven conformers. The most prominent interactions involved
O-H---O bonds, with occasional contributions from C-H:---O
interactions. Hydrogen bond lengths ranged from 1.80 A to
2.49 A, and bond angles extended from 139.64° to 178.77°.
Conformer 3, with its four HBs, exemplifies the importance
of these interactions in maintaining structural stability. The
2’-COOH group of sinapic acid is essential in conformers 2,
4, and 6, while the 4-OH and 3,5-OCH; groups contribute
significantly to conformers 3 and 5. Additionally, the 6""-OH
and 2°°-OH groups in the glucosyl moiety of anthocyanin are
consistently critical for HB formation across all conformers.
Parameters characterizing these HBs are annotated in Fig. 4
and Appendix D and summarized in Table 3.

Non-covalent interactions, including HB and dispersion
forces, are illustrated in Fig. 4 and Appendix D. In conformer
6, a hydrogen bond (visualized as a blue isosurface) formed
between the 2°-COOH group of sinapic acid and the 5-OCH,
group of malvidin-3-O-glucoside. The sign(A,)p value of this

interaction was approximately —0.03, closely aligning with the
—0.028 observed in the most stable structure of the caffeic
acid and malvidin-3-O-glucoside complex (Wu et al. 2024a).
Green isosurfaces indicate dispersion interactions, which
contribute to the stabilization of conformer 6.
Binding energy analysis of copigmentation systems The
thermal energy (AE), enthalpy (AH), Gibbs free energy (AG),
and entropy (AS) for the seven lowest-energy conformers are
summarized in Table 4, along with the experimentally derived
Gibbs free energy values for comparison. Thermal energy
ranged from —14.48 to —20.87 kcal mol™, indicating consistent
electronic interactions between malvidin-3-O-glucoside
and sinapic acid. These parameters are comparable to the
previously reported values for the interaction of anthocyanin
with caffeic acid (Wu et al. 2024a). Entropy effects tend to
diminish intermolecular interactions, leading to increased
order within the system. The AG ranged from —1.09 to
—7.17 kcal mol™, indicating a thermodynamically favorable
and spontaneous association between the two molecules.
The Boltzmann weight (BW) of each conformer, presented
in Table 4, highlights conformers 5 and 6 as the predominant
forms observed experimentally. Dispersion contributions
within the sinapic acid and malvidin-3-O-glucoside complex
ranged from —15.69 to —20.76 kcal mol™, as detailed in
Table 4.

4. Discussion
4.1. Effect of hydroxycinnamic acid on the chromatic
features of wine at different periods

The chromatic characteristics of the final wine samples
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Fig. 4 Molecular structure and non-covalent interactions in conformer 6 of the sinapic acid/malvidin-3-O-glucoside complex. A—C,
front, side, and top views showing hydrogen bonds (red dashed) and key parameters. D and E, visualization of non-covalent interactions
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Table 3 Hydrogen bonding (HB) and ring stacking (RS) parameters for the sinapic acid/malvidin-3-O-glucoside (distance in

angstrom, angle in degree)

Conformer HB (D-H...A)" RS
Quantity Type rH...A)? Z(D-H...A)® Type* r(RS)? Z(RS)? Z(MS)¥
1 0 C...S 3.55 15.24 11.27
2 2 O-H...O 1.85 172.91 AC...S 4.01 18.56 43.35
3 4 O-H...O 1.80 140.89 A...S 3.67 6.80 19.46
C-H...O

4 2 O-H...O 1.84 178.77 AC...S 4.02 18.70 42.02
5 1 O-H...O 1.92 139.64 - 4.47 13.26 36.39
6 1 O-H...O 1.86 166.73 B...S 3.43 4.00 16.91
7 0 C...S 3.74 10.06 22.80

1)

the hydrogen donor and acceptor, respectively.

' Distance between H and A or between the two rings.

:Angle of a hydrogen bond or dihedral angle between two rings.
)

N

3

a

5,

Parameters are presented only for the strongest hydrogen bond, while the others are displayed in Fig. 3 and Appendix D. D and A represent

B, C, AC, and S denote the B-ring, C-ring, AC-ring of malvidin-3-O-glucoside, and the S-ring of sinapic acid.
The angle between the normal vectors of the planes of malvidin-3-O-glucoside and the line connecting the geometric centers of the two planes

is referred to as the angle of misalignment, which reflects the degree of relative misalignment.

underwent a substantial change when phenolic acids were
added prior to fermentation (Table 1). Specifically, increases
in L*, a*, and C*,, of the hydroxycinnamic acid-treated
samples indicated enhanced color intensity, which indicates
that hydroxycinnamic acids contributed positively to the
color of Cabernet Sauvignon dry red wine (Liu et al. 2024).
This is consistent with previous findings highlighting the
critical role of phenolics in stabilizing wine color (Rivero et al.
2017). Phenolic acid was added before fermentation, and as

fermentation proceeded, the anthocyanins in the raw grapes
were gradually leached. Compared with CK, the treatment
group with higher initial concentrations of hydroxycinnamic
acids had greater capacity to bind free anthocyanins,
resulting in more stable and intensely colored complexes.
Similarly, post-fermentation addition of hydroxycinnamic
acids had a positive effect on the chromatic features
of samples. Compared with CK, the treated samples
exhibited higher redness, lower yellowness, and better color
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Table 4 Binding energetics (AE, AH, AG, AS), Boltzmann
weights (BW) and dispersion energy (AE, ) for the sinapic
acid/malvidin-3-O-glucoside complexes'’

Conformer AE AH AG AS BW  AE

dispersion

ispersion

1 -14.48 -15.07 -1.09 -196.14 0.00 -20.76
2 -20.20 -20.79 -5.16 -219.30 2.51 -17.80
3 -18.32 -18.91 -551 -187.95 4.55 -15.96
4 -20.26 -20.85 -5.26 -218.81 2.96 -17.80
5 -19.75 -20.34 -6.22 -198.18 14.89 -19.12
6 -20.87 -21.46 -7.17 -200.64 74.03 -17.19
7 -17.31 -1790 -4.65 -185.96 1.05 -17.28
Expt.? -1.63

Y Energy (AE, AH, AG, AEqpersion) in kcal mol™; entropy (AS) in J K™ mol™;
BW is calculated based on the AG, in %.
? Experimental value calculated from the thermodynamic data.

saturation (Table 2), which is associated with younger wines.
These results provide further evidence that the addition of
hydroxycinnamic acids can stabilize the color of Cabernet
Sauvignon wines. The superior copigmentation performance
of hydroxycinnamic acids may be related to the longer carbon
chain of acrylic acid, which makes the molecule more flexible
and more favorable for adopting a spatial conformation for
the binding of copigments to anthocyanins (Malaj et al. 2013).
Compared to the data before fermentation, the spectral
characteristics (Fig. 1) and monomeric anthocyanin content
(Table 2) of treated samples after fermentation were less
variable and did not differ significantly from CK. Maceration,
fermentation, and aging conditions affect the anthocyanin
composition of the wine, resulting in a change in the color
of the wine (Gao et al. 1997). During wine fermentation,
anthocyanins gradually change from a free state to
macromolecules such as polymerized forms, which are less
likely to combine with polyphenols. During aging, the content
of free anthocyanins in wine gradually decreases, resulting
in a decline in color (Xue et al. 2021). Therefore, the impact
of polyphenols added after fermentation would be less
significant. However, as aging progresses, copigmentation
may gradually play a more important role in the color of
wine samples. Some studies have shown that the non-
covalent interaction between anthocyanins and polyphenols
serves as the first step in the formation of covalent bonds,
leading to the production of new anthocyanin derivatives that
stabilize the color (Brouillard and Dangles 1994). This type of
anthocyanins is believed to have a darker color, and its molar
extinction coefficient has also been shown to be greater than
that of monomeric anthocyanins (Hakansson et al. 2003).

4.2. Effect of hydroxycinnamic acid addition on the
phenolic content of wine samples at different periods

The external color change of wine is primarily caused by
alterations in pigmented substances (phenols) (Zhang et al.
2022). The addition of phenolic acids at different fermentation
periods increased the total phenolic content of wine samples,
which was higher than the addition of exogenous phenolic
acids (Table 3), as well as the flavonol content of phenolic
acid-treated samples at different fermentation periods. A
similar phenomenon was found with the addition of other
phenolic acids (Wu et al. 2024a, b). We hypothesized that

the explanation for this phenomenon might be that the
addition of phenolic acids facilitated the extraction of phenolic
compounds from the wine solution.

In addition, the effect of exogenous phenolic acids on
anthocyanin, an extremely important pigment, determines
the color expression of the finished wine (Khoo et al. 2017).
From Fig. 2 and Table 3, it is possible to note that the addition
of phenolic acids before fermentation had a significant effect
on the anthocyanin content, especially sinapic acid. The
growth of the delphinidin-3-O-glucoside, petunidin-3-O-
glucoside, malvidin-3-O-glucoside, and malvidin-3-O-acetly-
glucoside of the wine samples were particularly significant
after the addition of sinapic acid. These monomeric
anthocyanins were shown to correlate with L*, a* and b*
values, in agreement with the experimental results in previous
studies (Han et al. 2008, 2009; Zezulova et al. 2021).

The data on the forms of anthocyanins in the wine samples
indicated that the pre-fermentation addition of sinapic acid
and caffeic acid significantly increased the proportions of
copigmented anthocyanins compared with CK, and similar
results were observed with the addition of other types of
phenols (Aleixandre-Tudo et al. 2013; Rivero et al. 2017; Wu
et al. 2024a, b). This observation supports the hypothesis
that the exogenously added phenolic acids actively participate
in copigmentation interactions, stabilizing the structure of
anthocyanins and enhancing color quality.

The amount of exogenous phenolic acid added is another
concern. Previous studies have also shown that the addition
of polyphenols affected the activity of yeast (Mekoue Nguela
et al. 2019). It was reported that the growth and metabolic
disorders of yeast caused by polyphenolic compounds
may be mainly related to their interaction with the plasma
membrane of yeast cells. From the results of this study, it
can be speculated that polyphenols may affect the activity
of yeast, and because the reduced sugar content of grape
was higher, a higher content of ethanol would be produced,
resulting in the activity of yeast being affected by polyphenols
and ethanol near the end of fermentation at the same time,
then the reduced sugar of the treated wine samples was
slightly higher than that of the control group. However, the
fermentation time of each treatment group was basically the
same as that of CK, and the indicators of the wine samples
were not abnormal, indicating that the added amount of
phenolic acid in this experiment was within a reasonable
range.

4.3. Molecular mechanism of intermolecular copig-
mentation between malvidin-3-O-glucoside and
sinapic acid

To further investigate the intrinsic mechanism of color
enhancement by hydroxycinnamic acids in wine, a
thermodynamic study was conducted using a model wine
solution, and the results are presented in Fig. 3. The
copigmentation interaction between sinapic acid and
malvidin-3-0O-glucoside was found to be spontaneous and
exothermic, with AG, AH, and AS being negative. These
results confirm that the interaction is enthalpy-driven, where
AH is smaller than AG, AS is dominant, and the reaction



Lulu Wu et al. I Journal of Integrative Agriculture 2026, 25(1): 339-351 349

system becomes more organized, consistent with previous
findings for copigmentation involving caffeic acid, syringic
acid, and gallic acid (Li et al. 2019; Wu et al. 2024a, b).
Additionally, the binding strength had a positive correlation
with the content of copigments and a negative correlation
with temperature. The results also indicated that the binding
ratio of sinapic acid and malvidin-3-O-glucoside in the model
wine was 1:1, which is consistent with previous findings that
anthocyanins and copigments (flavonols, flavanols, phenolic
aldehydes, and phenolic acids) are combined in a ratio close
to 1:1 (Teixeira et al. 2013; Zhang et al. 2015b; Li et al. 2018;
Wu et al. 2024a).

Insights from both real and model wines indicate that the
copigmentation effect between hydroxycinnamic acid and
anthocyanins is essential for enhancing the color expression
of the solution. What is the molecular interplay mechanism
of this interaction? Fig. 4 presents images of the interactions
and the thermodynamics, which offer insights into the nature
of the copigmentation effect.

The structure of the interaction between malvidin-3-0-
glucoside and sinapic acid is clearly shown in Fig. 4 and
Appendix D, along with specific parameters in Table 3.
Malvidin-3-O-glucoside interacts with sinapic acid in a
stacked form known as m—r stacking, as previously reported
(Trouillas et al. 2016). In 7 conformers, the sinapic acid
backbone interacts with 1 or 2 stacked anthocyanin rings.
The most structurally stable conformer 6 was stacked only
with the B ring at a distance of 3.43 A, while the distances
between the other conformers ranged from 3.55 to 4.47 A.
Based on the distances observed in the malvidin-3-O-
glucoside/caffeic acid complexes, which are approximately
3.29 A) (Wu et al. 2024a), in the malvidin-3-O-glucoside/gallic
acid complex (~3.35 A) (Wu et al. 2024b), in the malvidin-3-
O-glucoside/syringic acid complex (~3.29 A) (Li et al. 2019),
it is possible to deduce that the optimum distance for the
stacking interactions between anthocyanin and phenolic
acids is 3.30-3.40 A. In the most stable conformer 6, the
dihedral angle between sinapic acid and anthocyanin is 4°,
which is very close to the dihedral angle between caffeic acid
and anthocyanin, 3.29° (Wu et al. 2024a), and similar angles
are obtained for gallic acid and syringic acid, 2.45° and 1.57°,
respectively (Li et al. 2019; Wu et al. 2024b). The difference,
however, is that the stacking of the sinapic acid did not take
place inside the anthocyanin (between the backbone and
the glucoside). The optimal form of stacking for all phenolic
acids is parallel, but the position of the copigments is not
important. The backbones of the anthocyanins in all seven
conformers have remained approximately parallel, which
may be attributed to the stacking of the copigments with the
anthocyanins limiting the rotation of the C-C bond between
the B and C rings. Similar results were previously observed
for caffeic acid, gallic acid, and syringic acid (Li et al. 2019;
Wu et al. 2024a, b). However, the three rings of quercetin
increase its flexibility when stacked with anthocyanins, and
the C-C bond between the B and C rings rotates significantly
when anthocyanins bind to it (Li et al. 2018). Therefore, it
can be deduced that anthocyanins tend to present a planar
skeleton (three benzene rings in a plane) when stacked with
phenolic acid. In contrast, interactions with flavonoids often

lead to the rotation of the C-C bonds connecting rings B and
C in both anthocyanin and cofactor molecules, resulting in a
non-planar configuration.

The structural characteristics of these complexes are
closely related to their energetic properties. For the seven
conformers of sinapic acid and malvidin-3-O-glucoside, the
calculated AG of binding ranged from —1.09 to —7.17 kcal
mol™, in good agreement with the experimental value of
—1.63 kcal mol™, thereby confirming the spontaneity of the
binding process, comparable to the interaction between
malvidin-3-O-glucoside and caffeic acid (Wu et al. 2024a).
Analysis of thermodynamic parameters (Table 4) revealed
that the interaction is dominated by enthalpic contributions,
with significant involvement of both HB and dispersion
(Teixeira et al. 2013). Similar mechanisms have been
reported for oenin/syringic acid complexes (Li et al. 2019)
and oenin/quercetin complexes (Li et al. 2018).

HB interactions mainly stem from the carboxyl and
phenolic hydroxyl groups of the copigments, while dispersion
forces arise from stacking of the molecular backbones. The
stability of the system is achieved through a balance of key
geometric factors such as overlap, distance, parallelism, and
planarity, optimizing both HB and dispersion contributions.
Structural features and binding energies are thus mutually
dependent.

Three critical outcomes arise from these interactions:
(1) Color enhancement: Binding between sinapic acid and
malvidin-3-O-glucoside induces a redshift in the absorption
spectrum, enhancing the chromatic intensity of the system
and, by extension, the wine. This is consistent with both
experimental observations and theoretical predictions. (2)
Molecular structural stability: The complex demonstrates
greater resistance to degradation in wine solutions compared
to individual molecules, as it is less vulnerable to external
attacks (Boulton 2001; Trouillas et al. 2016). This stabilization
results in either the preservation of the complex form or
an increased proportion of derivatives such as polymeric
anthocyanins (Wang et al. 2021). (3) Active binding sites:
The 2°-COOH group in sinapic acid and the 6""-OH group in
malvidin-3-O-glucoside play pivotal roles in hydrogen bond
formation. Phenolic hydroxyl and methoxyl groups in sinapic
acid facilitate interactions with the sugar moiety of malvidin-3-
O-glucoside. Similar hydrogen bond interactions have been
reported for systems involving the 3°-OH in quercetin, the 2'-
COOH in caffeic acid, the 1-COOH in syringic acid, and the
5-OH in gallic acid.

5. Conclusion

This study explored the effects of hydroxycinnamic acids
on Cabernet Sauvignon wine’s chromatic properties and
phenolic composition, supported by thermodynamic and QM
calculations. The important conclusions are as follows: (1)
The four hydroxycinnamic acids selected in this study exerted
positive effects on the color of wine samples, indicating
that they possess significant auxiliary color potential. (2)
Pre-fermentation addition is superior to post-fermentation
treatment, though HCA amounts must be carefully controlled
to avoid negatively affecting yeast activity. (3) Sinapic acid
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proved most effective for anthocyanin stabilization, and the
copigmentation was confirmed to be enthalpy-driven and
spontaneous. (4) Theoretical calculations showed that the
interactions between sinapic acid and anthocyanin were
primarily driven by HB and dispersion. The backbones of the
pigments and copigments were the main factors influencing
dispersion, while the carboxyl groups in sinapic acid facilitate
HB. In conclusion, this research refines the understanding
of the copigmentation effect, offering valuable theoretical
support for dry red wine color protection technology.
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