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ABSTRACT

Anthocyanins are attractive alternatives to colorants; however, their low color stability hinders practical
application. Copigmentation can enhance both the color intensity and color stability of complexes. Herein, we
report an investigation of copigmentation reactions between purple sweet potato anthocyanins (PSA1) and
phenolic acids (tannic, ferulic, and caffeic acids) or fatty acids (tartaric and malic acids) at pH 3.5. The effects of
the mole ratios of the copigment and the reaction temperature were examined. In addition, quantum mechanical
computations were performed to investigate molecular interactions. The optimum PSA:copigment molar ratio
was found to be 1:100. The strongest bathochromic and hyperchromic effects were observed for copigmentation
with tannic acid (Tan), which might be attributable to the fact that its HOMO-LUMO energy gap was the smallest
among the investigated copigments, and because it has a greater number of phenolic aromatic and groups to form
more van der Waals and hydrogen bond interactions. However, the formation of the PSA-caffeic acid (Caf)
complex was accompanied by the greatest drop in enthalpy (—33.18 kJ/mol) and entropy (—74.55 kJ/mol), and
this was the most stable complex at 90 °C. Quantum mechanical calculations indicated that hydrogen bonds and
van der Waals force interactions contributed to the color intensification effect of copigmentation. These findings
represent an advancement in our understanding of the properties of PSA, expanding the application scope of this
natural product.

1. Introduction

2022).
Anthocyanins impart colors in the orange-red-blue spectrum to

Color is crucial for attracting the attention of consumers, especially
for the sale of foods, clothes, and decorative items. Synthetic colorants
have been used in food for a few years. However, excessive use of some
synthetic dyes can lead to renal failure, hepatocellular damage, and
angioedema (Xu et al., 2022). For example, Brilliant Blue FCF and Green
S can cause hyperactivity and even carcinogenic pathologies in children
(Silva et al., 2022). In addition, Tartrazine, Azorubine, and Allura Red
bind to human serum albumin decreased the transport functions of
proteins (Amchova et al., 2015). Therefore, there is an urgent need for
healthy non-toxic natural colorants. It is estimated that global revenues
from natural colorants will reach $1620 million by 2023 (Wu et al.,

flowers, vegetables, and fruits, and these are the most important class of
natural pigments (Alara et al., 2021). They have been widely used in
foods because of their excellent water solubility and bright tones. An-
thocyanins also possess antioxidant and other biological activities
(Zheng et al., 2021). Indeed, they have been shown to reduce the risk of
diabetes (Tsuda, 2016), neuronal diseases (Winter and Bickford, 2019),
and obesity (Choi et al., 2020). Despite such advantages, these antho-
cyanins are easily degraded by variations in temperature, illumination,
and oxygen levels, which restricts their further adoption as alternatives
to synthetic colorants. So far, four main mechanisms for stabilizing an-
thocyanins have been proposed: copigmentation, biosynthesis,

Abbreviations: PSA, purple sweet potato anthocyanins; Tan, tannic acid; Caf, caffeic acid; Fer, ferulic acid; Tar, tartaric acid; Mal, malic acid; PCG, petunidin-3-
coumaroylrutinoside-5-glucoside; DFT, density functional theory; IGM, independent gradient model; BCPs, bond critical point; HBs, hydrogen bond; vdWs, van der

Waals; RCPs, ring citica points; CCPs, cage critical points.
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encapsulation, and acylation. Reported copigmentation reactions
involved the formation of complexes of anthocyanins and copigments
based on noncovalent interactions, and these may protect the anthocy-
anin molecule from nucleophilic attack by water (Gencdag et al., 2022).
Compared with other methods, copigmentation not only offers
improved anthocyanin stability but also enhanced color intensity (Cai
et al., 2022). Increased color (absorption) intensity is extremely
important for colorants to make food appear attractive color with less
addition of colorants. Additionally, copigmentation strengthens the
antioxidant properties of anthocyanins (Yang et al., 2021). Commonly
used copigments include organic acids, alkaloids, polysaccharides, fla-
vonoids, and proteins (Fan et al., 2019). The acids used are typically
divided into two groups: aromatic acids and fatty acids
(Aleixandre-Tudo et al., 2013). The type and number of ligands linked to
the benzene ring in a phenolic acid structure has a direct impact on
copigmentation. Indeed, it is known that n-t interactions, the driving
force of copigmentation, can occur between the phenolic benzene ring
and anthocyanins, or between hydroxy and carbonyl O groups. Hence,
the number of hydroxy groups in a fatty acid also has a direct effect on its
copigmentation capacity. In addition, it was reported that acylated an-
thocyanins have higher stability when copigmented with acids (Fenger
et al.,, 2021). However, the effects of phenolic acids and fatty acids
copigmentation on acylated anthocyanins are not detailed or compared
in depth.

Purple sweet potato contains large amounts of acylated anthocyanins
and phenolic compounds (Huang et al., 2021) and is the staple food in
many developing countries because of its high productivity but low
input requirements (Su et al., 2019). It was reported that PSA have
higher color intensity than anthocyanins from other plant sources, such
as perilla, strawberries, and red cabbage (He et al., 2015). Therefore, in
order to further investigate the effects of different types of organic acids
on acylated anthocyanins, we chose PSA. Moreover, in line with the high
degree of safety of PSA, natural phenolic acids such as Tan, ferulic acid
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(Fer), Caf, and fatty acids such as tartaric acid (Tar), and malic acid
(Mal) were selected; the structures of these are shown in Fig. 1. We first
analyzed the structures and electron density distributions of these
organic acids, and then studied the effect of the PSA-to-copigment molar
ratio for the five natural aromatic and fatty acids copigments on the PSA
color. Subsequently, the effects of the heating temperature on the
copigmentation interactions were investigated, and possible mecha-
nisms involved in the complexation process were studied using quantum
mechanical calculations. The results of this study will help to promote
the application of PSA as a natural colorant in the food industry.
Furthermore, we believe that our conclusions add vital fundamental
scientific data to the literature related to the copigmentation of phenolic
and fatty acids with PSA.

2. Materials and methods
2.1. Materials

Purple sweet potatoes were provided by Zhangjiakou Hongji In-
dustry Group Co., Ltd (Heibei, China). Chromatography-grade formic
acid and acetonitrile were obtained from Mreda Co., Ltd (Beijing,
China). Tan, Fer, Caf, Tar, Mal, and dimethyl sulfoxide were purchased
from Yuanye Bio-Technology Co., Ltd (Shanghai, China). All other ma-
terials were purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China).

2.2. Anthocyanin extraction and structural analysis

PSA was obtained using a previously reported method (Liu et al.,
2021), with several modifications. Washed potatoes chopped into
approximately 2 cm slices, freeze-dried (FD-1C-50, Beijing Boyikang
Instrument Co., Ltd., Beijing, China) and crushed into powder
(80-mesh), followed by dissolution in 80% ethanol solution and

>—\_®7

Fig. 1. Structure of the organic acids used as copigments in this study: (a) Fer, (b) Caf, (c) Tar, (d) Tan, (e) Mal, and (f) PCG.
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ultrasonication for 40 min at 25 °C (SB-5200 DTD, Scientz Instrument
Co., Ltd, Ningbo, China). The solution was extracted in the dark for 24 h.
The extract solution was concentrated through rotary evaporation at 40
+ 2 °C (RE52cs, Shanghai Yarong biochemical Co., Ltd., Shanghai,
China), followed by purification using an HP-20 macroporous resin
column. Finally, the sample was rotary-evaporated and vacuum
freeze-dried at —40 + 1 °C for 48 h using a freeze-dryer, to obtain the
PSA powder. The total anthocyanin content of PSA was determined by
the pH differential method (He et al., 2016).

2.3. UHPLC-MS

The main components of anthocyanins in the PSA sample were
identified using a Thermo Scientific Vanquish Duo ultra-high-
performance liquid chromatography (UHPLC) system, a Q-Exactive HF
mass spectrometer, and a Zorbax Eclipse C18 (1.8 pm, 2.1 x 100 mm).
The mobile phase was a mixture of (A) water and (B) acetonitrile with a
gradient-elution rate of 300 pL min~!. The composition of the mobile
phase varied as follows: 0-5 min, isocratic condition, 2% B; 2-20 min,
98% B; 20-25 min, 2% B; 23-30 min, isocratic condition, 2% B. The
temperature of the drying gas in the ionization source was 300 °C. The
mass spectrometry parameters were as follows: source type, high energy
collision dissociation; dry gas flow, 45 mL/min; scan range, 70-1050 m/
z; capillary voltage, 3.0 kV.

2.4. Preparation and temperature treatment of anthocyanin—copigment
complexes

The experimental solution was prepared according to the method
reported by Babaloo and Jamei (2018). Anthocyanins were dissolved in
0.5% trifluoroacetic acid, while the copigments were dissolved in 10%
DMSO with 0.02 M ammonium acetate. The pH of copigmentation was
regulated to 3.5 £ 0.02.

Anthocyanins were mixed with copigment solutions in molar ratios
of 1:10, 1:50, 1:100, and 1:150. These solutions were incubated at room
temperature for 30 min in the dark. Their absorption spectra were
recorded using a UV-visible spectrophotometer (a-1500, Shanghai,
China) in the visible range (400-700 nm). The enhancement of the color
intensity of anthocyanins owing to their intermolecular copigmentation
with organic acids was studied in terms of spectrometric parameters,
such as the hyperchromic effect (AApe = 4-40) and bathochromic shift

Ag
(Almax = /1—/10)-

2.5. Determination of thermodynamic parameters

The effect of temperature (30, 40, 60, 80, and 90 °C) on the copig-
mentation reactions was evaluated using identical molar ratios (1:100)
of each copigment. The values of the equilibrium constant (K), Gibbs
free energy (AG®), enthalpy change (AH), and entropy change (4S°) for
the intermolecular interaction process were determined using the
following equations:

A —-Ay

In( ) =InK + nin|C,}, (@)
Ao
AG’ = — RT x InK (2)
AG’ =AH° — TAS° 3)
A —Ag AH° AS°
In( A )= — RT + R +nin[C,), 4)

Here, A is the absorbance of the anthocyanin extracts including organic
acids (at Amax), Ao is the absorbance of the control sample at 30 °C (at
/max), parameter n is the stoichiometric ratio between anthocyanins and
copigments in the complexes, [Cplo represents the copigment
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concentration, R is the global gas constant (8.314 J/mol-K), and T is the
temperature in Kelvin.

2.6. Quantum mechanics calculations

The conformation of petunidin-3-coumaroylrutinoside-5-glucoside
(PCG) and Fer were confirmed using the Molclus progam (Lu, 2021).
All the complexes obtained were pre-optimized using the semi-empirical
B3LYP-D3/6-31G algorithm. The equilibrium structures of the
lowest-lying complexes were re-optimized through density functional
theory (DFT) calculations, which were performed using the Gaussian 09
program package, MOPAC software, and ORCA 4.2.0.

A deeper insight into weak interactions among complexes was ac-
quired through the independent gradient model (Lefebvre et al., 2017)
with the help of the Multiwfn program (version 3.3.9) (Lu and Chen,
2012) and visualized using VMD software (version 1.9.3). The theoret-
ical Gibbs free energy (AGiheoretical) fOr the copigmentation reaction was
determined according to Eq. (5):

)

AGrhem-erical = Gcample.x - G('opigmem - Ganthm:yunin

where Geomplex; Geopigments and Ganthocyanin denote the Gibbs free energies
of the reaction complex, copigment, and anthocyanin, respectively.

2.7. Statistical analysis

Each experiment was repeated three times. SPSS 25 software was
used for statistical analysis of the data at a significance level of P < 0.05.
The differences between the average values for each treatment was
obtained using an ANOVA Tukey test.

3. Results and discussion
3.1. Identification of anthocyanins

The molecular ions, fragment ions, and retention times of the an-
thocyanins for UHPLC-MS are listed in Table 1. The anthocyanins were
identified by the major aglycone ions at m/z 301 (peonidin), 271
(pelargonidin), 331 (malvidin), 287 (cyanidin), and 317 (petunidin),
consistent with the results of previous reports (Gutiérrez-Quequezana
et al., 2020). Various anthocyanins were formed by combinations of
aglycones with different types of glycosyl groups. The extract contained
four peonidin, one pelargonidin, three malvidin, one cyanidin, and one
petunidin derivative, with different proportions of each. PCG was the
most abundant anthocyanin, accounting for 51.39% of the total antho-
cyanin content in both the dried potatoes. Most of the anthocyanins in
PSA were acylated, consistent with the results of previous studies (Niu
et al., 2021). Establishing specific anthocyanin structures and their
relative contents in PSA provided us with a foundation for analyzing the
effect of each organic acid on the stability of the colored complex.

3.2. Color changes due to anthocyanins copigmentation

One factor affecting the copigmentation reaction is the PSA:copig-
ment molar ratio. The compounds produced by complexation of the
flavylium cations of PSA with the copigments would shift the reaction
equilibrium to favor the formation of flavylium ions, and hence the
copigmented solutions exhibited a hyperchromic shift, i.e., an increase
in the intensity of the absorbance maximum, AAp.x. Additionally, a
bathochromic shift, i.e., a shift to a longer wavelength Al.x, has been
observed in response to copigmentation (Ghareaghajlou et al., 2021).
Fig. 2(a)-(e) show that copigmentation resulted in increased absorbance
in the range of 400-700 nm, indicating a hyperchromic effect for each
type of copigments, the magnitude of which was dependent on the molar
ratio. However, a significant difference not observed between the
absorbance of the natural PSA at A = 527 nm before and after the
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Table 1
PSA extract content.
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Anthocyanins Retention time Observed [M]* Theoretical [M]" Mass error Fragment ions Relative contents
(min) (m/z) (m/z) (ppm) (m/z) (%)
1 Peonidin-3-caffeoyl sophoroside-5- 5.239 949.2628 949.2608 2.1069 787, 463, 301 8.27 + 1.53
glucoside
2 Pelargonidin-3-feruloyl rutinoside-5- 5.244 917.2751 917.2710 4.4698 755, 433, 271 8.95 + 0.84
glucoside
3 Malvidin-3-caffeoyl rutinoside- 5.345 801.2248 801.2237 1.3729 493, 331 8.51 £ 0.61
glucoside
4 Peonidin-3-caffeoyl rutinoside-5- 5.349 933.2601 933.2659 —6.2147 771, 463, 301 8.50 + 1.76
glucoside
5 Malvidin-3-caffeoyl rutinoside-5- 5.365 963.2725 963.2765 —4.1525 801, 493, 331 20.89 + 3.65
glucoside
6 Cyanidin-3-O-rutinoside 5.570 595.1633 595.1657 —4.0324 449, 287 14.38 + 3.89
7 Peonidin-3-coumaroyl-5-glucoside 6.073 609.1605 609.1602 0.4925 463, 301 3.72 +£0.28
8 Petunidin-3-coumaroyl rutinoside-5- 6.254 933.2594 933.2659 —6.9219 711, 479, 317 51.39 + 4.48
glucoside
9 Peonidin-3-coumaroyl rutinoside-5- 6.490 917.2681 917.2710 —3.1616 755, 463, 301 23.85 + 2.83
glucoside
10 Malvidin-3-coumaroyl rutinoside-5- 6.528 947.2837 947.2816 2.2169 785, 493, 331 6.08 + 0.45
glucoside
addition of different concentrations of Tar or Mal (Fig. 3). In contrast
2'0__ (a) Tan _lc_‘i‘(‘)m’l with the other acids, Mal and Tar do not have structures that include
1.5 —1i50 phenol rings. According to previous studies (Sun et al., 2010), n-x in-
1.0 ] ——1:100 teractions are the driving force for the strong intermolecular copig-
o — 1150 mentation between anthocyanins and phenol rings.
0.5 1 As shown in Fig. 3(a) and (b), the addition of copigments at molar
0.0 ] : : . | - | ratios in the range of 1:10-1:150 increased the wavelength by 0-17.66
i 7 () Fer nm and changed the absorbance by between —5.22% and 482.99%. For
=l each copigment used, the lowest and highest hyperchromic shifts among
o 107 the copigmented complex solutions were observed for PSA:copigment
% 0.5 ] molar ratios of 1:10 and 1:150, respectively. Kanha et al. reported that
2 1 among three anthocyanins:copigments molar ratios-1:1, 1:10, and
E 0.0 | ' T ' ' ' ! 1:100-tested in a study of anthocyanins copigmentation with Fer,
< 1.0 (c) Cat dopamine, (+)-catechin, and cyanidin-3-O-glucoside, the highest molar
0. 5_' ratio was associated with the highest Adpax and AAp.x (Kanha et al.,
J 2019). This result could be attributed to the fact that the more copig-
0.0 T T 1 ments added to anthocyanins, the more complexes will be synthesized.
0.2 _ i) Rar This enhances the red color of the solution, thus increasing the absor-
] bance of flavylium form. However, our results indicated that the molar
0.0 T T T T T ] concentration could not be increased indefinitely; after 24 h, floccula-
{ QAL tion had occurred in the 1:150 solution, which might have been a result
L _A of the addition of excess acid. Therefore, we used the solution with a
0.0 . ' . ) - . molar ratio of 1:100 for thermal-stability testing.
400 500 600 700 Among the five copigments analyzed, the highest values of Adpax and
Wavelength (nm) AAmax were observed for copigmentation of PSA with Tan, followed by

Fig. 2. Visible spectra of PSA (control) and PSA-copigments complexes with
various PSA:copigments molar ratios ((a)-(e)).

20 (a)
a B 1:10
18+ % 150
64 b b I 1100
I 1:150
14
c
124 cd cd &
H d <
< 10 g
< <
84 <

Fer, Caf, Tar, and Mal, in order. In Fig. 4, the HOMO-LUMO energy gap
AE (the energy required to promote an electron from the HOMO to the
LUMO) is shown for each of the five acids. AE can also be used as a

5001(b) a ——
450 b L 150
400 4 B 1:100
150 c d B 1150
300 4 e

2504 T

200 - £

T
Caf Tar Mal

T T T
Tan Fer Caf

Fig. 3. Effect of intermolecular copigmentation on PSA absorption spectrum: (a) bathochromic shifts and (b) hyperchromic effects. According to the ANOVA Tukey

test, the same letters above indicate not significant differences; (P < 0.05).
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2
AE=4.11010 eV,
AN g,

9
Fer. HOMO Fer. LUMO
AE=4.13459 eV
Qv =22 15000
Caf. LUMO Caf. HOMO
AE=7.08790 eV
—_—
Mal. HOMO Mal. LUMO

Fig. 4. Optimized structures, HOMOs, LUMOs, and HOMO-LUMO energy gaps AE of five acids calculated using DFT.

measure of the ability of the acid to lose or share electrons. It was found
that the smaller the value of AE, the more readily copigmentation with
PSA occurred. Therefore, we speculated that the values of AE could be
used as a preliminary guide to the relative copigmentation capabilities
of the acids. Indeed, the differences among the values of Adpmax and
AAmax for the different acids were obviously correlated with the struc-
tures of the acids. More noncovalent interactions existed between
copigments with more hydroxy groups and anthocyanins. Compared to
the other acids, Tan had a greater number of hydroxy groups; therefore,
larger Admax and AAp.x were observed for its copigmentation with PSA.
The hydroxycinnamic acids Fer and Caf have Cg-Cs structures. A

methoxy group on the aromatic ring may cause delocalization of the nt
electrons in the copigments, strengthening the n-n interactions between
the phenol groups and anthocyanins aromatic rings. Therefore,
compared with Caf, the copigmentation of Fer with PSA resulted in
greater Almay and AApax values. Tar and Mal did not possess methyl
groups or aromatic rings. In summary, the phenolic acids had stronger
copigmentation effects than the fatty acids. The n-r interactions between
phenolic aromatic rings and anthocyanins are expected to be strong,
which explains the observed stability of the PSA-phenolic acids com-
plexes, and should prevent hydration. In addition, more hydrogen bonds
were formed between anthocyanins and copigments containing more

16,(2) [ J30°c 400 -(b) [ J30°c Fig. 5. Comparison of the influence of temperature
-‘6‘828 . -228 during copigmentation on PSA (control) and
41 bcc - 80°C - 80°C copigmented-PSA for different copigments: (a) Admax
12 ab . [ o0°C 300 [ o0°c and (b) AAnax (%) at different temperatures for the
104 £ _ 250+ different acids. (c) Plots of In[(A—Ag)/Ao] vs In[Clo
3 id § 2004 for selected copigmentation reactions of PSA. (d)
25 8 f 0 Plots of In[(A—Ag)/Ao] vs reciprocal temperature (1/
6 < 1 T) for selected copigmentation reactions of PSA. Ac-
100 4 cording to the ANOVA Tukey test, the same letters
4+ 504 above indicate not significant differences; (P < 0.05).
ecce
24 A 0
T T
o : ; 50 4—— . ; U WV Wy
Tan Caf Tar Mal  Control Tan Fer Caf Tar Mal Control
30 34(d
= Tany=0.587x +3.4766 R*>=0.9991 = Tany=12015x - 2.7564 R*=0.9543
¢ Fer y=0.7919x + 3.9872 R*=0.9881 * Fer y=2.8961x - 8.5622 R?=0.9935
21 4 Caf y=0.986x +4.4176 R>=0.9991 2 4 Caf y=3.9904x - 12.571 R2=0.9951
- 14
£ £
< 04 < 04
< £
] =
-1 ~ .14
24 -2
-3 T T T T ) 3 : T )
-7 - 5 -4 3 2.8 3.4

3.0 32
1/T(10°K™")
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methoxy or hydroxy groups (Sun et al., 2010). These mechanistic in-
sights were validated by thermodynamic analyses and quantum me-
chanical calculations (see Sections 3.4 and 3.5).

3.3. Effect of temperature on copigmentation

The influence of temperature on copigmentation was investigated.
As shown in Fig. 5(a) and (b), a shift in the maximum absorbance
wavelength occurred toward lower wavelengths (Anax), in each case
except for the PSA-Tar and PSA-Mal complexes. Additionally, a pro-
gressive reduction in absorbance (AAn,x) was observed when the tem-
perature was increased from 30 to 90 °C, and the most significant change
occurred at 90 °C. The increase in temperature shifted the equilibrium
toward the reactants, destroying the weak interactions between the
anthocyanins and copigments compounds. The values of AA,x indi-
cated that increasing temperature was associated with a hypochromic
effect. At 90 °C, the color intensity of the PSA-Tan copigmentation so-
lution was reduced to 182.5%, whereas those of PSA-Fer and PSA-Caf
were decreased to 59.73% and 21.83%, respectively. Although the ab-
sorbances of PSA-Tar and PSA-Mal treated at 40-90 °C were lower than
that of the control group (PSA only) treated at 30 °C, these absorbances
were higher than that of the control group treated at the same temper-
ature; thus, degradation of these complexes occurred with increasing
temperature, indicating that Tar and Mal did also effectively protect
anthocyanins at lower temperatures. This result is consistent with the
study of Molaeafard et al. (2021), in which the absorbances of com-
plexes formed by the addition of Mal to anthocyanins at 100 °C were
observed to be higher than that of natural anthocyanins at the same
temperature but lower than that of natural anthocyanins at 20 °C. Zhang
et al. (2009) also proved that the copigmentation of fatty acids
(citric-acid monohydrate) increases the stability of PSA. In our study,
anthocyanins formed the strongest and weakest copigmented complexes
with Tan and Mal, respectively. These observations can also be linked to
the chemical structures of the copigments; there were no phenol rings in
Mal, and this structure contains and one hydroxy group less than Tar,
but there were phenol rings and hydroxy groups in Tan. To further
clarify the copigmentation mechanism, an investigation of the thermo-
dynamic properties was performed, as described in the next section.

3.4. Determination of thermodynamic parameters

As shown in Fig. 5(c) and (d), plots of In((A—Ag)/Ao) versus In[Cplo
and 1/T exhibited linear slopes with relatively high coefficients of
determination (R2 > 0.95). From the linear equations obtained, the
thermodynamic parameters for the copigmentation reactions between
PSA and the copigments were determined, using the slope and intercept
of each curve according to the method described by Zhang et al. (2020).
The equilibrium constant K indicates the strength of the binding be-
tween the copigments and anthocyanins, with a large K value corre-
lating with a strong bond. Among the complexes we studied, the K value
of the PSA-Caf complex was the highest, followed by those of the
PSA-Fer and PSA-Tan complexes, as shown in Table 2. No parameters
are reported in Table 2 for PSA-Tar and PSA-Mal because the absorbance
of the complexes after the increase in temperature is lower than that of
30 °C blank group, as shown in Fig. 5(b). The value of n describes the
relationship between the copigments and PSA. PSA-Caf exhibited an n

Table 2
Thermodynamic parameters for the copigmentation reactions between PSA and
selected copigments.

Copigmentation K n AG° (kJ/ AH° (kJ/ AS° (kJ/
mol) mol) mol)
PSA-Tan 32.35 0.59 —8.62 —4.88 —4.60
PSA-Fer 53.90 0.79 —9.88 —24.08 —47.61
PSA-Caf 82.90 0.99 —10.95 —-33.18 —74.55
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value close to 1.0, indicating that the copigmentation between PSA and
Caf shows a 1:1 correlation, consistent with a previous report by Xu et al.
(2022).

The change in AG® was negative for each of the copigmentation
complex formation reactions given in Table 2, indicating spontaneous
reactions between PSA and these three copigments (Tan, Fer, and Caf).
The highest-magnitude AG°® value was calculated for PSA-Caf (—10.95
kJ/mol), followed by PSA-Fer (—9.88 kJ/mol), and PSA-Tan (—8.62 kJ/
mol). Copigmentation involving hydroxycinnamic acids were found to
be thermodynamically more favorable than those involving hydroxyl-
ation acids, indicating that Caf and Fer were the most efficient copig-
ments, followed by Tan. The change in enthalpy AH° of the PSA
copigmentation reaction was negative for each of the copigments,
indicating that the reactions were exothermic.

Moreover, large bathochromic and hyperchromic shifts were
observed within the temperature range of 30-40 °C, indicating the
suitability of this temperature range for spontaneous exothermic re-
actions. The negative entropy, AS°, values indicated that copigmenta-
tion resulted in a loss of entropy and the formation of a more stable and
ordered structure. The negative change in entropy also suggested that
the anthocyanins and copigments were reorganized during complexa-
tion. This also indicated that the increase in entropy associated with the
hydrophobic effect of complex formation did not compensate for the
decrease in entropy caused by the loss, because of complexation, of
rotational and translational degrees of freedom of the anthocyanins and
copigments molecules (Nave et al., 2012). Among the PSA-acids in-
teractions, the interaction between PSA and Caf resulted in the greatest
loss of entropy, indicating the formation of a very compact complex with
a high degree of order. The thermodynamic data on the copigmentation
reactions indicated that van der Waals forces and hydrogen bonding
were the main driving forces for copigmentation complex formation.
This result was validated by quantum mechanical calculations.

3.5. Quantum mechanical calculations

Theoretical calculations were performed to clarify the mechanism of
copigmentation. Based on the observed hyperchromic effect and calcu-
lated thermodynamic parameters, Fer and PCG, the principal molecular
component of PSA, were selected for quantum mechanical calculations.
The DFT-optimized geometries of PCG, Fer, and the conformations of the
copigmentation complexes of PCG and Fer were obtained, as shown in
Fig. 6, where intermolecular hydrogen bonds are represented by green
dotted lines. The PCG-Fer complex was found to exist in an arch-like
conformation, possibly due to the steric hindrance caused by the
acetyl group in PCG (Zhao et al., 2021). The theoretical value of Gibbs
free energy of the complex was —42.27 (kcal mol ™).

Weak interactions in the complex were investigated using an inde-
pendent gradient model (IGM), to identify the regions and intensities of
the interactions. In Fig. 6(d), a colorimetric scale is used for the iso-
surfaces: red indicates strong repulsive interactions, green indicates
weak van der Waals forces, and blue indicates strong attractive in-
teractions (hydrogen bonds and electrostatic interactions). All the
complexes exhibited an extended green sheet-like region, mainly cor-
responding to n-n interactions. The hydroxy groups in Fer tended to form
hydrogen bonds with PCG. The bond critical points (BCPs) listed in
Fig. 6 can help distinguish the hydrogen bond (HBs) and van der Waals
(vdWs) interaction. Ring critical points (RCPs) indicate the existence of
ring structures, and cage critical points CCPs indicate that a cage is
formed between several rings. Intermolecular CCPs and RCPs may
indicate the existence of intermolecular n-n interactions and close con-
tacts, respectively. Both these interactions were vdWs interactions.
Therefore, together the HBs and vdWs bonds were the main driving force
for the formation of the copigmentation complexes, confirming the
conclusions drawn from the thermodynamics experiments.
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n BCP: 9 vdWs
2 HBs;
n RCP: 11 close contacts;
n CCP: 1 n-x interaction;
AG —42.27(kcal mol™)

theoretical

Fig. 6. Optimized geometries of (a) PCG and (b) Fer. (c) Hydrogen bonds in PCG-Fer complex. (d) Weak interactions between PCG and Fer after optimization.

4. Conclusions

In this study, measurements revealed that PCG was the principal
ingredient of PSA. The addition of natural phenolic acids (Tan, Fer, and
Caf) to PSA significantly increased its color intensity, with 1:100 being
the optimum PSA:acid molar ratio. For Tan, the minimized HOMO-
LUMO energy gap, the existence of several hydroxy groups, and the
presence of several phenol rings within its structure explained its strong
noncovalent intermolecular -7 interactions with PSA. Moreover, Tar
and Mal induced the lowest number of copigmentation changes, in stark
contrast to the aromatic acids, due to the absence of a phenolic ring in
their structures. The protective effect of fatty acids on anthocyanins was
weaker than that of phenolic acids under heating conditions. Thermo-
dynamic data indicated that the enthalpy change for complex formation
was most negative for PSA-Caf; this complex also exhibited the highest
equilibrium constant. Furthermore, quantum mechanical calculations
confirmed that noncovalent interactions (vdWs and HBs) were the main
driving forces of copigmentation. Thus, this study provides a theoretical
basis for the use of anthocyanins as food colorants.
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