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Anthocyanins (ACNs) as one category of water-soluble flavonoid pigments are increasingly employed in pH
sensing indicator applications for monitoring food freshness. Nevertheless, considering that anthocyanins are
sensitive to environmental factors, their practical applications in food industries are still rather limited. In order
to improve the stability of anthocyanins and capitalize upon their application in pH-color responsive intelligent
packaging, this study aims to graft octanoic aid onto raspberry anthocyanins catalyzed by immobilized Candida
antarctica lipase B (Novozymes 435). Structural analyses based on Fourier transform infrared spectroscopy
(FTIR), UV-Vis, liquid chromatography-mass spectrometry (LC-MS), and nuclear magnetic resonance (NMR)
revealed that octanoic acid was regioselective grafted onto the 6-OH position of its glucoside. The acylation
efficiency of C3G by octanoic acid up to 47.1%. The octanoic acid moiety was found to improve lipophilicity,
antioxidant activity and stability of C3G. In addition, acylated derivative also maintained the pH-color response
characteristics of nature ACNs and exhibited excellent NH3 response properties. These results indicated that
acylated anthocyanins exhibit potential application as intelligent packaging indicator for monitoring food
freshness.

1. Introduction dyes, thereby informing consumers of products’ status in real time

(Rawdkuen et al., 2020).

With a growing interest in healthy lifestyle, the consumer demand
for high-quality food is on the rise (Becerril et al., 2021). Among the
various attributes of food, freshness is one of the primary food attributes
that consumers consider first acting as a reliable indicator to guarantee
the safety and quality of packaged food (Oladzadabbasabadi et al.,
2022). Food packaging is one of the important physical barriers to
prevent food from microbial contamination, damage and loss (Cheng
et al., 2022). Since fermentation or spoilage degree of packaged food
products is generally associated with pH changes, the concept for pH
response intelligent packaging has been developed in recent years (Shao
et al., 2021). This type of intelligent packaging can monitor or sense the
current conditions of packaged food as well as the environmental
changes to occur inside the package using color changes of pH sensitive

According to previous studies, chemical dye indicators, such as
neutral red, methyl orange, bromocresol green, bromothymol blue, and
bromocresol purple have been used as pH indicator packaging materials
(Oladzadabbasabadi et al., 2022). However, there are a number of issues
related to chemical dye indicators including their safety and possible
migration in food-packaging (Fei et al., 2021). Therefore, non-toxic
naturally occurring pH indicators especially anthocyanin-rich extracts
obtained from plants are regarded as best alternative (Rawdkuen et al.,
2020).

Anthocyanins (ACNs) widely distributed in fruits and vegetables
such as sweet potatoes, red cabbage, cranberry, and raspberry (Cai et al.,
2020; Neves et al., 2022). A large number of studies demonstrated that
ACNs from natural sources possess a wide spectrum of potential
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functional properties, including anti-oxidant, anti-inflammation,
anti-aging, anti-cancer, and neuro-protection (Sreerekha et al., 2021). In
addition, ACNs change from red flavylium to purple/blue quinoidal
base, colorless hemiketal, or yellow chalcone upon pH changing from
acidic to alkaline (Rawdkuen et al.,, 2020). In view of their
broad-spectrum safety, antioxidant activity and pH responsive charac-
teristics (Filho et al., 2021; Qin et al., 2021), several intelligent food
packaging films based on natural ACNs have been fabricated to monitor
food freshness or likewise spoilage (Filho et al., 2021; Qin et al., 2021).
However, due to the presence of the flavylium ion and its peculiar
electron distribution, ACNs are sensitive to environmental factors such
as pH, storage temperature, light, oxygen, enzymes, and metallic ions
(Tarone et al., 2020). Natural ACNs are relatively unstable thereby
interfering with our perception of food freshness and restricting their
effectiveness in smart food packaging (Almasi et al., 2022; Yong and Liu,
2020). Previous studies revealed a correlation between the stability and
ACNs structure with increase of hydroxyl groups found to reduce its
stability, whereas increase of methoxy groups showed opposite effect
(Becerril et al., 2021). In recent years, anthocyanins glycosyl acylation
has become a promising tool to enhance ACNs stability during food
processing and storage (Zhao et al., 2021). Generally, acyl donor can be
linked and packed onto the core structure of ACNs to hide active sites by
acylation, thereby effectively preventing attacks from hydrophilic
groups and deactivation caused by other factors (Zhao et al., 2017). Up
till now, most studies on acylation in ACNs have focused on enhanced
stability and antioxidant activity (Cai et al., 2020; Liu et al., 2020; Yang
et al., 2019). Correlation analysis between enhanced stability of acyl-
ated derivatives and its intelligent indication effect has not yet been
established. The sensitivity and persistence of acylated derivatives for
monitoring food freshness remain to be assessed.

In this study, the main ACN (cyanidin-3-O-glucoside) from rasp-
berries was successfully extracted and purified. Octanoic acid was
grafted onto raspberry ACNs using enzymatic acylation, and the struc-
ture of acylated ACNs was characterized by LC-MS and NMR. The
application prospect of fatty acid acylated ACNs intelligent indicator
packaging was investigated through analyzing correlation between
stability, antioxidant properties and intelligent packaging efficiency.
Our research provides a potential improvement for the application of
ACNs in intelligent food packaging.

2. Experiment
2.1. Materials and reagents

Raspberry powder was purchased from Nanjing Plant Origin Bio-
logical Co., Ltd. (Nanjing, China). Lipase (Novozymes 435, >9000 PLU/
g) was obtained from Beijing Gao Ruisen Technology Co. Ltd. 4 A mo-
lecular sieves and p-carotene were purchased from Aladdin Chemistry
Co., Ltd. (Shanghai, China). Octanoic acid was purchased from Shanghai
Titan Science and Technology Co., Ltd. (Shanghai, China). Tert-butyl
alcohol, ethyl acetate, tween 80, linoleic acid, n-octanol were supplied
by Rhawn Biotechnology Co., Ltd. (Hangzhou, China). N, N-Dime-
thylformamide (with molecular sieves, Water <50 ppm) (DMF) was
purchased from J&K Scientific Co., Ltd. (Beijing, China). 2,2-Diphenyl-
1-picrylhydrazyl (DPPH >99%) was provided by Yuanye Bio-
Technology Co., Ltd. Ultrapure water (Milli-Q) was used to prepare all
solutions.

2.2. Extraction and purification of anthocyanins from raspberry

The fresh raspberries were freeze-dried into powder then dissolved in
90% ethanol solution at a ratio of 1:15, and flash extractor with 150
voltage and extraction time of 75 s were employed, according to Teng
et al. (2021). The supernatant was filtered, and subjected to lyophili-
zation till complete dryness and stored away from light at —20 °C. Af-
terwards, anthocyanins were purified using NKA-9 microporous resin,

2220

Current Research in Food Science 5 (2022) 2219-2227

eluted successively with distilled water, ethanol and methanol, ac-
cording to Meng et al. (2018). Finally, anthocyanins in the collected
eluent were analyzed using HPLC according to Teng et al. (2021).

2.3. Preparation of enzymatic acylated ACNs and product isolation

Enzymatic acylation of purified ACNs was performed in an Erlen-
meyer flask, according to a previously reported method with slight
modifications (Yang et al., 2018). Purified ACNs (98%, 1 mg/mL) was
dissolved in tertiary butanol and DMF was then added to this solution as
a cosolvent (at a volume ratio of tert-Butanol/DMF of 9:1). After over-
night drying with freshly activated molecular sieves (4 A), tertiary
butanol was mixed with octanoic acid at a molar ratio of ACNs/acyl
donor of 1:10 M. The Novozymes 435 was added to the reaction mixture
at 20 g/L. Enzymatic acylation was proceeded for 24 h at 60 °C with
stirring at 350 rpm. The enzyme was removed to terminate reaction by
filtration using a membrane filter (50 mm inner diameter, 0.22 pm,
Meryer Chemical Technology Co., Ltd. Shanghai, China).

Extraction and separation of acylated derivative were performed
following the method described by Li et al. (2022), with slight modifi-
cations. The reaction mixture was transferred to a separatory funnel,
successively extracted with saturated sodium chloride (50 mL), sodium
bicarbonate (50 mL) and ethyl acetate (100 mL), sufficient oscillation
and then left to stand until complete separation. The upper ethyl acetate
phase was collected and the lower aqueous phase continued to be
extracted with ethyl acetate. Extraction was repeated until ethyl acetate
phase was transparent. The ethyl acetate phase was combined and sol-
vent evaporated under reduced pressure at room temperature. Finally,
acylated ACNs with octanoic acid was collected after freeze-drying.

2.4. HPLC-DAD-MS/MS analysis

Chromatographic separation was performed on an Agilent 1100 high
performance liquid chromatography (HPLC) system, equipped with a
diode array detector (Agilent 1100) and a welch ultimate XB-C18
(2.1*100 mm, 3 pm). Samples were dissolved in HPLC grade 100%
methanol (2 mg/mL) and passed through a 0.22 pm membrane filter.
The detection was performed at 520 nm. Acylated ACNs were eluted
using 0.1% formic acid/water as solvent A and acetonitrile as solvent B.
The gradient program of the mobile phase was as follows: 0-10% B over
8 min, 10-94% B over 11.5 min, and 94% B elute for 15 min at a flow
rate of 0.3 mL/min. The sample injection volume and column temper-
ature were set at 4 uL and 30 °C, respectively. The acylation efficiency
was calculated based on peak area reduction of C3G before and after
acylation (Zhang et al., 2021).

Mass spectroscopy (MS) analysis was performed using a Thermos
TSQ Quantum Ultra (Thermo Fisher Scientific, USA) with an electro-
spray ionization (ESI) interface, further determining ion products
structure. The ESI source was set in positive ionization mode considering
anthocyanins improved detection in that mode. The capillary tempera-
ture was set at 350 °C. The spray voltage was 3.3 kV, heater temperature
was 450 °C and the tube lens off was set to —19 V. The sheath gas
pressure and the aux gas pressure were set at 42 and 13 Arb, respec-
tively. Mass spectra were acquired by scanning ions ranging from m/z
50 and 1200. The ion Sweep Gas Pressure and the source collision-
induced dissociation (CID) were set at 1 and 0 V, respectively.

2.5. Purification of acylated derivatives with semi-preparative HPLC

The acylated ACNs were isolated using an LC3000 semi-preparative
HPLC system, with a P3000 high pressure pump, Rheodyne manual in-
jection valve model 7125 and an UV 3000 ultraviolet-visible (UV-vis)
detector (Innovation Tong Heng Technology Co., LTD, Shanghai, China)
at room temperature 25 °C. A Phenomenex Aeris PEPTIDE XB-C18
column (10 pm, 250 x 20 mm) was employed for the isolation of acyl-
ated derivatives. Methanol was used to dissolve acylated derivatives.
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Acetonitrile and 0.1% formic acid water were used as solvent A and B
with gradient elution at a flow rate of 20 mL/min. The gradient program
of the mobile phase was as follows: 0-5 min, 0-70% B; 5-15 min,
70—10% B and 15-20 min, 10% B. The injection volume was set at 200
pL, and the column temperature was maintained at 25 °C. The collected
fractions of acylated ACNs were evaporated at room temperature 25 °C
to remove organic solvents, freeze-dried, and stored at —80 °C prior to
NMR analysis.

2.6. Characterization of ACNs and its acylated derivative

Fourier transform infrared spectra were recorded on a Nicolet iS 50
FT-IR Spectrometer (Thermo Scientific) to identify functional groups in
ACNs and acylated ACNs with the wave number region ranging from
4000 cm1-500 cm ! at a resolution of 16 cm L. The UV-vis absorbance
spectra were recorded by M9 xenon lamp spectrophotometer (Shanghai
Mapada Instruments Co. Ltd., China) to compare the differences be-
tween ACNs and its acylated derivative. The structure of purified sample
(5 mg) was analyzed by Bruker AVANCE III 600 MHz NMR spectrometer
(Shanghai, China). 'H NMR and '3C NMR spectra were recorded in
dimethyl sulfoxide (DMSO) (500 pL) with tetramethyl silane (TMS) as an
internal standard (chemical shifts (§) in parts per million, coupling
constants (J) in hertz). 1 chemical shifts were assigned using 2D NMR
(COSY) experiment, while 13C resonances were assigned using 2D NMR
experiments (gHMBC and gHSQC).

2.7. Determination of lipophilicity and antioxidant activity

2.7.1. Lipophilicity

The lipophilicity of acylated ACNs was determined using octanol/
water partition coefficient (log P). Briefly, n-octanol was pre-saturated
with acidified water (2% HCI) (3:1, v/v) for more than 24 h. The
absorbance (Ag) of ACNs and its acylated derivative dissolved in satu-
rated 1-octanol was determined at 520 nm. Later, the same volume of
acidified water (2% HCIl) saturated with n-octanol was added. The
mixture was fully oscillated for a period of 1 h, and centrifuged at 2000 g
for 10 min. The absorbance (Ax) of the upper 1-octanol solution was
measured at 520 nm as described by Yang et al. (2018). The syringe used
to collect the water-rich phase was filled with air, which was inserted
slowly while passing through the octanol phase. The octanol/water
partition coefficient (log P) was calculated using the following equation

1):

log P=log [A,/ (Ao — A,)] 1)
2.7.2. DPPH free radical scavenging activity assay

The DPPH free radical scavenging activity assay was performed ac-
cording to the method of Lin et al. (2020), with minor modifications.
ACNs and acylated ACNs were prepared in mother liquor at a concen-
tration of 250 mg/L anthocyanidin equivalent. 100 pL Blank (PBS) and
sample were plated two times in two 96-well plates. Then, 100 pL
DPPHe solution (10 pM) and methanol were separately added to plate 1
and plate 2. The plate was wrapped with an aluminum foil and incu-
bated in the dark for 30 min. The absorbance was measured at 517 nm,
and percentage of DPPH inhibition was calculated using equation (2) as
follows:

DPPH Clearance (%) = [(Ao — A1) / Ag] x 100 2)
Where A; is the reading of methanol plate, Ay is the reading of DPPH
solution plate.

2.7.3. p-Carotene bleaching assay

The p-carotene bleaching assay was slightly modified from protocol
described by Liu et al. (2020). Briefly, 10 mL of p-carotene in chloroform
(1 mg/mL), 400 pL of linoleic acid and 4 mL of Tween 80 were thor-
oughly mixed in a 250 mL pear shaped bottle. After removing
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chloroform by rotary evaporator at 40 °C, 100 mL distilled water was
added to the pear-shaped bottle and vigorously shaken to form emul-
sion. Thereafter, 10 mL of the emulsion was collected, and distilled
water was added to a final volume of 100 mL to prepare the emulsion
diluent. ACNs and acylated ACNs were prepared in mother liquor (1
mg/mL anthocyanidin concentration) using 30% ethanol. The antho-
cyanin solution (0.2 mL) was added to 4.8 mL of the emulsified diluent,
and the corresponding absorbance (Ag) at 470 nm was determined after
mixing. The sample was placed in a water bath at 50 °C for 2 h, and the
absorbance value (Ag) at 470 nm was determined. Control sample was
prepared using same conditions without anthocyanin solution being
replaced with 70% ethanol solution. The inhibition capacity was
calculated using the following equation (3):

Inhibition rate (%) =[1 — (A§ — AS) /(A3 — AS)] x 100 3)
Where A3 and A§ denotes for the absorbance value of the ACNs and
acylated ACNs before and after heat treatment, respectively. A§ and AS
denotes the absorbance value of control sample before and after heat
treatment, respectively.

2.8. Thermostability and photostability

A previously described method with slight modification was used to
evaluate the thermostability and photostability of ACNs and acylated
ACNs (Yang et al., 2018). ACNs and its acylated derivative were diluted
to the proper concentration with a buffer solution (0.1 mol/L citric
acid/sodium citrate, pH = 3.0), at which the absorbance at concentra-
tion maximum absorption wavelength ranged from 0.8 to 1.

The thermostability of ACNs and acylated ACNs were determined by
incubation of ACNs and acylated ACNs solutions at 65, 80, and 90 °C,
respectively, using a water bath and monitoring the change of antho-
cyanins concentration using the pH-differential method over time
(Taghavi et al., 2022). To evaluate light stability, solutions of anthocy-
anin (20 mL) in screw-cap glass vial were placed under the incandescent
light bulb (40 w) and ultraviolet illumination (253.7 nm/185 nm, > 214
uw/cm?) (Jiangyin Instrument Co., Ltd., Jiangyin, China) at 20 °C, with
change in anthocyanin concentration over time determined using pH
differential method. The concentration of ACNs and acylated ACNs was
measured using UV spectrophotometry. The first-order reaction rate
constant (k) and half-life time (t 1,2) of ACNs and acylated ACNs were
determined using the following equations (4) and (5):

In(C/Co)=—kxt 4

tp=—-m(1/2)x k! (5)
where Cp is the initial content of ACNs and acylated ACNs, C is the
content of ACNs and acylated ACNs at time (t), k is the rate constant
(h™Y), t 12 is half-life time.

2.9. pH-response and NHs-response of ACNs and its acylated derivatives

The response characteristics of C3G and acylated C3G were obtained
by using a spectral scanning by dissolving samples in different pH
buffers (from 1.0 to 12.0) and storing them at 4 °C in dark for 24 h. The
ammonia gas response property was also obtained by recording the
absorption spectrum of samples under ammonia atmosphere over time
using Conway dishes (Fei et al., 2021).

2.10. Statistical analysis

All assays were conducted in triplicates. SPSS 22.0 (SPSS Inc., USA)
software was used for statistical analysis of the data. The differences
between the average values for each treatment was obtained using one-
way analysis of variance (ANOVA), p < 0.05 was considered statistically
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significant differences. Figures were created using Origin Pro 2021
(Origin Lab, USA).

3. Results and discussion

3.1. Structural elucidation of acylated ACNs products from enzymatic
acylation

3.1.1. LC-MS analysis

Cyanin-3-O-glusoside (C3G) was confirmed as the primary antho-
cyanin in raspberry, and the purity of C3G for 98.3% was obtained after
purification using semi-preparative HPLC. Afterwards, acylation reac-
tion between C3G and octanoic acid was performed using enzymatic
catalysis. C3G and the reaction mixture were submitted to HPLC analysis
and monitored at 520 nm for reaction monitoring. Chromatographic
analyses of C3G and its acylated derivative using LC-MS analysis are
presented in Fig. 1C and D, respectively. A main peak 1 was detected at
1.5 min (Fig. 1C) exhibiting a molecular ion (m/z) [M + H] + consistent
with that of C3G (448.98) and showing decrease after acylation. C3G
conversion efficiency using enzymatic acylation with octanoic acid as
acyl donor was at 47.1% as evident by relative peak area measurement
of a new peak 2, which appeared at 0.5 min after acylation. According to
its full MS spectrum [M + H] T ion at m/z 575 (449 + 126) yielded
fragment ion at m/z 287 from the parent ion m/z 575 in the MS? spec-
trum. The product was identified as a conjugate of C3G molecule with an
extra octanoic acid moiety Cruz et al. (2017) and annotated as
C3G-octanoic acid. This result indicated that enzymatic acylation reac-
tion of C3G with octanoic acid was regioselective to the glycosidic
moiety under the catalytic action of Novozymes 435. Enzymatic acyla-
tion preferentially occurred at a hydroxyl group in the sugar moiety
instead of a hydroxyl group in cyaniding aglycone (Cruz et al., 2016).
Additionally, Cruz et al. (2018) revealed that enzymatic acylated
anthocyanin glucosides from blackcurrant (Ribes nigrum L.) skin extract
was selective to cyanidin and delphinidin glycosides, but not the cor-
responding rutinosides.

3.1.2. UV-vis and FT-IR analysis
UV-vis absorption spectra for C3G and C3G-octanoic acid are

A s
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depicted in Fig. 1A. The UV absorbance spectrum of C3G-octanoic acid
was similar to that of C3G, indicating that acylation occurred not at the
flavonoid moiety, but rather the sugar. The absorption at 278 nm and
510 nm of C3G were ascribed to the characteristic bands of anthocya-
nins, with the characteristic absorption peak at 510 nm showing hypo-
chromic shift after acylation. Similarly, acylation using lauric acid as the
acyl donor resulted in bathochromic shift that changes absorption
maxima (A max) from 517 nm to 525 nm (Yang et al., 2019). In our
current study, acylation using octanoic acid as the acyl donor showed
smaller bathochromic shift, with shift in (A max) from 510 nm to 512 nm
for C3G. A slight drop in absorbance was likewise observed at 510 nm
after acylation. In detail, the increase of foreign groups (octanoic acid)
in C3G, furthermore, part of the chromophore in C3G were destructed
and/or degraded as manifested by decrease in absorbance (Cai et al.,
2020; Liu et al., 2020). Results indicated that binding of fatty acid to
ACNs resulted in shifting ACNs balance towards the colored flavylium
cation form Zhao et al. (2021).

FT-IR study was further employed to assess the effect of acylation on
C3G functional groups. Fig. 1B shows the FT-IR spectra of C3G and C3G-
octanoic acid. The strong and broad absorption band of C3G at 3300
cm™! was attributed to the stretching vibration of —OH, including the
hydroxyl from aromatic ring and glycosyl in C3G octanoic acid (Cai
et al., 2020). Compared with C3G, the peak of C3G-octanoic acid at
3343.53 cm ™! was significantly weaker due to acylation, which was in
accordance with Xiao et al. (2021). The enhanced absorption bands at
2923.12 em™! and 2853.69 cm™! in C3G-octanoic acid were attributed
to -CHg, —~CH3, and —CH stretching vibration in the glycosyl moiety (Liu
et al., 2020). According to these spectral changes, octanoic acid was
suggested to be included in the structure of ACNs. More importantly,
FT-IR spectra of C3G showed a carbonyl (C=0) peak at 1740 cm™!
(Scano, 2021), which was shifted to 1730 em~! in the FT-IR spectra of
C3G-octanoic acid likely due to conjugation of the aromatic ester
carbonyl with C—=C leading to C=0 shift to a lower wavenumber. These
changes indicated that octanoic acid was grafted onto the C3G molecule
through acylation located at -OH of the sugar moiety in C3G and in
accordance with UV results.

—C3G

—— C3G-octanoic acid
100

Transmittance (%)

2923.12

T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (rm’l)

574.98

<

3[09 1 I MS
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Fig. 1. Chemical structure analysis of raspberry anthocyanins and derivatives. UV-vis spectra of C3G and its derivative (A); FT-IR spectra of C3G and its derivative

(B); LC-ESI-MS chromatograms showing C3G (C) and its derivative (D).
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3.1.3. NMR analysis

To further clarify the structure of C3G octanoic acid and its acylation
position, acylation product was subjected to NMR analysis post HPLC
purification. The product was obtained as dark-purple amorphous
powder with purity greater than 98% based on the comparison of peak
areas at 280 nm. Chemical structure of the acylated product was
determined using 1D and 2D NMR experiments dissolved in DMSO-d6/
TFA 9:1 (Fig. 2). Compared with C3G, the chemical shifts of 6 ’a-H and
6”’b-H of glucoside in C3G-octanoic acid were shifted downfield by
~0.2-0.5 Hz. The acylation took place at 6"-OH of glucose moieties
according to the observed corresponding chemical shifts, which were
similar to previous reports (Fernandez-Aulis et al., 2020; Yang et al.,
2018).

3.2. Properties of acylated ACNs

3.2.1. Lipophilicity

In general, higher log P value indicates higher lipophilic property of
the substance (Xiao et al., 2021). As shown in Fig. 3A, the partition
coefficient (log P) of C3G as expectedly was significantly increased from
—0.83 to 0.68 (p < 0.05) post acylation with octanoic acid. The log P of
C3G-octanoic acid was much higher than that of C3G indicating that
acylation of anthocyanins with fatty acid increases its lipophilic nature
(Grajeda-Iglesias et al., 2017; Yang et al., 2018). Previous studies
revealed that glycosyl groups attached to the C3 site are very active and
can freely spin (Dangles et al., 1993), causing the acyl groups wrapping
around the benzopyrylium ring (Zhao et al., 2017). The aliphatic acyl
groups (octanoic acid) with comparatively high hydrophobic moiety
wrapped around the structure of ACNs can effectively decrease their
solubility in aqueous media thereby reducing hydration (Bailon et al.,
2004). Steric hindrance created by octanoic acid prevents the possible
ion from attacking anthocyanidins and stabilizes them further (Zhao
et al.,, 2017). The enhanced lipophilic nature of acylated C3G signifi-
cantly expands its application as colorants from aqueous to fat-rich food

Octanoic acid
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matrices such as oils and fats.

3.2.2. Antioxidant activity

As shown in Fig. 3B & C, antioxidant assays via DPPH and p-carotene
bleaching assays showed higher antioxidant activity of C3G-octanoic
acid than C3G. The DPPH clearance of C3G after acylation showed
significant increase from 13.9% to 19.4% (p < 0.05). The enhanced
antioxidant capacity of C3G-octanoic may be attributed due to its
enhanced lipophilic nature after acylation (Plaza et al., 2014). Studies
showed that lipophilicity affects flavonoids capacity to reach sites that
are attacked by free radicals (Aratjo et al., 2017). The aliphatic acyl
groups (octanoic acid) with comparatively high hydrophobic moiety
wrapped around the structure of ACNs can reduce hydration and C3G
polarity, thereby leading to improved antioxidant activity (Bailon et al.,
2004). The inhibition ratio in B-carotene bleaching assay of C3G was
37.4%, which was significantly increased to reach 71.05% (p < 0.05)
post octanoic acid acylation, Fig. 3B. Further results of the p-carotene
bleaching assay likewise showed improved inhibition of lipid peroxi-
dation by acylation. It is more comparable to the actual lipid reaction
environment due to the use of linoleic acid as the model lipid substrate
(Yang et al., 2019). Meanwhile, steric hindrance created by octanoic
acid prevents the possible ion from attacking anthocyanidins and to
derive with antioxidant groups towards the oxidation interface of a lipid
(Song et al., 2021).

Free radicals and other reactive oxygen species play a deleterious
role in food systems, causing food spoilage and nutritional loss (Shao
et al., 2021). Hence, antioxidant activity (the oxygen barrier ability of
the films) is an important property for food packaging films to extend
food shelf life (Mushtaq et al., 2018). The packaging films without ACNs
(such as chitosan and starch films) usually exhibit lower antioxidant
activity compared with those films blended with ACNs (Yong et al.,
2020), while films with a high oxygen barrier ability can protect the
packaged food from lipid peroxidation (Kurek et al., 2018). The addition
of ACNs-rich extract can improve oxygen barrier ability of the film (Ge

Novozymes 435
60°C 24h

. C3G C3G-octanoic acid
Position . .
1 (ppm) Sy (ppm)
Anthocyanins
4 8.88 8.78
6 6.88; 6.71
8 6.91; 6.89
2 8.02 7.97
6 8.17 8.21
5 7.01 7.01
Glucose
17 5.29 5.41
2 3.53 3.50
3 3.37 3.39
4 3.25 3.21
5" 3.71 3.78
6”a 3.82 434
6”b 3.85 4.05

Fig. 2. 1HNMR spectral data of C3G and its derivative. 1H and 13C NMR data of C3G-octanoic acid in DMSO-d6/TFA (9:1). Key: s, singlet; m, multiples; d, doublet; t,

triplet; dd, double of doublets; * unresolved.
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Fig. 3. Partition coefficient (log P) (A); DPPH radical scavenging capacity (B); p-carotene bleaching assay (C) of C3G and its derivative. Groups with different letters

are significantly different from each other (p < 0.05).

et al., 2020). Therefore, acylated ACNs with enhanced antioxidant ac-
tivity is expected to exhibit a wider application in intelligent food
packaging.

3.2.3. Thermostability and photostability

The differences in thermal stability of C3G and C3G-octanoic acid
after dissolving in aqueous hydrochloric acid (pH 3) was investigated.
The logarithm of monomeric anthocyanin content (In (C/Cp)) was
plotted versus time (t) (Fig. S1), revealing that thermal degradation of
C3G and C3G-octanoic acid followed first-order reaction kinetics with
respect to temperature. The result was consistent with previous reports
(Yang et al., 2018; Zhang et al., 2021). The kinetic parameters are
summarized in Table 1. As expected, values of half-life (t 1,2) and re-
action rate constant (k) showed that the thermostability of both C3G and
C3G-octanoic acid decreased with increasing temperature (from 65 °C to
90 °C). The increase in environmental temperature conferred an active
equilibrium shift of anthocyanins to shift towards colorless chalcone and
pseudo base formation (Cai et al., 2022). The reaction rate constant (k)
of octanoic acid conjugate at each selected temperature were all lower
than those of C3G, while t ;5 values were all higher than those of C3G.
Acylation plays a significant role in the improvement of anthocyanin
thermostability through “r—x” interactions between the acyl residues
and anthocyanin nucleus to protect anthocyanin molecules from
nucleophilic attack (Yan et al., 2016; Yang et al., 2018). Therefore,
acylation prolonged the half-life of C3G thermal degradation, thereby
exhibiting enhanced thermostability.

Table 1 presented the kinetic parameters for anthocyanins photo-
degradation under incandescent and UV light, indicating that acylation
of C3G significantly improved its photostability. Previous studies
revealed that light degradation mechanism is derived largely from
excitation of the flavylium cation (Oliveira et al., 2020), octanoic acid

Table 1
Kinetic parameters for the thermal-degradation and photodegradation of C3G
and its derivative. k (h-1), rate constant; t 1/2, half-life time.

Stability Condition Sample k (h-1) t1/2
Thermostability 65 C3G 0.10618 6.5280
(0.9919)
C3G-octaonic 0.03875 17.8877
acid (0.9815)
80 C3G 0.14926 4.6439
(0.9841)
C3G-octaonic 0.10937 6.3376
acid (0.9740)
20 C3G 0.22990 3.0150
(0.9782)
C3G-octaonic 0.13304 5.1960
acid (0.9713)
Photostability Incandescent C3G 0.00615 112.71
light (0.9806)
C3G-octaonic 0.00123 563.53
acid (0.9868)
uv C3G 0.00202 343.14
(0.9985)
C3G-octaonic 0.00152 456.02
acid (0.9953)
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was stacked on the anthocyanidin nucleus through acylation to protect
the flavylium cation from excitation (Matsufuji et al., 2007). The C3G
and its acylated derivative both followed the first-order degradation
kinetics of photo-degradation under either incandescent lamp or UV
light (Fig. S2). Furthermore, compared to UV light (456.02),
C3G-octanoic acid exhibited longer t; /5 under indoor incandescent light
condition (563.53). Our findings revealed that C3G acylation with me-
dium chain fatty acid (octanoic acid) enhanced both thermostability and
photostability. Establishment of structure activity relationship with
other fatty acid moieties of different chain numbers or degree of unsa-
turation that could aid yield even more stable anthocyanin analogues
(Wang et al., 2022) should be further examined.

3.3. pH-color response characteristics

The pH-color response process of C3G and its derivative at pH 1.0 till
pH 12.0 were shown in Fig. 4. Firstly, the color of C3G and C3G-octanoic
acid solution were bright red at low pH (pH 1.0-3.0) (Fig. 4A) attributed
to that the flavylium cation (red color) was the predominant species. As
the pH value increased (pH 4.0-6.0), the red color of anthocyanin so-
lution gradually faded to pale pink. At this stage, the absorbance of C3G
and C3G-octanoic acid decreased with increase in pH (Fig. 4B Ag and
A1), while the absorbance downtrend of C3G-octanoic acid was slower
than C3G, and the peak absorbance of C3G and its derivative red shifted
towards longer wavelengths (Fig. 4B By and B;). Acyl (octanoic acid)
protects the flavylium cation from hydration thereby hindering the
formation of colorless hemiacetals and to present additional stability to
acylated ACNs (Fei et al., 2021). At pH value of 7.0, part of the flavylium
cation, hemiacetal and chalcones changed into purple quinonoid bases,
which cause the color of C3G and its derivative solution to become
purple and to undergo a bathochromic shift (Fig. 4B Cy and C;). As the
concentration of OH™ increases with pH, anthocyanins mainly exist in
quinonoid bases (Neves et al., 2022). Meanwhile, the color of the solu-
tion became darker and changed from purple to blue-violet (pH
8.0-9.0), concurrent with an increase in absorbance (Cheng et al.,
2022). In the last phase of the pH-color at extreme alkaline pH (pH
11.0-12.0), C3G and its derivative with decrease in absorbance and red
shift to 578 nm leading to color change to amber (Fig. 4B Dy and D;), due
to the quinonoid bases would lose a proton and transform into anionic
quinonoid bases (Rawdkuen et al., 2020). At pH 11.0, acylated ACNs
exhibit a much higher absorbance at 578 nm compared with natural
ACNs mediated via acylation to impart greater stability to the molecule.

It has been shown in Fig. 4 that the two anthocyanins (C3G and
acylation C3G) exhibited comparable but slightly different pH-color
response characteristics, which can be distinguished visually. Notably,
color stability of ACNs based films is crucial when the films are applied
to monitor the freshness of food products (Yong et al., 2020). According
to these results, acylation with octanoic acid appears as a promising tool
to enhance pH color stability of ACNs, and improving pH-sensitive
packaging film response based on acylated ACNs compared to natural
ACNs (Zhao et al., 2021). In fact, acylated ACNs-rich plants (such as red
cabbage, purple sweet potato and black carrot) were better posed as
pH-sensitive indicators in intelligent food packaging (Jiang et al., 2020;
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Fig. 4. Color of C3G and its derivative solutions at different pH values (A); UV-vis spectra of the C3G (A0, BO, CO, DO) and its derivative (A1, B1, C1, D1) solutions at
different pH values. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Rawdkuen et al., 2020). Octanoic acid acylated ACNs as a more color
stable indicator provides a new source for the development of intelligent
packaging.

3.4. NHjs-color response characteristics

During the spoilage of food, for example, meat and aquatic food
products, proteins can be degraded by microorganisms to produce
various volatile nitrogenous compounds (such as ammonia, dimethyl-
amine and trimethylamine), thereby changing the pH status of food.
Therefore, real-time monitoring of changes in food pH throughout the
supply chain using pH-sensitive indicators to track the freshness/
spoilage of packed food will become more applicable in the future
(Oladzadabbasabadi et al., 2022). The basic color change mechanism of
anthocyanins could be ascribed to increased levels of volatile amines
produced by spoilage microorganisms, which cause increase in pH level
concurrent by a color change as observed by the naked eye (Shao et al.,
2021). Till now, ACNs-rich films have been used as natural pH indicators
to monitor the freshness of protein-rich food products, such as fish,
shrimp, chicken, pork, milk and cheese (Kan et al., 2022; You et al.,

C

raspberry

%I«:x:mﬁou /‘

Anthocyanins sources -
Anthocyanins extracts

Degradation process

Delay of degradation process
Enhanced color intensity and stability

2022). Previous studies have revealed that the pH-sensitivity of
ACNs-rich films can be determined by immersing the films in different
buffer solutions or upon exposure to ammonia gases (Kang et al., 2020;
Mushtaq et al., 2018). Therefore, response characteristics of acylated
C3G to NH3 was determined in order to provide a theoretical basis for
the application of acylated C3G as a pH-sensitive indicator in smart food
packaging. In our current research, the principle of C3G and acylated
C3G discoloration as colorimetric indicators is depicted in Fig. 5C.

As shown in Fig. 5A, C3G and its derivative solution displayed a dark
pink color. The initial absorbance value at 510 nm of C3G solution
reached 0.96, and then rapidly decreased to 0.25 and 0.16 at 10 min and
20 min, respectively. Afterwards, absorbance of C3G solution continu-
ally declined with maximum absorption peak red-shifted to longer
wavelength 524 nm (at 40 min) and 532 nm (at 60 min) at the same
time. The dark pink color faded within 60 min with the color of C3G-
octanoic acid to fade at a slower rate compared to C3G. Extension of
exposure time, maximum absorption peak eventually moved to 584 nm
(at 180 min) and the color of C3G and C3G-octanoic acid solution
gradually turned to amber. The mechanism of color change lies in that
volatized ammonia combines with water in anthocyanin solution to

Enzymatic
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£
4

Application
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Fig. 5. Color of C3G (A0) and its derivative (A1) solutions in ammonia; UV-Vis spectra of C3G (B0) and its derivatives (B1) in NH3 gas environment; schematic
operating mode of C3G and acylated C3G as colorimetric indicators (C). (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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form NH3-H,0, and then hydrolyses to form NH4 and OH ™ leading to an
increase in pH of solution (Yba et al., 2021). Upon solution pH switch
from acidic to basic, color of C3G solution changed from red to amber,
whereas C3G-octanoic acid solution showed a deeper amber color
compared with C3G at alkaline condition. The above results confirmed
that NH3 evaporating off of the ammonia solution were absorbed by
anthocyanin solution, with acylated C3G to exert a stronger resistance to
pH changes (Liang et al., 2019). Since the molecular chains of octanoic
acid intertwined upon the benzene ring of anthocyanins leading to an
enhancement of C3G color intensity (Sha et al., 2021). Such higher color
intensity of acylated C3G was more distinguishable to discern spoiled
products with naked eye than C3G, however, the sensitivity and accu-
racy may be affected. Therefore, their application in intelligent food
packaging remains challenging from such perspective (Fernandez-Aulis
et al., 2020) and warranting for future improvements to be applied at a
commercial scale.

4. Conclusions

In this study, major ACN (C3G) was firstly isolated from raspberry,
further subjected to acylation with octanoic acid at the 6”-OH of the
glucose unit in cyanidin to yield a novel acylated derivative. Both
thermostability and photostability of C3G were improved post acylation
as manifested by lower rate constant (k) and extended t ;5 values. Post
acylation, C3G-octanoic acid exhibited improved antioxidant capacity.
Results of the color response under different pH conditions and NHs
response indicated that the acylated product has potential applications
in intelligent food packaging field. Overall, our results provide novel
insights in expanding the application of natural anthocyanins in food
industries, meanwhile, also providing a theoretical basis for developing
acylated raspberry anthocyanins application in food intelligent pack-
aging. Nevertheless, synthesis of acylated ACNs suffers from low reac-
tion yield warranting for optimization process to furnish efficient
synthesis procedure of acylated ACNs.
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