
Sustainable
Food Technology

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
2/

20
26

 5
:0

0:
05

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Fabrication of m
aSanya Research Institute, Nanjing Agricult

China. E-mail: zhangchuang@njau.edu.cn
bCollege of Food Science and Technology, N

Jiangsu 210095, China

Cite this: Sustainable Food Technol.,
2025, 3, 1064

Received 9th March 2025
Accepted 1st May 2025

DOI: 10.1039/d5fb00084j

rsc.li/susfoodtech

1064 | Sustainable Food Technol., 20
icrocapsules encapsulating L.
rhamnosus GG with Eudragit® L100–trehalose and
polysaccharides: a study on physicochemical
properties and cell adhesion

Yuyan Xu,ab Shuangying Zhu, b Xinyi Sun,b Kai Shan,b Chong Zhang,b

Hongmei Xiao,ab Xia Fanb and Chuang Zhang*ab

Our previous study revealed the relationship between the droplet-to-particle transition process and the

functionality of Lacticaseibacillus rhamnosus GG (LGG) particles encapsulated with Eudragit® L100

(L100)–trehalose (Tre). The main focus was on exploring the effects of convective drying conditions on

the targeted delivery of viable bacteria to the intestine, by using a single droplet drying technique to

mimic realistic spray drying conditions. In the current study, spray-dried L100–Tre–LGG microcapsules

combined with polysaccharides (maltodextrin, inulin, and soluble soy polysaccharides) were fabricated,

to investigate the physicochemical properties of powders and the adhesion ability of spray-dried LGG

cells. The results showed that L100–Tre powder exhibited better moisture content (4.84%) and

hygroscopicity (17.94%) than the other three powders produced with L100–Tre and polysaccharides.

Moreover, the LGG in the powders retained a high viability of 9 log CFU g−1 after spray drying and

maintained 7 log CFU g−1 after 8 weeks of storage. Notably, all powders exhibited desirable survival rates

of 87.4–93% for LGG after in vitro digestion. In addition, spray drying had minimal impact on the cell

adhesion ability of LGG, maintaining an adhesion rate of 80% to Caco-2 cells. The L100–Tre–LGG

probiotic spray-dried powders exhibit long shelf stability and strong adhesion capacity, providing strong

support for the industrial production of probiotic products.
Sustainability spotlight

Global food systems face challenges of low probiotic viability and high energy consumption. Our L100–trehalose–polysaccharide microencapsulation system for
Lacticaseibacillus rhamnosus GG achieves high viability and intestinal adhesion, reducing dosage requirements and manufacturing waste. Innovations include
optimized drying for energy efficiency, improved gastrointestinal survival to minimize waste, and the use of biodegradable materials. Aligned with UN
Sustainable Development Goals, this system enhances nutrition and health through stable probiotics, reduces carbon emissions, and extends shelf life,
advancing sustainable functional food production.
1. Introduction

Probiotics are dened as “live microorganisms which, when
administered in adequate amounts, confer a health benet on
the host”.1 The concept of the microbiota–brain–gut axis has
gained signicant recognition, highlighting the importance of
successfully delivering probiotics to the intestine to reconstruct
the intestinal microenvironment. The gut microbiota commu-
nicates with the brain throughmultiple pathways, including the
immune system, tryptophan metabolism, the vagus nerve, and
the enteric nervous system.2 For example, short-chain fatty
ural University, Sanya, Hainan 572025,

anjing Agricultural University, Nanjing,

25, 3, 1064–1073
acids (SCFAs), such as butyric acid produced by fermentation of
dietary ber by intestinal microbes, can cross the blood–brain
barrier, modulate microglial activity (the brain's resident
immune cells), and affect neurodevelopment.3 Oral adminis-
tration of probiotic supplements has been shown to modulate
the composition of the human gut microbiota. Certain pro-
biotic strains, such as Bidobacterium bidum, lower intestinal
pH by producing SCFAs, thereby creating a favorable environ-
ment for the growth of benecial commensal bacteria,
including Faecalibacterium prausnitzii.4 In addition, probiotics
help suppress pathogenic bacteria (e.g., Escherichia coli and
Salmonella spp.) through several mechanisms: (1) competitive
exclusion by occupying mucosal adhesion sites, (2) competition
for nutrients, and (3) secretion of antimicrobial compounds,
such as bacteriocins, lactic acid, and hydrogen peroxide.5
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Spray drying, known for its high efficiency and low energy
consumption, has emerged as a preferred method for probiotic
microencapsulation. Enhancing the quality of probiotic powder
preparation is crucial to ensure that probiotics effectively partic-
ipate in the human body's metabolic and immune processes. One
critical factor is maintaining high viability of probiotics upon
reaching the intestine. During spray drying, probiotic cells are
exposed to heat, dehydration and oxidative stress, all of which can
compromise cell integrity and lead to cell death.6,7 Cellular
components are particularly vulnerable: membrane damage
occurs at about 50 °C, and the 30S ribosomal subunit is impaired
at 60 °C, proteins begin to denature at 65 °C, and DNA damage
becomes evident around 90 °C.8 The removal of bound water
further disrupts the stability of proteins, DNA, lipids, and overall
cellular structure.9 For instance, L. helveticus experiences signi-
cant loss of viability when the water content drops below around
0.3–0.5 g H2O per g dry weight.10 Beyond the drying process,
probiotics are also subject to environmental stresses during
storage and digestion.11

The physicochemical properties of the resulting probiotic
powder, such as porosity, density and hygroscopicity, are crit-
ical in determining its protective capacity.12 Notably, particle
size and surface morphology (e.g., hollowness or surface cracks)
can signicantly affect the effectiveness of microencapsula-
tion.13 Alvarado-Reveles et al.14 reported that encapsulating
Lactobacillus rhamnosus GG (LGG) in buttermilk proteins
combined with agave fructans yielded particles with an average
diameter of 52.4 mm, which improved bacterial survival by
shielding against environmental and gastrointestinal stresses
while enhancing bioaccessibility. Similarly, Chaikham et al.15

found that increasing maltodextrin content to 20% reduced
probiotic particle size and led to wrinkled surfaces, whereas
a blend of 10% maltodextrin and 10% inulin produced larger,
smoother particles. The mixed formulation also improved
bacterial survival, retaining one log CFU g−1 more viable cells
aer spray drying compared to the maltodextrin-only system.

Selecting an appropriate wall material is crucial for protect-
ing probiotics. Oligosaccharides such as trehalose (Tre) are well
known for their protective role during spray drying, where they
replace water molecules and help maintain cell membrane
integrity.16 However, oligosaccharides alone provide limited
protection in the harsh gastric environment, rendering pro-
biotics susceptible to acidic degradation and bile salt inactiva-
tion.17 To overcome this limitation, the incorporation of
Eudragit® L100 (L100), a pH-responsive polymer, offers
a complementary solution.18Unlike Tre, L100 remains insoluble
under acidic gastric conditions but dissolves at intestinal pH,
allowing targeted probiotic release in the colon and minimizing
inactivation in the stomach. Thus, the combination of Tre and
L100 represents a promising strategy for developing an
intestinal-targeted probiotic delivery system.

In our previous research, we found that the L100–Tre system
could synergistically enhance the viability of probiotics aer
thermal convective drying. L100, adsorbed on the particle
surfaces during evaporation, endowed the powder with
intestinal-targeted delivery functions.18 However, there was
limited focus on the physiological functions of probiotics and
© 2025 The Author(s). Published by the Royal Society of Chemistry
the physicochemical characteristics of the powder. Thus, this
study aimed to analyse the physicochemical properties of L100–
Tre–LGG particles, optimize the L100–Tre–LGG system, and
investigate the physiological functions of microencapsulated
probiotics. This study may provide new insights and references
regarding the application of spray drying encapsulation in the
delivery of probiotics and functional foods.
2. Materials and methods
2.1. Materials

The LGG strain (ATCC 53103) used in this study was obtained
from our laboratory collection (College of Food Science and
Technology, Nanjing Agricultural University, Nanjing, China).
MRS broth powder and MRS agar powder were purchased from
Hopebio Ltd (Qingdao, China). Eudragit® L100 (L100) was ob-
tained from Evonik Industries AG (Shanghai, China). Trehalose
was purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). Maltodextrin was kindly provided as a gi by
Ingredion Ltd (Shanghai, China). Inulin and soybean soluble
polysaccharide were purchased from Henan Gaobao Industry
Co. (Henan, China). Pepsin (item no. P7125), pancreatin (item
no. P7545), and bile salt (item no. 48305) were all purchased
from Sigma-Aldrich (Shanghai, China). Solutions were prepared
with ultrapure grade water. Growth media, solutions, and
glassware were all sterilized by autoclaving at 115 °C for 20 min.
2.2. Bacterial cultivation

The stored LGG cells in a culture tube were transferred onto
MRS agar plates, composed of 52 g per L MRS broth powder and
20 g L−1 of agar, and incubated at 37 °C for two days before
being stored at 4 °C. The culture was refreshed on new agar
media weekly to maintain the viability of the LGG. From these
plates, a single colony was selected and introduced into sterile
MRS broth and then incubated under static conditions at 37 °C
for 12 h. This culture was then inoculated into fresh MRS broth,
maintaining an added concentration of 2% (v/v). Aer 24 h in
the same environment, the MRS broth was centrifuged at 8000 g
for 10 min to collect LGG cells, which reached a density of 1 ×

109 CFU mL−1. To purify, the cells were washed twice using
0.85% sterile saline under the same centrifugal conditions.
2.3. Spray dying microencapsulation of probiotics

2.3.1. Sample preparation. The samples were prepared in
PBS with compositions as shown in Table 1. All liquids were
sterilized before spray drying. The activated LGG was inoculated
into 50 mL of MRS broth medium at a volume of 2% (v/v) and
incubated for 24 h. Cell precipitation was then obtained and
mixed with the samples.

2.3.2. Spray drying. Solutions were spray-dried using
a spray dryer (Shanghai Pilotech Instrument & Equipment Co.,
Ltd, China) under the following operating conditions: the inlet
temperature was 170 ± 2 °C, while the outlet temperature was
95 ± 5 °C. The feed ow rate was 15 rpm, and the air ow rate
was maintained at 30 m3 h−1. The powder samples were
Sustainable Food Technol., 2025, 3, 1064–1073 | 1065
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Table 1 Composition of microcapsulesa

Composition L100 (%) Trehalose (%) Maltodextrin (%) Inulin (%) Soluble soy polysaccharides (%) Total mass (%)

LT 2 10 12
LT–MD 2 5 5 12
LT–IN 2 5 5 12
LT–SP 2 5 5 12

a LT: L100–trehalose; LT–MD: L100–maltodextrin; LT–IN: L100–inulin; LT–SP: L100–soluble soy polysaccharides.
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promptly collected and stored in centrifuge tubes for further
use.

2.4. Physicochemical properties of spray-dried
microcapsules

2.4.1. Water content. The experiment followed the method
described by Arepally et al.19 The moisture content of the
powder was determined gravimetrically by drying in an oven at
105 °C until a constant weight was achieved.

2.4.2. Density. The experiment followed the method
described by Goula and Adamopoulos.20 A total of 1–2 g powder
was transferred to a 10 mL dry graduated cylinder and weighed
on a balance to determine the powder mass. The powder mass
was then divided by the volume occupied by the graduated
cylinder to calculate the loose bulk density (rb). The measuring
cylinder was lied to a height of 1–2 cm and allowed to drop by
itself about 200 times to obtain a certain volume of powder. The
powder mass was divided by this volume to determine the
trapped bulk density (rt) of the powder.

2.4.3. Hygroscopicity. The hygroscopicity of the powders
was evaluated following the method of Paim et al.,21 with minor
modications. The samples were placed in a at dish and
placed in a desiccator lled with distilled water. The desiccator
was sealed with Vaseline and balanced for 24 h to reach aw = 1.
At regular intervals, the sample was weighed to determine the
amount of water absorbed, and the moisture absorption rate
was calculated.

2.4.4. Fourier transform infrared spectroscopy (FT-IR)
analysis. A total of 1 mg sample was mixed with 100 mg dried
potassium bromide, thoroughly ground under an infrared
lamp, and pressed into tablets under a certain pressure for
testing. A Fourier transform infrared spectrometer (Antaris™ II,
Thermo Fisher, USA) was used to scan and obtain the spectrum.
Each test was scanned 64 times with a resolution of 4 cm−1 over
a scanning range of 400–4000 cm−1.

2.4.5. SEM. The powders were attached to conducting
carbon tape xed on an aluminium stub. The samples were then
sputter-coated with gold to enable electrical conductivity and
observed under a scanning electron microscope (TM3000,
Hitachi, Japan).

2.5. Viable evaluation of LGG aer spray drying

The experimental methodology is based on Bhagwat et al.,22

with minor modications. The cell viability was determined
using the viable cell count method. Briey, the powder samples
1066 | Sustainable Food Technol., 2025, 3, 1064–1073
were dissolved in 0.05 M PBS (pH 6.5), followed by serial dilu-
tions and plate counting. The encapsulation efficiency was
calculated using the following formula:

Encapsulation efficiency (%) = E/E0 × 100 (1)

where E0 refers to the viable cells (CFU mL−1) before drying and
E is the viable cells (CFU mL−1) aer drying.

2.5.1. Cell re-growth capacity. Powder samples were dis-
solved in PBS and then added to sterilized liquid MRS with an
inoculation volume of 2%. The re-growth curves of spray-
dried LGG in different powder samples were characterized
by measuring OD 600 and recording their changes at desig-
nated time points, followed by data tting to obtain the nal
curves.

2.5.2. Cell membrane damage observation. Cell
membrane damage was observed using uorescence staining.
The staining used the Syto9/PI live/dead bacterial double stain
kit (MX4234-40T; Maokang Biotechnology Co., Ltd, Shanghai,
China) and was conducted following the manufacturer's
instructions. Briey, the powder was dissolved and centri-
fuged to obtain cell precipitation, which was then incubated
with Syto9/PI dye in the dark for 15 min. Finally, the samples
were observed under a uorescence microscope at a specic
excitation wavelength.

2.6. Cell survival in in vitro digestion

The simulated gastric uid (SGF) and simulated intestinal uid
(SIF) were prepared according to Minekus et al.23 with modi-
cations. For SGF, 10 mL was prepared by mixing 0.3 M CaCl2
solution (5 mL), pepsin (50 mg), SGF stock solution (8 mL) and
pure water (1.95 mL). The pH of the mixture was adjusted to 2.0.
SIF (10mL) was prepared by combining 0.3 MCaCl2 solution (20
mL), pepsin (125mg), bile salts (0.08 g), SIF stock solution (8 mL)
and pure water (1.95 mL), with the nal pH adjusted to 7.0.

To conduct the experiment, a mixture of 10 mL of SGF and
0.1 g of spray-dried powder was prepared. Before digestion, the
pH of the solution was readjusted to 2.0. The mixture was then
subjected to water bath oscillation for 2 h at 37 °C and 50 rpm.
Subsequently, 10 mL of SIF was added to the gastric uid
mixture, and the pH of the digestion juice was adjusted to 7.0
before incubating for another 2 h under the same conditions.
Samples of 500 mL were collected at 0, 1, 2, 3, and 4 h during
continuous digestion. The samples obtained at each time point
were diluted and spread onto MRS agar plates for static incu-
bation at 37 °C for 48 h to detect bacterial viability.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.7. Cell survival during storage

The spray-dried powders were stored in hermetically sealed
tubes at 4 ± 1 °C, and the number of viable cells was detected
weekly.
2.8. Adhesion to Caco-2 monolayer cells

2.8.1. Cell culture. The experimental method is based on
Golowczyc et al.,24 with minor modications. A Caco-2 cell tube
was removed from the liquid nitrogen tank, and the cell
suspension rapidly thawed in a 37 °C water bath before being
transferred to a sterile centrifuge tube. To minimize damage
from the frozen solution to the cells, 1 mL of complete cell
culture medium (composed of 80% (v/v) DMEM, 20% (v/v) fetal
bovine serum, and 1% (v/v) dual antibody) was added. Aer low-
speed centrifugation (500 rcf, 5 min), the supernatant was dis-
carded, and 5 mL of cell culture medium was added to resus-
pend the cell precipitate. The cell suspension was then
inoculated into a T25 culture bottle and incubated at 37 °C and
5% CO2. The medium was changed the following day, and
passage was performed when the cell density reached 80–90%.

For passage, the cell monolayer was washed with PBS, and
0.5 mL of trypsin–EDTA solution was added for digestion until
the cell monolayer was detached into individual cells. Subse-
quently, 0.5 mL of cell culture medium was added to terminate
digestion. The obtained cell suspension was transferred to
a sterile centrifuge tube for centrifugation, resuspended in
culture medium, and then passaged at a ratio of 1 : 2.

2.8.2. Adhesion rate. Aer the cells inoculated in T25 grew
for 2–3 days and reached a density of 80–90%, the tight junction
protein between cells was digested using trypsin–EDTA diges-
tion solution. Aer centrifugation at low speed, the supernatant
was discarded, and the cells were resuspended in complete
culture medium. Subsequently, the cell suspension was inocu-
lated into a 12-well plate with a volume of 50 000 cells per well
and cultured for 2–3 days for the experiment.

The monolayer was used for the evaluation tests of bacterial
adhesion ability, following the method described by Xu et al.25

with some modications. Firstly, cells were collected and resus-
pended in PBS. Aer incubation at 37 °C for 2 h, the cells were
washed three times with sterile PBS to remove free cells. Next,
0.5 mL trypsin was added to disrupt the monolayer, followed by
incubation at 37 °C for 7 min. Finally, 0.5 mLmediumwas added
to deactivate the trypsin. Themixture was then serially diluted for
plate colony counting in a centrifuge tube as proposed previously.
The viable cells were detected before the Caco-2 adhesion tests.
The adhesion rate was expressed as below:

Adhesion rate (%) = N/N0 (2)

where N is the number of viable cells aer the adhesion test,
and N0 is the number of viable cells before the adhesion test.

2.8.3. Adhesion observation. Cells were cultivated in a 12-
well plate using the same method. Before inoculation, tissue
culture-treated glass slides were placed in the plate for subse-
quent observation. The LGG cells were stained with CFDA-SE
(5(6)-carboxyuorescein diacetate succinimidyl ester) at a nal
© 2025 The Author(s). Published by the Royal Society of Chemistry
concentration of 20 mM. Aer incubation in the dark for 15 min,
the LGG cells were labelled, and the residual dyes were nally
washed away by multiple rounds of centrifugation. The LGG
cells, with a density of 107 CFU mL−1, were nally resuspended
in sterile PBS. The medium in the 12-well plate was discarded,
and 1 mL of DMEM medium was added to each well, followed
by the addition of 0.5 mL of LGG cell suspension. The plate was
then incubated at 37 °C for 2 h. Aer incubation, the 12-well
plate was washed three times with sterile PBS and then incu-
bated with 4% paraformaldehyde for 15 min to x the cells. The
slides were taken out and placed on the other slides to observe
under a laser confocal microscope (TCS SP8 X, Leika, German).
2.9. Statistical analysis

All experiments and analyses were conducted in triplicate. The
results were expressed as means ± standard deviation (SD), and
data analysis was performed using SPSS soware (version 26,
SPSS Inc., Chicago, USA) with one-way ANOVA (p < 0.05) for
statistical signicance.
3. Results and discussion
3.1. Physicochemical properties of L100–Tre–LGG based
microcapsules

All powders obtained through spray drying were similar in
colour, with the LT–SP powder appearing light yellow due to the
presence of SSP (Fig. 1a).

3.1.1. Water content. The moisture content of the four
powders was between 4.84 and 6.22% (Table 2), with a signi-
cant difference between samples. Among them, the LT powder
had the lowest moisture content, while the LT–SP powder had
the highest. This is consistent with a previous study conducted
by Huang et al.,26 which found that the water content of
concentrated whey protein probiotic spray-dried powder ranged
between 5% and 6%. Generally, foods with lower moisture
content are more stable during storage.27 The moisture content
of particles is closely related to drying parameters. Higher inlet
temperatures can reduce the moisture content of the powder
but may exacerbate damage to probiotics. In contrast, lower
inlet temperature can increase powder moisture content, which
can negatively affect the storage stability of products.28,29

3.1.2. Density. As shown in Table 2, the statistical analysis
revealed no signicant difference in the rb of all powders (p >
0.05), whereas a signicant difference was observed in rt (p <
0.05). Among the powders, LT–SP exhibited the highest rt, while
LT–IN showed the lowest. The bulk density of a powder is
inuenced to a certain extent by particle size and morphology.
Typically, smaller particle sizes lead to higher rb.30 The rt serves
as an indicator of the transportation convenience of powder
products. A higher rt results in a smaller packaging size
required for transportation and storage, which facilitates ease
of handling and transportation.31 Moreover, the density of the
powder can inuence the interactions between particles, such
as friction and collision. A higher density tends to increase
these interactions, thereby affecting the looseness and ow rate
of the powder.
Sustainable Food Technol., 2025, 3, 1064–1073 | 1067
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Fig. 1 (a) The appearance of spray-dried powders; (b) hygroscopicity of powders; (c) comparison of powder moisture absorption before and
after 24 h; (d) microstructure of particles captured using an SEM; (e) size distribution of powders; (f) FT-IR spectrum of spray-dried powders (f1)
and wall materials (f2).
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3.1.3. Hygroscopicity.Hygroscopicity is a crucial parameter
in evaluating the stability of powder storage. Fig. 1b and c show
the hygroscopic behaviours of the powders in an environment
with aw = 1, along with the powder's morphological changes
1068 | Sustainable Food Technol., 2025, 3, 1064–1073
before and aer exposure to moisture. Comparing the moisture
absorptions of the four powders before and aer 24 h, it is
evident that all four powders underwent agglomeration and
adhesion. Notably, the LT powder exhibited the lowest moisture
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Physicochemical properties of powdersa

Properties LT LT–MD LT–IN LT–SP

Moisture content (%) 4.84 � 0.59a 6.02 � 0.38 ab 5.37 � 0.56 ab 6.22 � 0.34b

rt (g mL−1) 0.29 � 0.04 ab 0.27 � 0.003a 0.26 � 0.03a 0.34 � 0.003b

rb (g mL−1) 0.41 � 0.07a 0.48 � 0.04a 0.51 � 0.09a 0.57 � 0.05a

a Values followed by the different superscript letters in the same row are signicantly different (p < 0.05).
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absorption rate, accounting for 17.94% weight gain, whereas
the LT–SP powder showed the highest moisture absorption rate,
reaching 38.04%.

Themoisture absorption ability of a powder is closely linked to
the interaction between its wall material and water molecules.
Compared with LT powders, LT–MD, LT–IN, and LT–SP powders
exhibited higher water absorption rates. This enhanced absorp-
tion can be attributed to the abundance of hydroxyl groups in
polysaccharides, which facilitate stronger bonding with water
molecules.32 In fact, for powder products, a high moisture
absorption rate indicates that the sample is more prone to
attracting moisture from the surrounding environment. This, in
turn, can negatively impact the storage stability and powder
owability, potentially leading to adhesion and clumping during
the shelf life. Moreover, water absorbed from the external envi-
ronment can accelerate redox reactions within the particles,
thereby affecting their biological activity.20 Therefore, controlling
the moisture absorption rate is crucial for ensuring the stability,
owability, and bioactivity of powder products.

3.1.4. Morphology. As shown in Fig. 1d, the surface
morphology of the four powders displayed distinct indenta-
tions. These indentations were mainly attributed to the rapid
evaporation of water during the drying process.33 Interestingly,
the LT–MD, LT–IN, and LT–SP particles exhibited more
pronounced wrinkled surfaces compared to the LT powder. The
addition of polysaccharides appears to intensify this wrinkled
morphology on the particle surface. In contrast, themorphology
of the LT powder is similar to the particle shape achieved
through single droplet drying, showing a bowl-like shape with
a relatively smooth surface.18 It is worth noting that no obvious
cracks were observed on the surfaces of all four powders, sug-
gesting their ability to provide a robust environmental barrier
for the encapsulated LGG.34 This feature is crucial for main-
taining the viability and stability of the encapsulated bacteria.
With regard to particle size, all four powders exhibited an
average particle diameter below 5 mm (Fig. 1e). Among them, the
LT powder showed the largest particle size, with a value of 4.86
mm. Particle size is a crucial parameter inuencing the ow-
ability of powders, as larger particles tend to have greater
interstitial spaces between them, facilitating particle ow.

3.1.5. FT-IR spectra analysis. The spectra of the four spray-
dried microcapsules were similar (Fig. 1f1), indicating a preva-
lence of common sugar structures across the samples. These
included –OH and glycosidic bonds. Minor variations in the –OH
peaks were observed among the different samples. The peaks for
the LT, LT–MD, and LT–IN microcapsules were located at
3387 cm−1 or 3383 cm−1, while the TL-ST microcapsules dis-
played a –OH peak at 3417 cm−1. The absorption band observed
© 2025 The Author(s). Published by the Royal Society of Chemistry
at 2934 cm−1 corresponded to the stretching vibration of the –CH
group in alkanes, while the absorption band at 1725 cm−1 was
a characteristic peak associated with the carbonyl groups present
in L100.35 The absorption bands located at 1646 cm−1 in the
spectra of LT, LT–MD and LT–IN and at 1620 cm−1 in the LT–SP
spectrum represented the presence of 1,4-b glycoside bonds. A
comparison with the spectral diagram of the wall material
(Fig. 1f2) reveals that the functional groups and chemical bonds
of these compounds remained largely unchanged aer spray
drying.36 This indicated that the chemical integrity of the
compounds was successfully preserved.
3.2. The viability and adhesion activity of cells in L100–Tre
based spray-dried powders

3.2.1. The viable cell numbers and encapsulation efficiency
of LGG. As shown in Fig. 2a, aer spray drying, the viable counts
of LGG in LT, LT–MD, LT–IN, and LT–SP powders were higher
than 9 log CFU g−1. Notably, the retention of live bacteria in LT
and LT–SP samples was signicantly higher (p > 0.05) than in the
other two samples. The results showed that the microcapsules
exhibited high resistance to spray drying stress, which veried the
effectiveness of the encapsulation system in protecting LGG
viability. Meanwhile, the encapsulation efficiency of the four
powders was in accordance with the cell viability retention as
expected. It is believed that sugars can stabilize cell membranes
through hydrogen bonding, effectively preventing hydrogen
protons from easily entering cells, thereby maintaining pH equi-
librium within and outside the cells. This mechanism played
a pivotal role in protecting probiotics from environmental stress.37

In contrast, although MD, IN and SP offered some protective
effects, their ability to protect probiotics during spray drying was
not as good as that of Tre. This disparity was mainly because the
steric hindrance effect of polysaccharides was relatively low,
which made them less effective in preventing cell damage
compared to Tre.38 Therefore, when selecting wall materials, it is
necessary to comprehensively consider their probiotic protective
ability and practical application requirements.

3.2.2. The re-growth capability of LGG aer spray drying.
The re-growth curves of spray-dried LGG cells in the four
powder samples, as shown in Fig. 2b, provide further conr-
mation of the cell damage during the spray drying process.
Compared to LGG cells that were not subjected to spray drying,
the logarithmic growth phase of the spray-dried cells was
signicantly delayed, which was probably due to a decrease in
viable cell counts within the microcapsules and subcellular
damage to the cells.39 Among the four samples, the LT–MD
powder exhibited the most pronounced cell growth lag,
Sustainable Food Technol., 2025, 3, 1064–1073 | 1069
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Fig. 2 (a) Viable cell numbers and encapsulation efficiency of LGG; (b) growth curve of LGG after spray drying; (c) fluorescence staining images
of LGG in powder; (d) adhesion capacity of LGG to cells after spray drying; (e) fluorescence staining images of LGG adhered to Caco-2 cells
(lethal LGG by heat treatment).
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indicating the most severe subcellular damage to the cells in
this sample. However, once the cell growth entered a stable
phase, the growth curves of the LGG in all four samples closely
aligned with those of non-spray-dried LGG, suggesting that
despite spray drying, the cells retained good reproductive
capacity.39,40 This nding indicated that the L100–Tre or L100–
Tre–polysaccharide encapsulation system offered a protective
effect to the LGG during the drying process, enabling them to
maintain good growth potential aer spray drying.

3.2.3. Membrane integrity of LGG aer spray drying. As
shown in Fig. 2c, cells with intact cell membranes exhibit green
uorescence, while damaged membranes emit red uorescence
due to binding with PI dyes. The LT sample displayed the highest
ratio of green uorescent spots, indicating superior integrity of its
cell membranes. This nding was supported by the results shown
in Fig. 2a and b. In contrast, the LT–SP, LT–IN, and LT–MD
1070 | Sustainable Food Technol., 2025, 3, 1064–1073
samples exhibited a marked decrease in green uorescence,
particularly in the LT–MD sample, where green uorescence was
nearly undetectable. This reductionwas attributed to the increased
number of damaged cells in these samples, where the intense red
uorescence obscured the green uorescence. Cell membrane
damage, a major cause of cell death during spray drying, increases
membrane permeability, allowing non-selective entry of extracel-
lular components, ultimately leading to cell death.7 Thus, opti-
mizing spray drying conditions and selecting suitable carriers are
essential for protecting the integrity of probiotic cell membranes.

3.2.4. Adhesion ability of LGG aer spray drying. In this
study, the Caco-2 cell monolayer model served as a model for the
human intestinal environment to evaluate the impact of spray
dryingmicroencapsulation on the adhesion of LGG under various
encapsulation systems. Caco-2 cells, a widely employed intestinal
cell line, mimic the structure and function of differentiated small
© 2025 The Author(s). Published by the Royal Society of Chemistry
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intestinal epithelial cells, including microvilli and enzyme
systems similar to the brush border epithelium of the small
intestine.41 As shown in Fig. 2d, spray drying microencapsulation
had a minimal inuence on the adhesion of LGG. Generally, the
adhesion rate of spray-dried LGG remained above 80%, indicating
a high adhesive ability.42 Among them, the adhesion level of LGG
encapsulated in LT–SP powder was comparable to that of
untreated LGG, and the adhesion capacity of LGG in LT, LT–MD,
and LT–IN powders was also similar. An excellent encapsulation
system could be a contributing factor to LGG's ability to maintain
a high adhesion rate. The wall material protects the integrity of
LGG's cell structure, including the surface protein receptor and
pili, during spray drying, thereby enabling it to effectively adhere
to the Caco-2 monolayer.43

Consistent ndings were observed in the adhesion analysis
(Fig. 2e). LGG labelled with CFDA-SE adhered to the surface of
Caco-2 cells, emitting green uorescence. Notably, even aer
high-temperature inactivation, LGG was still able to adhere to
Caco-2 cells, though its distribution was less uniform compared
to live cells. This may be due to the spontaneous absorption of
LGG aggregates by Caco-2 cells. Similar studies have also shown
that Lactobacillus acidophilus, following heat treatment at 100–
105 °C, can adhere to HeLa 299 cells and inhibit the adhesion of
Escherichia coli B41.44 This suggested that even aer high-
temperature treatment, the surface of LGG cells retained
molecular structures that can be recognized by Caco-2 cells.

Golowczyc et al.24 found that spray drying did not signicantly
alter the adhesion function of Lactobacillus plantarum 83114 and
Lactobacillus ker 8321, but it signicantly reduced the adhesion
ability of Lactobacillus ker 8348. This underlines the strain-
specic effect of spray drying on bacterial adhesion, as previ-
ously reported by Iaconelli et al.45 Therefore, when producing
probiotic powders using spray drying, it is crucial to compre-
hensively evaluate its potential impacts on the specic func-
tionalities of the target strain to ensure optimal performance.
3.3. The stability of cell viability

3.3.1. The stability of cell viability in spray-dried powders
during in vitro digestion. As shown in Fig. 3a, LGG showed
Fig. 3 Digestion and storage stability. (a) survival rate of cells in microca
capsules stored at 4 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
varied losses in viability aer simulated gastrointestinal diges-
tion. Specically, although encapsulated by composite wall
materials containing L100, the LGG cells within the microcap-
sules still experienced a viability reduction of 7–13% aer 2 h of
simulated gastric digestion. Among the samples, LT particles
showed the highest bacterial viability retention rate, reaching
93%, while LT–SP samples exhibited the lowest retention rate at
87.4%. This variation could be due to the fact that some
digestive uid inltrated into the interior of the particles
through small channels or defects on the surface during the
simulated gastric digestion, allowing direct contact with LGG
cells, thus causing damage or inactivation of the probiotic
cells.18

During the simulated intestinal digestion, the bacterial cells
encapsulated within the particles were released and had to face
the stressful conditions of bile salts and pancreatic enzymes.46

Although no signicant difference (p > 0.05) in bacterial viability
was observed among the four powders aer spray drying,
signicant variations (p < 0.05) in viability were observed aer
4 h of simulated gastrointestinal digestion. The results indi-
cated that probiotics encapsulated with IN or SP were more
sensitive to these stresses. Specically, aer 4 h of digestion, the
bacterial viability levels in LT–IN and LT–SP powders decreased
to 83.6% and 78%, respectively, while LT powder maintained
the highest viability retention at 91.2%. This may be attributed
to the more severe damage inicted on the cells during spray
drying in LT-–IN and LT–SP powders, making them more
vulnerable to the stress of bile salts and trypsin presented in the
SIF. Gonzalez-Ferrero et al.47 also emphasized the challenging
gut environment for probiotics, discovering that probiotics
encapsulated with soy protein concentrate and maltodextrin
showed minimal viability loss in SGF but substantial cell death
in SIF.

Overall, aer 4 h of simulated in vitro digestion, the survival
rates of spray-dried LGG in all powders were above 78%, indi-
cating that MD, IN, and SP exhibited certain protective effects
during the in vitro digestion of LGG. These ndings align with
similar studies that have reported the good resistance of pro-
biotics encapsulated in IN and MD against low pH and bile
stress.36 These results provide insights into the protective effects
psules after simulated in vitro digestion. (b) Viability of cells in micro-

Sustainable Food Technol., 2025, 3, 1064–1073 | 1071
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of different wall materials for probiotics in simulated digestive
environments, which can help optimize the formulation and
stability of probiotic products.

3.3.2. The stability of cell viability in spray-dried powders
during storage. As shown in Fig. 3b, aer 8 weeks of storage, the
viability of LGG encapsulated in the four microcapsules showed
varying degrees of loss. Among them, LT–MD and LT–IN
showed signicant viability reductions, with decreases of 12.2%
and 16%, respectively. In contrast, probiotics in LT powder
showed minimal viability loss, with only a decrease of 4.6%.
However, all four microcapsules maintained a probiotic
viability above 7 log CFU g−1 aer 8 weeks of storage, demon-
strating desirable storage stability. This can be attributed to the
high glass transition temperature of Tre, which acted as an
efficient protective agent for bacterial cells. Tre can effectively
protect probiotic cells from environmental pressures,
preserving cell integrity and viability.33 In addition, Tre bound
with water molecules on the cell surface, forming a protective
lm that further enhanced the storage stability of probiotics.
These ndings were consistent with the study conducted by
Nunes et al.,48 who reported that Lactobacillus La-5 encapsulated
in Tre maintained robust viability even aer 120 days of storage
at varying temperatures. Similarly, Zhang et al.49 reported that
Lactobacillus salivarius NRRL B-30514 encapsulated with Tre
and skimmed milk showed better survival during storage than
powder produced with skimmed milk only.

It is worth noting that for the four microcapsules, LGG
experienced a distinct loss of viability during the initial storage
period, and then the viability began to regain, followed by
a slower rate of bacterial viability loss (Fig. 3b). This pattern of
viability uctuation has been similarly observed in the study
conducted by Reyes et al.50 This phenomenon could be due to
the environmental pressure encountered by the bacterial cells
upon storage. However, as the storage period progressed, some
bacterial cells gradually adapted to these conditions and began
to regain viability through their inherent repair mechanisms. In
addition, the refrigeration conditions used for storage likely
contributed to the improved stability of the cells, potentially by
reducing harmful chemical reactions like redox reactions. This
nding is consistent with the observations made by Broeckx
et al.,51 further conrming the importance of refrigeration in
preserving probiotic viability during storage.

4. Conclusion

In this study, we successfully fabricated L100–Tre–LGG micro-
capsules using a spray drying technique and analysed the physi-
cochemical properties of the resulting powders containing L100–
Tre and polysaccharides. The results revealed that the particles
exhibited good physicochemical characteristics, and the encap-
sulated LGG showed desirable viability, re-growth capability, and
storage stability. Furthermore, the spray-dried LGG in the L100–
Tre-based microcapsules maintained high viability during simu-
lated in vitro digestion, conrming their high digestive stability.
In addition, the study investigated the adhesion functionality of
the LGG encapsulated in the L100–Tre-based microcapsules and
found that the spray drying process had a limited impact on the
1072 | Sustainable Food Technol., 2025, 3, 1064–1073
bacterial adhesion capacity. Overall, these ndings demonstrated
the high viability retention and adhesion capacities of the L100–
Tre–LGG probiotic spray-dried particles, providing strong support
for the development and application of spray-dried probiotic
powder products.
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