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Aimed at exploring the impact of fatty acid side chains on the anthocyanins, n-valeric acid, n-decanoic acid and
myristic acid were used to grafting onto the blueberry anthocyanins, and the acylating degree value of the of n-
valeric acid acylated anthocyanins (Va-An), n-decanoic acid acylated anthocyanins (De-An) and myristic acid
acylated anthocyanins (My-An) reached 6.43 %, 7.56% and 8.38 %, respectively. After acylation modification,
the octanol-water partition coefficient of the anthocyanins increased from —0.20 (native anthocyanins, Na-An)
to 0.65 (Va-An), 0.66 (De-An) and 0.72 (My-An), respectively, indicating the increasement of the lipid solubility.

Besides, although the DPPH clearance of acylated anthocyanins was lower than that of native anthocyanins, the
inhibition ratio of B-carotene bleaching and malonaldehyde reduction effect of the acylated blueberry antho-
cyanins in Caenorhabditis elegans were both stronger than that of native anthocyanins, which might be caused by
the improvement of lipid solubility of the anthocyanins.

1. Introduction

Anthocyanins, a kind of flavonoid substance formed by using 2-phe-
nylbenzopyranoid cation as the parent nucleus and combining one or
more sugar groups, are water-soluble pigments widely found in plants
(Chandra Singh, Kelso, Price, & Probst, 2020; Chen et al., 2022; Oliveira
Filho et al., 2021). So far, more than 600 anthocyanins have been iso-
lated and identified from nature, mainly derived from 6 anthocyanidins,
namely, cyanidin (Cy), delphinidin (De), pelargonidin (Pg), peonidin
(Pn), petunidin (Pt) and malvidin (Ma), which account for more than 95
% of all anthocyanins (Fei et al., 2021; Zhao et al., 2017). In addition to
making leaves, flowers, stems and fruits appear colorful, anthocyanins,
with unpaired electrons, are hydrogen donors and can effectively
eliminate a variety of reactive oxygen radicals (José Aliano Gonzalez,
Carrera, Barbero, & Palma, 2022; Stoica et al., 2022; Zeng et al., 2019).
A large number of studies have shown that anthocyanins have a wide
range of pharmacological effects, such as promoting retinoid regenera-
tion, anti-inflammatory, enhancing immunity, antioxidant, anti-aging,
anti-tumor and other physiological activities (Grobelna et al., 2019a,
2019b; He & Giusti, 2010; Kalisz & Kieliszek, 2021; Kalisz et al., 2020).
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They are often used as a natural water-soluble pigment in food, medi-
cine, feed additives and related fields. However, anthocyanins have high
hydrophilicity due to their rich phenolic hydroxyl, which limits their
application in fatty foods. On the other hand, poor lipid solubility also
makes it difficult for anthocyanins to exert their antioxidant and related
biological activities in fatty foods and even organisms (José Aliano
Gonzalez et al., 2022). An effective way to improve their lipid solubility
is introducing lipophilic groups into anthocyanins.

In this paper, aliphatic acyl chlorides were used to the acylated an-
thocyanins, and the effects of fatty acid side chains on the lipid solubility
and antioxidant of anthocyanins were investigated, so as to provide
theoretical basis for the expansion and application of anthocyanins in
the field of expand its use in ice cream, sausages, grease, meat products
and other fields.

2. Experiment
2.1. Materials and reagents

Blueberry anthocyanins extract (368.4 mg/g anthocyanin, measured
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in Cyanidin-3-O-glucoside) was supplied by Xi’an Shengqing Biotech-
nology Co., Itd. (Xi’an, China). Before use, blueberry anthocyanins were
dissolved in water, freeze-dried and powder collected; n-valeryl chlo-
ride, n-decanoyl chloride, myristyl chloride, n-octyl alcohol and 4-dime-
thylaminopyridine were purchased from Shanghai Aladdin Reagent Co.,
Itd. (Shanghai, China); Linoleic acid and 5-fluoro-20-deoxyuridine
(FUdR) were obtained from Shanghai Macklin Biochemical Technol-
ogy Co., Itd. (Shanghai, China); 1,1-diphenyl-2-picryl hydrazine (DPPH)
was supplied by Shanghai Yuanye Biotechnology Co., 1td; Sodium hy-
droxide, hydrochloric acid, citric acid, absolute ethyl alcohol, Tween 80
and ethyl acetate were all analytically pure and purchased from Sino-
pharm Chemical Reagent Co., ltd. (Shanghai, China). Caenorhabditis
elegans wild-type N2 was provided by Caenorhabditis Genetics Center of
the University of Minnesota (Minneapolis, MN, USA). Uracil defective
Escherichia coli OP50 and nematode growth medium (NGM) were ob-
tained from Nanjing Jiancheng Bioengineering Co., 1td (Suzhou, China).
Kits for superoxide dismutase (SOD) and malondialdehyde (MDA) were
obtained from Suzhou Komin Biotechnology Co., 1td (Suzhou, China).
All reagents used in this study were of analytical grade unless otherwise
stated.

2.2. Apparatus

The functional groups of anthocyanins were characterized by a
NICOLET IS 10 Fourier transform infrared spectrometer (FTIR, Thermo
Fisher co., Itd, America). The scanning wavelength was 16 cm™}, the
scanning range was 4000 '-400 cm™!, and the scanning number was
64. The absorbance of anthocyanins in the ultraviolet and visible region
was measured by a MultiSkan Go microplate reader (Thermo Fisher co.,
1td, America). X-ray photoelectron spectroscopy (XPS, EscaLab 250Xi,
Thermo Fisher co., ltd, America) is necessary to determine the surface
element energy of anthocyanin. The wide scanning can be of 100 eV,
with the resolution of 1.0 eV, while the fine scanning can be of 50 eV,
with the resolution of 0.1 eV. Chemical shifts referred to the residual
solvent signal of tetramethylsilane at 6y 3.35 ppm (CD30D).

2.3. Preparation of the acylated blueberry anthocyanins

2.3.1. Purification of blueberry anthocyanins extract

The blueberry anthocyanin extract was dissolved in absolute ethanol
and then filtered through a microporous membrane (22 pm). Then, the
filtrate obtained from the previous step was freeze-dried and the powder
was collected. The powder was then added to acetone and stirred
thoroughly before being filtered again. Finally, the solvent in the filter
residue was removed by freeze-drying to obtain native anthocyanins
(Na-An).

The anthocyanins content in blueberry anthocyanins extract was
368.4 mg/g (measured in Cyanidin-3-O-glucoside), which was
measured through pH-differential method according to previous study
(Liu et al., 2020). After purification, the content reached to 786.9 mg/g.

2.3.2. Preparation of the acylated blueberry anthocyanins

The acylated blueberry anthocyanins were prepared through solid
states reaction method. Briefly speaking, 5 g the native blueberry
anthocyanin and 30 mmol acyl donors (3.62 g n-valeryl chloride or 5.72
g n-decanoyl chloride or 7.40 g myristyl chloride) were added to the 50
mL polytetrafluoroethylene reactor, and 0.5 g 4-dimethylaminopyridine
was added as the catalyst. After evenly stirring, the reactor was placed in
an oven at 50 °C for 12 h to complete the acylation grafting reaction. The
mixture was then cleaned with tetrahydrofuran and filtered to remove
the 4-dimethylaminopyridine, unreacted acyl chloride and free fatty
acids. The cleaning and filtering process were repeated three times. At
last, the reaction products were vacuum dried at 50 °C for 3 h to remove
residual tetrahydrofuran.

The native blueberry anthocyanin was coded as Na-An. The blue-
berry anthocyanins the acylated with n-valeric acid, n-decanoic acid and
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myristic acid were coded as Va-An, De-An and My-An, respectively.

2.4. Determination of the yield and the acylation degree (AD) of the
acylated blueberry anthocyanins

2.4.1. Determination of the yield
The yield of the acylated anthocyanins was calculated based on Eq.
(1):

Yield =" x 100% )
moy

where mo means the mass of the native anthocyanins used for
modification; m; is the mass of the acylated anthocyanins.

The yield of Va-An, De-An and My-An, having done the calculation,
were 87.69 %, 91.56 % and 88.57 %, respectively.

2.4.2. Determination of the AD value

Potentiometric titration was used to determine the esterification
degree of the acylated anthocyanins, and it was slightly modified ac-
cording to the method of Pinheiro et al (Pinheiro et al., 2008). First, 0.2 g
of the acylated anthocyanin was dissolved in 20 mL (Vp) of 0.1 mol/L
(Cp) sodium hydroxide solution, which was hydrolyzed and saponified
by magnetic agitation for 2 h at 50 °C. Then add 0.01 mol/L (C;) of
hydrochloric acid to the mixture until the pH value is 9.0, and the vol-
ume of the hydrochloric acid solution is denoted as V. The acid value
(AV) and AD were calculated according to Eq. (2), (3).

Gy xVy—C xV,
- m

AV 2

AD(%) = M x (AV, —AVq) x 100% 3

where M is the molecular weight of grafting groups (85.08 g/L for n-
valeryl, 153.21 g/mol for n- decanoyl and 211.32 g/mol for myristoyl),
AV and AV; are the AV value of the native and acylated anthocyanins,
respectively.

The AD value of Na-An, Va-An, De-An and My-An, having done the
calculation, were 0 %, 6.43 %, 7.56 % and 8.38 %, respectively.

2.5. Determination of octanol-water partition coefficien of the native and
acylated blueberry anthocyanins

The lipid solubility of the acylated anthocyanins was characterised
by octanol-water partition coefficient (KOW), which was measured as
follows: 100 mL n-octyl alcohol was mixed with 300 mL ultra-pure
water, stirred at a constant temperature for 24 h, and stored sepa-
rately after standing for layering. 0.01 g of anthocyanins was dissolved
in 5 mL saturated n-octyl alcohol and its absorbance at 513 nm was
determined, denoted as Ag. Then 5 mL water saturated with n-octanol
was added to the anthocyanin n-octanol solution, which was shaken for
1 h and centrifuged at 3000 RPM for 10 min. The upper n-octanol was
taken and its absorbance at 513 nm was determined, denoted as A;. The
KOW value was expressed in terms as Log P, according to Eq. (4).

Ay

LogP = Lo,
8 $ 40— A

4

2.6. Determination of the antioxidation activity of the native and acylated
blueberry anthocyanins in vitro

The antioxidation activity of the native the acylated blueberry an-
thocyanins were measured in DPPH clearance and inhibition ratio in
fB-carotene bleaching assays, which were analysis according to previous
study (Liu et al., 2021; Wang, Fei, Zhou, & Hong, 2021; Zhang, Zheng,
Huang, & Fei, 2020).

2.6.1. Determination of DPPH clearance
5 mL DPPH solution was placed in a 7 mL centrifuge tube and its
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absorbance at 513 nm was determined, denoted as Ag. Add 100 pL of
anthocyanin solution to DPPH solution, mix well and place in dark
environment. After 30 min, the absorbance of the above solution at 513
nm was determined, denoted as A;. The DPPH clearance of the antho-
cyanins was calculated as Eq. (5):

A — A
— X

0

DPPH clearance% = 100 ()

2.6.2. Determination of inhibition ratio in f-carotene bleaching assay

Place 10 mL chloroform solution containing f-carotene (1 mg/mL) in
a pear-shaped flask, add 400 pL linoleic acid and 4 mL tand80, mix well.
The pear-shaped bottle was placed at 40 °C for evaporation to remove
chloroform. Then, 100 mL distilled water is added to the above mixture
and stirred evenly to form an emulsion. Take 10 mL emulsion, constant
volume with water to 100 mL, mix evenly and get emulsified diluent.

In the experimental group, 4.8 mL emulsified diluent was added into
a 7 mL centrifuge tube, 0.2 mL anthocyanin solution was added, and its
absorbance at 470 nm was determined after homogenization, denoted as
Ajy. Another emulsified diluent was taken as the control group, 0.2 mL
30 % ethanol was added, and its absorbance at 470 nm was denoted as
A;.The control group and the experimental group were heated in an
environment of 50 °C. Two hours later, the absorbance of the emulsified
diluent at 470 nm was determined. The absorbance of the control group
was recorded as Ag, and that of the experimental group as Ay.

The inhibition ratio (Y) in B-carotene bleaching assay was calculated
using Eq. (6):

Y= (1 A _24> x 100% (6)

11— A3

2.7. Determination of the antioxidation activity of the native and acylated
blueberry anthocyanins in C. elegans

2.7.1. Contemporaneous treatment of C. elegans

C. elegans was cultured in NGM medium until oviposition. Then, the
medium was washed with M9 buffer to obtain the worms and their eggs.
Next, 0.5 mL of sodium hypochlorite and 0.5 mL of sodium hydroxide (5
mol/L) were added to 4 mL of the above washing solution. After mixing
and standing for 6 min, the supernatant was removed by centrifugation
to obtain worm eggs. Afterword, wash the eggs 2-3 times with M9
buffer. Finally, the worm eggs were cultured on NGM medium with
E. coli OP50 as food source for 48 h to L4 stage.

2.7.2. Determination of the MDA content and SOD activity

100 pL FUdR (50 mmol/L) and blueberry anthocyanin (20 g/L)
mixed aqueous solution were added to above medium plate which
containing worms and then cultured at 20°C. 5 days later, the worms
were isolated and placed on a new NGM medium which containing
E. coli OP50. Next, 100 pL of anthracite solution (10 mmol/L) was added
to induce oxidative stress. After 24 h, the worms were picked out and
cleaned 2-3 times with M9 buffer solution. Finally, the levels of MDA
and SOD were determined using corresponding kits. The MDA content
was measured through thiobarbituric acid assay and the SOD activity
was determined by nitroblue tetrazolium assay.

2.8. Reaction mechanism analysis based on density functional theory
(DFT)

In this paper, b3LYP method in Gaussian03 program package was
used for all the calculations based on density functional theory. First, the
molecular geometry was optimized in the 6-31G(d) module. The fre-
quency calculations are performed to confirm the structures as mini-
mum points in energy for all geometries. Then the energy calculation is
performed on the module 6-311 + g(d, p). The temperature was set at
323 K, the solvent was set at tetrahydrofuran, and the frequency
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correction factor was 0.9804 (Lu & Chen, 2012).
2.9. Statistical analysis

Each experiment is made in triplicate, and the results are based on
the average + standard deviation. Statistical analyses were performed
using SPSS 16.0. One-way ANOVA and independent sample t-test were
conducted to compare the differences, which were considered statisti-
cally significant when p < 0.05. Origin 2021 is used for mapping and
Excel for data analysis.

3. Results and discussion
3.1. Structural characterization

3.1.1. UV-vis and FTIR analysis

Fig. 1 show the UV-vis (a, b) and FTIR (c, d) spectra of the native and
acylated blueberry anthocyanins. There are two characteristic peaks of
anthocyanins in UV-vis spectra, locating at 500-540 nm (visible region)
and 260-290 nm (ultraviolet region) respectively. Harborne et al
(Harborne, 1958, 1986) reported that the acylated anthocyanins had a
characteristic absorption band at 290-340 nm, assigning to the acyl
group. As seen in Fig. 1 (a), compared to that of Na-An, the peak at
279.6 nm shifted to a lower wavelength at 267.8 nm, and a new ab-
sorption peak appeared at 291.8 nm. Obviously, the phenomenon was
caused by the grafting of the fatty acids on the blueberry anthocyanins.
In addition, the maximum absorption wavelength of the anthocyanins
was found to be red shifted in Fig. 1(b) after acylating with all the three
fatty acids, which also attributed to the introducing of the fatty acids.
Moreover, a pronounced shoulder peak can be observed in the 440-460
nm region in Fig. 1(b), which indicated the position of glycosidic sub-
stitution is at Cs position (Harborne, 1958, 1986), consistent with the
previous literature.

The changes of anthocyanin molecular groups after acylation were
displayed in Fig. 1(c, d). It can be easily observed that a broad absorp-
tion band located at ~ 3402 cm ™, which was assigned to the stretching
vibration of -OH and hydrogen bonds. It can be clearly seen that the
peak at ~ 3402 cm ™! of the anthocyanins got narrow and sharp after
grafting with the fatty acids. A reasonable explanation is that the hy-
drophobic molecule chains of the fatty acids were introduced to the
blueberry anthocyanins and then broken the association between
hydrogen bonds. The stronger the association between hydroxyl groups,
the more hydrogen bonds, and the wider the absorption peak. The
characteristic peak at ~ 1640 cm ™! was assigned to the vibrations of the
benzene ring. The band at ~ 2924 cm ™! and 1441 cm™! were caused by
the stretching vibration and flexural vibration of -CHs and ~CH,, which
got obviously stronger after grafting reaction (Cai et al., 2020; Zeng
et al., 2021). Without doubt, the enhancement was due to the involving
of the fatty acids, which contained abundant -CHj3 and —~CHj, groups. The
peak at ~ 1726 cm ! and the two peaks at ~ 1214 cm ™! and ~ 1149
em™! corresponding to the stretching vibration of C=0 and C—O,
respectively, of ester group got stronger after reacting with the fatty
acids, which indicated that the fatty acids grafted onto the —OH of
blueberry anthocyanins through acylation reaction. The anthocyanidins
of the anthocyanins contain abundant phenolic hydroxyl groups while
the glycosyls of that involve plentiful alcoholic hydroxyl groups.
Generally speaking, the absorption of the C=0 of chain-typed carbox-
ylic ester located at ~ 1730 cm ™!, while that of C=C-COOR or Ar-COOR
(Ar means aromatics) shifted to a lower wavenumber at ~ 1720 cm !
due to the conjugation effect, and that of RCOO = C or RCOO-Ar shifted
to higher wavenumber at ~ 1760 cm ™" due to the steric-hinerance ef-
fect. Moreover, a peak at 1585-1605 cm ™! attributed to benzene ring
vibration was always observed in the FTIR spectrum of aromatic ester.
As shown in Fig. 1 (d), it can be hardly observed both the peak at
1585-1605 cm ™+ and the blueshift of the peak assigned to the stretching
vibration of C=0. In view of above-mentioned reasons, it can be
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Fig. 1. UV-vis and FTIR spectra of the native and acylated blueberry anthocyanins.

deduced that the fatty acids mainly grafted onto the —OH of glycosyls of
the blueberry anthocyanins.

3.1.2. XPS analysis

The electron binding energy of the carbon 1 s orbital and oxygen 1 s
orbital in the native and acylated anthocyanins was characterised by
using XPS and the results proceeded by overlapping peak resolving were
presented in Fig. 2. It could be seen in Fig. 2(a) that the broad peak of Cy5
of the native and acylated anthocyanins were consists of three single
peaks, located at ~ 287.76 eV, ~286.08 eV and ~ 284.56 eV respec-
tively, which indicated the three kinds chemical states of carbon in the
anthocyanins. After grafting with fatty acids, the related intensity of the

(a) C1s
Na-An ) |
0 b et

2 ,/lr.m
4§- Va-An . 4 a :
o 1 t | :
o | Lid 'y !
De-An /A

| 15 : ; !

294 2;2 2;0 2;8 2;6 2;4 2;2 2;0

Binding Energy (eV)

peak at ~ 284.56 eV decreased to a certain extent while that at ~ 286.08
were strengthen. Without doubt, the phenomenon was caused the
introducing of fatty acids. In Fig. 2(b), the peak of Cis of the native
anthocyanins was made up of two single peaks, which was located at ~
532.66 eV and ~ 531.26 eV. However, it could be hardly observed the
peak at ~ 531.26 eV in the spectra of all the three the acylated antho-
cyanins. It is assumed that the grafting of fatty acids brought a large
amount of carbon into the anthocyanins, which greatly reduced the
oxygen content in the acylated anthocyanins and makes the differences
between different chemical states of oxygen less obvious.

(o]
(b) 532.66 1s
531.26
Na-An
E 532.16
&
c Va-An
3
3 532.13
De-An
53215
My-An A
540 538 536 534 532 530 528 526

Binding Energy (eV)

Fig. 2. XPS spectra of the native and acylated blueberry anthocyanins.
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3.2. Reaction mechanism analysis based on DFT

3.2.1. Geometry of the optimized configurations and global properties of the
investigated structures

This study is based on the nearing of the -COOH of the fatty acids
from the active sides of cyanidin-3-O-glucoside (~OH). Based on B3LYP
method at the 6-31 g(d) basis set, the geometric configurations of
cyanidin-3-O-glucoside, valeric acid, decanoic acid and myristic acid
were optimized and corresponding electrostatic potential distribution
was calculated, which were presented in Fig. 3(a) (Lu & Chen, 2012).

On the basis of the optimization of geometric configuration, the
global properties of 3-O-glucoside, valeric acid, decanoic acid and
myristic acid were calculated and the results were shown in Fig. 3(b).
According to frontier orbital theory, the highest occupied molecular
orbital (HOMO) has the property of electron donor because of its relaxed
binding on electrons. The lowest occupied molecular orbital (LOMO) has
a strong affinity for electrons and is generally used as an electron
acceptor. These two orbitals are most likely to interact with each other,
and in general, the greater the absolute value of the difference between
the two (Egap), the stronger the reactivity (Huang et al., 2021). As shown
in Fig. 3(b), the Egyp, of valeric acid, decanoic acid and myristic acid were
7.7331,7.6174 and 7.6117 eV, which meaned that the shorter the chain,
the more reactive it was. This result was consistent with the result of AD
values (presented in “part 2.3”). Vertical electron affinity (VEA) and
vertical ionization potential (VIP) measured the accepting property
(reduction power). These values presented in Fig. 3(b) also claimed that
valerate has the lowest reduction power, which agreed with the result of
AD values.

Besides, global hardness and global softness are also summarized in
Fig. 3(b). In general, when the size of the molecule is constant, the
smaller the hardness and the greater the softness of the molecule, the
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greater the reactivity of the molecule. In this case, myristic acid has the
highest softness, but its chain is so long that the carboxyl group at the
end of the chain is not easily accessible to the hydroxyl group of the
anthocyanin molecule.

3.2.2. Relevant parameters of reactive active sites

The above analysis shows that the shorter the fatty acid molecular
chain is, the easier it is to graft to anthocyanin molecules, which is
consistent with the experimental results of AD. On this basis, it was
assumed that the carboxyl group on valeric acid reacted with the eight
hydroxyl groups on the molecule of cyanidin-3-O-glucoside respectively,
and then the bond length and NBO charge population of each hydroxyl
group were calculated and presented in Fig. 4. It could be easily
observed in that both the bond length and the NBO charge population of
the 6-OH were the highest among the eight phenolic hydroxyl groups. In
general, the longer the bond length and the higher the NBO charge
population, the higher the reactivity of the phenolic hydroxyl group,
indicating the highest reactivity of 6-OH among all the eight hydroxyl
groups. Besides, it could be obtained by density functional calculation
that the reaction activation energy (E,) was the lowest (30.23 KJ/mol)
when valeric acid grafted on the 6-OH of the cyanidin-3-O-glucoside,
which was agreed with the analysis above.

Previous studies have shown that blueberry anthocyanins mainly
contain 15 anthocyanins (Tian, Giusti, Stoner, & Schwartz, 2005).,
which are formed by the binding of 3 monosaccharides (glucose,
galactose and arabinose) on the C3 site of 5 anthocyanidins (Cy, Dp, Pt,
Mv and Pn). According to density functional theory and the reactive
active sites of cyanidin-3-O-glucoside, it could be inferred that the fatty
acids might be grafted onto the 6-OH of glycosyls and galactosyl and the
5-OH of arabinoside in the anthocyanin molecules through esterification
reactions (Yang, Kortesniemi, Ma, Zheng, & Yang, 2019; Yang,

{(b) 3
: Valeric acid ~ Decanoic acid ~ Myristic acid :
I Enomo (eV) -7.4827 -7.2025 -7.2031 I
: ELomo (eV) 0.2504 0.4148 0.4086 :
: Egap (€V) 7.7381 7.6174 7.6117 :
I Evir (eV) 9.7930 9.2014 8.8885 I
: Evea (eV) -2.9155 -2.6657 -2.5567 :
I Hardness (eV) 12.7085 11.8671 11.4452 I
: Softness (eV) 0.0079 0.0084 0.0087 :
! Egap = | Enomo-Eromo I ;

___________________ -

Fig. 3. Geometry of the optimized configurations, electrostatic potential distribution (a) and global properties (b) of the investigated structures The darker the blue,
the stronger the electrophilic ability; The darker the red, the stronger the electron loss. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 4. Energy change of possible reactions.

Kortesniemi, Yang, & Zheng, 2018).

3.3. Lipid solubility of the native and acylated blueberry anthocyanins

The lipid solubility of the native and acylated blueberry anthocya-
nins was reflected by octanol-water partition coefficient (KOW) and the
results were presented in Fig. 5 (Jin, Zhang, & Chai, 2022; Zhu, Su, Bao,
Li, & Su, 2022). As seen in Fig. 5 (a), the n-octyl phase solution (located
in the upper part of the centrifuge tube) was magenta and the aqueous
phase solution (located in the lower half of the centrifuge tube) was dark
red, when Na-An reached the distributive equilibrium between n-octyl
and aqueous phase, which indicated the poor hydrophobicity of the
native anthocyanins. While in the assays of Va-An, De-An and My-An,
the n-octyl phase solution was dark red and the aqueous phase solu-
tion was pink. The KOW of the anthocyanins were measured based on
the absorbance of the n-octyl phase solution and the aqueous phase
solution and expressed in terms of Log P. As seen in Fig. 5 (b), the log P
value of Na-An was —0.20 while the value of Va-An, De-An and My-An
were 0.65, 0.66 and 0.72 respectively. The increased log P value after
acylation reaction demonstrated the enhancement of fatty acids on the
lipid solubility of the anthocyanins (Yang et al., 2018).

3.4. Antioxidation activity of the native and acylated blueberry
anthocyanins in vitro and in C. elegans

The antioxidation activity of the native and acylated blueberry an-
thocyanins in vitro were evaluated in DPPH and f-carotene bleaching
assays, and the results were presented in Fig. 6 (a) and (b). The DPPH
clearance was 65.47 %, which decreased to 50.14 %, 52.83 % and 52.50
% respectively after grafting with n-valeric acid, n-decanoic acid and
myristic acid. Apparently, the reduction of antioxidant groups in

anthocyanins, which caused by the involving of the fatty acids was
responsible for the decrease of the DPPH clearance. On one hand, some
hydroxyl groups in anthocyanins bonded with fatty acids and then lost
its ability to provide electrons and resist oxidation. On the other hand,
the long aliphatic chains accumulated and winded around the surface of
the anthocyanin molecules, thereby masking part of the antioxidant
sites.

Besides, a different but interesting result can be observed in Fig. 6
(b). Compared with that of the native blueberry anthocyanins, the
acylated blueberry anthocyanins showed stronger antioxidation in
B-carotene bleaching assay. A possible explanation involved the
different antioxidant mechanisms in DPPH clearance and f-carotene
bleaching assay. In DPPH clearance assay, anthocyanins scavenged
DPPH radicals by providing electrons, while in p-carotene bleaching
assay, anthocyanins worked by inhibiting the oxidation of lipid. In
detail, p-carotene, a polyene pigment, is easily oxidized by the peroxides
produced by the oxidation of linoleic acid and then discolored. In the
B-carotene emulsion, the anthocyanidins and glycosyls in the acylated
anthocyanins were pulled toward the aqueous phase, and the fatty acid
chains were pulled toward the oil phase (linoleic acid), thus the masked
antioxidant active sites in the anthocyanin molecules are re-exposed.
Meanwhile, the linoleic acid was coated with saturated fatty acids,
which were less likely to oxidized to produce free radicals (Ossman,
Fabre, & Trouillas, 2016). As a result, the acylated anthocyanins showed
slightly higher inhibition ratio in p-carotene bleaching assay than that of
the native anthocyanins. Of course, the impurities, including reducing
sugars, ascorbic acid, organic acids, proteins, purines, sucrose et al.,
existed in the native and modified anthocyanins might interfere with the
experimental results (Grobelna et al., 2019a, 2019b; Kalisz & Kieliszek,
2021; Kalisz et al., 2020). However, considering the super free radical
scavenging ability of anthocyanins and their content in native

L (b)

-An My-An

Fig. 5. KOW of the native and acylated blueberry anthocyanins Data represent mean =+ standard deviation (n = 3); Different capital letters indicate statistical

significance at p < 0.05.
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Fig. 6. Antioxidation activity of the native and acylated blueberry anthocyanins DPPH clearance (a) and inhibition ratio in p-carotene bleaching assay (b) in vitro;
MDA content (c) and SOD activity (d) in C. elegans Data represent mean =+ standard deviation (n = 3); Different capital letters indicate statistical significance at p

< 0.05.

anthocyanins as high as 786.9 mg/g, together with some previous
research results (Yang et al., 2019; Yang et al., 2018), it believed that the
above inference is reasonable.

In addition to the antioxidant activity in vitro, the antioxidant ac-
tivity of anthocyanins in vivo was characterized by MDA content and
SOD activities by using C. elegans as a model organism. MDA is one of the
most important products of lipid peroxidation in organism, so its content
is an important parameter reflecting the potential antioxidant capacity
of an organism (Gu et al., 2021; Ji et al., 2022). As seen in Fig. 6(a), it’s
clearly that the addition of the blueberry anthocyanins significantly
reduced MDA content in C. elegans, indicating the inhibitory effect on
lipid oxidation of the blueberry anthocyanins, and the effect of the
acylated anthocyanins was stronger than that of the native anthocya-
nins. This might be due to the increased lipid solubility of anthocyanins
caused by the introduction of fatty acids, which was in consistent with
the results in the p-carotene bleaching experiment. Moreover, the ac-
tivity of SOD, which is one of the most important antioxidant enzymes in
living organisms, in the C. elegans was also measured and presented in
Fig. 6(b). It could be seen from the figure that all the native and acylated
anthocyanins could effectively inhibit the reduction of SOD activity in
C. elegans induced by oxidative damage.

4. Conclusion

To improve the hydrophobicity of anthocyanins and expand their
application in high-fat foods, in this study, fatty acids with high lipo-
philic properties, including n-valeric acid, n-decanoic acid and myristic
acid, were grafted onto blueberry anthocyanins in this study, and the
impact of the fatty acid side chains on the the anthocyanins were

explored from several aspects. The results of UV-vis analysis and XPS
analysis demonstrated that the three fatty acids were indeed grafted
onto anthocyanin molecules through esterification reaction. FTIR anal-
ysis and DFT analysis further indicated that the shorter the chain of fatty
acids, the more reactive they are, and the three fatty acids mainly
grafted on the 6-OH of glycosyls and galactosyl and the 5-OH of arabi-
noside in the anthocyanins.

Then the hydrophobicity of the native and acylated blueberry an-
thocyanins were measured and expressed by the KOW. The value
increased from —0.20 (Na-An) to 0.65 (Va-An), 0.66 (De-An) and 0.72
(My-An), which indicated that the fatty acid side chains greatly
improved the hydrophobicity of the blue anthocyanins. Besides, the
effects of the grafting of the fatty acids on the antioxidation activities of
the anthocyanins were evaluated in vitro and in vivo. In vitro antioxidant
experiments, the DPPH free radical scavenging rate of acylated antho-
cyanins was significantly lower than that of native blueberry anthocy-
anins, which may be caused by the covering of phenolic hydroxyl groups
on anthocyanins. However, the inhibition ratio of acylated anthocyanins
in p-carrot bleaching was higher than that of native anthocyanins. This
might be due to the fact that acylated anthocyanins are more lipid sol-
uble and thus more likely to inhibit oleic acid oxidation in the emulsion.
In C. elegans assay, all the acylated anthocyanins and native anthocya-
nins could effectively increase SOD activity. In addition, acylated an-
thocyanins showed stronger inhibition of MDA generation than natural
anthocyanins, which might be also caused by the improvement of an-
thocyanins lipid solubility due to the introduction of fatty acids.
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