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Abstract
Background  Alzheimer’s disease (AD) is a neurodegenerative disorder that can result in neurotoxicity and an 
imbalance in gut microbiota. Probiotics have been shown to play an important role in regulating the gut microbiota, 
but their viability and bioactivity are often compromised as they traverse the gastrointestinal tract, thereby reducing 
their efficacy and limiting their clinical utility.

Results  In this work, layer-by-layer (LbL) encapsulation technology was used to encapsulate Lactiplantibacillus 
plantarum (LP) to improve the above shortcomings. Studies in APPswe/PS1dE9 (APP/PS1) transgenic mice show 
that LbL-encapsulated LP ((CS/SP)2-LP) protects LP from gastrointestinal damage while (CS/SP)2-LP treatment 
It improves brain neuroinflammation and neuronal damage in AD mice, reduces Aβ deposition, improves tau 
protein phosphorylation levels, and restores intestinal barrier damage in AD mice. In addition, post-synaptic density 
protein 95 (PSD-95) expression increased in AD mice after treatment, indicating enhanced synaptic plasticity. Fecal 
metabolomic and microbiological analyzes showed that the disordered intestinal microbiota composition of AD mice 
was restored and short-chain fatty acids (SCFAs) levels were significantly increased after (CS/SP)2-LP treatment.

Conclusion  Overall, the above evidence suggests that (CS/SP)2-LP can improve AD symptoms by restoring the 
balance of intestinal microbiota, and (CS/SP)2-LP treatment will provide a new method to improve the symptoms of 
AD patients.

Keywords  Alzheimer’s disease, APP/PS1 mice, Lactiplantibacillus plantarum, Layer-by-layer, Gut Microbiome, Short-
chain fatty acids
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegen-
erative disorder [1], clinically characterized by cognitive 
decline and progressive memory loss [2]. AD has affected 
about 30–35 million people worldwide [3]. The increas-
ing prevalence of AD due to longer life expectancy has 
become a significant health problem and economic 
burden on society. It is projected that by 2030, around 
78  million people will be afflicted with AD. The patho-
genesis of AD is complex, with the amyloid hypothesis 
and the Tau protein hypothesis being the main current 
theories [4]. However, numerous clinical trials investigat-
ing both hypotheses have been terminated, indicating an 
urgent need for new therapeutic strategies [1].

Bidirectional communication between the gut micro-
biota and the brain occurs through immune, circulatory, 
and neural pathways known as the gut-brain axis (GBA). 
A growing body of evidence emphasizes the role of the 
gut microbiota and its metabolites in AD development 
[5]. Dysregulation of gut ecology plays a vital role in 
the pathogenesis central nervous system (CNS)–related 
diseases [6]. For example, the loss of commensal bacte-
ria in the gut affects the immune response and disrupts 
colonization resistance against potential pathogens [7]. 
Gut microbes indirectly communicate with the CNS by 
producing several neuroactive metabolites, such as short-
chain fatty acids (SCFAs), branched-chain amino acids, 
lipopolysaccharides (LPS), cholipopolysaccharides, and 
catecholamines, which synthesize neurotransmitters 
with neuromodulatory properties [6].

Strategies such as prebiotic intake, probiotics, and 
fecal microbiota transplantation (FMT) may positively 
impact cognitive function in AD patients by modulating 
the gut microbiota. FMT treatment has been reported to 
improve cognitive deficits and reduce brain deposition of 
amyloid-β (Aβ) in APPswe/PS1dE9 (APP/PS1) transgenic 
mice. These beneficial effects were associated with the 
reversal of changes in gut microbiota and SCFAs, sug-
gesting that FMT treatment may be a potential therapeu-
tic strategy for AD [8]. Oligofructose has also been found 
to ameliorate cognitive deficits and neurodegeneration in 
APP/PS1 transgenic mice by modulating the gut micro-
biota [9]. Regulation of the probiotic Clostridium butyri-
cum significantly ameliorates cognitive deficits, microglia 
activation, neurodegeneration, and Aβ deposition by 
modulating abnormal gut microbes and the metabolite 
butyric acid [10]. Furthermore, Bifidobacterium has been 
shown to improve brain function in Aβ1-42-treated mice 
by modulating the gut microbiome [11]. A probiotic 
preparation consisting of Bifidobacterium lactis, Lacto-
bacillus casei, Bifidobacterium bifidum, and Lactobacillus 
acidophilus demonstrated a reversal of cognitive deficits 
after 12 weeks of treatment in SAMP8 (senescence-accel-
erated mice prone 8) mice [12].

Probiotics can potentially alter brain function through 
direct and/or indirect multimodal effects, including 
the endocrine system, parasympathetic autonomic sys-
tem (e.g. vagus), and immune systems [13]. Probiotics 
improve intestinal and immune homeostasis by restoring 
the gut microbiota and exhibit neuroprotective effects 
in CNS disease by enhancing the production of neu-
rotransmitters such as glutamate and γ-aminobutyric 
acid (GABA), as well as increasing brain-derived neu-
rotrophic factor (BDNF) levels [14, 15]. Recent stud-
ies have shown that Lactiplantibacillus plantarum (LP) 
improves cognitive impairment in 5XFAD and aged mice 
by regulating NF-κB-mediated BDNF expression. It was 
also found that treatment with LP can alleviate intestinal 
barrier damage and inhibit microglial activation. There-
fore, increasing the abundance of LP in the intestine is of 
great significance for the treatment and intervention of 
AD. However, probiotics are severely destroyed by gastric 
acid, digestive enzymes and bile salts in the gastrointes-
tinal tract and competition from other bacteria resulted 
in a significant decrease in the activity of probiotics. In 
addition, the rapid gastrointestinal (GI) transit time also 
makes it difficult for probiotics to remain and colonize 
in the intestine [16–18]. These factors make it challeng-
ing for probiotics to effectively exert their therapeutic 
effects. Therefore, finding a way to quickly deliver LP to 
the intestine to increase its abundance in the intestines of 
AD mice is a current challenge.

The layer-by-layer (LbL) encapsulation strategy offers 
significant flexibility in designing probiotic-based deliv-
ery systems. Oppositely charged polyelectrolytes can 
from multilayer capsules through electrostatic interac-
tions [19]. This method supports the direct adhesion, 
growth and proliferation of probiotics on the intestinal 
surface, and the entire encapsulation process can be car-
ried out under mild conditions [20, 21]. Natural polysac-
charides such as chitosan (CS), pectin and alginate are 
favorable for developing macro/nano formulations that 
protect active substances from the harsh conditions of 
the gastrointestinal tract [22, 23]. Additionally, numer-
ous studies have shown that polysaccharides can be fer-
mented by the intestinal microbiota, exerting prebiotic 
effects and promoting health [24–26]. CS is widely used 
due to its good biocompatibility and unique adhesion 
properties. Sodium phytate (SP), derived from natural 
sources such as plant bran and seeds, is known for its 
excellent biosafety and is commonly used as a food addi-
tive [27]. In this study, we aimed to investigate the effects 
of CS/SP encapsulation on LP survival in the gastrointes-
tinal tract and its intestinal adhesion, as well as to explore 
the impact of increased LP abundance on cognition in 
AD mice. Finally, we sought to elucidate the relationship 
between gut microbiota modulation and the anti-AD 
effects of (CS/SP)2-LP in AD mice.
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Materials and methods
Materials and antibodies
Chitosan (Mw = 100,000-300,000 Da, CS) was purchased 
from Sigma-Aldrich, sodium phytate (SP) was obtained 
from Macklin (Shanghai, China), simulated gastric fluid 
(SGF) and simulated intestinal fluid (SIF) was purchased 
from Coolaber (Beijing, China), fluorescein isothio-
cyanate (FITC) was purchased from Dogesce (Beijing, 
China), man Rogosa Sharpe (MRS) broth was purchased 
from HKM (Guangzhou, China), and Lactiplantibacillus 
plantarum ATCC8014 (LP) was obtained from Beijing 
Kizhan (Beijing, China).

Animals
Six-month-old transgenic mice APP/PS1 and wild 
C57BL/6J were purchased from Beijing Huafukang Bio-
technology Co. (Beijing, China). All mice were raised 
under standard specific pathogen-free (SPF) conditions 
at 23 ± 2℃, with 40-70% air humidity and a 12-hour light/
dark cycle. The animal experiment was approved by the 
Animal Care and Use Committee of Northwestern Poly-
technical University.

Bacterial growth, enumeration and storage
LP was cultured in MRS broth at 37℃ in an incubation 
shaker (ZHWY-110 × 30, Shanghai, China). After 12  h, 
the probiotics were taken for subsequent experiments. It 
was found that there were 30–100 colonies in each plate.

LP encapsulated
The LbL encapsulation of LP was designed based on pre-
vious research and had been partially modified [22]. LP 
at the logarithmic growth phase was centrifuged (8000 g) 
for 10  min, washed three times with sterile saline, and 
then suspended in sterile saline to adjust its initial solu-
bility to 1 × 10− 9 (cfu/mL). CS (200 mg) was dispersed in 
100 mL of 2% acetic acid and stirred for 12 h and adjust 
pH to 6.0. 1% (m/v) SP solution was prepared and adjust 
pH to 6.0. Mix 1 mL LP suspension and 40 mL CS solu-
tion evenly at room temperature, then incubate on a 
shaker at 100  rpm. After 30  min, the suspension was 
centrifuged (8000 g) at 4℃ for 10 min and washed three 
times with sterile saline to remove excess CS. Then add 
SP solution and stir thoroughly to mix evenly. At this 
time, the LP encapsulated with CS-SP monolayer, was 
obtained and named (CS/SP)1-LP. Repeating this process, 
the (CS/SP)2-LP was also obtained.

Characterization of encapsulated LP
Size and Zeta potential
The sample’s size and Zeta potential were measured by 
Zetasizer Nano ZS (Malvern Instruments) at 25℃.

Scanning electron microscope (SEM)
The microstructure of the samples was observed using 
SEM. Prior to observation, the samples were subjected 
to vacuum. The sample was affixed to a gold-plated stain-
lesssteel platform using conductive adhesive, and the 
accelerating voltage of the scanning electron microscope 
was set to 20 kV.

Transmission electron microscope (TEM)
To visualize the morphology of LP and (CS/SP)2-LP, TEM 
(HITACHI HT7800, Japan) was employed. The samples 
were precipitated by aspirating 10 µL drops onto a cop-
per grid for 1  min and stained with uranyl acetate and 
lead citrate. The samples were then observed under TEM 
at an accelerating voltage of 80 kV.

Fourier transform infrared (FTIR) spectroscopy
The infrared spectra of the prepared LP, (CS/SP)2-LP, CS, 
and SP standard samples were studied on a Nicolet iS50 
FTIR spectrometer. Before FTIR analysis, all samples 
were dried in an electric constant temperature drying 
oven at 45℃ for 30 min. Scans were performed using an 
attenuated total reflection (ATR) device at a resolution of 
4 cm-1 in the range of 4000 –400 cm-1.

Contact angle measurement
The wetting properties of the LP, (CS/LP)0.5-LP, (CS/LP)1-
LP, (CS/LP)1.5-LP, and (CS/SP)2-LP were characterized 
using a contact angle measurement instrument (Kruss, 
Hamburg, Germany).

Effect of the number of encapsulation layers on the growth 
of LP
Add 0.1 mL LP suspension with different numbers of 
encapsulation layers to 10 mL MRS broth at 37℃ in the 
shaker. The absorbance value of the culture at 600  nm 
was measured with a microplate reader every 2 h.

Survival of LP encapsulated
The survival of LP and LP encapsulated were evaluated 
seperately in SGF (pH 3.0) and SIF (pH 7.0). Samples 
were taken after LP and (CS/SP)2-LP were incubated in 
SGF or SIF for 0, 1, 2, and 4 h separately and centrifuged 
(8000 g) for 5 min, washed twice with sterile saline. After 
diluting the suspension at gradient concentration, LP and 
(CS/SP)2-LP were inoculated on plates in 37℃ biochemi-
cal incubator (DHP-9012, Shanghai, China) for 48 h and 
counted.

Gut colonization of LP encapsulated
Gastrointestinal colonization rates of probiotics fol-
lowing oral administration were determined in male 
C57BL/6 mice aged 6–8 weeks. The mice (n = 5) were 
randomly grouped and provided with free access to water 
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and food. Mice were seperately gavaged with 0.2 mL LP 
and (CS/SP)2-LP (1 × 108 cfu/d) for 5 days. Afterwards, 
the animals were sacrificed, and the contents of the stom-
ach, small intestine and colon were collected and diluted 
with PBS dispersions. Each suspension (50 µL) was inoc-
ulated into solid LB medium and incubated at 37℃ for 
48 h before counting.

In vivo gastrointestinal tract retention of LP encapsulated
Gastrointestinal retention of LP and (CS/SP)2-LP was 
determined using 6-8week-old C57BL/6 mice. In order to 
tract the location of LP in the gastrointestinal tract, FITC 
was used to lable LP and its encapsulated one. After 4 h 
period of starvation (without food and water), each mice 
in one group was intragastrically administration with 
1 × 108 cfu/mL of LP-FITC, while in other group it was 
administrated with 1 × 108 cfu/mL of (CS/SP)2-LP-FITC. 
All mice were euthanized at predetermined time points, 
and their gastrointestinal fluorescence signals were cap-
tured by an animal imaging system (IVIS, Perkinelmer).

Biocompatibility
The blood from C57BL/6 mice was centrifuged at 
10,000  rpm for 10  min and then washed with saline to 
investigate the hemolytic toxicity of LP and (CS/SP)2-LP. 
A certain amount of saline, LP, (CS/SP)2-LP, and deion-
ized water were added to 2% mice erythrocyte saline 
dispersion and incubated at 37℃ for 2 h to check the sta-
bility of erythrocytes. Afterward, the mixture was centri-
fuged at 10,000 rpm for 15 min. The hemolysis rate was 
determined by measuring the absorbance of the superna-
tant at 545 nm using an enzyme analyzer.

Then in vivo toxicity of LP and (CS/SP)2-LP was inves-
tigated using C57BL/6 male mice given 1 × 108 cfu/d 
of LP and (CS/SP)2-LP orally for 5 consecutive days. 
Healthy mice treated with physiological saline were 
used as the control. The hearts, livers, spleens, lungs and 
kidneys of mice were dehydrated with 4% paraformal-
dehyde, embedded in paraffin, machine-cut and edge-
sectioned, stained with eosin-hematoxylin (H&E), and 
then scanned and visualized with a tissue section scanner 
for observation.

Mice treatment and behavioral test
Six-month-old male AD mice were divided into 2 groups: 
saline-treated (APP/PS1, n = 7), (CS/SP)2-LP-treated 
(AD+(CS/SP)2-LP, n = 7), and saline-treated WT mice 
of the same month of age (WT, n = 7). To assess the effi-
cacy of (CS/SP)2-LP against AD, mice were gavaged with 
1 × 108 cfu/kg of (CS/SP)2-LP daily for 6 weeks.

Open field experiment
The open-field experiments used a square box with a 
length, width and height of 40 cm × 40 cm × 30 cm. The 

box was divided into 16 square regions, contain a cen-
tral region (4 square regions in the center) and a periph-
eral region. Each mice was placed in the same position 
at the beginning of the test and allowed to explore the 
box freely for 5  min. Their behavior was recorded and 
analyzed using a video tracking system (EthoVision XT, 
Netherlands).

Y maze experiment
The Y-maze spontaneous alternation test was used to 
assess spatial short-term memory and general motor 
activity in mice. The maze consists of three equal arms 
(35  cm long, 15  cm high, 5  cm wide) with an angle of 
120° between them, labeled A, B, and C respectively. 
Each maze-naive mice were placed at the distal end of 
the arm labeled A, facing the center of the maze, allowed 
to explore the maze without interruption for 8 min and 
recorded. After each mice test, the experimental area was 
cleaned. A mice enters a maze when it enters one arm of 
the maze with all four paws. Alternation refers to mice 
entering three arms of the maze in succession. The num-
ber of alternations and the total number of arm entries 
were scored based on the recorded videos. The percent-
age of spontaneous alternations (%) was calculated as 
follows:

	
%Alternation =

Number of Alternations
(Total number of Arm Entries -2)

× 100

New object recognition experiment
Novel object recognition (NOR) was used to detect the 
cognitive function of AD mice. During the habituation 
phase, each mice was allowed to freely explore an open 
area (40 cm × 40 cm × 30 cm) for 10 min. Each mice was 
placed in a box containing two identical objects (cylin-
ders) for 10  min during the familiarization phase. Rec-
ognition memory was tested 24 h later by exposing mice 
to a familiar and a novel object (cylinder and sphere). 
After each test, all objects and equipment were cleaned 
with 75% ethanol to eliminate residual odors. Time spent 
exploring familiar objects (TF) and time spent exploring 
new objects (TN) were recorded and analyzed. The dis-
crimination index (DI) is calculated as follows:

	
DI =

TF

TF + TN
× 100%

Morris water maze (MWM)
The MWM test used a cylindrical water tank (120  cm 
in diameter, 50 cm in height, and 30 cm in depth) with 
a video-capture system to assess spatial learning and 
memory abilities. The water maze pool is divided into 
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four quadrants. The third quadrant has a 6 cm diameter 
platform hidden 1 cm below the water surface. During 4 
consecutive days of training, mice are trained to find the 
hidden platform from the starting point and the time it 
takes for the mice to find the platform is recorded. If the 
mice did not find the platform within 60 s, it was allowed 
to remain on the platform for 20 s. On the fifth day, the 
platform was removed from the tank and the mice were 
allowed to swim freely for 60 s, recording the number of 
times they traversed the platform and the amount of time 
they spent in the target quadrant.

Sample collection
After the behavioral experiments, all mice were eutha-
nized by intraperitoneal injection of 0.01–0.02 mL/g 
sodium pentobarbital. Following this, the brains of the 
mice were rapidly dissected, frozen in liquid nitrogen, 
and stored at -80℃ for later quantitative analysis. Brain 
tissue and colon tissue were collected from each group 
of mice, fixed in 4% paraformaldehyde, and analyzed 
using histopathological techniques such as H&E staining, 
Congo red staining, Nissl staining, Thioflavin S staining, 
and immunofluorescence staining. In addition, the colon 
contents of mice were collected and stored at -80℃ for 
gut microbiome analysis sequencing analysis, and meta-
bolic analysis of gut microorganisms to assess their diver-
sity and composition.

Immunochemistry
Brain tissues were fixed with 4% paraformaldehyde for 
72 h. Tissues were paraffin-embedded and sliced to 5 μm 
thickness and co-incubated with PSD-95 primary anti-
body (Servicebio, China, 1:300). After the primary anti-
body incubation was completed, the secondary antibody 
incubation was performed. A tissue section scanner was 
used to capture images and observe the pathological 
changes in the mice hippocampus.

Immunofluorescence staining
Mices brain and colon were removed, fixed with 4% 
paraformaldehyde, and then incubated in 30% sucrose 
for 72 h to dehydrate. Then, 20 μm sections were cut in 
a cryostat. Primary antibodies including GFAP (Shang-
hai Bioproducts Co., Ltd., 1:300), Iba-1 (Shanghai Bio-
products Co., Ltd., 1:300), TNF-α (Shanghai Bioproducts 
Co., Ltd., 1:300), IL-1β (Shanghai Bioproducts Co., Ltd., 
1:300), ZO-1 (Shanghai Bioproducts Co., Ltd., 1:300), and 
Occludin (Shanghai Bioproducts Co., Ltd., 1:300) were 
applied and incubated for overnuight at 4℃. Appropriate 
secondary antibodies will be used for fluorescence micro-
scope imaging.

Congo red staining
Prepare paraffin sections of brain tissue. The obtained 
sections were stained with Congo red. Use a tissue slice 
scanner to collect images and observe the Aβ deposition 
in the mice cortex and hippocampus.

Nissl staining
Paraffin sections of brain tissue were prepared, and the 
obtained brain sections were stained with cresyl violet. A 
tissue slice scanner was used to collect images to detect 
neuronal damage in the hippocampus of mice.

Thioflavin S staining
TS staining is used to label antibody plaques. Brain sec-
tions were stained with 0.002% TS (T1892-25G, Sigma-
Aldrich) in 50% ethanol for 8 min in the dark and then 
washed twice with 50% ethanol and three times with PBS. 
The stained slides were observed using an orthogonal flu-
orescence microscope (DS-U3, Japan).

Analysis of Aβ1-42 levels in the brain by ELISA
The brain hippocampus samples were homogenized, 
and the concentration of Aβ1-42 was measured using an 
ELISA kit (ELISA Enzyme Link, Shanghai, USA). Estab-
lish a standard curve and calculate the levels of Aβ1-42 in 
tissues. The values obtained were corrected for the wet 
weight of the brain sample and expressed in µg/mg.

Quantitative analysis of targeted SCFAs
Collected colon contents (50 mg) were mixed with 50 µL 
of internal standard (5% phosphoric acid, Sigma-Aldrich), 
100 µL of 125  µg/mL internal standard (isocaproic 
acid) solution, and 400 µL of diethyl ether. Then, SCFAs 
were extracted following the manufacturer’s protocol 
(Suzhou Bionohe Gene Technology Co., Ltd., China). The 
obtained SCFAs samples were measured using a TRACE 
1310-ISQ LT GC-MS system (Thermo Fisher, USA). The 
SCFAs standards were a mixture of standard acetic acid, 
propionic acid, isobutyric acid, butyric acid, isovaleric 
acid, valeric acid, and caproic acid. All standards were 
purchased from Sigma-Aldrich (Shanghai, China).

Gut microbiome analysis
Microbial DNA was extracted from the colon lumen of 
Hangzhou Lianchuang Biotechnology Co., Ltd (Hang-
zhou, China) using a genomic DNA kit (Omega Biotek, 
GA, USA) according to the operation manual. Total 
extracted microbial DNA was detected by agarose elec-
trophoresis. The 16  S rDNA sequencing genes (V3-V4 
region) were amplified by PCR with the addition of 341 F 
(5′-CCTACGGNGGCWGCAG-3′) and 805R (5′-GAC-
TACHVGGGTATCTAATCC-3′) primers. DNA was 
purified with Vazyme VAHTSTM DNA Clean Beads and 
then quantified using the Qubit 2.0 DNA kit (Q10212, 
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Life Technologies Corporation, California, USA). Sam-
ples were sequenced on the Illumina NovaSeq platform 
LC-Bio (BioLink Inc.) provided. Characteristic abun-
dance was normalized to the relative abundance of each 
sample according to the SILVA (version 138) classifier. 
Alpha diversity was analyzed by Chao1, Goods coverage, 
and Shannon’s index to analyze the species diversity of 
the samples. Beta diversity was determined by the PCoA 
method.

Statistical analysis
All the data were presented as mean ± standard deviation 
(SD). Data were analyzed using GraphPad Prism 8 soft-
ware. Significant differences between groups were deter-
mined using a two-way analysis of variance (ANOVA). 
Each experiment was performed at least three times.

Results
LbL encapsulated LP
CS and SP were used to encapsulate LP layer by layer 
(Fig.  1A). The morphology of both LP and (CS/SP)2-LP 
was observed by SEM. As shown in Fig.  1B and C, LP 
appeared as an elongated rod shape with a smooth sur-
face. After LbL encapsulation, the morphology of (CS/
SP)2-LP remained similar to that of LP, suggesting that 
LbL encapsulation did not affect the structure and mor-
phology of LP itself. TEM images revealed a distinct 
nanoshell with a thickness of about 100 nm surrounding 
LP after encapsulation with CS and SP (Fig. 1D). Subse-
quent dynamic light scattering (DLS) measurements indi-
cated changes in both size and zeta potential. During the 
LbL preparation process, the zeta potential of LP changed 
dramatically, as shown in Fig. 1E. The surface charge of 
LP was − 16.33 ± 0.31 mV, which should attribute to its 
Gram-positive nature and rich content of Lipoteichoic 
acid (LTA) [28]. The low isoelectric point of LTA resulted 
in a negatively charged surface of LP, enabling it to elec-
trostatically interact with positively charged CS. The zeta 
potential of (CS/SP)0.5-LP was altered to + 39.86 ± 1.07 
mV, indicating the successful encapsulation of cationic 
CS. This value was changed to -9.69 ± 0.87 mV for (CS/
SP)1-LP, indicating successful encapsulation of anionic 
SP. Further encapsulation resulted in a zeta potential of 
+ 34.76 ± 2.53 mV for (CS/SP)1.5-LP and 11.00 ± 0.86 mV 
for (CS/SP)2-LP. The alternating zeta potentials con-
firmed the successful encapsulation of LP by LbL. Addi-
tionally, the size of encapsulated LP was larger than that 
of free LP, which supported the TEM results (Fig. 1F).

To demonstrate the growth and proliferation ability 
of (CS/SP)2-LP after encapsulation, we investigated the 
effect of 0, 1, and 2 layers of (CS/SP) on LP growth. As 
shown in Fig. 1G, the growth curves of LP differed after 
LbL encapsulation. LP proliferated rapidly and reached 
the maximum proliferation about 10  h. Subsequently, 

growth slowed down and proliferation was inhibited. 
Observing the LP encapsulated with 1 or 2 layers (CS/
SP), it was found that there was no growth in the first 
10 h, but both the unencapsulated LP and the encapsu-
lated LP finally reached a similar number, which shows 
that encapsulation has a negative impact on LP. Vital-
ity had no significant effect. However, both unencap-
sulated LP and encapsulated LP eventually reached 
similar quantities, demonstrating that encapsulation did 
not significantly affect the viability of LP. The existence 
of proliferation stagnation could be attributed to the 
fact that encapsulation shields the LP from material and 
energy exchange with its environment. We evaluated the 
thermal stability performance of the encapsulated LP, 
revealing that LbL encapsulation enhanced the thermal 
stability performance of the LP (Additional file 1: Fig. S1). 
TGA analysis can be used to understand the changes in 
the material structure. As shown in Fig. S1, there are two 
stages of weight loss in these materials. The decomposi-
tion temperature of (CS/SP)2-LP is higher than that of LP, 
indicating that LbL encapsulation improves the thermal 
stability of LP. The broad band around 3427  cm-1 was 
attributed to the stretching vibrations of -NH and -OH, 
as well as intermolecular and extramolecular hydro-
gen bonding of CS molecules (Fig. 1H). A weak band at 
2872 cm-1 corresponded to -CH stretching. The absorp-
tion band at 1153 cm-1 was assigned to the asymmetric 
stretching of the C-O-C bridge. For the FTIR spectrum of 
SP, the band at 1022 cm-1 and the sharp peak at 1292 cm-1 
corresponded to telescopic vibrations of P = O and C-O, 
respectively. During LbL encapsulation, no new absorp-
tion peaks appeared because there was no covalent 
interaction between CS and SP. In addition, the -OH 
stretching absorption peaks were broadened between 
3200 and 3700 cm-1 due to encapsulation, indicating that 
the hydroxyl group in SP formed a hydrogen bond with 
the amide group of CS. The contact angle of LP with dif-
ferent numbers of encapsulated layers was measured, 
and the result were shown in Fig. 1I and J. As the num-
ber of encapsulation layers increased, the contact angle 
of LP increased from 44.8°±0.9 to 51.85°±1.45. The results 
indicated that the hydrophobicity of LP increased after 
encapsulation, suggesting the enhanced intestinal adhe-
sion properties if it was oral administration.

(CS/SP)2-LP gastrointestinal colonization and 
biocompatibility
The challenge of orally administering probiotics orally 
lies in their ability to survive in the gastric and intestinal 
fluids of the digestive tract. In order to test the resistance 
of (CS/SP)2-LP to the gastrointestinal tract environment, 
simulated gastrointestinal fluids were used. As shown in 
Fig.  2A, after incubation in SGF for 4  h, the number of 
LP decreased from 5.06 log cfu/mL to 0.52 log cfu/mL, 
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Fig. 1  Preparation and characterization of (CS/SP)2-LP. (A) Schematic illustrating the preparation of (CS/SP)2-LP using CS and SP. SEM images of (B) LP and 
(C) (CS/SP)2-LP. Scale bar:2 μm. (D) Representative TEM images of LP, (CS/SP)2-LP. Scale bar:1 μm. (E) Zeta potential of each layer during encapsulation. (F) 
Size distributions of LP and (CS/SP)2-LP. (G) Growth curves of LP encapsulated in different layers in MRS broth (n = 3). (H) Infrared spectra of CS, SP, and (CS/
SP)2-LP. Indicated wettability properties of LP with different encapsulation layers. (I) Contact Angle Appearance. (J) Quantitative statistics of contact angle 
(n = 4). (ns: not statistically different, ****p < 0.0001)
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Fig. 2  Stability and retention of (CS/SP)2-LP in the gastrointestinal environment. Viability count of LP and (CS/SP)2-LP in SGF (A) and SIF (B) after incuba-
tion for 0, 1, 2, and 4 h (n = 5). (C) Retention of probiotics in the stomach, small intestine, and colon of mice after oral administration of LP, (CS/SP)2-LP 
(n = 6). (D) Schematic diagram of the experimental schedule. (E) IVIS images of gastrointestinal retention of LP and (CS/SP)2-LP for 1 h, 4 h, and 24 h in vivo. 
(F) IVIS images quantitative fluorescence intensity statistics (n = 4). Results are presented as mean ± SD. (n = 4–6, ns: no statistical difference, ****p < 0.0001, 
**p < 0.01)
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whereas the number of (CS/SP)2-LP only decreased from 
7.94 log cfu/mL to 6.84 log cfu/mL, indicating a higher 
viability of (CS/SP)2-LP compared to LP. A similar trend 
was observed for both bacteria in SIF (Fig. 2B). The strong 
electrostatic interactions and hydrogen bonding between 
the phosphate groups in SP and the amino groups in CS 
may prevent the diffusion of H+ ions and bile salts into 
the cell wall and membrane. Thus, (CS/SP)2-LP showed 
significant survival ability in SGF and SIF.

The retention rates of both LP and (CS/SP)2-LP in 
the stomach, intestine, and colon were studied follow-
ing oral administration to C57BL/6 mice (Fig.  2C). The 
preservation rates of LP were observed as follows: 28% in 
stomach, 34% in small intestine, 38% in colon. For (CS/
SP)2-LP, the low preservation rates were observed in both 
stomach (22%) and small intestine (13%), but a high pres-
ervation rate of 65% was observed in the colon due to the 
protective effect of the coating, which resulted in pro-
longed intestinal retention time.

The ability of probiotics to colonize in gastrointes-
tinal tract was one of the key factors for the effective-
ness of probiotic therapy. Subsequently, the distribution 
and intestinal colonization of LP-FITC and (CS/SP)2-
LP-FITC were monitored by fluorescence signal via an 
in vivo imaging system at different time intervals after 
oral administration of 1 × 108 cfu of bacteria (Fig.  2D). 
As shown in Fig. 2E and F, the fluorescence intensity of 
(CS/SP)2-LP-FITC was higher than that of LP-FITC at 
1 h, 4 h, and 24 h, showing the successful adherence and 
colonization. Quantitative analysis revealed that after 
24  h of gavage, the fluorescence intensity decreased by 
25% for (CS/SP)2-LP compared to a decrease of 45% for 
LP, suggesting the improved intestinal retention time 
with LbL encapsulation. In conclusion, CS/SP encapsu-
lation improved LP’s gastrointestinal retention time and 
its intestinal colonization performance. The biocompat-
ibility of both LP and (CS/SP)2-LP was evaluated, and 
the results demonstrated no significant toxicity to mice, 
including hemolytic toxicity and histopathological analy-
sis of major organs, such as the heart, liver, spleen, lungs, 
and kidneys (Additional file 1: Fig. S2-S3).

Improve cognitive and memory deficits in APP/PS1 mice by 
(CS/SP)2-LP treatment
In order to assess the therapeutic efficacy of (CS/SP)2-LP 
for AD, we conducted behavioral tests on APP/PS1 trans-
genic mouse model to investigate its preventive effect on 
learning and memory impairment associated with AD. 
The spatial memory ability and behavioral performance 
of AD mice were evaluated through open-field experi-
ments, Y maze, novel object recognition (NOR), and 
Morris Water Maze (MWM). The experimental protocol 
was illustrated in Fig. 3A. Following a two-week period of 
adaptive raising, the mice were divided into three groups: 

C57BL mice treated with saline (WT), AD mice treated 
with saline (APP/PS1), and AD mice treated with (CS/
SP)2-LP (AD+(CS/SP)2-LP). All mice received continuous 
intragastric treatment for 6 weeks.

The results of the open-field experiment, as depicted in 
Fig. 3B, indicated that the mice in the WT group exhib-
ited a greater moving distance than those in the APP/
PS1 group. Furthermore, the AD mice demonstrated 
an increase in moving distance following (CS/SP)2-LP 
treatment, although to a lesser extent than the untreated 
group. The results of the open field experiment also indi-
cated that the mice in the WT group exhibited a faster 
moving speed than those in the APP/PS1 group (Fig. 3C). 
Furthermore, the mice in the WT group demonstrated 
a faster moving speed than the mice in APP/PS1 group, 
and despite the administration of (CS/SP)2-LP to the AD 
mice, no significant improvement was observed. In the 
Y-maze experiment, the AD+(CS/SP)2-LP group exhib-
ited an increase in both spontaneous alternation rate 
and total number of crossings in comparison to the APP/
PS1 group (Fig.  3D and E). The impact of (CS/SP)2-LP 
treatment on spatial memory in AD mice was evaluated 
using NOR text. The results of the recognition index (RI) 
for the NOR experiment were shown in Fig. 3F. The WT 
group exhibited a higher RI compared to APP/PS1 group. 
After treatment with (CS/SP)2-LP, the AD+(CS/SP)2-LP 
group showed a significantly higher RI for novel objects 
compared to the APP/PS1 group, suggesting that (CS/
SP)2-LP treatment improved preference for novel objects 
and spatial memory in AD mice. Representative swim-
ming paths of mice in the Morris water maze experiment 
were shown in Fig. 3H. The swimming paths of mice in 
the APP/PS1 group showed aimless circling, in contrast 
to purposeful searching for platforms by mice in the WT 
group and the AD+(CS/SP)2-LP group. During the train-
ing trials, all groups of mice gradually learned to find 
hidden platforms and reduced their escape latency to 
reach the platform (Fig.  3G). APP/PS1 mice exhibited a 
longer escape latency compared to WT mice. Mice in the 
AD+(CS/SP)2-LP group showed a shorter escape latency 
than the APP/PS1 group on days 3 and 4. The number of 
crossings over hidden platforms during spatial explora-
tion on day 5 was presented in Fig. 3I. Mice in the APP/
PS1 group had significantly fewer crossings compared 
with WT mice, while after (CS/SP)2-LP treatment, there 
was a significant increase observed among AD+(CS/
SP)2-LP treated mice compared with those from the 
APP/PS1 group. Statistical results regarding time spent 
by mice within target quadrant were shown in Fig.  3J. 
Time spent by APP/PS1 mice within the target quadrant 
was considerably lower than that of WT mice. However, 
time spent within the target quadrant improved for (CS/
SP)2-LP treated AD modelled-mice when compared 
with that of untreated APP/PS1 counterparts, indicating 
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Fig. 3  Treatment with (CS/SP)2-LP Improves cognitive and memory deficits in APP/PS1. (A) Timing scheme for drug treatment and evaluation of treat-
ment effects in APP/PS1 mice. (B) Distance traveled by mice in open field experiments (n = 7). (C) Movement speed of mice in open field experiments 
(n = 7). (D) Total number of mice entries in the Y-maze experiment (n = 7). (E) Spontaneous alternation rate in mice in Y-maze experiments (n = 7). (F) 
Identifying indicators for the NOR test (n = 7). (G) Escape latency of 1–4 days in mice during the MWM test in different treatment groups (n = 7). (H) Repre-
sentative path trajectories of mice in the MWM test (n = 7). (I) Number of times crossing the hidden platform (n = 7). (J) Time spent in the target quadrant 
(n = 7). Results are presented as mean ± SD. (ns: no statistical difference, ***p < 0.001, **p < 0.01, *p < 0.05)
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an improvement of spatial learning ability impairment 
through (CS/SP)2-LP treatment.

Effect of (CS/SP)2-LP treatment on amyloid plaques and 
p-Tau levels in APP/PS1 mice
To investigate the potential impact of (CS/SP)2-LP on Aβ 
deposition in AD mice, dense amyloid plaques were visu-
alized using Congo red staining. The number of brick-red 
plaques in the cortex and hippocampus was quantified 

in brain tissue (Fig.  4A). Notably, no brick-red plaques 
were observed in either the cortex or hippocampus of 
the WT group, while they were more prevalent in the 
cortex and hippocampus of APP/PS1 group compared to 
the WT group. However, AD+(CS/SP)2-LP group exhib-
ited significantly fewer brick-red plaques than the APP/
PS1 group, indicating that treatment with (CS/SP)2-LP 
may lead to a decrease in amyloid plaque burden. The 
quantity of brick-red precipitates was also measured for 

Fig. 4  Effect of (CS/SP)2-LP treatment on amyloid plaques and p-Tau levels in APP/PS1 mice. (A) Representative photographs of Congo red staining in 
the cortex and hippocampus. Scale bar:100 μm. (B-C) Quantitative statistics of Congo red staining in cortex and hippocampus (n = 4). (D) Representative 
photographs of thioflavine S staining of cortical and hippocampal areas. Scale bar:500 μm. (E) Levels of Aβ in the brain (n = 3). (F) P-tau immunofluores-
cence staining of each group. Scale bar: 200 μm. P-tau (red), DAPI (blue). (G) Quantitative statistics of P-tau immunofluorescence staining in each group 
(n = 4). Results are presented as mean ± SD. (ns: no statistical difference, ****p < 0.0001, ***p < 0.001, **p < 0.01)
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all three groups of mice (Fig.  4B and C). Thioflavine S 
staining was utilized to further examine the effect of (CS/
SP)2-LP treatment on Aβ deposition in AD mice brains. 
Figure  4D shown the results from thioflavine S stain-
ing. Significant differences were observed between the 
hippocampus and cortex of APP/PS1 mice with higher 
levels of Aβ deposition. However, this alteration was 
reversed by (CS/SP)2-LP treatment, resulting in a sig-
nificant decrease in Aβ deposition in AD mice, which 
was closer to that observed in WT mice. Aβ, a primary 
component of amyloid plaques, was quantified using an 
Aβ1-42 kit to further elucidate the contribution of (CS/
SP)2-LP treatment in reducing the burden of Aβ in AD 
mice brain, as shown in Fig. 4E. The level of Aβ1-42 in the 
APP/PS1 group was significantly higher than that in the 
WT group. However, following treatment with (CS/SP)2-
LP, the level decreased from 2.537 µg/mL to 2.185 µg/mL 
in the brains of mice. Therefore, (CS/SP)2-LP treatment 
effectively reduced brain Aβ deposition in AD mice. The 
effect of (CS/SP)2-LP treatment on P-tau protein was 
assessed through immunofluorescence staining (Fig.  4F 
and Additional file 1: Fig. S4). The levels of P-tau in APP/
PS1 group were higher than those in WT group. How-
ever, in the AD+(CS/SP)2-LP group, the levels of P-tau 
decreased compared to the APP/PS1 group. Quantita-
tive analysis revealed that the fluorescence intensity of 
AD+(CS/SP)2-LP group was similar to that of WT group 
(Fig. 4G). Therefore, it could be concluded that (CS/SP)2-
LP treatment effectively reduced Aβ deposition and tau 
protein phosphorylation in the brains of AD mice.

Effects of (CS/SP)2-LP treatment on neuroinflammation 
and synaptic proteins in APP/PS1 mice
To investigate the neurotoxicity induced by the toxic Aβ 
and phosphorylated tau, the histological characteristics 
of (CS/SP)2-LP treated mice were evaluated by staining 
brain neuronal cells using Nissl and H&E staining [29]. 
As shown in 5 A and Additional file 1: Fig. S5, the results, 
revealed significant nuclear atrophy and neuronal dam-
age were observed in the hippocampal regions (CA1, 
CA3, DG) of AD mice, while no similar phenomena 
were observed in the WT group. In contrast, the neuro-
nal morphology of the brain was normalized in AD mice 
treated with (CS/SP)2-LP. The number of neurons in the 
cerebral cortex and hippocampus (CA1, CA3, DG) was 
quantitatively analyzed. It was found that the number of 
neurons in the cortical area had significantly increased. 
The H&E staining results showed that the neurons in the 
brains of mice in the WT group had a good morphology 
and clear cell structure. In contrast, the DG area of mice 
in the APP/PS1 group exhibited consolidation of neuro-
nal cells and a large number of basophilic neuronal cells. 
Treatment with (CS/SP)2-LP reversed this change, and 

restored the normal neuronal structure in mice brains 
(Additional file 1: Fig. S6).

A substantial body of evidence suggests that soluble 
oligomers of Aβ and tau have the ability to propagate in 
various brain regions, leading directly to synaptic dys-
function and loss. Furthermore, inflammatory cytokines 
derived from glial cell can promote synaptic and neu-
rotoxicity in AD [30]. PSD-95 serves as an indicator of 
synaptic plasticity, reflecting changes in synaptic plas-
ticity [31]. Immunohistochemical detection was utilized 
to evaluate PSD-95 expression. As shown in Fig. 5A, the 
expression of PSD-95 was significantly lower in APP/
PS1 mice compared to the WT group. In contrast, treat-
ment with (CS/SP)2-LP reversed the decrease in PSD-95 
expression within in the APP/PS1 group. Quantitative 
analysis of PSD-95 expression in cortical and hippocam-
pal regions revealed an increased positive area in the 
AD+(CS/SP)2-LP group when compared to the APP/
PS1 group (Additional file 1: Fig. S7). In summary, these 
findings demonstrate that (CS/SP)2-LP treatment amelio-
rated abnormal synaptic plasticity in AD mice.

Microglia and astrocytes are the two primary types of 
glial cells in the CNS. Increasing evidence suggested that 
glial cells were closely associated with cognitive deficits 
and AD pathophysiology. Once activated, they produce 
various inflammatory factors that are related to neuronal 
death and cognitive impairment in AD [32, 33]. Immu-
nofluorescence was used to detect the expression of ionic 
calcium-binding junction molecule-1 (Iba-1, microglia) 
and glial fibrillary acidic protein (GFAP, astrocytes). As 
shown in Fig. 5B and Additional file 1: Fig. S8-S9, microg-
lia and astrocytes were strongly activated in the brains of 
AD mice. In contrast, (CS/SP)2-LP significantly inhibited 
glial cell activation. The results of quantitative analysis 
showed similar findings (Fig. 5C and D). Glial cell activa-
tion promotes the excessive release of pro-inflammatory 
cytokines TNF-α and IL-1β. The pro-inflammatory cyto-
kine TNF-α can trigger the glycogen synthase kinase-3β 
(GSK-3β) signaling pathway, which is mainly responsible 
for Aβ production and related neuroinflammation in AD 
[34]. IL-1β produced by activated astrocytes and microg-
lia exacerbates tau pathology, increases Aβ deposition, 
impairs BBB integrity, and leads to synaptic dysfunc-
tion and neurotoxicity, causing neuroinflammation [35]. 
Immunofluorescence was used to analyze the expression 
of TNF-α and IL-1β in the brains of three groups of mice. 
As shown in Fig. 6A and Additional file 1: Fig. S10-S11, 
the overexpression of TNF-α and IL-1β in the brains of 
AD mice (red color) returned to normal levels after treat-
ment with (CS/SP)2-LP. These results indicated that (CS/
SP)2-LP effectively inhibited microglia and astrocyte acti-
vation while improving the neuroinflammatory response.
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Fig. 5  Effects of (CS/SP)2-LP treatment on neuroinflammation and synaptic proteins in APP/PS1 mice. (A) Brain tissue was stained with Nissl and H&E 
staining as well as PSD-95 immunofluorescence staining. Scale bar:200 μm. (B) Each group was stained with GFAP or Iba-1 immunofiurescence. (C-
D) Quantitative statistics of GFAP or Ibal-1 immunofluorescence staining in each group (n = 4). GFAP, Iba-1(red), DAPI (blue). Results are presented as 
mean ± SD. (ns: no statistical difference, ****p < 0.0001)
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Effect of (CS/SP)2-LP treatment on colonic barrier integrity
Studies have demonstrated a close relationship between 
intestinal inflammation and the development of AD 
pathology [36, 37]. To investigate the potential therapeu-
tic effects of (CS/SP)2-LP on AD, we employed Immu-
nofluorescence staining to detect the expression of tight 
junction-related proteins, ZO-1 and occludin, in the 
colon of mice. As shown in Fig.  6D and Additional file 
1: Fig. S12-S13, mice in the APP/PS1 group exhibited 
lower levels of ZO-1 and occludin expression compared 
to WT group mice. However, AD mice treated with (CS/
SP)2-LP showed increased expressions of both proteins 

compared to the APP/PS1 group. H&E staining results 
from cross-sections of colon tissue revealed that APP/
PS1 group mice had more severe damage to their colon 
mucosa and longer crypt lengths than those in the WT 
group. Nevertheless, after treatment with (CS/SP)2-LP, 
AD mice experienced alleviated damage to their colon 
mucosa (Additional file 1: Fig. S14). In conclusion, treat-
ment with (CS/SP)2-LP can repair the colonic barrier and 
relieve mucosal damage in AD mice.

Results are presented as mean ± SD. (ns: no statistical 
difference, ***p < 0.001, **p < 0.01, *p < 0.05).

Fig. 6  Results of immunofluorescence staining were obtained for the brain proinflammatory factors TNF-α and IL-1β, as well as for the colonic tight 
junction-associated proteins ZO-1 and occludin. (A) TNF-α, IL-1βimmunofluorescence staining of each group. Scale bar: 200 μm. TNF-α, IL-1β (red), DAPI 
(blue). (B-C) Quantitative statistics of TNF-α and IL-1β immunofluorescence staining in each group (n = 4). (D) ZO-1, Occludin immunofluorescence stain-
ing of each group. Scale bar: 200 μm. ZO-1, Occludin (red), DAPI (blue). (E-F) Quantitative statistics of ZO-1 and Occludin immunofluorescence staining 
in each group (n = 3)
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Effect of (CS/SP)2-LP treatment on the composition of 
intestinal flora in APP/PS1 mice
Gut dysbiosis may play a role in the pathogenesis of AD, 
affecting brain function and behavior through multiple 
pathways in the “microbe-gut-brain” axis. These pathways 
include increased Aβ, phosphorylation of tau protein, 
neuroinflammation, metabolic dysfunction, and chronic 
oxidative stress [38]. To investigate the effects of (CS/
SP)2-LP treatment on gut microbiota in APP/PS1 mice, 
colonic contents were collected from each group after 
drug administration. 16  S rDNA gene sequencing was 
performed to observe the impact of (CS/SP)2-LP on the 
gut microbiota in mice. The α-diversity index was used 
to evaluate microbial diversity. As shown in Fig. 7A, the 
Shannon index indicated that both the WT and AD+(CS/
SP)2-LP groups had higher community diversity. Further-
more, the AD+(CS/SP)2-LP group exhibited even greater 
α-diversity compared to the APP/PS1 group. These find-
ings suggested that (CS/SP)2-LP played a significant role 
in maintaining community diversity by increasing its 
own α-diversity as well as overall community richness 
when compared to APP/PS1 mice. Additionally, when 
comparing Simpson indices between groups, AD+(CS/
SP)2-LP showed a significantly higher value than those 
observed for APP/PS1 mice. β-Diversity primarily serves 
as an evaluation tool for assessing structural and compo-
sitional differences within gut microbiota populations. 
Biodiversity measures based on weighted UniFrac dis-
tances displayed distinct compositions of gut microbiota 
between (CS/SP)2-LP mice and mice in the APP/PS1 
group in principal coordinate analysis (PCoA) (Fig. 7B). 
The utilization of Venn diagrams facilitated the exami-
nation of gut-specific (Operational Taxonomic Units) 
OTUs in mice among different groups. The WT group, 
APP/PS1 group, and AD+(CS/SP)2-LP group had 150, 
151, and 176 specific OTUs respectively, with a total of 
159 OTUs across all three groups. Significant alterations 
in the composition of the gut microbiota were observed 
in the treatment group compared to the APP/PS1 group 
(Fig.  7C). Figure  7D illustrated the composition of the 
gut microbiota at the phylum level. The relative abun-
dance of representative gut microbial phyla in APP/PS1 
exhibited significant changes. Specifically, the relative 
abundance of microbiota representing gut microbiota 
in APP/PS1 group changed dramatically. The percent-
age of Firmicutes decreased significantly in the APP/PS1 
group and the percentage of Bacteroidetes increased sig-
nificantly in the APP/PS1 group, resulting in a decrease 
in the Firmicutes/ Bacteroidetes (F/B) ratio (Fig.  7E and 
G). However, after (CS/SP)2-LP treatment, the microbi-
ota changes in AD mice were reversed. The F/B ratio was 
usually considered to have a significant impact on the 
maintenance of intestinal homeostasis.

To identify specific bacterial taxa and compare the 
microbial composition of the different groups, the most 
abundant taxa at the genus level were identified using 
the ternary plot (Additional file 1: Fig. S15), and the cor-
responding statistical analysis was performed for sev-
eral representative genera (Additional file 1: Fig. S16). 
Results showed that (CS/SP)2-LP treatment significantly 
increased the abundance of Lachnospiraceae, Lactobacil-
lus, and HT002, while reducing the relative abundance 
of Helicobacter. The LEfSe method was used to examine 
changes in the gut microbiota composition among WT, 
APP/PS1, and AD+(CS/SP)2-LP groups to determine spe-
cific gut microbiota (LDA > 3) for each group. The (CS/
SP)2-LP treatment significantly affected 22 taxa, while 
only 17 dominant taxa were involved in APP/PS1 group. 
These results suggested that (CS/SP)2-LP modulates 
the structure of mice intestinal flora and contributes to 
improving ecological dysregulation of intestinal flora in 
AD mice (Fig. 7H and I).

SCFAs analysis
Research has demonstrated that the metabolite SCFAs 
produced by probiotics can prevent neuronal damage by 
inhibiting neuroinflammation. Additionally, SCFAs have 
the ability to modulate the CNS and influence memory 
and learning processes in the brain upon entering human 
circulation [39]. To elucidate the regulatory effects of 
(CS/SP)2-LP treatment on intestinal flora, we examined 
the content of SCFAs in colon fecal samples. The results 
revealed that acetic acid, propionic acid, and butyric acid 
were the most abundant contents in the colonic contents 
of the WT group (Fig.  7J). However, these SCFAs were 
decreased in the colons of mice in the APP/PS1 group. 
Specifically, compared to mice in the APP/PS1 group, 
mice in the WT group had 1.33 times higher acetic acid 
content. After (CS/SP)2-LP treatment, AD mice showed 
a significant increase of 16.6%, 17.8%, and 52.5% respec-
tively in acetic acid, propionic acid, and butyric acid con-
tent when compared with those in APP/PS1 group. These 
results suggested that (CS/SP)2-LP might have a thera-
peutic effect by increasing SCFAs levels.

Discussion
In this study, LP was encapsulated using LbL technology 
to enhance its survival, retention, and colonization in the 
gastrointestinal tract of mice. After 6 weeks of continu-
ous (CS/SP)2-LP treatment, using APP/PS1 transgenic 
mice as an AD mice model, spatial memory ability was 
improved. Aβ deposition and tau protein phosphory-
lation levels decreased in the brains of AD mice. Neu-
ronal damage was repaired, abnormal synaptic loss 
was improved, and the number of neurons in AD mice 
increased. Additionally, (CS/SP)2-LP treatment repaired 
the colonic barrier and alleviated colonic mucosal 
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Fig. 7  Effect of (CS/SP)2-LP treatment on the composition of intestinal microbiota in APP/PS1 mice. (A) The gut microbiota’s alpha diversity was analyzed 
using Shannon’s and Simpson’s analyses. (B) The PCoA plot illustrates the beta diversity in different groups based on weighted UniFrac analysis. (C) A Venn 
diagram was used to show the overlap between groups. (D) Relative abundance of 3 groups of intestinal flora at the Phylum level. (E) Relative abundances 
of Bacteroidetes. (F) Relative abundances of Firmicutes. (G) The ratio of Firmicutes to Bacteroidetes. (H) LDA scores were calculated for the differentially 
abundant bacterial taxa among the three groups. (I) The cladogram was generated through LEfSe analysis. (J) Concentrations of SCFAs (n = 7). Results are 
presented as mean ± SD. (ns: no statistical difference, ****p < 0.0001, *p < 0.05)
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damage in AD mice. Furthermore, (CS/SP)2-LP treat-
ment increased the abundance of Firmicutes and elevated 
the content of intestinal SCFAs in AD mice.

It is hypothesized that AD symptoms might be related 
to the gut microbiota composition.

Increasing evidence has shown that disturbances in the 
gut microbiota are involved in the pathogenesis of AD. 
Inflammation associated with microbiota imbalance may 
lead to leaky gut, resulting in symptoms such as disrup-
tion of intestinal barrier integrity and increased intestinal 
permeability [40, 41]. The increase in intestinal perme-
ability accompanied by intestinal bacteria, inflammatory 
microbial products (such as LPS), cytokine through the 
damaged barrier to enter the cycle, which causes systemic 
inflammation [42]. In addition, intestinal microorganisms 

are accompanied by changes in the permeability of BBB. 
This may cause LPS and some inflammatory factors to 
pass through the blood brain barrier into CNS and cause 
neuritis, neuron loss, neurotic damage, and eventually 
lead to AD [43, 44]. LPS reaches the CNS and activates 
astrocytes and microglia (increased Iba-1 and GFAP 
cells) by interacting with toll-like receptor 4 (TLR4) on 
the surface, thereby enhancing the expression of proin-
flammatory cytokines (TNF-α and IL-1β). Our results 
also showed that astrocytes and microglia were over-
activated in the brains of AD mice compared with nor-
mal mice, and the levels of TNF-α and IL-1β were also 
upregulated (Fig.  5-Fig.  6). The increase in the content 
of proinflammatory cytokines in the brain leads to neu-
roinflammation locally, ultimately leading to AD. SCFAs 

Fig. 8  Schematic diagram of the protective effects of (CS/SP)2-LP on AD mouse models through the GBA. In summary, (CS/SP)2-LP can significantly 
reduce the accumulation of Aβ in the brains of AD mice and significantly inhibit neuroinflammation and oxidative stress in the central nervous system 
of AD mice, indicating that (CS/SP)2-LP has certain neuroprotective effect. (CS/SP)2-LP treatment reshaped the intestinal microbiota of AD mice and 
enhanced the formation of microbial metabolite SCFAs. SCFAs enter the central nervous system through the BBB (blood-brain barrier), thereby reducing 
neuroinflammation in the brain by inhibiting the activation of the LPS-TLR4 signaling pathway in the central nervous system and inhibiting the excessive 
activation of astrocytes and microglia. and oxidative stress
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has been shown to enter the BBB via the bloodstream to 
directly affect its integrity [45]. Studies have shown that 
LP ingestion can upregulate intestinal SCFAs [46, 47]. 
The results of this study showed that treatment with (CS/
SP)2-LP increased the abundance of intestinal LP in AD 
mice, increased the content of SCFAs, and restored intes-
tinal permeability, thereby reducing brain Aβ burden, 
neuroinflammation, and neuronal damage. This may be 
because intestinal SCFAs can cross the blood-brain bar-
rier, affect the integrity of the blood-brain barrier, inhibit 
the activation of microglia and astrocytes, and reduce 
neuroinflammation and Aβ accumulation in the brain 
(Fig. 8).

In addition, this study also has certain limitations. For 
example, the specific regulatory mechanism of (CS/SP)2-
LP in this study to improve the cognition of AD mice and 
reduce the Aβ burden in the brain is still unclear, and the 
mechanism of SCFAs improving brain neuroinflamma-
tion needs to be further clarified. In addition, the adhe-
sion mechanism of LP in the intestinal mucosa also needs 
further study, in order to provide new ideas for the intes-
tinal treatment of probiotics.

Conclusion
In summary, the use of LbL encapsulation improved the 
survival rate and adhesion of LP in the intestine of AD 
mice, breaking the limitation of probiotic treatment to 
gastrointestinal damage and greatly improving the thera-
peutic effect of probiotics. After (CS/SP)2-LP treatment, 
the abundance of intestinal LP and the content of SCFAs 
in AD mice were greatly improved, and the intestinal 
microbiota returned to normal, and the brain neuroin-
flammation and Aβ burden were improved. In addition, 
our study showed that regulating the intestinal micro-
biota can improve cognitive impairment in AD patients. 
This study provides a new perspective for the treatment 
of AD.
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