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Abstract

The objective of this study was to investigate the impact of protein type (sodium caseinate and
pea protein isolate), protein to sugar beet pectin mixing ratio (5:1 and 2:1) on complex
coacervation formation, as well as the impact of the finishing technology (freeze-drying and
spray-drying) for improving the viability of encapsulated Lactobacillus rhamnosus GG (LGG) in
the complex coacervates during simulated sequential gastrointestinal (GI) digestion. The
physicochemical properties of LGG encapsulated microcapsules in liquid and powder form were
evaluated. The state diagram and (-potential results indicated that pH 3.0 was the optimum pH
for coacervates formation pH in the current systems. Confocal laser scanning microscopy
(CLSM), viscoelastic analysis, and Fourier transform infrared spectroscopy (FTIR) confirmed
that the gel-like network structure of complex coacervates were successfully formed between
protein and SBP at pH 3.0 through electrostatic interaction. In terms of physiochemical
properties and viability of LGG encapsulated in the microcapsules powder, drying method
played a crucial role on particle size, microstructure and death rate of encapsulated LGG during
simulated sequential GI digestion compared to protein type and biopolymer mixing ratio. For
example, the microstructure of spray-dried microcapsules exhibited smaller spherical particles
with some cavities, whereas the larger particle size of freeze-dried samples showed porous
sponge network structure with larger particle sizes. As a result, spray-dried LGG microcapsules
generally had a lower death rate during simulated sequential gastrointestinal digestion compared
to the freeze-dried counterpart. Among all samples, spray-dried PPI-SBP microcapsules
demonstrated superior performance against cell loss and maintained more than 7.5 Log CFU/g

viable cells after digestion.

Key words: complex coacervates; protein type, spray-drying, freeze-drying, viability, probiotics



Page 3 of 37

Food & Function

1. Introduction

Probiotics are living microorganisms that can confer the host with numerous health
benefits. A number of probiotics like Lactobacillus and Bifidobacterium, as well as some other
species such as Escherichia, Saccharomyces, Bacillus, Streptococcus have been applied in a
wide range of functional foods, beverages, supplements, and pharmaceuticals !. However, these
potential health benefits offered by the probiotics can only be achieved if sufficient numbers of
live cells are maintained after passing through the human gastrointestinal (GI) tract. The
common consensus of attaining these benefits is that the number of probiotics should be no less
than 10° viable cells per dose/day for supplement at the time of consumption 2. Nevertheless,
majority of the probiotics have remarkable loss of their viability after they pass through the GI
tract because of their poor tolerance of low pH at stomach and high bile salt concentration in
small intestine. As such, various encapsulation techniques have been explored for improving the
viability of the probiotics during GI tract 3.

Among most of the techniques, complex coacervation is an unique and promising
encapsulation techniques to protect bioactive compounds due to its mild processing conditions,
controlled release, as well as good acidic tolerance 4. In general, complex coacervation is an
associative phase separation phenomenon originated from electrostatic attraction between two
oppositely charged biopolymers 3. Depending on the strength of electrostatic attraction, the
biopolymer mixture can be separated into solvent-rich phase and biopolymer-rich phase. The
biopolymer rich phase is a gel-like structure that can be applied as wall materials for
encapsulating probiotics. Previous studies have proved that complex coacervates have a
favorable impact on improving the viability of the encapsulated probiotics 6-3. The typical

procedure of forming probiotics encapsulated in complex coacervation starts from mixing of
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probiotics with protein—polysaccharide solution at a proper mass ratio, followed by the
adjustment of pH of this ternary mixture to a certain pH to induce phase separations between the
biopolymers and solution. At last, the liquid probiotics encapsulated by means of complex
coacervates can be turned into powder form through drying processing. The physical properties
of complex coacervates are dependent of several factors, such as wall material compositions, the
mass ratio between protein—polysaccharide, and optimum complex coacervates formation pH °.
These factors also determine the functional performance of complex coacervates as a
microencapsulation wall material for protecting the viability of probiotics under harsh
conditions.

Most of the current existing complex coacervation systems are formed from animal based
proteins, such as gelatin, sodium caseinate (SC) and whey protein 1% !'. Among them, SC seemed
to have advantages of protecting probiotics during thermal processing and GI tract because of its
more hydrophobic and higher thermal stability properties 2. On the other hand, the trend on
fabrication of pea protein-based complex coacervates to be as microencapsulation vehicles is on
a quick rise due to the emerging usages of plant-based ingredients in food systems. Based on the
previously reported studies, pea protein is able to from complex coacervates with various
polysaccharides and maintain decent functionalities, !> 4. Hence, involving pea protein as
microencapsulation vehicles instead of the traditional animal proteins in complex coacervation is
another path to improve the viability of the encapsulated probiotics. However, the protective
effects of pea protein-based complex coacervates as capsule materials on the encapsulated
probiotics has yet to be explored.

Upon formation of complex coacervates encapsulated probiotics, drying is the last step to

develop commercially available probiotics functional foods. In general, spray-drying and freeze-
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drying are the two most common methods for drying microcapsules of probiotics, with which
different microstructure is formed 1. Freeze-drying is a mild technology for protecting viability
of probiotics during drying processing; it, however, cannot efficiently reduce the particle size of
microcapsules as compared to spray-drying. To date, there are few studies which focus on the
drying methods on viability and functionality of probiotics '6. Consequently, it is necessary to
take drying processing in combination of complex coacervates formula into account on the

viability of probiotics.

This study was aimed to gain more insights into how protein type and drying processing
influence the physicochemical properties of complex coacervates and the protective effects on
probiotics. Two different proteins (SC and pea protein isolate) were selected to form complex
coacervates with sugar beet pectin (SBP) to improve the viability of a well-studied probiotic
strain, Lactobacillus rhamnosus GG (LGG) during simulated sequential GI digestion. Besides,
considering the application of complex coacervates in food systems, two different drying
methods (i.e. spray-drying and freeze-drying) were employed to transform gel-like complex
coacervates to powder form and to compare their impact on the viability of probiotics. Therefore,
this investigation was undertaken to i) optimize the complex coacervates formation pH between
protein—SBP at different mixing ratios, ii) characterize the physicochemical properties of LGG
encapsulated microcapsules by means of complex coacervates, and iii) compare different
proteins and drying methods on the improvement of the viability of encapsulated LGG during GI

tract.
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2. Materials and Methods

2.1. Materials

Freeze-dried pea protein isolate (PPI) was extracted from yellow pea flour by alkali
extraction-isoelectric precipitated method, as described by ° without any modification. The final
PPI powder contains 79.50% protein (wet basis, %N x 6.25) according to the results obtained
from LECO combustion analyzer (St. Joseph, MI). Sugar beet pectin (SBP) (Betapec RU301,
Lot # 11710767, 45 kDa of Mw, 55% of degree of esterification (DE), 65% of galacturonic acid,
as reported by the manufacturer) was kindly donated by Herbstreith & Fox KG (Neuenbiirg,
Germany) and used without any purification. Sodium caseinate (SC) from bovine milk (C8654,
Lot # SLBS5159), potassium phosphate monobasic, and potassium phosphate monobasic were
purchased from Sigma-Aldrich (St. Louis, MO, USA). CRITERION™ Lactobacilli MRS broth
was purchased from Hardy Diagnostics (Santa Maria, CA, USA). MRS agar and the multi-use
sachets with indicator for creating anaerobic atmosphere were obtained from BD (Franklin
Lakes, NJ, USA). Other chemicals and reagents used in this study were of analytical grade and
purchased from VWR (Chicago, Illinois, USA). All solutions were prepared using ultrapure
distilled de-ionized water (DDW, 18.2 MQ cm) by the Barnstead Nanopure ultrapure water

system (Thermo Scientific, Waltham, MA, USA).

2.2. Optimization of pH condition for complex coacervates formation
2.2.1. Preparation of biopolymer stock solutions

Both PPI (2.0 wt%) and SBP stock solutions (2.0 wt%) were prepared according to our
previous published procedure without any modification '4. SC stock solution (2.0 wt%) was
prepared by dispersing SC into 10 mM phosphate buffer (pH 7.0) and stirred at 500 rpm for 12 h

at 25 °C, and then adjusted to pH 7.0 using 0.1 M NaOH.
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2.2.2. Preparation of biopolymer mixtures
The protein concentration was fixed at 1.0 wt% and the SBP concentration was varied to
achieve the initial protein—SBP ratio at 5:1 and 2:1. The pH of biopolymer mixture was then

adjusted from 5.0 to 2.5 with 0.5 decrement by the addition of HCI.

2.2.3. Optimizing the pH condition for complex coacervation between protein and SBP
2.2.3.1 Construction of state diagram

The biopolymer mixtures prepared in section 2.2.2 were left to stand static for 24h at 4°C
to allow phase separation, the state diagram of protein—SBP mixtures and pure proteins was
constructed based on visual observation as stated by Lan et al. °. Three different symbols were
applied to describe different phase behaviors of the observed phase separations in the test tubes;
they were 0, A, and m which represented turbid solution, precipitation & cloudy solution, and

precipitation & clear solution, respectively.

2.2.3.2 Surface charge analysis
Surface charges of single biopolymer solutions (1.0 wt% SC, PPI, and SBP) and protein—
SBP mixtures were measured using a Zetasizer Nano-ZS 90 (Malvern Instruments,

Worcestershire, UK), and reported as zeta-potential ({, mV).

2.3. Encapsulation of probiotics in protein-SBP complex coacervates

LGG bacterial cells were cultured in MRS broth at 37 °C under anaerobic condition.
After second revival of this strain in MRS broth, the bacterial pellet was obtained by
centrifugation at 3,500 rpm for 10 min at 4 °C and washed twice by ultrapure water. The pellet
was weighed and added to biopolymer mixture at a total biopolymer solid: bacteria ratio of 2:1
(by weight). The final uniform probiotics biopolymer suspension contained approximately

8.5-9.2 Log CFU/mL cells. According to the optimized conditions (section 2.2.3), the pH of the
7
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probiotics biopolymer suspension was adjusted to 3.0 using 0.1-2.0 M NaOH to promote
complex coacervation between protein and SBP, and left for 1h at 4°C. The viscoelastic and

microstructure properties of wet microcapsules were then characterized (section 2.4).

2.4. Viscoelastic and microstructure properties of wet microcapsules

Wet microcapsules were first centrifuged at 2,000 rpm for 10 min using Sorvall™
biofuge primo benchtop centrifuge (Thermo Scientific Inc., MA, USA), and precipitates were
collected. The dynamic viscoelastic properties of precipitates were evaluated using a Discovery
Hybrid Rheometer-2 rheometer (TA Instruments Ltd., New Castle, DE, USA) described by Lan
et al '* with no modification.

LSM 700 confocal laser scanning microscope (CLSM) (Carl Zeiss Microscopy Ltd.,
Jena, Germany) was applied to investigate the microstructure of the wet microcapsules by
following a previously reported method (Chen, Li, Ding, & Suo, 2012) with some modifications.
In brief, thodamine B (50 mg/L), the dye to stain proteins, was prepared by dissolving it in
water. Subsequently, 2.0 mL of the wet microcapsules were mixed with 20 pLL rhodamine B (50
mg/L) in a test tube and vortexed for 2 min. Afterwards, 200 pL of the stained mixture was
placed on a p-plate 96 well (ibidi USA, Inc., WI, USA), and then the shape and size of
rhodamine B-labeled protein—-SBP complex coacervates were observed under CLSM using

excitation wavelength of 555 nm and emission wavelength of 630 nm.

2.5. Preparation of microcapsule powders by different drying methods

In total, eight microcapsules encapsulated probiotics powders were produced by either
spray-drying or freeze-drying. Table S-1 listed the formulations and codes of eight microcapsule
powders prepared in this study. Spray-dried samples were obtained by feeding liquid sample into

a Biichi mini spray-dryer B-290 (New Castle, DE, USA) with feed rate of 0.15 L/h and aspirator
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flow of 40 L/h. The inlet and outlet air temperature were maintained at 130°C and 55°C,
respectively. Regarding freeze-drying process, liquid samples were first frozen in -80 °C freezer
for 2h, then placed in a foil plate and lyophilized using a SP scientific Lyophilizer (Gardiner,
NY, USA) for 24h. The freeze-dried microcapsules were ground into uniform powder with
mortar and pestle. Eight microcapsule powders were collected and stored in glass bottles at 4°C

for further characterization.

2.6. Characterization of microcapsules powders

IR spectra of microcapsule powders and individual biopolymer powders (SC, PPI, and
SBP) were acquired by a Varian FTIR spectrophotometer (CA, USA) following the protocol
developed by Lan et al. '# without any modification. The particle size and size distribution of
microcapsule powders were measured using a Mastersizer 3000 equipped with Hydro LV
(Malvern Instrument, Worcester, UK) by the method of Lan et al. without any changes 4.
Microstructure of eight microcapsule powders was imaged by scanning electron microscopy
(SEM) (JEOL Model JSM-6490LV, MA, USA) and CLSM (Carl Zeiss Microscopy Ltd., Jena,
Germany) as reported previously 4. For the CLSM, an appropriate amount of dry powder was
evenly distributed to fully cover the bottom of the p-plate wells (p-Plate 96 well, ibidi USA, Inc.,
Wisconsin), and then 200 pL of rhodamine B (0.5 mg/L) was added to the wells to stain protein.
The samples were allowed to be incubated for 1h before observation. Images were taken at room

temperature and acquired in 1024 x 1024 pixels using pre-installed image processing software.

2.7. Death rate of LGG in microcapsules powder during simulated sequential
gastrointestinal (GI) digestion
To determine the viability of encapsulated LGG in the microcapsule powders over the

period of simulated sequential GI digestion, 0.1 g of microcapsules was mixed with 9.9 mL of
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simulated gastric fluid (SGF) (0.08 M HCI containing 0.2% w/w NaCl, pH 2.0) with 0.3% (w/v)
pepsin in a tube and incubated in an orbital shaker (MaxQ™ 4000 Benchtop Orbital Shakers,
Thermo Fisher Scientific Inc., USA) under 37 °C at 300 rpm for 2 h. The viable cells were
measured at a 1h interval. After 2 h of incubation in SGF, the gastric digests were recovered by
centrifugation at 8,000 rpm for 10 min, and then the collected powders (~ 0.1g) were added to
9.9 mL of simulated intestinal fluid (SIF) (0.05M KH,PO,, pH 7.4) containing 1.0% (w/v) bile
salt and 1.0% (w/v) pancreatin '7- 18, followed by 2.5h incubation under 37 °C at 300 rpm. At
each time point, the suspension of intestinal digests were taken to count the viable cells as
reported previously !°. Death rate of the encapsulated LGG at a given digestion time was

calculated using Eq. (1).

Death rate = (1-Log Ny/ Log Ny) x100% (1)

where N; and N, were the viable cells at time t and time zero, respectively.

The viability and integrity of the encapsulated LGG during GI tract was also visualized
using CLSM. The LIVE/DEAD BacLight bacterial viability kit (L-7012, Thermo fisher
scientific, Inc. Waltham, MA, USA) with two color fluorochromes was applied to discriminate
the alive cells from dead cells based on their cell membrane integrity 2. In general, bacteria with
intact cell membranes (alive) emit green fluorescence, whereas bacteria with damaged
membranes (dead) emit red fluorescence ?!. According to the manufacture instruction, equal
volumes of SYTO-9, a green-fluorescent nucleic acid dye (3.34 mM) and propidium iodide, a
red-fluorescent nucleic acid dye (20 mM) in the kit were first mixed thoroughly, and then 3 uL.
of dye mixture was taken to dye 1.0 mL of the serial diluted digesta at each time point during
digestion. For the microcapsule powder (before digestion), 10.0 mg microcapsules were first

dissolved in 990.0 uL. 10mM phosphate buffer (pH 7.0), and then 3.0 uL of dye mixture was

10



Page 11 of 37

Food & Function

taken to dye 1.0 mL of the serial diluted samples. Subsequently, the mixture stayed in the dark
for 15 min, and 200.0 pL of stained mixture was then placed on a p-plate 96 well. Image was
observed under CLSM at excitation/emission wavelength of 480 nm/500nm and 490 nm/635nm

for SYTO-9 and propidium iodide, respectively.

2.8. Statistical analysis

The physicochemical properties of the complex coacervates were performed at least
twice to confirm a consistent result. The viability of bacterial cells test and other measurements
were repeated at least three times on freshly prepared samples and the values were expressed as
means + SD. Significant differences between means (p < 0.05) were statistically analyzed by

one-way analysis of variance (ANOVA) (Version 9.3, SAS Institute Inc., NC, USA).

3.Results and discussions

3.1. Optimizing pH condition for complex coacervation formation

The formation of complex coacervates and the corresponding physiochemical properties
highly rely on environmental pH, protein type, and protein—polysaccharide mixing ratio.
Considering the application of complex coacervates in the field of encapsulation, a large number
of researchers have suggested to fabricate microcapsules at the critical complex coacervation
formation pH named pH,y, under which the strongest electrostatic interaction is achieved
between protein and polysaccharide. In this way, the maximum yield of complex coacervates is
achieved 2. As such, state diagram in conjunction with (-potential measurement were applied to
elucidate the phase behavior of complex coacervates as a function of pH and to identify the pH,p
of complex coacervates 4. According to our previous study, complex coacervation of PPI-SBP

usually happened in the pH range of 5.0-2.5 !4, Therefore, the phase behaviors of protein—-SBP

11
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mixtures with different mixing ratios as a function of pH (5.0-2.5) were evaluated after standing

for 24h at 4 °C (Fig. 1a), and a state diagram was constructed as shown in Fig. 1b.

Fig. 1 inserted

At pH 5.0, clear phase separation occurred in the pure protein solutions (SC and PPI) at
since it is close to their pls, while precipitation and cloudy solution existed in all the tested
samples except PPI: SBP ratio of 2:1 (P2) (Fig. 1a). This is mainly attributed to the electrostatic
attraction between protein and SBP as suggested by the results of {-potential (Fig. 1¢). For
example, most of protein—SBP mixtures displayed intermediate (-potentials that were in between
that of protein and SBP solutions. As the pH decreased from 5.0, more insoluble complexes were
formed especially in the protein to SBP ratio of 5:1(e.g. C5 & P5), indicating the higher protein
concentration combined with lower SBP concentration favorable insoluble complexes formation.
This is because SBP is not sufficient enough to cover protein molecular at lower SBP
concentration, thus protein aggregation plays the dominate role at pH 5. In our case, three
distinguishable phase behaviors/appearances (turbid, precipitation and clear solution,
precipitation and cloudy solution) were constructed and presented in the state diagram (Fig. 1b).
According to the widely accepted definition of complex coacervates 423, both precipitation and
cloudy solution ( A) and precipitation and clear solution (m) of the biopolymer mixture presented
in this study could be considered as complex coacervates bearing distinct structural and
functional properties. In terms of application of complex coacervates in microencapsulation, the
higher solid mass content of complex coacervates usually is associated with a greater
encapsulation yield because of wall (e.g., coacervates) to core (e.g., bioactive compounds) ratio
effect. In this study, precipitation and clear solution (m) displayed a higher amount of solid mass

than precipitation and cloud solution (A ). This is because stronger electrostatic interactions

12
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between protein and SBP were exhibited in precipitation and clear solution (m) phase separation,
leading to a larger coacervates yield. Consequently, precipitation & clear solution (m) phase
behavior is more suitable to encapsulate probiotics than precipitation & cloud solution ( A) phase
in our study. Such conclusion was further confirmed by the {-potential results (Fig. 1¢). In
general, the precipitation phenomenon between protein and polysaccharide tends to be more
obvious under an environment where a greater strength of electrostatic attraction is provided.
Concomitantly, the net surface charge of the mixture is close to zero. As marked in Fig. 1c, the
three dash lines indicated the zero net charge of the two proteins (SC and PPI)-SBP mixtures
with two different mixing ratios at various pH ranging from ~3.7 to 2.5. It is noted that all of the

four treatments produced precipitation & clear solution (m) phase at pH between 3.0 —2.5 (Fig.

1b).

Regarding the impact of protein—SBP mixing ratio on phase behavior of the mixture, the
occurrence of precipitation and clear solution (m) was shifted towards more acidic pH as the
protein—SBP ratio decreased. This phenomenon was also in agreement with other studies 2+ 23, It
suggested that phase behavior of complex coacervates can be influenced by altering the charge of
one or both biopolymer macroions through changing environmental pH, and/or the mixing ratios
of the biopolymers. Combing state diagram and (-potential results, as well as the potential
impact of pH on the viability of probiotics, pH 3.0 was selected as the optimum pH for preparing

protein—SBP complex coacervates in the following experiments.

3.2. Viscoelastic and microstructure properties of wet microcapsules

3.2.1. Viscoelastic properties
Viscoelastic properties of complex coacervates not only provide insight on intermolecular

interactions of biopolymers, but also furnish a useful information about the textual properties of

13
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final food products 2°. Herein, the storage modulus (G') and loss modulus (G") of the wet
complex coacervates containing probiotics prepared at pH 3.0 over the angular frequency range

0f 0.01-100 rad/s were determined, and the results were shown in Fig. 2a.

Fig. 2 inserted

In this study, the G' of all the samples was higher than G", which usually reflected a gel-
like network structure 29?8, This result suggested that the network structure between protein (SC
or PPI) and SBP was successfully formed at pH 3.0 in all tested samples. From Fig. 2a, the
highest to lowest G' in the tested samples were C5, C2, P5, and P2. Since a higher G' typically
indicates a stronger interaction between the biopolymers, the results suggest that the overall
interaction strength of SC—SBP samples was stronger than that of PPI-SBP samples. This
different interaction strength between the two proteins with the same SBP might have attributed
to the varied protein gel and complex coacervates structure between SC—SBP and PPI-SBP at
acidic pH. In general, acidic pH promotes the formation of protein gel. By adding polysaccharide
in acidic protein solution, both protein gelling and complex coacervation of protein and
polysaccharide could happen simultaneously. Previous study proposed that SBP generally
adsorbed on the surface of SC micelle aggregates to form SC—SBP complexes at acidic pH %°. By
contrast, positive patch of PPI molecules could adsorb on the segments of an anionic SBP
molecule and form an intramolecular complex coacervates. Additionally, SC gel had a higher gel
strength compared to PPI gel at the same protein concentration. This is because particulate gel of
PPI through protein aggregation had limited amount of junction zones compared to SC ones. As
a result, the distinguishable viscoelastic properties of complex coacervates from two different
proteins were observed. In terms of protein to SBP ratio, both dynamic moduli (G' and G") of the

complex coacervates were decreased upon the increase of SBP percentage, which was in line

14
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with our previous study '4. This could be explained by the interference of polysaccharide for the
aggregation of protein gel structure which prevented the formation of protein strands and clusters
30_ Consequently, both dynamic moduli (G' and G") were decreased with increasing SBP

concentration.

3.2.2. Microstructure

In order to better understand the impact of protein type and protein to polysaccharide
mixing ratio on physical properties of the complex coacervates, the microstructure of the same
sample set (wet complex coacervates) used in rheological experiment were characterized via
CLSM (Fig. 2b). In general, the microstructure of the complex coacervates was greatly impacted
by protein type in the biopolymer mixtures since protein accounted for the majority of the
ingredients in the protein—SBP—probiotics ternary system. For example, at a relative low SBP
content in the ternary mixture (protein to SBP ratio of 5:1, Fig. 2b i), the microstructure of SC—
SBP was more like acid casein gel, featuring two distinct structures; these were the coherent
network with large pores composed of casein micelles, and strands and clusters combined with
SBP that absorbed on the surface of casein micelles. As the SBP concentration increased in this
system, the microstructure was altered dramatically as reflected by the presence of a large
amount of small pores in the gel network, which was in line with previous study 3°-32. On the
other hand, highly cross-linked gel network with condensed globule aggregation were observed
in PPI-SBP system (Fig. 2b iii). Interestingly, altering the concentration of SBP did not impose

drastic impact on the microstructure of PPI-SBP complex coacervates in this study (Fig. 2b iv).

15
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3.3. Impact of drying methods on physical properties of dried microcapsules

3.3.1 FTIR
FTIR was employed to further understand the interaction of the functional groups
between the protein (SC or PPI) and SBP, as well as the impact of drying methods on such

interaction.

Fig. 3 inserted

The spectra of the control samples (SC, PPI, and SBP) were consistent with previous
reports 433,34 Different drying methods did not exert any appreciable impact on the interactions
among functional groups as indicated by these identical spectra. In terms of the dried complex
coacervates, their spectra in the higher wavenumber region (14504000 cm™!) were mainly
dominated by the proteins, and the higher the protein ratio, the more similarities they displayed
(Fig. 3a&Db). On the other hand, pectin dominated the spectra in the lower wavenumber part
(700-1450 cm™") which was corroborated by the serried peaks, such as the peaks at 1016 and
1047 cm™, associated with the functional groups of pectin 33 3¢, In addition, the distinct peak at
1731 cm ™! in SBP became a shoulder-like region in all tested complex coacervates around the
same wavenumber, and the symmetric —COO" stretching vibration (1620 cm™!) in SBP shifted
slightly toward the amide I group (1633 cm™!') when forming the complex coacervates (as
pointed by the dash line in Fig. 3). Besides, peaks at 1438 cm™! and 1369 cm™! found in SBP, as
well as the amide III group region from the protein were significant influenced by the
protein—SBP complex coacervation. For example, some characteristic peaks in the initial
biopolymers such as 1620 cm™' of SBP, 1392 cm™! of SC, and 1394 cm™! of PPI, were vanished
in all protein—SBP complex coacervates indicating electrostatic interaction occurred between the

amine groups of protein (—NH4") and carboxyl groups of SBP (—COQO"). Similar results were

16
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also reported in various complex coacervation systems, e.g. the fish skin gelatin and gum Arabic
complex coacervation 37 and the interaction between egg white protein and xanthan gum 38,
where electrostatic interaction was proved to be the major driven force for the formation of

complex coacervations.

3.3.2. Particle size

The results of particle size distribution of the dried microcapsules as influenced by
protein type and drying methods were shown in Fig. 4, and the particle size D (50 of the samples
were also measured as supportive data as shown in Table S-1. We observed the higher SBP
content led to the formation of bigger particles in spray-dried samples. This could be explained
by the intensive involvement of SBP chains in the complex coacervates, particularly in the
higher SBP ratio, thus promoting the formation of a bigger structure. More specifically, we
noticed that the SC—SBP microcapsules (both spray-dried and freeze-dried) showed a
monomodal particle size distribution. As to the PPI-SBP microcapsules, they all presented
multimodal particle size distributions among the range of 0.05—1,000 um. The spray dried
PPI-SBP microcapsules had wider size ranges than the freeze-dried counterparts. For example,
the P2-S displayed three peaks with huge size differences, as smallest as ~0.4 um and largest as
~600 um, which was also confirmed by SEM (Fig. 5). The presence of non-uniform particle size
of spray-dried PPI was also reported in our previous study 33, which might be generated by the
different fractions (e.g., albumin, vicilin, and legumin) of PPI interacting with SBP to form
particles with variable size 3°. Conversely, the freeze-dried PPI-SBP microcapsules (Fig. 4) were
mostly distributed in a bigger but narrower size range (80—100 pum). It was worth noting that the

longer freeze-drying time (> 48 h) may promote the aggregation of complex coacervates to form

17
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big chunk of flakes, which would remain intact with a mild manual milling process after freeze-

drying.
Fig. 4 inserted

3.3.3. Microstructure

The microstructures of the dried microcapsules were investigated by CLSM and SEM.
Since the drying processing played a crucial role on the microstructure and the
location/distribution of LGG, we displayed all the images by grouping them in light of drying
processing rather than the protein type. Firstly, CLSM was applied to visualize the
microstructures of the spray-dried and freeze-dried microcapsules by staining protein with
rhodamine B (first row in Fig. 5a&b). Compared with the images in Fig. 2b which displayed the
microstructure of the wet complex coacervates, it was clear that drying methods remarkably
changed the morphology of the dried microcapsules in multiple ways. For example, all the spray-
dried microcapsules exhibited a spherical shape due to the nature of spray-drying process. By
contrast, freeze-drying process converted the liquid complex coacervates to a lamellar, scale-like
structure, and no significant structural difference was found between samples. Such observation
was reasonable since i) both the pre-freeze treatment (frozen in -80 °C freezer for 2h) prior to
freeze-drying and the freeze-drying process itself promoted the conjugation of the complex
coacervates particles into bigger and flat pieces; ii) the samples were ground to a maximum
extent with manual mortar and pestle grinding. Similar phenomenon was also reported in
gelatin— gum Arabic and chitosan—carboxymethylcellulose systems 4. In terms of protein type,
all dried microcapsules with PPI showed smaller spherical particles, but contained more un-
uniform particle aggregates compared to SC microcapsules, which was in line with the particle

size results (Fig. 4).

18



Page 19 of 37

Food & Function

Fig. 5 inserted

The microstructure of the dried microcapsules and the distribution of LGG probiotics
within the matrix (pointed by the arrows) were further investigated by SEM under different
magnifications (below the corresponding CLSM images in Fig. 5). In general, the spray-dried
samples presented mostly spherical shape with cavities and creases caused by the rapid loss of
moisture during spray-drying 42, with varied particle sizes among samples. Moreover, the
outer topography of the particles indicated that the shell was intact, with the absence of rupture
and visible broken shells. In addition to the insights gained in the microstructure of the dried
microcapsules, we also acquired that the bacterial cells LGG were successfully encapsulated, but
randomly distributed within biopolymer matrixes (as indicated by the arrows in Fig. 5a).
Regarding the protein type in the spray-dried microcapsules, the SC—SBP samples seemed to
have a greater shrinkage due to the presence of some severely contracted particles and more
crumpled surface (as circled in Fig. S5a). Previous study also indicated that the presence of

different biopolymers as wall matrices led to varied microstructure of spherical particles during
spray-drying 4.

For the freeze-dried samples, tiny pieces of the samples without grinding were applied to
SEM directly to maintain the original microstructure of the microcapsules (below the
corresponding CLSM images Fig. 5b). As illustrated from the images underx100 magnification,
the overall structure of the samples was highly bonded with porous sponge network, similar to
the previously reported results 44, and a clear structure can be visualized in the image with a
magnification of x1,000. Regardless of protein type, samples with a higher protein ratio (5:1)
always exhibited a denser and more compact structure compared to a lower protein ratio (2:1)

ones, especially in PPI group. When protein type was taken into consideration, the network in
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PPI-SBP samples was apparently thinner and more fragile with larger pore sizes when compared
to that in SC—SBP samples, which meant the P2-F sample possessed a distinguish poor structure
among the freeze-dried samples. This conclusion was further confirmed by the images under
x7,500 magnification where it appears that some of the structures were supported by the bacteria
(P2-F). One potential reason might be due to the lower viscoelastic properties of the wall

materials (Fig. 2a).

Fig. 5 inserted

3.4. The death rate of encapsulated LGG in microcapsules during simulated sequential
gastrointestinal digestion

The death rate of LGG in each dried microcapsule at chosen time point during simulated
gastrointestinal sequential digestion was compared (Fig. 6). The viable cell count of each sample
was at 8.5—9 Log CFU/g before digestion and had no significant difference (p < 0.05) among the

samples (Table S-2).

Fig. 6 inserted

As shown in Fig. 6a, in the period of simulated gastric digestion (SGD), the death rate of
all spray-dried samples remained at a very low level (< 10%) with no significant difference (p
<0.05). This was reasonable since the structure of spray-dried microcapsules maintained very
well at acidic pH. Interestingly, it could be noticed that LGG in the microcapsules with a higher
protein content presented a greater death rate during SGD (e.g., C5-S vs C2-S). Part of the reason
might be derived from their particle size differences. In general, C5-S samples had a relatively
smaller particle size compared to C2-S (Fig. 4). As such, they would have a relatively larger

surface area for pepsin and H* to access, thus leading to the death of LGG. After transferred to
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the simulated intestinal digestion (SID) for 1h, we noticed a drastic increase of death rate of all
the samples, especially when SC was presented. This was because the gradual disassociation of
the complex coacervates structure under the SID condition, and the collapse of the gel-like
structure allowed the hydrolytic enzymes and salts to be more accessible to the bacteria. The
reason that SC group showed worse protective effect in SID rather than PPI group could be
mainly due to their different microstructures. Spray-dried microcapsules with PPI as protein
source showed a wider range of particle size distribution in conjunction with smooth surface
compared with those containing SC. Previous study concluded that the particle size and
smoothness of the microcapsules greatly influenced the viability of the encapsulated cells. The
better protection for encapsulated cells was postulated to be largely originated from the relatively
smooth surface of microcapsules that had higher integrity of particles and lower permeability of
oxygen and simulated GI fluid #°. In the last 1.5 h of SID, a slight increase in the death rate was
observed in spray-dried PPI-SBP microcapsules, in which more than 7.5 Log CFU/g viable cells
were maintained (Table S-2). As for the spray-dried SC—SBP samples, they were still able to
maintain a population of probiotics higher than 6 Log CFU/g, albeit they provided a relatively
less protection to the cells. The protein to polysaccharide ratio did not show obvious influence on
the death rate of LGG in spray-dried samples; however, widening the current ratios in further

study is possibly necessary to confirm this conclusion.

By contract to the spray-dried sample, a consistent tendency was found in the freeze-
dried microcapsules over the entire course of the simulated digestion (Fig. 6b). The death rate
rose gradually with increasing digestion time. Overall, the performance of the spray-dried
samples was superior to those of the freeze-died counterparts in terms of death rate during GI

tract, which indicated that the morphological properties of microcapsules affected the rate of the
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hydrolysis reaction to a greater extent. Zhao et al. 12 also reported that spray-drying possess
improved mechanical strength and barrier property of the complex coacervates. As denoted by
the SEM result, spray-dried samples had more intact and integrated structures than freeze-dried
samples. In terms of protein sources, the freeze-dried PPI-SBP samples had a poor ability to
protect the bacteria when exposed to digestive environment at the beginning, but the death rate of
freeze-dried SC—SBP microcapsules during gastric digestion was comparable to that of the
spray-dried SC—SBP samples. This also could be explained by the microstructural differences
revealed by the SEM images in Fig. 5, where the P5-F and P2-F samples exhibited more porous
and thinner structure compared to C5-F and C2-F, especially for P2-F. When all the
microcapsules reached the end of the simulated digestion time, C2-F had the greatest protective

effect on the viability of LGG among all the freeze-dried samples.

In addition, the changes of live cells during simulated gastrointestinal sequential
digestion were investigated using CLSM images (Fig. 6¢). Herein, we only demonstrated the
images of each protein with one protein—polysaccharide ratio (2:1) because their much
similarities with altered ratio. As one can see, there were numerous live cells (green ones) visible
in all dried microcapsules before digestion. After the gastric digestion, only a few cells remained
alive while most of them dead (red ones). After further digested in the intestinal condition, the
viable cells were fewer as we expected. Although these images were not proportionally
correlated to the death rate of each sample shown in Fig. 6a&b, this was reasonable because
only a tiny proportion of the sample could be presented in the images under CLSM observation
and usually the death of cells was found exponentially. Interestingly, more live cells appeared in
all freeze-dried samples (C2-F and P2-F) rather than in spray-dried samples before digestion.

One reason might be attributed to the different solubility of microcapsules powder. To stain the
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cells in the microcapsules for CLSM, the sample powder has to be dissolved in the buffer
system. We noticed that the freeze-dried samples had a higher dissolution rate and solubility
compared to the spray-dried ones. This might be part of factors contributing to a higher death
rate of probiotics in the freeze-dried microcapsules compared to spray-dried ones during

digestion.

4. Conclusions

In this work, the effects of pH (2.5-5.0), protein type (SC or PPI), and protein to SBP
mixing ratio (5:1 or 2:1) on the formation and microstructure of complex coacervates were
systematically investigated. The (-potential and FTIR results indicated that complex coacervates
were successfully formed primarily through electrostatic interaction in all tested systems at pH
3.0. The formation of a gel-like structure was confirmed by their viscoelastic properties. Both
SC—-SBP and PPI-SBP complex coacervates formed at pH 3.0 were applied to encapsulate LGG
probiotics, and two different drying methods (spray-drying and freeze-drying) were applied to
convert liquid complex coacervates into convenient powder form. The particle size,
morphological properties of microcapsules, and their protective effect on the viability of
encapsulated LGG during simulated sequential GI digestion were assessed. The results indicated
that spray-dried microcapsules presented a uniform spherical shape and smooth surface, while
the freeze-dried ones were shattered, scale-like and porous, which mainly resulted in overall
better protection of spray-dried samples on LGG than that of freeze-dried samples. Considering
the impact of protein type, PPI-SBP microcapsules generally had a widely distributed
multimodal particle size, whereas the SC—SBP microcapsules had monomodal distributed
particle size. Moreover, recognizable differences on the microstructure of microcapsules formed

by difference protein from the same drying processing could be observed. Spray-dried SC—SBP
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microcapsules possessed severely shrunken and crumped surface compared to spray-dried
PPI-SBP ones. Consequently, LGG in spray-dried PPI-SBP microcapsules had a lower death
rate than that in SC—SBP over the course of simulated sequential GI digestion. Therefore, among
all the samples, P2-S (spray-dried LGG microcapsules at the PPI-SBP ratio of 2:1) and P5-S
(spray-dried LGG microcapsules at the PPI-SBP ratio of 5:1) showed the supreme protection to
the encapsulated LGG, followed by C5-S (spray-dried LGG microcapsules at the SC—SBP ratio
of 5:1), and maintained a number of over 7 Log CFU/g viable cells after digestion. Overall, the
selection of protein type as well as the designing of a proper drying processing are necessary to
ensure the viability of the encapsulated probiotics by means of complex coacervation. More
importantly, the results revealed the great potential of plant-based protein being used as deliver

material of probiotics by complex coacervation and applied in food industry.
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Fig. 1. (a) The appearance of SC, PPI, SC-SBP and PPI-SBP mixture at different mixing ratios
as function of pH. The appearance was observed after 24 h standing. (b) State diagram of SC,
PPI, SC-SBP and PPI-SBP mixtures at different mixing ratios during acid titrationo represents
turbid solution; A represents precipitation and cloudy solution; m represents precipitation and
clear solution. (¢) The dependence of zeta potential of SC, PPI, SBP, SC-SBP and PPI-SBP

mixtures at different mixing ratios on pH values.
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Fig. 2. (a) The impact of protein to SBP mixing ratios (5:1 and 2:1) on storage modulus G'; and
loss modulus G" of the complex coacervates at 1 rad/s frequency under pH 3.0. (b) The confocal
laser scanning microscopy (CLSM) images of liquid SC—SBP and PPI-SBP complex
coacervates prepared at pH 3.0 and mixing ratio of 5:1 and 2:1. (1) CS5; (i1) C2; (ii1) P5; and (iv)
P2. C5 represents SC—SBP complex coacervates prepared at 5:1 mixing ratio; C2 represents
SC-SBP complex coacervates prepared at 2:1 mixing ratio; P5 represents PPI-SBP complex
coacervates prepared at 5:1 mixing ratio; P2 represents PPI-SBP complex coacervates prepared

at 2:1 mixing ratio.
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Fig. 3. FTIR spectra of Lactobacillus rhamnosus GG (LGG) encapsulated microcapsules by
means of protein—SBP complex coacervates with different drying method (spray-drying and
freeze-drying). (a) PPI-SBP complex coacervates; and (b) SC—SBP complex coacervates. The

formulation and code of the samples are listed in Table S-1.
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Fig. 5. The confocal laser scanning microscopy (CLSM) images (first row) and scanning
electron microscopy (SEM) images under different magnifications of (a) LGG encapsulated
spray-dried microcapsules; and (b) LGG encapsulated freeze-dried microcapsules. Protein was
labeled as red color in CLSM images. Arrow indicated LGG cells, and the severely crumpled

surface was marked by circle in SEM images. The formulation and code of samples are listed in
Table S-1.
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Fig. 6. Viability loss of LGG encapsulated in (a) spray-dried coacervates and (b) freeze-dried
coacervates during simulated gastrointestinal digestion. (¢) Live and dead cells observation under
confocal during simulated gastrointestinal digestion. The values with different superscript letters

within same time point are significantly different (p < 0.05).



