fermentation

Article

The Antioxidant Activity and Protection of Probiotic Bacteria in
the In Vitro Gastrointestinal Digestion of a Blueberry Juice and
Whey Protein Fermentation System

Qian Yu 12, Wenqiong Wang 13*, Xian Liu !, Wenwen Shen !, Ruixia Gu ! and Congcong Tang *

check for
updates

Citation: Yu, Q.; Wang, W,; Liu, X,;
Shen, W.; Gu, R;; Tang, C. The
Antioxidant Activity and Protection
of Probiotic Bacteria in the In Vitro
Gastrointestinal Digestion of a
Blueberry Juice and Whey Protein
Fermentation System. Fermentation
2023, 9, 335. https://doi.org/
10.3390/ fermentation9040335

Academic Editors: Farhad Garavand
and Michela Verni

Received: 21 February 2023
Revised: 24 March 2023
Accepted: 25 March 2023
Published: 28 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Food Science and Engineering, Yangzhou University, Yangzhou 225127, China;
yuqian20150811@163.com (Q.Y.)

Jiangsu Key Laboratory of Dairy Biotechnology and Safety Control, Yangzhou University,

Yangzhou 225127, China

3 Weiwei Food & Beverage Co., Ltd., Xuzhou 221114, China

Shaanxi Key Laboratory of Environmental Engineering, School of Environmental and Municipal Engineering,
Xi’an University of Architecture and Technology, Xi’an 710055, China

*  Correspondence: wengiong.happy@163.com

Abstract: Blueberries have received great attention due to the health effects of their bioactive com-
pounds, such as antioxidant, antitumor, and anti-obesity properties. Probiotics also have these
health-promoting benefits. However, these biological activities may be affected by the processs
of gastrointestinal digestion, which decreases their functionality. This study aimed to use a more
convenient method to improve the blueberries” antioxidant activity and protective effects on probiotic
cells by fermentation with whey protein, and to explore the possible mechanisms underlying these
effects. This result showed that the total phenolic content, anthocyanin content, reducing power,
DPPH radical scavenging capacity, and probiotic cells” survival in a blueberry juice and whey protein
fermentation system were enhanced in a model of in vitro gastrointestinal digestion. The bioactive
compounds in blueberry juice interacted with whey protein, as shown through FTIR. The stability
of phenolic compounds was enhanced, and the release of functional compounds in the mixture
fermentation system was delayed through CLSM. Interactions between bioactive compounds in
blueberries, whey protein, and bacterial surface proteins, glycoproteins or polysaccharides during
fermentation were studied by SDS-PAGE. Thus, the stability of bioactive activities in the mixed
system after fermentation was strengthened by the interaction. The mixed fermentation system has
promising potential for improving antioxidant activity and protecting probiotic cells.

Keywords: blueberry; phenolic compounds; antioxidant activity; whey protein; Lactobacillus; ultrafiltration

1. Introduction

Blueberries, which have a blue color, belong to the family Ericaceae, the subfamily
Vacciniaceae, and the genus Vaccinium. They are rich in anthocyanins, other flavonoids,
phenolic compounds, and ascorbic acid, which possess a strong capacity for anti-oxidation
because of their structure and content. However, due to pH, temperature, metal ions, and
enzymatic activity, these functional compounds fail to tolerate the harsh gastrointestinal
environment and, thus, cannot maintain their stability and effective release [1]. To enhance
the stability of these bioactive compounds, many technologies, such as the preparation
of microcapsules and hydrogel particles, have been applied. There was a positive effect
on protecting these bioactive compounds, but some drawbacks were shown such as the
high cost of the preparation of microcapsules with a freeze-drying process [2]. Therefore,
we would like to use a simple, easy and inexpensive method of replacing these processes.
It has been widely proven that the interactions of proteins and some active compounds
in blueberries could increase their stability and functionality. Anuyahong et al. found
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that the addition of rice berry extract to yogurt could increase total phenolic content
and antioxidant activity before and after in vitro gastrointestinal digestion [3]. Thus, this
fermentation method may be a promising way to improve functionality.

Similarly, it is clear that probiotics that contain live microorganisms must keep a suffi-
cient amount (>10° CFU/mL or CFU/g) of the probiotics product in order to deliver health
benefits to consumers. Nevertheless, the survival of cells in probiotics is affected by the chal-
lenges of pH, temperature, oxygen, and especially human gastrointestinal conditions [4].
Numerous studies have illustrated that the addition to dairy product materials of some
bioactive compounds that exert a prebiotic effect is an effective way to reduce the exces-
sive loss of probiotic cells, and the materials further protect bioactive compounds from
degradation during storage and in vitro gastrointestinal digestion. Additionally, whey
protein could also be used as a carrier of active compounds, such as anthocyanins, making
it possible to deliver these functional compounds to the entire intestinal tract and enabling
their metabolism by the gut microbiota [1]. Another study showed that the viability of
L. casei ATCC 393 when immobilized by sea buckthorn berries still maintained a high level
compared to that of free L. casei ATCC 393 during storage for 90 days. Moreover, an in vitro
gastrointestinal digestion assay indicated that immobilized L. casei ATCC 393 could be
resistant to adverse gastrointestinal environments and that the viable cells remained at a
sufficient level at the end of intestinal digestion (>10” CFU/g) [5]. Similar results were also
reported showing that the supplementation of fermented milk with anthocyanin extracts
from sour cherry skins and a whey protein isolate microcapsule powder promoted the
growth of L. casei 431* and maintained viable probiotic cells counts (>10'° CFU/g) during
storage for 21 days [1].

Thus, this combination of probiotic cells and functional bioactive compounds in a
protein matrix seems to provide numerous benefits during the processing, storage, and
consumption of a product. In a previous study, we found that the total phenolic content,
antioxidant activity, and viable probiotic cell count increased in a mixed fermentation
system after in vitro gastrointestinal digestion as illustrated in Figure 1. This may have
been due to the interactions of whey protein and blueberries with bacterial surface proteins
or glycoproteins, which protect active compounds in blueberries and form a protective
layer around bacteria during the fermentation process as illustrated in Figure 2a.
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Figure 1. Schematic diagram showing preparation and analysis of blueberry juice and whey protein
fermentation system with L. plantarum 67 and L. casei 54.
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In order to demonstrate this, ultrafiltration technology was used to separate the
bacteria, including their surface molecular substances, from a fermentation broth. We
aimed to find the fraction with the highest content of bioactive compounds, antioxidant
activity, and protection of probiotic cells during in vitro gastrointestinal digestion by using
ultrafiltration technology, as well as to investigate whether interactions could occur between
the whey protein or blueberries and surface-layer-proteins (SLPs) or glycoproteins on
bacterial surfaces.

The blueberry juice and whey protein fermentation system showed a high release of
bioactive compounds, together with antioxidant activity and a protective effect on probiotic
cells during in vitro gastrointestinal digestion. Thus, the blueberry juice and whey protein
mixture fermentation system may become a functional product and provide a novel idea
for protecting probiotic cells.

2. Materials and Methods
2.1. Materials and Lactobacillus Strains

Whey protein (80% protein) was supplied by Fonterra (Auckland, New Zealand).
Blueberries (Vaccinium angustifolium) were obtained from farmers in Daxinganling in China
during the 2022 harvest period. Lacticaseibacillus casei 54 (L. casei 54) and Lactiplantibacillus
plantarum 67 (L. plantarum 67) (Jiangsu Key Laboratory of Dairy Biotechnology and Safety
Control, Yangzhou University) were used as the lactobacillus strains for the following
preparation of fermentation samples.

2.2. Fermented Beverage Preparation

Blueberries were stored at —20 °C before preparing the fermented blueberry and whey
protein beverage. L. plantarum 67 and L. casei 54 were routinely grown in MRS broth at
37 °C for 15-18 h. Blueberry juice was prepared by using a crusher after weighing the
blueberries to reach a blueberry juice content of 17% (w/v). Then, 6% (w/v) sugar was
added to all beverages, and for the mixed fermented beverages, an equal weight of whey
protein was also added. The samples fermented with L. plantarum 67 and L. casei 54 were
adjusted to a pH of 6.5 and pasteurized (95 °C, 5 min). After cooling to room temperature,
2% (v/v) inocula of L. plantarum 67 and L. casei 54 were added to the beverages, followed by
incubation at 37 °C for 12 h. Then, the fermented beverages were stored under refrigeration
until the following tests. The experiment was replicated three times.

2.3. Preparation of Separated Products through Ultrafiltration

The separated products were prepared by using a molecular weight cut-off membrane
of 100 kDa under the pressure of 0.25 MPa as shown in Figure 2b. Then, the permeate (MW
< 100 kDa) and the concentration (MW > 100 kDa) were obtained. After ultrafiltration,
these membranes were rinsed with deionized water and NaOH (0.01 mol/L) for recycling.
Finally, the ultrafiltrated fractions were stored at 4 °C, and partial samples were further
freeze-dried and, stored at —20 °C for the following analyses. The condition of freeze-
drying conditions was that the temperature of the first layer board was kept at —50 °C for
30 min, and then rose to —10 °C within 60 min. The temperature of —10 °C was kept for
24 h, and finally rose to 10 °C. The vacuum degree of the whole process was 0.4 Pa and the
temperature of the cold trap was 60 °C.
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Figure 2. Schematic diagram showing whey protein and blueberry interaction with bacterial cells’
surface proteins or glycoproteins (a), and ultrafiltration process (b).

2.4. Enumeration of the LAB

The viable cell count of probiotic cells before and after in vitro gastrointestinal diges-
tion was assessed by using the plate count method [6]. The samples were diluted with
sterile normal saline (0.9%, w/v). Serial dilution (10'-10°) was performed, and 100 pL of
each diluted sample was transferred into 900 uL of sterile normal saline. Then, 5 uL of
diluted samples was blended, removed, and placed on the previously prepared MRS agar
plates with a pipette. Every dilution time (T) of these samples was performed in triplicate.
Finally, the viable cell counts of the samples were obtained after incubation at 37 °C for 36
h, and they were calculated by using Equation (1) [6]:

CFUmL ™" = 10" x 200 x Neglony 1)

2.5. Determination of Total Phenolic Content (TPC)

The Folin—-Ciocalteu method was used to determine the TPC of the samples. Briefly,
150 pL of Folin phenol solution was mixed with an equal volume of the sample. Then,
1.5 mL of NayCOj3 (7.5%, w/v) was immediately added to react for 5 min at room tem-
perature. Subsequently, 3.2 mL of deionized water was added and kept away from light
for 5 min. Finally, a measurement of the absorbance at 750 nm was carried out. The TPC
was calculated with a standard curve according to gallic acid with different concentrations
(0100 mg L~') [7]. The standard curve equation of gallic acid was as follows:

y = 0.0024x + 0.049 (R = 0.9998) @)

The result of TPC was expressed as milligrams of gallic acid equivalents (GAE) per
100 g of sample weight.



Fermentation 2023, 9, 335

50f17

2.6. Determination of the Anthocyanin Concentration (TAC)

The TAC was estimated with the pH-differential method. Firstly, 1 mL of sample was
mixed with 9 mL of KCI buffer (0.025 M, pH 1.0) and CH3COONa buffer (0.4 M, pH 4.5)
in two centrifuge tubes. Then, the absorbance was measured at wavelengths of 520 nm
and 700 nm, respectively, after reacting for 15-30 min. The experiments were conducted in
triplicate [8]. The calculation formula of TAC content was as follows:

AA = (As0 — Az00)pHL.0 — (Aszo — A7z00)pH4.5 3)

TAC = (AA x MW x DF x 100) /(¢ x 1) 4)

where AA is the absorbance difference, DF is the dilution factor, MW is the molecular
weight of cyanidin-3-glucoside (449.20 g mol 1), ¢ is the molar absorptivity of cyanidin-3-
O-glucoside (26,900 L mol~! cm~1), and 1 is a path length of 1 cm.

2.7. Determination of Reducing Power

The reducing power of the samples was measured based on the method used in [9]
with some slight modifications. Firstly, sodium phosphate buffer (0.2 M) was prepared,
and the pH of the buffer was adjusted to 6.6. Then, 2.5 mL of the buffer was mixed with
0.5 mL of sample in a centrifuge tube; 2.5 mL of K3Fe(CN)g (1%, w/v) was added to the
above centrifuge tube with a pipette and allowed to further react for 20 min at 50 °C. After
20 min, an equal volume of trichloroacetic acid (10%, v/v) was also added with a pipette. If
the reaction solution was turbid, it was centrifuged at 750 g for 10 min, and 2.5 mL of the
supernatant was removed and placed in a new centrifuge tube. Finally, an equal volume
of distilled water and 0.5 mL of FeCl3 (0.1%, w/v) were added to the above centrifuge
tube. The reducing power of the samples was assessed by measuring the absorbance at a
wavelength of 700 nm. The calculation formula for the reducing power was as follows:

Reducing power = A; — Ag ®)

where A is the absorbance of the mixture with samples, Ag is the absorbance of the mixture
without samples.

2.8. Determination of DPPH Radical-Scavenging Activity

The effects of the samples on DPPH radicals were determined according to the method
previously described by [10] with some modifications. A total of 1.0 mL of the sample
was added to a fourfold volume of DPPH radical solution (0.1 mM), mixed evenly, and
allowed to react for 30 min in the dark. Finally, the scavenging activity was calculated
using the absorbance at a wavelength of 517 nm, which was measured with a UNICO
UV-2100 spectrophotometer. The calculation formula of DPPH radical-scavenging activity
was as follows:

_ Asample — A control

DPPH radical-scavening activity = |1 A blank

(6)

where A sample is the absorbance of the sample at 517 nm, A control is the absorbance of
the control at 517 nm and A blank is the absorbance of the blank at 517 nm.

2.9. In Vitro Gastrointestinal Digestion

For in vitro gastrointestinal digestion, 10 mM of Tris-HCl buffer, the simulated gastric
juice (SGJ), and the simulated duodenal juice (SDJ) were prepared in advance, and the pH
of the buffer was adjusted to 7.5. Porcine pepsin (4%, w/v, EC 232-629-3) was dissolved
in 0.1 M HCl to prepare SGJ. Pancreatin (0.2%, w/v, EC 232-468-9) was dissolved in 0.9 M
NaHCOj; to prepare SDJ. Then, 500 uL of the above buffer was mixed with 5 mL of the
samples in centrifuge tubes. Subsequently, 11 mL of SGJ was added to each of the centrifuge
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tubes, and the pH of the digestion mixtures was adjusted to 2.0. Then, they were shaken
at 100 rpm for 37 °C. Equal parts of gastric chyme collected after 2 h were mixed with an
equal volume of SDJ, and the final pH of the intestinal mixtures was adjusted to 7.0. Finally,
the mixtures were shaken at 100 rpm and 37 °C for 2 h. At the end of intestinal digestion,
the intestinal chyme was collected and measured.

2.10. Fourier-Transform Infrared Spectroscopy (FI-IR)

The structural changes in the freeze-dried samples were characterized using an
FTIR spectrometer (Cary 610/670 Microscopic Infrared Spectrometer, Varian-American)
equipped with a diamond accessory with a spectral region of 3800-500 cm !, using 36 scans,
and a resolution of 8 cm~!. At the same time, air was used as the background.

2.11. Confocal-Laser-Scanning Microscopy (CLSM)

The release of anthocyanin, morphological changes and the distribution of probiotic
organisms in the samples were studied by using CLSM [11]. Briefly, 0.1% acridine orange
solution (Sigma-Aldrich) (Aexcitation 480 nm) was used to stain the probiotic organisms and
protein in the samples taking note of the autofluorescence characteristics of the anthocyanin
(Aexcitation 943 nm) in blueberries, and the distributions of anthocyanin, protein, and probi-
otic organisms were observed. Finally, the stained samples were mounted on slides, sealed,
and observed with a Zeiss confocal laser scanning system (LSM 880NOL) equipped with an
Ar-laser (458, 488, 514 nm), DPSS laser (diode—pumped solid state: —405 nm), HeNe-laser
(543, 594 nm), Rack laser (633 nm), and femtosecond two-photon laser (680-1080 nm) in
dual-channel mode.

2.12. SDS-PAGE

Bacterial cells were grown in 500 mL of MRS to a stationary phase (15 h), collected
through centrifugation (5000 g at 4 °C for 10 min), and washed twice with phosphate-
buffered saline (PBS, pH 7.2). Cells were agitated for 10 min at 4 °C following the addition
of 5 M LiCl (Thermo Fisher Scientific, Shanghai, China) in a proportion of 4 mL of solution
per mL of the bacterial suspension. Then, the mixture was incubated at 200 rpm and 37 °C
for 60 min in a shaking incubator. Supernatants, that contained SLPs, were harvested via
centrifugation at 12,000 x g for 30 min (4 °C), transferred to a 6000-8000 kDa regenerated
cellulose membrane (SpectraPor membrane tube, Spectrum Medical Industries, Santa
Monica, CA, USA), and dialyzed against distilled water at 4 °C for 24 h. The water was
changed every 2 h for the first 8 h. Then, the surface-layer proteins were lyophilized
(Labconco Corp., Kansas City, MO, USA) and stored at —20 °C [12].

SDS-PAGE was performed according to the method described by Wang Wengiong [13].
The stacking gel was 5% (pH 6.8) and separating gel was 12% (pH 8.8). The samples
(L. plantarum 67 and L. casei 54 S-layer proteins, whey protein fermentation with combined
bacteria, blueberry fermentation with combined bacteria, whey protein and blueberry
mixture fermentation with combined bacteria) were separated by ultrafiltration. The
unfermented whey protein and unfermented whey protein and blueberry mixture were
mixed with a sample buffer containing 2% SDS and 5% (3-ME (ratio 1:8, m/v). The mixtures
were then heated to 90 °C for 5 min before loading. The samples were processed at 120 V
and 80 mA in a Mini-PROTEAN II Electrophoresis Cell for 1.5 h. Subsequently, the gel was
stained with 0.1% Coomasie Brilliant Blue R-250 in a mixed solution of 40% methanol and
10% acetic acid, and it was destained in a solution containing 40% methanol and 10% acetic
acid. The gel was then photographed with a CANON IXUS 430 digital camera. The protein
fractions were identified by using Sigma’s Pretrained Protein Maker.

2.13. Statistical Analysis

In the above study, the data were statistically analyzed by SPSS 11.5 software (SPSS,
Inc., Chicago, IL, USA). One-way ANOVAs were applied to examine the effects of different
treatments.
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3. Results and Discussion

3.1. The Viable Probiotic Cell Count, Bioactive Compounds (TPC and TAC) and Antioxidant
Activity (Reducing Power and DPPH) of the Fermented Samples after In Vitro
Gastrointestinal Digestion

In order to maintain a sufficient number of probiotic microorganisms during in vitro
gastrointestinal digestion, symbiotic mixtures that are composed of probiotics and prebi-
otics are widely used and added to dairy products [5]. Natural fruits and some of their
bioactive compounds have been utilized as carriers for probiotics and prebiotics [14].

As shown in Figure 3a, the viable probiotic counts of the separate blueberry juice and
whey protein systems presented a gradually decreasing trend during the gastrointestinal
digestion process. Direct exposure to the low pH and proteolytic enzymes in the stomach,
as well as the pH difference and pancreatic fluids in the intestine may disrupt the stability
of these bacterial cells’ membranes. In the end, this could lead to an internal imbalance and
cell death, which may cause a loss of viable cells [15]. Moreover, direct contact with high
contents of polyphenols (>0.1 g/L or 0.2 g/L) could also inhibit the growth of bacteria [16].
However, the viable probiotic count in the mixed blueberry and whey protein system
fermented with L. casei 54 and L. plantarum 67 was significantly higher than those of the
separate systems (p < 0.05), and the viable probiotic cell level was maintained at up to 10°
CFU/mL after intestinal fluid digestion, which was similar to that before gastric digestion
(p < 0.05). This indicated that the mixed blueberry and whey protein system may have
formed a physical barrier that could protect probiotic cells from the severe gastrointestinal
environment. This is in accordance with the findings that probiotic cells were protected
from exposure to antibacterial components in the matrix, which led directly to lower rates
of cell injury and death [16].

The total phenolic content of the blueberry system fermented by L. plantarum 67 and
L. casei 54 was higher than the corresponding value for the mixed blueberry and whey
protein system before gastric juice digestion, as shown in Figure 3b, which suggested
that phenolic compounds had high affinity with whey protein, and that the phenolic—-
protein interactions may have masked the phenolic content in the protein, resulting in a
reduction in the measured phenolic content [17]. However, the total phenolic content of
the mixed blueberry and whey protein system fermented by L. plantarum 67 and L. casei
54 was sharply increased from gastric to intestinal juice digestion in comparison with
that before gastric juice digestion. This result was consistent with an increasing trend for
phenolic content during in vitro gastrointestinal digestion [18]. This may be related to the
protective effect of whey protein, which is considered as a natural encapsulation material
that protects hydrophilic compounds from phenolic compounds and further delays the
release of phenolic compounds during in vitro gastrointestinal digestion [11].

As displayed in Figure 3c, the TAC of the blueberry system fermented by L. plantarum
67 and L. casei 54 presented a decreasing trend during in vitro gastrointestinal digestion.
Compared to the separate system, the TAC of the mixed blueberry and whey protein system
fermented with L. plantarum 67 and L. casei 54 steadily increased throughout the digestive
process. This may be attributed to the protective effect of whey protein on anthocyanins [11].
Whey protein has a high resistance to pepsin in an acidic stomach environment; thus, as
packaging material for bioactive compounds, it prolongs the release of anthocyanin in
gastric juices and transfers these compounds from the encapsulated microparticles into the
intestinal juices [11]. This indicates that whey protein can protect anthocyanin to achieve a
complete release at the end of digestion with intestinal fluids.

Phenolic compounds contain various units of phenol and have strong antioxidant
activity due to their capacity for releasing hydrogen ions, which can combine with free
radicals and terminate radical polymerization [9]. The antioxidant activity in the fermented
samples that underwent in vitro gastrointestinal digestion was determined according to
the ferric iron reduction capacity and DPPH-radical-scavenging ability. As presented
in Figure 3d, the reduction capacity of the mixed blueberry and whey protein system
fermented with L. plantarum 67 and L. casei 54 was approximately two times higher than
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that of the separate systems. Thus, the mixed blueberry and whey protein system fermented
with L. plantarum 67 and L. casei 54 was superior to the single systems in terms of the ferric
iron reduction capacity, and the addition of whey protein was able to increase the reduction
capacity of the blueberry system. Previous studies suggested that antioxidant capacity is
mainly related to the presence of polyphenols and anthocyanins [3]. Additionally, whey
protein isolates could improve the stability of anthocyanidins and further enhance their
antioxidant capacity [19]. The reduction capacity of the separate systems after gastric and
intestinal digestion gradually decreased. However, the total phenolic contents of blueberry
juice during in vitro gastrointestinal digestion were almost equivalent. This was caused
by the diversity of polyphenols in the samples [18]. The reduction capacity of the mixed
blueberry and whey protein system fermented by L. plantarum 67 and L. casei 54 significantly
increased after gastric and intestinal digestion (p < 0.05). The result was similar to that of
an increase in the release of phenolic compounds and the reduction capacity using whey
protein microcapsules [20]. This may be because whey protein was digested into different
peptide fractions, and further co-precipitated with polyphenols, or reduced ferric ions to
ferrous ions relying on their redox potential [18].
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Figure 3. The total colony count (a), total phenol content (b), total anthocyanin content (c), reduction
capacity (d) and DPPH-radical-scavenging activity (e) of the fermentation system with L. plantarum
67 and L. casei 54 before and after in vitro gastrointestinal digestion. Different letters within the same
column indicate significant differences (p < 0.05).
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The DPPH-scavenging activity was also used to detect the antioxidant activity in the
fermented samples that underwent in vitro gastrointestinal digestion. The results demon-
strated that the DPPH-radical-scavenging activity of the whey protein system fermented
with L. plantarum 67 and L. casei 54 in Figure 3e significantly increased (p < 0.05), which may
have been related to the release of antioxidant peptides when whey protein was hydrolyzed
by lactic acid bacteria [21]. It is especially important to mention that poor DPPH-radical-
scavenging activity of the mixed blueberry and whey protein fermented with L. plantarum
67 and L. casei 54 was observed, although there was a high content of total phenolics, as
shown in Figure 3b. This could potentially be ascribed to phenolic-protein interactions
that were compound-specific [22]. Different phenolic compounds have different radical
scavenging activities and their interactions could influence the antioxidant activity of phe-
nolic compounds. A similar observation was reported, in which DPPH-radical-scavenging
activity did not merely depend on the content of total phenolics and anthocyanins, rather
on complex phenolic-protein interactions [22].

3.2. FTIR Spectrum Analysis

Fourier transform infrared spectra were used to examine changes in the secondary
structures of proteins after the mutual binding between proteins and bioactive compounds,
such as the anthocyanins from blueberries. It is well known that these changes are
mostly shown by the positions of characteristic peaks, including those of amide A at
3300-3400 cm ™!, amide I (mainly C=0 stretch, 1600-1700 Cm_l), amide II (C-N stretching
coupled with N-H bending modes, 1500-1600 cm ') and amide III (C-N stretching and
N-H deformation, 1200-1300 cm~!) [23]. Figure 4a displays the FTIR spectra of the pure
components and the mixed blueberry and whey protein system fermented with L. plan-
tarum 67 and L. casei 54 after in vitro gastrointestinal at 3800-500 cm~!. The secondary
structure of whey protein in the mixed system fermented with L. plantarum 67 and L. casei
54 changed as illustrated by the slight shift in the amide I band and amide II band [24].
The shift in the amide A band further confirmed the interactions between whey protein
and anthocyanins from blueberries, as evidenced by the C-N and N-H groups [23]. The
shifting of the above amide bands showed that the anthocyanins from blueberries mainly
combined with the C-O, C-N, and N-H groups in whey protein [11]. Meanwhile, it was
reported that interactions between anthocyanins and proteins occurred via the formation of
hydrogen bonds, where the interactions of phenolic hydroxyl groups and certain groups of
the proteins, such as -OH and -NH; groups, play a vital role [25]. As shown in the spectra
of all samples, due to the stretching of the O-H groups, narrower absorption peaks were
shown in the wavelength range from 3000 to 3600 cm ™. In addition, broader absorption
peaks appeared in the wavelength range from 1600 to 1700 cm ™!, which resulted from
vibration when water molecules were absorbed. It can be observed in Figure 4a, the FTIR
spectrum of the mixed blueberry and whey protein system depicted strong absorption
peaks with broader bands at about 3100~3600 cm !, which was attributable to the stretching
and vibration in the absorption of O-H groups. A peak occurred in the wavelength range
from 2800 to 3000 cm !, which was due to ~CH stretching. Moreover, a special peak in the
wavelength range from 950 to 1100 cm ! was generated by the stretching and vibration of
C-O-C groups [26]. The peak at 750-850 cm ™! was due to -CH stretching from the aromatic
ring in whey protein [27].

At 1600-1700 cm ™!, amide I had distinct polypeptide absorption bands. In addition,
the bands of C-O stretching in the mixed blueberry and whey protein system fermented
with L. plantarum 67 and L. casei 54 became stronger and wider than those of the blueberry
or whey protein system fermented with L. plantarum 67 and L. casei 54. This may have
been because the active groups of amino acids had interacted with anthocyanins from
blueberries [28].
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Figure 4. FTIR spectrum analysis at 3800-500 cm ! (a), spectrum analysis at 3800-2800 cm ! (b), and
spectrum analysis at 1800-700 cm ™! (c), of blueberry juice and whey protein fermentation system
in vitro gastrointestinal digestion.

The mixed blueberry and whey protein system fermented with L. plantarum 67 and
L. casei 54 after in vitro gastrointestinal digestion had stronger and wider absorption bands.
From Figure 4c, the positions of the amide A and amide II peaks slightly shifted from
1535.061 cm ! to 1544.706 cm ! after gastric juices digestion, and from 1544.706 cm ™! to
1550.490 cm ™! after intestinal fluids digestion. For the whey protein system fermented
with L. plantarum 67 and L. casei 54, the positions of the amide A and amide II peaks had
similar changes. Furthermore, the bands of the peaks for amide I and amide II in the mixed
blueberry and whey protein system fermented with L. plantarum 67 and L. casei 54 changed
less than those of the whey protein system fermented with L. plantarum 67 and L. casei 54
after gastric juices digestion. The result indicated that the stability of the whey protein
structure improved, which may have been because the presence of anthocyanin from
blueberries inhibited the digestive enzymes and indirectly made the proteins insensitive to
pepsin [11]. The stability of protein structure was advantageous in providing a relatively
complete structure to protect the bioactive compounds during the gastric juices digestion,
enabling their transfer to the intestinal tract and subsequent release.
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3.3. CLSM Images of the In Vitro Release of Anthocyanins and the Distribution of Probiotics

To determine the in vitro release of anthocyanins and the distribution of probiotics,
the samples were observed through confocal laser scanning microscopy, as shown in
Figure 5. The samples without any bacteria were analyzed as control groups, which
have no fluorescent green bacillus-shaped structures. However, there were green bacillus-
shaped structures in the samples fermented with L. plantarum 67 and L. casei 54. It is
worth mentioning that greater amounts of microorganisms were observed in the mixed
blueberry and whey protein system fermented with L. plantarum 67 and L. casei 54, and
this result was reflected by the data on viable cell counts in Figure 3a. This illustrates
the promoting effect of anthocyanin and whey protein microcapsules which were used as
immobilization carriers, in terms of the growth of probiotic cells. During subsequent in vitro
gastrointestinal digestion, the probiotics released from the mixed matrix were gradually
distributed in the solution as free probiotic cells. The in vitro release of anthocyanins is also
shown in Figure 5. As shown in the CLSM images of the mixed blueberry and whey protein
system fermented with L. plantarum 67 and L. casei 54, the anthocyanins from blueberries
and whey protein formed large curds. In addition, the anthocyanins (in red) and the
green probiotics with a bacillus shape were evenly distributed within the whey protein
curds. After gastric juices digestion, the anthocyanins scattered around separated from the
surfaces of the whey protein curds, which may be attributed to their degradation by gastric
acid [11]. At the end of the intestinal fluid digestion, the red color of anthocyanins was
clearly observed, indicated that they could be were transported to the intestinal tract.

3.4. The Effect of Ultrafiltration Time on the Survival of Probiotics

In order to demonstrate how whey protein and the anthocyanins or phenolics of
blueberries interacted with the surface proteins of bacteria during the fermentation process,
ultrafiltration technology was used to separate the bacteria and free molecules in the
samples. Firstly, the effect of the operation time on the probiotic viability at a certain
transmembrane pressure was investigated before in vitro gastrointestinal digestion in order
to choose a suitable ultrafiltration operation time. It was found that the probiotics were
retained in the concentration fractions (>100 kDa). As shown in Figure 6a, the probiotic
viability in the mixed blueberry and whey protein system fermented with L. casei 54 and
L. plantarum 67 was higher than that in the separate systems (p < 0.05) at the beginning of the
operation. However, the probiotic viability started to decrease (p < 0.05) at 15 min and was
lower than the initial viable probiotic cell count by the operation time of 25 min. To reduce
the effect of the ultrafiltration operation on probiotic cells, the end time of the ultrafiltration
study was set to 15 min. The products that were separated through ultrafiltration were
obtained to study their protective effects on probiotic cells during in vitro gastrointestinal
digestion. As illustrated in Figure 6b, the survival rate of probiotic cells in the blueberry
juice system rapidly decreased during the digestive process, and a significant decrease
(p <0.05) in the survival rate (about 8.26%) was observed at the end of intestinal fluid
digestion. This result was consistent with the above change in probiotic viability in the
blueberry juice system and indicated that the effect of blueberry juice on maintaining the
minimum probiotic cell amounts was limited after in vitro digestion. In the whey protein
system, the survival rate of probiotics was improved, and the result suggested that whey
protein could protect probiotic cells and transfer them into intestinal fluid conditions due
to their partial degradation in an acidic environment [29]. The survival rate of probiotics
in the mixed blueberry and whey protein system was higher than those in the separate
systems after gastric juice digestion (p < 0.05). At the end of intestinal digestion, the survival
rate of probiotic cells in the mixed blueberry and whey protein system was maintained at
84.49%. This demonstrated that the mixed blueberry and whey protein system could offer
protection to probiotic cells during in vitro gastrointestinal digestion. This result was in
accordance with the findings that probiotic cells were immobilized and protected by sea
buckthorn berries with high viable cell counts [5].
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Figure 5. CLSM pictures of the dynamic release of anthocyanins and distribution of the probiotics
during in vitro gastrointestinal digestion. Proteins: the voluminous structures with green color;
anthocyanins: red color; probiotics: fluorescent bacillus and chain-shaped structures with green color.
The magnification of whey protein was 20x and the magnification of other samples was 100x.
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Figure 6. The effect of operation time on the probiotic viability (a), the survival of probiotics (b), the
total phenol content (c) and the total reduction capacity (d) of products separated by ultrafiltration
before and after in vitro gastrointestinal digestion. Different letters within the same column indicate
significant differences (p < 0.05).
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3.5. The Total Phenolics Content and Antioxidant Activity (Reducing Power) in Products
Separated through Ultrafiltration after In Vitro Gastrointestinal Digestion

To distinguish which membrane fractions could remain and improve the bioavailability
of bioactive compounds, the total phenolic content in the product separated through
ultrafiltration was evaluated after in vitro gastrointestinal digestion. As shown in Figure 6c,
there was a higher content of total phenolics in the concentration fractions (>100 kDa),
while there was a lower content of total phenolics in the permeate fractions (<100 kDa).
This suggested that ultrafiltration had the effect of intercepting phenolic compounds. In
these concentration fractions (>100 kDa), the total phenolic content of the concentration of
100 kDa in the blueberry system was higher than that of the mixed blueberry and whey
protein system. This result was consistent with that of the total phenolic content of the
fermented samples before gastric juices digestion. The addition of whey protein lowered
the content of total phenolics in the blueberry system. At the same time, a slight reduction
in the total phenolic content also occurred after fermentation, although many studies
have illustrated that the lactic acid bacteria fermentation can increase the content of total
phenolics in blueberries and, thus, improve their functionality [30]. This reduction may
be due to the oxidation caused by residual oxygen in the fermentation system during a
short fermentation period [30]. The total phenolic contents in the blueberry system and the
mixed blueberry and whey protein system fermented with L. plantarum 67 and L. casei 54
were slightly decreased upon exposure to proteases in SGJ and SDJ [31].

The total reduction capacity during in vitro gastrointestinal digestion was used to
determine the antioxidant activity in the products separated through ultrafiltration. As
shown in Figure 6d, the total reduction capacity of the concentration fractions (>100 kDa)
was superior to that of the permeate fractions (<100 kDa), which indicated that there was
more capacity in the concentration fractions (>100 kDa) to block free radical reactions [32].
The phenolic compounds in the products separated through ultrafiltration were donors
that offered hydrogen ions [33]. The trends of the changes in the total reduction capacity
in the mixed blueberry and whey protein system fermented with L. plantarum 67 and
L. casei 54 were similar to the changes in the total phenolics during in vitro gastrointestinal
digestion. In particular, there was an increase in the total reduction capacity at the end
of intestinal digestion. This result could be explained by the hypothesis that enzymatic
activity is improved during gastric digestion, and that the enzymes further stimulate the
release of phenolic compounds from phenolic—protein complexes [3].

3.6. SDS-PAGE

SDS-PAGE was used to identify surface proteins in samples extracted with LiCl
solution. As shown in Figure 7, the surface protein fraction of L. plantarum 67 showed eleven
protein bands. The bands with higher protein concentrations than those of other bands
are indicated by the arrows in the ranges of 36-55 kDa and 55-72 kDa. The main surface
protein fractions of L. casei 54 were present in the bands ranging from 36 kDa to 55 kDa
and from 72 to 95 kDa. Intense bands were observed at 36-55 kDa and 55-72 kDa, which
showed that the concentration of the surface proteins was higher in L. casei 54. However,
other protein concentrations were relatively lower. This was consistent with the report
that the molecular weight of surface proteins of lactic acid bacteria was 25-72 kDa [34].
However, there were several polypeptide bands at 10-17 kDa in the samples of blueberry
juice fermented with the combined bacteria. There were no significant differences between
the unfermented whey protein and the unfermented mixture. Six protein bands and two
polypeptide bands were observed in the sample of whey protein fermented with the
combined bacteria. In addition, one protein band at around 72 kDa and two polypeptides
bands at around 17 kDa were observed in the concentration fraction (>100 kDa) of the
mixture of whey protein and blueberry fermented with the combined bacteria separated
through ultrafiltration. In comparison with the SLPs of L. plantarum 67 and L. casei 54, these
bands disappeared, and the new protein bands appeared in the all of the fermented samples.
The result may have indicated that lactic acid bacteria made contact with the components
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of the fermented samples and further interacted with them, which was supported by the
images from CLSM [35]. Compared with the protein bands of the unfermented whey
protein, the intensity of the bands at around 28 kDa increased. Thus, interactions between
the SLPs of the strain and whey protein may have occurred. The addition of blueberry juice
could have resulted in the increase in intensity of the bands at 10-17 kDa in the mixture
that was fermented with the combined bacteria. The interactions between proteins and
active compounds in blueberries were confirmed [25]. The interactions of whey protein or
blueberry and SLPs may have formed conjugates of whey protein-blueberry and some SLPs.
This was supported by the relatively higher viable cell counts of the mixture fermented
with L. plantarum 67 and L. casei 54 during gastric juice digestion, which suggested that
the conjugates could protect probiotic cells from adverse gastrointestinal environments by
acting as a protective layer during in vitro digestion. This result was in agreement with the
findings of that the surface proteins of L. acidophilus L-92 can be combined with the proteins
of host cells in stress environments [36]. A similar study reported that the surface proteins
of L. kefiri HBA20 could interact with the mannans of S. cerevisiae, and this interaction
further induced a combination of different probiotics [37].

Figure 7. SDS-PAGE analysis of surface protein of samples extracted with LiCl solution. Samples:
M: protein marker, 1: L. casei 54, 2: L. plantarum 67, 3: whey protein and blueberry concentration mix-
ture fermentation with combined bacteria separated by ultrafiltration, 4: whey protein concentration
mixture fermentation with combined bacteria separated by ultrafiltration, 5: blueberry concentration
mixture fermentation with combined bacteria separated by ultrafiltration, 6: unfermented whey
protein, 7: unfermented whey protein and blueberry mixture.

4. Conclusions

An in vitro gastrointestinal digestion assay indicated that in a mixed blueberry and
whey protein system fermented with L. plantarum 67 and L. casei 54, whey protein could
effectively slow down the release and degradation of anthocyanins especially in the stom-
ach. It appears that whey protein, which has natural physicochemical properties, may be a
protective material due to its interactions with bioactive components such as anthocyanins
in the blueberries; in addition, it can influence the targeted release of bioactive compounds
and maintain the survival of probiotics. The above results indicate that this blueberry juice
and whey protein fermentation system may improve bioactivity and functionality and
offer protection for probiotic cells during in vitro gastrointestinal digestion. The results of
SDS-PAGE further showed that blueberry—whey protein—bacterial surface protein conju-
gates may have been formed. However, the binding patterns of the conjugates are not yet
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clear. In future studies, we aim to explore the types and structures of the combined active
compounds in blueberries, whey protein, and surface proteins or glycoproteins of bacterial
cells, to explore the binding types of these molecules, the conformation changes of the
combined proteins, and possible molecular binding sites, as well as to put this interaction
to work in food processing and other fields.
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