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Blueberry anthocyanins (ACNs) have been widely applied in the food industry and medicine due to their
numerous beneficial properties. However, the stability of ACNs is extremely poor. This study aimed to develop a
delivery system for ACNs using nanocomplexes prepared from gellan gum (GG) and whey protein isolate (WPI)
via Maillard reaction. The effects of the GG-WPI nanocomplexes on the stability, antioxidant capacity, and
bioavailability of ACNs were investigated. FTIR, fluorescence spectroscopy, and UV-vis absorption spectroscopy

revealed covalent bonding between the GG and WPI in the nanocomplexes. The nanocomplex demonstrated a
good loading efficiency for ACNs (60.34 %), with a particle size of 368.42 nm. It also showed better stability and
bioaccessibility than free ACNs, and their DPPH radical scavenging capacity reached a maximum of 63.11 %. Our
research is significant for developing novel multifunctional foods and constructing high-performance food de-

livery systems.

1. Introduction

Blueberry anthocyanins (ACNs) are natural water-soluble plant pig-
ments belonging to the class of flavonoid polyphenol compounds (Li
et al.,, 2019). They include malvidin, delphinidin, cyanidin, peonidin,
and petunidin (Veberic et al., 2015). ACNs have excellent antioxidant
activity, anti-inflammatory activity, prevent cardiovascular diseases,
alleviate obesity, and so on. The functions of ACNs enable their wide-
spread application in the food industry, medicine, and other fields (Chen
et al., 2023). However, ACNs are notoriously unstable in processing and
storage, and they are vulnerable to environmental stresses, such as light,
pH, temperature and ascorbic acid (Belwal et al., 2019; Duan et al.,
2024). This leads to a decline in their functional properties. Although
ACNs are relatively stable in the gastric environment, they tend to
decompose and be transformed in the alkaline environment of intestine.
It leads to a decrease in their bioavailability (Correa-Betanzo et al.,
2014). Therefore, a series of physical and chemical methods have been
developed to enhance the stability and bioavailability of ACNs (Cheng
et al., 2023). Physical methods include copigmentation and interaction
with macromolecules such as polysaccharides and proteins. Chemical
methods include encapsulation (Liu et al, 2023), acylation,
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glycosylation (Wang et al., 2018), and methoxylation (Liu et al., 2022).
The carriers commonly used in physical and chemical methods above
are generally polysaccharides and proteins. Polysaccharides commonly
used include chitosan (Xue et al., 2022), chitosan derivatives (Liu et al.,
2023), and sodium alginate (Li et al., 2023). Proteins include bovine
serum albumin (Zang et al., 2022), whey protein isolate (Zang et al.,
2021), and ferritin (Huang et al., 2023). The affinity of copolymer
structures produced by physical methods is unknown and highly
dependent on environmental conditions (Fu et al., 2021). Compared
with the physical method, the chemical method can improve the sta-
bility of ACNs better and have a slow-release effect. Increasing research
indicates that encapsulation is an excellent method for delivering ACNs
(Ge et al., 2018). However, encapsulation with a single wall material is
easily affected by environmental factors. Compared with ACNs-loaded
single-wall material, ACNs-loaded polysaccharide-protein complex dis-
played better-sustained ACNs release, stability, and bioavailability (Cao
et al., 2024), such as the complex with ovalbumin and sulfated-
polysaccharides (Dong et al., 2024), and the complex with chitosan
derivatives and p-Lactoglobulin (Ge et al., 2019).

Gellan gum (GG) is an anionic extracellular polysaccharide produced
by fermenting Sphingomonas paucimobilis, which is water-soluble and
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easy to form gel at low temperatures. It has an anionic character (pKa of
3.5) due to the presence of glucuronic acid on its structure, and has
outstanding potential with food function factors (Duarte et al., 2022). It
was found that gellan gum could improve the thermal stability of purple
sweet potato anthocyanins in the presence of ascorbic acid (Xu et al.,
2019). Nevertheless, it is still unknown whether gellan gum can mitigate
the effects of other environmental factors on anthocyanins.

Whey protein isolate (WPI) is a high-purity whey protein obtained
from whey protein through specific methods, such as physical heating,
ion exchange, etc. Due to its good gelling, emulsification, foaming and
ligand binding ability, it is often regarded as a biological material with
excellent properties. In addition to being added to food as functional
substances and nutrients, it is also increasingly used as a carrier material
in food delivery systems (Chen et al., 2021). WPI has demonstrated a
beneficial impact on the stability and antioxidant capacity of ACNs.
However, proteins are more sensitive to environmental conditions and
generally have poor functional properties near their isoelectric points or
at higher temperatures. The preparation of protein-polysaccharide co-
valent complexes based on the Maillard reaction is often used to improve
protein properties (He et al., 2021). To date, the potential of GG-WPI
nanocomplexes to improve the stability and bioavailability of ACNs
has not been studied. The study is based on the hypothesis that (1) gellan
gum and whey protein isolate can form nanocomplexes loaded with
blueberry anthocyanins and (2) gellan gum-whey protein isolate nano-
complexes can improve the stability of blueberry anthocyanins.

In this study, a binary nanocomplex using high acyl GG and WPI was
prepared to encapsulate ACNs. The effects of these nanocomplexes on
ACN stability, antioxidant activity, gastrointestinal release, and
bioavailability were investigated.

2. Materials and methods
2.1. Materials

High acyl gellan gum was food-grade and purchased from Hefei
Bomei Biotechnology Co., Ltd. The acyl content of high acyl gellan gum
is 11.67 %, and the purity is 99.5 %. Whey protein isolate (purity is 93
%) was obtained from Hilmar Ingredients (Hilmar, CA, USA). Blueberry
anthocyanins (purity is 25 %) was purchased from Ningshan Guosheng
Biological Technology Co., Ltd.

2.2. Preparation of GG-WPI covalent nanocomplexes

The GG-WPI covalent complexes were synthesized by referring to
previous methods (Chen et al., 2019). Mixture solution of GG (0.2 w/v
%) and WPI (0.4 w/v %) was magnetically stirred at 30 °C overnight.
Then, adjusted to the pH 11.0, ultrasound equipment treated the solu-
tion for 60 min (420 W, 50 °C). After that, the solution was dialyzed
against distilled water for 2 days. Finally, the solution was lyophilized to
get the GG-WPI nanocomplexes.

2.3. Preparation of ACNs-loaded GG-WPI nanocomplexes

The complex solutions were mixed with different concentrations of
ACNs solution with a volume ratio of 1:1. The mixture was stirred
overnight to obtain ACNs-loaded GG-WPI complexes solutions with
ACNs concentrations of 0.2 %, 0.4 %, and 0.6 %. Finally, the solution
was lyophilized to get the nanocomplexes loaded with ACNs. The
nanocomplexes loaded with ACNs at different concentrations were
recorded as GWC-A-2, GWC-A-4, and GWC-A-6.

2.4. Load efficiency of ACNs
The Load efficiency of ACNs in the nanocomplexes was measured

according to Dey’s method with slight modification (Dey et al., 2020).
The sample (0.01 g) was accurately weighed and dissolved in 10 mL of
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acidified ethanol solution. The mixture was stirred until fully dissolved.
1 mL of the sample solution was diluted to 10 mL with acidified ethanol,
and measure the absorbance value. The following equation was used to
determine Load efficiency (%) of ACNs,

.. Actual content
Load efficiency(%) = Theoretical content

x 100% @
2.5. Particle size, polydispersity index (PDI) and zeta potential of the
nanocomplexes

The nanocomplexes’ particle size, polydispersity index and zeta po-
tential were measured using a particle size and zeta potential analyzer
(Brookhaven, 90Plus PALS). All measurements were carried at 25 °C,
with 3 measurements per sample. Before analysis, the sample solutions
were diluted with deionized water to avert multiple scattering
influences.

2.6. Fourier transform infrared spectrum analysis

The structures of the substances were analysed using Fourier trans-
form infrared spectroscopy. The sample was pressed into flakes, and the
KPS-5 ATR probe was used for detection. All the samples were scanned

from 500 to 4000 cm ™! with a resolution of 4 cm ™.

2.7. UV-vis spectroscopy measurement

An aqueous solution of equal concentrations of GG, WPI, ACNs, GG-
WPI and GWC-A-6 nanocomplexes was prepared, and the UV-Vis
spectra were recorded in the range of 200-800 nm.

2.8. Fluorescence spectrum analysis

The fluorescence spectra of WPI, GG-WPI, and GWC-A-6 nano-
complexes were determined by fluorescence spectrophotometer. Dilute
the WPI, GG-WPI, and GWC-A-6 nanocomplexes to 1 mg/mL in an
aqueous solution. The emission spectra were recorded in the wavelength
range of 300-450 nm (emission slit width of 5 nm) under excitation at
280 nm (excitation slit width of 5 nm).

2.9. Thermal characteristic analysis

A synchronous thermal analyzer (TG) was used to determine the
weight loss temperature of each substance in the sample. Approximately
6 mg of the sample was placed in an alumina crucible at 35 °C ~ 500 °C
and 5 °C /min. The operation is carried out in 100 mL/min flowing ni-
trogen to prevent the sample from coming into contact with the air
reacting, and affecting the substance structure. Record data and draw
TGA and DTG curves.

2.10. SEM analysis

The samples were lyophilized by liquid nitrogen, and the natural
lyophilized sections were taken and placed under a scanning electron
microscope (Hitachi High-tech Co., LTD.) after gold plating, and the
microstructure of the samples was observed at 500 maginification.

2.11. DPPH radical scavenging activity assay

The ability of ACNs to scavenge the DPPH radicals was determined
based on research (Fan et al., 2018) with some modifications. The 1 mL
of sample solution (1 mg/mL,dissolved in deionized water) was added to
2 mL of DPPH solution (1.75 x 10~* mol/L, dissolved in anhydrous
ethanol), then placed for 1 h under dark. Then, the absorbance of
samples was measured at 517 nm, and anhydrous ethanol: water was 1:1
(v:v) as a reference. The free radical clearance rate was calculated by
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substituting the formula (2).

A —A
A

DPPH radical scavenging activity(%) = (1 - 2) x 100% (2)

0

Where A is the absorbance of the DPPH ethanol solution, A; is the
absorbance of the reaction solution after 60 min, and A, is the absor-
bance of the sample complex ethanol solution.

2.12. Storage stability analysis

The stability analysis was according to (Fu et al., 2022) with some
modifications. Nanocomplexes loaded with different concentrations of
ACNs were prepared in solution, and free ACNs were used as control.
These solutions were also put in brownglass bottles and stored at 4 °C for
10 days, and the absorbance at A520 nm was measured every two days.
The retention rate of ACNs was calculated by substituting formula (3).

A
Retention rate of ACNs (%) = Xl x 100% 3
j

where A; is the absorbance of ACNs after preservation, Aj is the absor-
bance of ACNs in the original solution.

2.13. Bioaccessibility analysis

By simulating the digestive conditions of the gastrointestinal tract in
vitro, the effect of the GG-WPI nanocomplexes on the bioavailability of
ACNs was studied. Simulated gastric fluid (SGF) and intestinal fluid
(SIF) were prepared according to Mao’s method (Mao & McClements,
2012). The content of ACNs was determined using the method described
in section 2.4. The bioavailability (BA, %) was calculated according to
formula (4).

BA(%) = % x 100% “
0

where C; and Cy represent the concentrations of ACNs in the supernatant
and original solution, respectively.

2.14. Statistical analysis

All the experiments were performed at least in triplicate and all data
were shown in terms of mean =+ standard deviations. SPSS 19.0 software
was used for statistical analysis. The significance of data was conducted
using a one-way analysis of variance (ANOVA) and Duncan’s test with p-
value <0.05.

3. Results and discussion

3.1. Particle size, polydispersity index (PDI) and zeta potential of the
nanocomplexes

As shown in Table 1, the particle sizes of all samples were between
300 nm and 400 nm. Nanocomplexes particles within this range are
small and readily taken up by intestinal cells. The particle size of GWC-
A-2 was smaller than GG-WPI because there were strong interactions
among GG, WPI, and ACNSs, resulting in a relatively compact structure
(Dai et al., 2018). The particle size of GWC-A continued to grow with the
increase of ACNs concentration. This result could be explained by the
decreased electrostatic repulsion between nanoparticles (Dai et al.,
2018). This is consistent with previous studies using chitosan (CS) and
sodium alginate (ALG) to encapsulate ACNs (Chen et al., 2024).

At the same time, the PDI of all nanocomplexes was less than 0.30,
which indicated good dispersion of nanocomplexes (Hua et al., 2021).
The Zeta potential of the nanocomplexes was close to 30 mV, indicated
ACNs nanoparticles had good physical stability (Fu et al., 2022).

The loading efficiency rose with the initial addition of ACNs. This
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Table 1
particle size, polydispersity index (PDI), zeta potential, and the load efficiency of
GG-WPI and GWC-A

Sample Particle size Polydispersity ~ Zeta Potential Load efficiency
(nm) (mV) (%)
331.21 + a .
GG-WPL 0.287 + 0.02°  27.59 + 0.76 _
GVZVC'A' 30069'}6 + 0.263 £+ 0.02°  29.33 + 0.95° 34.71 £ 0.12¢
CWC-A- 339'15 * 0.293 +0.07*  30.49 + 1.04° 54.12 + 0.35"
4 10.03
GVGVC'A' fggz'gf * 0.273 + 0.04®  29.99 + 0.46% 60.34 + 0.17°

GG, gellan gum; WPI, whey protein isolate; GWC-A, the GG-WPI nanocomplexes
loaded with ACNs at different concentrations. Different letters in the same col-
umn indicate significant differences between means (p-value <0.05).

occurred because higher ACNs content leads to more interactions and
provides more opportunities for electrostatic interactions, provided the
GG-WPI nanocomplexes were sufficient. The finding was consistent with
the particle size results. However, when the ACNs concentration was
further increased, the limited GG-WPI nanocomplexes may cause ACNs
to remain free, reducing the loading efficiency (Mu et al., 2019).

3.2. Fourier transform infrared spectrum analysis

The FTIR spectra of GG, WPI, GG-WPI and GWC-A nanocomplexes
was represented in Fig. 1. The FTIR of GG showed the peak at 3500
em~1-3200 cm™! was due to the stretching vibration of the OH group.
The characteristic bands at 1606 cm ™! and 1406 cm ™! were due to the
asymmetric and symmetrical stretching vibration of COO- (Wu et al.,
2022). The stretching vibrations of CHy; and hydroxyl C—O were
observed at 2932 cm™! and 1023 cm ™! (Chen et al., 2019). Other au-
thors observed similar spectra of GG (Dey et al., 2020). In the WPI
spectrum, bands of amide-type I and amide-type II were observed at
1639 cm~! and 1514 cm’l, characteristic bands of proteins (Falsafi
et al., 2022; Jia et al., 2020). Characteristic peaks near 1430 cm ! were
attributed to acylamino-III or C-NH; stretching vibrations. It was
observed that the OH group stretching vibration of GG-WPI was shifted
from 3348 cm™! to 3278 cm™! and significantly enhanced, compared
with GG. The number of OH groups increased due to the introduction of
WPI, enlarged the corresponding absorption peak intensity (Chen
et al.,2021). The absorption peak at 1637 cm ™! was caused by the C=0
stretching vibration in the peptide bond due to the presence of peptide
bonds in WPI. In addition, the absorption peaks of GG-WPI disappeared
at 1751 em™1,1571 em ™}, 1514 cm ™, and 1359 cm™?, and the absorp-
tion peaks were enhanced at 1046 cm™!, indicated that newly formed
C—N covalent bonds were generated in the GG-WPI nanocomplexes.
This is consistent with previous studies between rapeseed protein isolate
and glucan (Zhu et al., 2008) and between WPI and glucan (Mundlia
et al., 2021). The enhancement of the peak of GWC-A at 1640-1630
cm ! is caused by the vibration contraction of the benzene ring C=C in
ACNs (Bao et al., 2024).

3.3. UV-vis spectroscopy analysis

As shown in Fig. 2, the maximum absorption peak of GG was at 256
nm, and that of WPI was at 280 nm (Chen et al., 2021). However, the
maximum absorption peak of the GG-WPI nanocomplexes was at 277
nm, which was blue-shifted compared to WPI, because GG and WPI
formed a covalent bound (Tao et al., 2022). The maximum absorption
peak of GWC-A was red-shifted compared with ACNs, due to the
enhanced hydrogen bond interaction after the loading of ACNs on the
GG-WPI nanocomplexes.



X. Zhou et al. Food Chemistry: X 24 (2024) 102050
'G‘G_\-—/"‘—""—\/\/\«,.\/A\ GG
\L £ =
~ |WPI ~
g =
& <
g 3
w @ [~} -3
5 MW £ loc-wer  \g A2 i
= = v
F S~ —— | &
GWC-A GWC-A 2
4000 3500 3000 2500 2000 1500 1000 590 2000 1500 1000 500
Wavenumbers(cm ) Wavenumbers(cm™)

Fig. 1. Fourier transform infrared spectra of GG, WPI, GG-WPI, and GWC-A.
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Fig. 2. UV-vis spectrum of GG, WPI, GG-WPI, ACNs and GWC-A.

3.4. Fluorescence spectrum analysis

The fluorescence spectra were shown in Fig. 3. At an excitation
wavelength of 280 nm, WPI showed maximum emission intensity (Amax)
at 332 nm. For the GG-WPI nanocomplexes, a decrease in fluorescence
intensity and a red-shift in Amax (340 nm) were observed. It has been

reported that polysaccharide-protein complexes obtained by ultrasonic
treatment exhibit lower fluorescence intensity compared to native pro-
teins. This phenomenon was attributed to the shielding effect of poly-
saccharide chains bound to protein (He et al., 2021). Studies have shown
significant red-shifts in the maximum absorption peak of Try (Trypto-
phan) fluorescence, indicated that covalent binding causes the change of
the protein’s tertiary structure. This change suggested that Try moved to
a more hydrophilic environment, directly related to the hydrophilic
hydroxyl and carboxyl groups introduced by gellan gum. It was observed
that the Amax of GWC-A was red-shifted from 340 nm to 368 nm, and the
fluorescence intensity decreased, indicated that ACNs quench the pro-
tein fluorescence (Ma et al., 2024).

3.5. Thermal characteristic analysis

Fig. 4 showed the TGA curves of GG, WPI, GG-WPI nanocomplexes,
and GWC-A. The mass of the substance decreased slightly at 50 °C ~
200 °C, which may be caused by the loss of free and bound water on the
materials (Diao et al., 2020). Since the sample was freeze-dried, the
water content was low, and the weight loss was not obvious. At 200 °C
~ 400 °C, the mass of the material linearly reduced, which was mainly
due to the degradation and decomposition of the material. The findings
were in accordance with the thermal degradation of lycopene embedded
in a whey protein isolate-xylo-oligosaccharide conjugate prepared by
the Maillard reaction (Jia et al., 2020). The DTG curve showed a sharp
exothermic peak of GG was approximately 240 °C (Dey et al., 2020), and
that of WPI was around 295 °C. The lower final weight loss rate for WPI
was due to the presence of inorganic salts in the WPI power (Falsafi
et al., 2022). Compared with GG, the weight loss peak of GG-WPI

700 200
175 —GG
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500 _ 150 F
S S 1251
S 400 £
2 £100f
£ 300 =
200 sol /\/\
160 25 N
O 1 1 1 1 1 1 O 1 1 1 1 1 1
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Fig. 3. Fluorescence spectrum of WPI, GG-WPI, GWC-A (A), and GG, ACNs (B).
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Fig. 4. TGA thermograms of GG, WPI, GG-WPI, GWC-A (A), and D

increased from 240 °C to 250 °C, and the weight loss rate was decreased.
This indicated that the interaction between GG and WPI enhanced the
thermal stability of the covalence complexes and improved its heat
resistance, which was beneficial for its use as a delivery system wall
material (Wu et al., 2022). The weight loss temperature of ACNs was
204 °C, while the weight loss temperature of GWC-A was 245 °C, indi-
cated that the thermal stability of ACNs could be improved by loading
ACNs with GG-WPI nanocomplexes (Liu et al., 2023), thereby enhancing
the stability of ACNs during storage and processing.

3.6. SEM analysis

The SEM of GG-WPI and GWC-A nanocomplexes with a magnifica-
tion of 500x shown in Fig. 5. As a result, the GG-WPI covalent com-
plexes had a relatively obvious cavity structure with compact and
ordered folded lamella (Mundlia et al., 2021). After loading ACNSs, the
SEM images showed the cavity structure shrank and the irregular bulk
structure increased, indicated that ACNs and GG-WPI covalent com-
plexes were cross-linked through hydrogen bonds. These changes in the
complexes confirmed the successful encapsulation of ACNs within the

¥
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TG thermograms of GG, WPI, GG-WPI, ACNs and GWC-A (B).

GG-WPI nanocomplexes (Liu et al., 2023).

3.7. Antioxidant activity, storage stability and bioaccessibility analysis

The radical scavenging activity of ACNs and GWC-A was shown in
Fig. 6A. The DPPH radical scavenging activity of all GWC-A samples was
significantly enhanced in comparison to free ACNs. This was because
free ACNs were highly susceptible to degradation from external factors
such as light and temperature. Encapsulated ACNs within the GG-WPI
nanocomplexes minimized their contact, prevented decomposition and
preserved their antioxidant capacity (Bao et al., 2024). Additionally, as
the loading rate of ACNs increases, the antioxidant activity also gradu-
ally improved.

Fig. 6B shown the retention rate of free ACNs and ACNs in nano-
complexes after 10 days of storage at 4 °C in the dark. The retention rate
of free ACNs declined almost linearly over time, dropped to just 30.36 %
on day 10. In contrast, the retention rates of ACNs in nanocomplexes
with different loading rates decreased more slowly and remained higher
than those of free ACNs. On day 10, the retention rates of ACNs in GWC-
A-2, GWC-A-4, and GWC-A-6 were 57.26 %, 60.69 %, and 72.12 %,

Date :28 Apr 2023
Time :13:38:10

Signal A = SE1
Mag= 500X

kv
WD =220mm

(A)

Fig. 5. Scanning electron micrographs of (A) GG

(B)

-WPI and (B) GWC-A at 500x, respectively.
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respectively. This indicated that as the loading rate of ACNs increased,
the retention rate also improved. On the 3 day, the GG-WPI nano-
complexes showed a stronger protective effect on ACNs. These results
confirmed that GG-WPI nanocomplexes effectively encapsulated ACNs,
and reduced the impact of environmental factors on ACNs stability,
which is consistent with previous studies (Mansour et al., 2020).

As shown in Fig. 6C, the bioaccessibility of free ACNs is only 28.29 %,
indiacated that most ACNs degrade during gastrointestinal digestion. In
contrast, the bioaccessibility of ACNs, within the GG-WPI nano-
complexes was significantly higher (p < 0.05) than that of free ACNs,
due to the nanocomplexes slowing the release rate of ACNs during
digestion. The nanocomplexes loaded with different concentrations of
ACNs did not show significant differences in their sustained release,
which may be due to the relatively low initial concentration of ACNs.
However, compared to free ACNs, the GG-WPI nanocomplexes still
demonstrated better protective effects. These results suggested that the
GG-WPI nanocomplexes delivery system may slow or prevent degrada-
tion and increase ACNSs bioaccessibility (Fan et al., 2018). This finding is
consistent with the Wang et al. (2021), they noted that anthocyanins in
chitosan hydrochloride/carboxymethyl chitosan and whey protein
isolate nanocomplexes were more stable and released more slowly
during simulated gastrointestinal digestion.

4. Conclusion

In this study, GG-WPI nanocomplexes were prepared using an
Maillard reaction. Structural characterization confirmed the formation
of covalent bonds between GG and WPI. Based on these covalent com-
plexes, nanocomplexes loaded with ACNs were developed and analysed
for thermal stability, particle size, and loading efficiency. The results
showed that the thermal stability of ACNs was signigicantly improved.
At an ACNs concentration of 6 mg/mL, the nanocomplex size was
368.42 + 15.25 nm with a loading rate of 60.34 %. Antioxidant activity,
stability, and bioavailability analysis revealed that the functional
properties of ACNs in nanocomplexes were superior to those of free
ACNs. The DPPH radical scavenging ability of the GWC-A-6 reached
63.11 %, nearly double that of free ACNs. During a Bioaccessibility
analysis, the nanocomplexes provided significant protection for ACNs,
reduced their degradation rate during gastrointestinal digestion, and
improved bioavailability. Nevertheless, more in vivo animal and human
studies needed to determine whether encapsulating ACNs in nano-
complexes also improves its in vivo bioavailability and bioactivity. This
study provides a promising carrier for the further application of bioac-
tive substances with poor stability and low utilization in food
processing.
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