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Microfluidic-derived montmorillonite composite
microparticles for oral codelivery of probiotic biofilm

and postbiotics

Zhonglin Fang, Xinyuan Yang, Luoran Shang*

Oral delivery of probiotics has shown promising effects in modulating the gut microbiota and treating ulcerative
colitis (UC). However, the therapeutic efficacy is restricted by gastrointestinal assaults, poor mucosal adhesion, and
single therapeutic modality. Here, we developed acid-resistant, gut-environment-responsive composite micropar-
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ticles based on microfluidic electrospray for the oral codelivery of probiotic [Lactobacillus acidophilus (LA)] biofilm
and postbiotics (indole-3-propionic acid). Montmorillonite was selected for supporting biofilm formation due to
its cation-exchange capability and clearly defined biosafety. The montmorillonite-LA biofilm was effectively pro-
tected by the microparticles and markedly improved the intestinal retention. Upon oral administration, the com-
posite microparticles notably alleviated colitis in mice, including reducing the inflammatory response, improving
intestinal barrier function, and modulating the gut microbiota. Consequently, the composite microparticles show
high potential for enhancing probiotic delivery efficacy and present a promising strategy for UC treatment.

INTRODUCTION

Oral delivery of probiotics represents a promising approach for treat-
ing ulcerative colitis (UC) by actively modulating host immunity, me-
tabolism, and gut microbiota composition (I1-3). However, hostile
gastrointestinal (GI) environments (e.g., gastric acid, bile salts, and
digestive enzymes) as well as inadequate mucosal adhesion result in
low survival rates and short retention time for oral probiotics (4, 5).
Current strategies to counter these effects involve surface coating or
chemical modification of probiotics to withstand harsh conditions and
enhance their interactions with the mucosal layer of intestinal epithe-
lial cells (6-8). Although elegant, the materials used for coating or
modification may undergo complex chemical syntheses, which could
potentially affect bacterial viability and in vivo safety. Further, a single
therapeutic mode of probiotics may be insufficient to restore the dis-
turbed flora owing to the complex and variable nature of gut micro-
biota and the diverse targets and mechanisms of UC (9, 10). Therefore,
a comprehensive platform with high biosafety and efficacy is required
for oral probiotic delivery.

In this study, a microfluidic-derived montmorillonite-based com-
posite delivery platform was proposed for UC treatment, as shown in
Fig. 1. Montmorillonite is typically extracted from natural bentonite
mines and is a commercially available over-the-counter drug with well-
demonstrated safety. Montmorillonite can support bacteria biofilm for-
mation because of its excellent cation-exchange capability. In acidic
culture media, montmorillonite surface becomes positively charged by
ion exchange and protonation, which is essential for enabling interac-
tions with certain negatively charged probiotics to form biofilms (11).
Although the formation of biofilms can enhance probiotic colonization,
the ability of biofilms in withstanding the harsh environment when tra-
versing through the GI tract during oral delivery is still limited. On the
other hand, microfluidic technique has been well established in fabri-
cating microparticles with tunable physicochemical properties specific
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to target environment features as drug delivery microcarriers (12, 13).
Moreover, by co-encapsulating multiple drugs or bioactive agents, syn-
thetic therapeutic performances can be achieved. It is thus conceived
that, by constructing pH-sensitive, intestinal-specific microparticles,
montmorillonite-probiotic biofilms together with other auxiliary agents
can be codelivered orally for UC treatment.

Here, we developed composite Ca-alginate (CA) microcarriers
by microfluidic electrospray for codelivery of montmorillonite-
Lactobacillus acidophilus (LA) biofilms (MLB) and indole-3-propionic
acid (IPA) to enhance UC treatment. LA was chosen because of its
ability to autonomously produce lactic acid during cultivation. CA
exhibits excellent biocompatibility and pH responsiveness; it re-
mains stable in the stomach and gradually swells and degrades in
the neutral to slightly alkaline environment of the intestine, result-
ing in controlled release of the contents (14, 15). IPA is a metabolic
byproduct produced by gut microbiota that offers several therapeu-
tic benefits. Postbiotics like IPA are bioactive compounds that can
exert beneficial effects on the host’s health, such as reducing inflam-
mation, combating oxidative stress, and repairing the intestinal bar-
rier. These effects help create a favorable colonization environment
for codelivered probiotics (16, 17). The experimental findings dem-
onstrated more robust mucoadhesive capacity of MLB compared to
LA. Furthermore, we confirmed that the MLB + IPA@CA mic-
roparticles effectively alleviate colonic inflammation, restore muco-
sal barrier function, and modulate the gut microbiota in a colitis
mouse model. Therefore, the MLB + IPA@CA microparticles
serve as highly effective platforms for oral probiotic delivery and
UC treatment.

RESULTS

Preparation and characterization of MLB@CA microparticles
To induce MLB formation, sterile montmorillonite particles were co-
cultured with LA in the logarithmic growth phase for 48 hours.
Montmorillonite that was not coincubated with LA was set as a con-
trol. Scanning electron microscopy (SEM) images showed no bacte-
ria in the control group (Fig. 2A). In contrast, montmorillonite
cocultured with LA displayed typical biofilms on its surface (Fig. 2B).
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Fig. 1. Schematic diagram showing the microfluidic-derived montmorillonite composite microparticles for codelivery of probiotic biofilms and postbiotics for
UC treatment. (A) Biofilm formation on montmorillonite. (B) Preparation of the montmorillonite composite microparticles by microfluidic electrospray. (C) Oral delivery
of the montmorillonite composite microparticles and their therapeutic mechanism in treating UC. Graphic created with BioRender.com.

Concanavalin A tetramethylrhodame conjugate (ConA) staining was
conducted to further verify the biofilm formation, as shown in Fig.
2C. Next, we determined whether montmorillonite switched its sur-
face charge in an acidic culture medium. We measured the zeta po-
tentials of montmorillonite under different pH conditions. The data
indicated that montmorillonite was negatively charged under a neu-
tral environment. However, it became positively charged at pH 5.1,
and its positive charge further intensified at pH 4.2 (fig. S1). Altera-
tion of the surface charge of montmorillonite initiates the adhesion
of LA, which is crucial for the formation of MLB.

Next, MLB@CA microparticles were fabricated using microfluidic
electrospray. In a typical experiment, the MLB was uniformly dis-
persed in an alginate solution and transferred into microfluidic chan-
nels, where droplets were formed under electrostatic forces and rapidly
solidified in a collection bath containing 2.0% CaCl,. Rapid cross-
linking between Ca®" and alginate effectively entrapped the MLB, re-
sulting in the formation of MLB@CA microparticles. The size of the
microparticles was precisely controlled by adjusting the flow rate and
applied voltage. The data demonstrated that microparticle size increased
with increasing flow rate and decreased with increasing voltage (fig. S2).

Fangetal., Sci. Adv. 11, eadt2131 (2025) 19 March 2025

We observed and statistically analyzed the morphology, size, and size
distribution of MLB@CA at a voltage of 6 kV and a flow rate of 4 ml/
hour. Under optical microscopy, the microparticles exhibited spherical
integrity, uniform size, and excellent monodispersity (Fig. 2D), with
particle sizes uniformly distributed around 300 pm (Fig. 2E). For com-
parison, CA microparticles without MLB were also fabricated at the
same voltage and flow rate, and their arrangement and morphology
were observed using optical microscopy and SEM (fig. S3). The surface
morphology of MLB@CA was further characterized using SEM (Fig.
2F). In addition, the encapsulated MLB was clearly identified through
the cross-sectional SEM observation of MLB@CA (fig. S4). Moreover,
the prestained MLB was found to be uniformly distributed within the
microparticles through two-dimensional (2D) and 3D confocal imag-
ing (Fig. 2G and fig. S5).

The Gl assault resistance and intestinal

adhesiveness of MLB@CA

Invasion by the gastric acid and bile salts poses a challenge for the oral
delivery of probiotics. As a pH-responsive drug delivery platform, the
MLB@CA microparticles remained stable in stimulated gastric fluid
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Fig. 2. Preparation and characterization of MLB and MLB@CA microparticles. (A, B, and F) SEM images of (A) montmorillonite, (B) MLB (white arrows indicate
the LA biofilm), and (F) MLB@CA. (C and G) Confocal images of (C) MLB and (G) MLB@CA microparticles. The biofilm on montmorillonite was stained with
4’ 6-diamidino-2-phenylindole (DAPI) and ConA. (D and E) (D) Optical image and (E) size distribution of MLB@CA microparticles. Scale bars, [(A) and (B)] 50 and 3 pm (mag-

nified view), (C) 150 pm, [(D) and (G)] 200 pm, and (F) 300 and 50 pm (magnified view).

(SGF, pH 1.2) and gradually swelled and degraded in stimulated in-
testinal fluid (SIE pH 6.8) (fig. S6). The protective effect of the mic-
roparticles was evaluated by testing the LA viability in SGF and SIF
[with bile salt (0.3 mg/ml)]. After 4 hours of incubation in SGE, the
bacterial survival rate in MLB@CA was 18.7%, whereas that in the
MLB and LA groups showed almost complete loss of viability. Simi-
larly, after 6 hours of incubation in SIF, the survival rate of LA in
MLB@CA was 22.3%, which was significantly higher than that of
MLB (10.3%) and LA (2.0%) groups (Fig. 3B). These results demon-
strated that the CA microparticles effectively protected the viability of
MLB. Furthermore, to assess the overall resistance within the GI
tract, MLB@CA was evaluated for growth ability following sequential
incubation in SGF (4 hours) and SIF (6 hours). The results showed
that bacteria in the LA and MLB groups were unable to recover nor-
mal growth after incubation, whereas that in the MLB@CA group
exhibited sustained growth in the culture medium (Fig. 3, C and D).
To investigate the mucosal adhesion of MLB, we evenly applied
LA and MLB [both labeled with Cy5-N-hydroxysuccinimide (NHS)
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ester] to the mucosal layer of fresh porcine large intestine segments
in vitro and incubated it for 1 hour. Fluorescence signals on the seg-
ments were visualized using an in vivo imaging system (IVIS) before
and after phosphate-buffered saline (PBS) rinsing (Fig. 3E). Quanti-
tative analysis indicated a significant reduction in the fluorescence
intensity of LA after rinsing, whereas there was no noticeable change
in the fluorescence intensity of MLB (Fig. 3F). Furthermore, in vivo
adhesion of MLB was assessed by administering LA, MLB, and
MLB@CA (all labeled with Cy5-NHS ester) to mice, followed by im-
aging the GI tract at predetermined time points. The IVIS images
demonstrated higher fluorescence intensity and longer intestinal
retention time in the MLB and MLB@CA groups (Fig. 3G). These
results indicate that MLB exhibits stronger mucosal adhesion and
prolonged intestinal retention than those of LA. We then quantified
the Lactobacillus numbers in the stomach, small intestine, cecum,
and colon at distinct time points following a single oral administra-
tion to comprehensively examine the adhesive properties of MLB
and the protective effects of the MLB@CA microparticles. The data
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Fig. 3. Enhanced resistance of MLB@CA microparticles against Gl environmental conditions and improved intestinal adhesion. (A and B) Bacterial viability in the
LA, MLB, and MLB@CA groups after incubation in (A) SGF and (B) SIF. h, hours. (C and D) The growth curve of (C) LA, (D) MLB, and MLB@CA after 4-hour incubation in SGF
and 6-hour incubation in SIF. “Control” represents unincubated (C) LA and (D) MLB. (E) IVIS images of porcine large intestine before and after rinsing. (F) Comparison of
fluorescence intensity before and after rinsing. (G) Intestinal distribution in mice at distinct time points after oral administration of LA, MLB, and MLB@CA at equivalent
amounts. (H to K) The amounts of Lactobacillus in different sites of Gl tract at [(H) and (1)] 4, (J) 48, and (K) 96 hours after oral administration of an equivalent amount of LA,
MLB, and MLB@CA. Data are presented as means + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.

revealed that the MLB@CA group had notably higher colony counts
compared to the other groups at the corresponding time points
(Fig. 3, H to K).

IPA concentration from 0.5 to 2.0 mg/ml led to an increase in IPA
loading from 1.03 to 3.55%, while maintaining the EE at approxi-
mately 80.0%. Considering the ease of dissolution, we selected 1.5 mg/
ml of IPA as the initial concentration for subsequent use. Next,

Encapsulation and release profile of IPA in MLB + IPA@CA

The above findings demonstrated the potential of orally delivered
MLB@CA as a therapeutic strategy for UC. Next, we integrated post-
biotic IPA into MLB@CA microparticles by co-encapsulating during
the microfluidic fabrication process (fig. S7). We first plotted the
standard curve of IPA based on known concentrations of IPA for
subsequent analysis (fig. S8). We then systematically investigated the
encapsulation efficiency (EE; %) and drug loading rate (DLR; %) of
IPA in MLB + IPA@CA. As shown in Fig. 4A, increasing the initial

Fangetal., Sci. Adv. 11, eadt2131 (2025) 19 March 2025

we studied the release kinetics of IPA. MLB + IPA@CA microparti-
cles were exposed to SGF and SIEF, respectively, to mimic IPA release
in the GI tract. IPA showed slow release (<25.0%) within the first
hour in SGF and achieving a cumulative release of (31.2 & 1.59)% for
over 10 hours. In contrast, a burst release (>50.0%) occurred in SIF
within 1 hour, totaling (79.2 + 2.54)% at 10 hours (Fig. 4B). We then
aimed to determine whether the presence of IPA affects LA vitality.
The growth and proliferation activity of LA were evaluated after co-
incubation with IPA for 4 hours. Growth curves, Cell Counting Kit-8
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Fig. 4. Loading and release properties of IPA and the effect of IPA on LA viability. (A) The EE and DLR of IPA in MLB + IPA@CA microparticles with different initial IPA
concentrations. (B) Release profile of IPA in SGF and SIF. (C to E) (C) The growth curve, (D) cell proliferation tested by CCK-8, and (E) colony counts of LA and LA + IPA after

incubating for 4 hours. Data are presented as means + SD (n = 3). h, hours.

(CCK-8) assays, and colony counting results indicated that IPA did
not significantly affect the vitality of LA (Fig. 4, C to E, and fig. S9).
We also investigated whether montmorillonite adsorbs IPA, poten-
tially reducing the free IPA concentration. Analysis of the superna-
tant absorbance following montmorillonite and IPA coincubation
revealed no significant decrease in IPA concentration, indicating that
the influence of montmorillonite on IPA concentration could be con-
sidered negligible (fig. S10).

In vitro and in vivo safety assessment

Before verifying the in vivo safety, we first assessed the material’s
safety at the cellular level. NIH 3T3 cells were exposed to the leachate
of montmorillonite + IPA@CA microparticles for 1 to 3 days. As
shown in fig. S11A, the cells maintained normal morphology and
exhibited healthy growth, indicating the microparticles’ low toxicity.
The CCK-8 assay further confirmed the normal proliferation of cells,
with no significant differences observed compared to the control
group (fig. S11B). To assess the biocompatibility of MLB + IPA@CA,
the microparticles were dispersed in a 1.0% carboxymethyl cellulose
(CMC) solution and orally administered to mice for 5 days (Fig. 5A).
CMC demonstrates excellent biocompatibility and biodegradability
(18, 19). The microparticles in the CMC solution can maintain their
structural integrity. Moreover, CMC facilitates the suspension of the
microparticles, thereby allowing for controlled dosing. Five days af-
ter administration, blood and vital organs were collected. Hemato-
logical analysis showed that mice treated with MLB + IPA@CA had
routine blood indices similar to those of healthy mice, as confirmed
by typical indices such as white blood cells, red blood cells, hemoglo-
bin, mean corpuscular volume, and platelets (Fig. 5B). We also eval-
uated various indicators based on serum samples. Biochemical tests
revealed no notable differences in the indicators of liver and kidney

Fangetal., Sci. Adv. 11, eadt2131 (2025) 19 March 2025

function between mice treated with MLB + IPA@CA and CMC,
confirming the absence of hepatorenal toxicity (fig. S12, B and C). In
addition, no significant reduction in body weight or colon length
was observed after treatment with MLB + IPA@CA (Fig. 5C and fig.
S12A). Hematoxylin and eosin (H&E) staining of vital organs and
tissues revealed normal morphology and structure in mice treated with
MLB + IPA@CA (Fig. 5D). These results indicate that MLB + IPA@CA
exhibits excellent biocompatibility.

Therapeutic role of MLB + IPA@CA in treating colitis

Next, we assessed the in vivo therapeutic effects of MLB + IPA@CA
in mice with dextran sulfate sodium (DSS)-induced colitis. The mice
were administered with CA, LA, MLB, MLB@CA, and MLB + IPA@
CA via oral gavage for five consecutive days, and samples of feces,
blood, and colon were obtained on day 12 for further examination, as
depicted in Fig. 6A. Throughout the modeling and dosing periods, we
monitored the daily changes in mouse body weight and evaluated the
disease activity index (DAI). Our data revealed that mice treated with
CMC consistently lost weight and exhibited increased DAI scores
without any signs of improvement. In contrast, the MLB + IPA@CA
group exhibited the most significant recovery (Fig. 6, B and C). Fur-
thermore, mice treated with CMC exhibited colon lengths approxi-
mately half of those in the healthy mice. The other treatment groups
displayed varying degrees of recovery, with the MLB + IPA@CA
group showing significantly greater colon length, approaching that of
healthy mice (Fig. 6, D and E). The levels of tissue damage and inflam-
mation in the colon were examined by H&E staining. The results
showed that the colonic epithelium was severely damaged in the
CMC-treated group, which was characterized by the loss of crypt-like
structures and extensive infiltration of lymphocytes and neutrophils.
In contrast, MLB + IPA@CA effectively reversed pathological injury
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Fig. 5. Biocompatibility of MLB + IPA@CA microparticles in mice. (A) Schemes of the experimental procedures. (B) Typical blood routine indices. (C) Weight changes
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presented as means + SD (n = 3).

of the colon (Fig. 6F). Collectively, these results indicate the superior-
ity of MLB + IPA@CA over the other treatments, highlighting the
comprehensive performance of MLB + IPA@CA and the synergistic
effects of MLB and IPA.

Considering the excellent therapeutic efficacy of MLB + IPA@CA,
we next aimed to elucidate its anti-colitis effects. First, serum
concentrations of inflammatory cytokines were quantified through
enzyme-linked immunosorbent assay (ELISA). Compared to the
CMC treatment group, the MLB + IPA@CA treatment group showed
significant reductions in proinflammatory cytokines such as tumor ne-
crosis factor-a, interleukin-6 (IL-6), and IL-1p, while anti-inflammatory
cytokines such as IL-10 and transforming growth factor-f§ were mark-
edly increased (Fig. 7A). We also examined the expression level of
myeloperoxidase (MPO) in colon using immunohistochemistry.
MPO is a common glycoprotein primarily secreted by neutrophils
and reflects the degree of inflammatory cell infiltration in tissues
(20). Our findings indicated that MLB 4+ IPA@CA effectively re-
duced the expression of MPO (fig. S13). Furthermore, we conducted
terminal deoxynucleotidyl transferase-mediated deoxyuridine tri-
phosphate nick end labeling staining of colon tissues to estimate the
apoptosis levels in colonic epithelial cells. As shown in fig. S14, the
CMC-treated group demonstrated substantial apoptosis of colonic

Fangetal., Sci. Adv. 11, eadt2131 (2025) 19 March 2025

epithelial cells, whereas the MLB + IPA@CA treatment group
showed the lowest number of apoptotic cells.

UC is also characterized by the deterioration of intestinal muco-
sal and physical barrier functions (21). Next, we explored the ef-
fects of MLB + IPA@CA on intestinal barrier function. Alcian
blue-periodate acid Schiff (AB-PAS) staining indicated that MLB +
IPA@CA treatment effectively restored the mucous layer, whereas
the mucus exhibited different degrees of disruption or irregular
distribution in other groups of DSS-treated mice (Fig. 7B). In addi-
tion, we examined the expression of the intestinal epithelial tight
junction proteins ZO-1 and Occludin-1, which are essential compo-
nents of the intestinal physical barrier. The immunofluorescence im-
ages demonstrated that the expression levels of both proteins in the
CMC-treated group were significantly down-regulated yet effective-
ly reversed by the MLB + IPA@CA treatment (Fig. 7C).

Modulation of the gut microbiota in colitis mice

Increasing evidence suggests that UC development is closely associ-
ated with changes in gut microbiota, such as reduced microbial diver-
sity, a decline in beneficial bacteria, and functional disruptions (22).
Therefore, we examined whether MLB + IPA@CA treatment could
effectively modulate the gut microbiota. Fecal samples collected on
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day 12 were analyzed by 16S ribosomal DNA (rDNA) sequencing.
We assessed the community richness and evenness of gut microbiota
by analyzing a-diversity indices including the Chaol, Shannon, and
Inverse-Simpson. The data revealed a significant decrease in the gut
microbiota richness and diversity in CMC-treated mice. Conversely,
the a-diversity indices were effectively restored after treatment with
MLB + IPA@CA (Fig. 8, A to C). f-Diversity analysis using UniFrac
distance-based principal coordinates analysis indicated that the mi-
crobiota profile of MLB + IPA@CA-treated mice was the most simi-
lar to that of healthy mice (Fig. 8D).

Subsequently, we examined the gut microbiota abundance at
different taxonomic levels. The relative abundances of the top 10
microbiota at the phylum level were calculated and shown in Fig.
8E. In general, an increased ratio of Bacteroidetes to Firmicutes re-
flects gut microbiota dysbiosis. Statistical analysis showed that the

Fangetal., Sci. Adv. 11, eadt2131 (2025) 19 March 2025

MLB + IPA@CA treatment effectively reduced the ratio of Bacteroidetes
to Firmicutes (Fig. 8F). Furthermore, we investigated the relative abun-
dances of the top 10 gut microbiota at the family level and conducted
the corresponding statistical analyses (Fig. 8G and fig. S15). The data
indicated that treatment with MLB + IPA@CA markedly enhanced the
relative abundance of Muribaculaceae, Lachnospiraceae, Lactobacillaceae,
and Prevotellaceae while reducing that of Bacteroidaceae and
Tannerellaceae. Previous studies have shown that Muribaculaceae
and Prevotellaceae exhibit protective effects against colitis (23, 24),
while Bacteroidaceae is positively associated with colitis (25, 26).
Lachnospiraceae are capable of generating short-chain fatty acids,
inhibiting the proliferation of pathogenic bacteria, and modulating
the host immune response (27). At the genus level, the relative
abundances of Lactobacillus, Roseburia, and Bifidobacterium were
significantly increased after treatment with MLB + IPA@CA (Fig. 8H
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Fig. 7. Inflammatory inhibition and intestinal barrier repair effects of MLB + IPA@CA. (A) The levels of inflammatory cytokines in serum samples, measured using
ELISA. (B) Typical images of AB-PAS staining of the colon. (C) Typical immunofluorescence staining images of tight junction proteins. Scale bars, (B and C) 200 pm. Data are

presented as means + SD (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001.

and fig. S16). Roseburia produces butyrate, which is essential for
maintaining the intestinal barrier integrity and preventing the prolifer-
ation and translocation of intestinal pathogens (28). Bifidobacterium
is renowned for its ability to enhance the expression of epithelial
tight junction proteins and protect the mucosal barrier (29). In addi-
tion, functional predictions based on Tax4Fun were used to further
analyze the alterations in functional genes (Fig. 8I). The results showed
that MLB + IPA@CA treatment effectively reversed the microbial
functional changes induced by DSS, making them most similar to
those observed in healthy mice. More specifically, MLB + IPA@
CA treatment decreased the microbiota associated with infection
and cancer development. A t test between the CMC and MLB +
IPA@CA groups further demonstrated significant differences in the
microbiota associated with disease infection, cancer development,
and other functions (fig. S17). Together, these results suggest that
MLB + IPA@CA can significantly alleviate the microbiota distur-
bance caused by DSS-induced colitis and bring it close to the level
of healthy mice.

DISCUSSION
In this research, we developed montmorillonite composite mic-
roparticles based on microfluidics for efficient delivery of probiotic

Fangetal., Sci. Adv. 11, eadt2131 (2025) 19 March 2025

biofilms and postbiotics. These microparticles assist in overcoming
GI assaults and respond to intestinal conditions for controlled re-
lease. Montmorillonite was used to support MLB formation owing
to its natural source, biosafety, and excellent ion-exchange capacity.
MLB greatly enhanced intestinal adhesion, thereby prolonging pro-
biotic retention. In addition, microfluidic-generated microparticles
act as codelivery vehicles, facilitating facile integration of IPA and
thus synergizing with MLB to combat colitis. Our study demon-
strated that the oral delivery of MLB + IPA@CA composite mic-
roparticles safely and effectively alleviated colitis, as well as reshaped
the gut microbiota in mice.

The effective oral delivery of probiotics hinges on protecting their
viability and optimizing their retention time within the GI tract. In
recent years, various surface modification strategies, e.g., the use of
lipid membranes, mucin, and polyphenols, have been extensively in-
vestigated to enhance probiotic delivery (4, 29, 30). However, whether
chemical modification of probiotics will compromise the functional-
ity and restrict the expansion of live microorganisms still needs fur-
ther investigation.

To avoid this challenge, we leveraged the ion-exchange properties
of montmorillonite under acidic conditions, which facilitates the
spontaneous formation of probiotic biofilms on its surface. These bio-
films consist of a 3D matrix of bacteria and extracellular polymeric
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substance (EPS), conferring enhanced stability. Furthermore, exo-
polysaccharides and bacterial surface proteins integral to the biofilm
structure affect the probiotic’s ability to adhere to intestinal tissues (31).

To further optimize the biofilm’s stability under gastric conditions
and enable controlled release in response to intestinal stimuli, we used a
microfluidic-based microencapsulation technology. By fine-tuning flow
rates and voltage parameters, we were able to achieve precise control over
droplet size, ensuring minimal variability in the produced microparti-
cles. This system also offers the flexibility to incorporate additional bio-
active molecules, such as postbiotics, which can act synergistically to
enhance the therapeutic efficacy. Given the mild preparation conditions
and the safety of the materials used, our microparticle delivery system has
demonstrated favorable safety profiles in both cellular level and murine
models. In vivo studies further corroborate that the microparticles ef-
fectively alleviate colitis symptoms in mice, restore intestinal barrier
function, and positively modulate the gut microbiome.

While montmorillonite may alleviate colitis-induced diarrhea, it
is not intended as a primary treatment for colitis. However, its thera-
peutic potential can be significantly enhanced when combined with
probiotics. Furthermore, the composite microparticles hold promise
for broader therapeutic applications beyond UC. Conditions such as
metabolic syndrome, obesity, and autoimmune diseases linked to
gut dysbiosis could potentially benefit from this delivery system. By
tailoring the formulation to include specific bioactive compounds
targeting the unique microbial imbalances associated with these dis-
orders, condition-specific therapeutic strategies can be developed.

Given the versatility of the microfluidic encapsulation technolo-
gy, we expect that more types of natural derived materials support-
ing probiotic biofilm formation can be developed. In addition,
future studies should focus on improving the long-term stability of
the formulation and ensuring that the probiotic viability is well pre-
served during storage.

MATERIALS AND METHODS

Materials

Montmorillonite was purchased from Simcere. IPA, calcium chloride
(CaCly), sodium alginate (Na-Alg), and sodium citrate were purchased
from Aladdin. CMC was purchased from Macklin. L. acidophilus
ATCC4356 was obtained from Biobw. De Man-Rogosa-Sharpe (MRS)
broth/agar and Lactobacillus selective agar were purchased from Hope
Bio. DAPI (4',6-diamidino-2-phenylindole) was purchased from
Beyotime Biotechnology. Con A was purchased from Thermo Fisher
Scientific. Cy5-NHS ester was obtained from Duofluor Inc. DSS was
purchased from Meilunbio.

Animals

All animal experiments were carried out following the Guidelines
for the Care and Use of Laboratory Animals of Fudan University and
approved by the Animal Ethics Committee of Fudan University (ap-
proval no. 202405FD0005). BALB/c mice (female, 8 weeks old) were
provided by Shanghai Lingchang Biotechnology Co. Ltd. (SCXK
2023-0003) and kept in specific pathogen-free environments.

Preparation and characterization of MLB

Montmorillonite was sieved through 400-mesh and 1000-mesh screens
to obtain particles of 10 to 30 pm, followed by ultraviolet irradiation for
1 hour for sterilization. LA was anaerobically cultured in MRS liquid
medium for 10 hours until reaching an optical density at 600 nm (ODgq)
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of 0.5. Subsequently, sterilized montmorillonite was added to the medi-
um and further cultured for 48 hours. MLB samples were isolated from
the culture medium by centrifugation (1000 rpm, 2 min), subsequently
washed with PBS, freeze-dried, and examined by SEM (ZEISS Sigma
300) under high vacuum environment. In addition, fluorescent staining
of biofilm was performed. The MLB samples were deposited onto glass
slides and dried in a 37°C incubator. Subsequently, the samples were im-
mersed in a 2.5% glutaraldehyde solution and fixed for 1 hour. The stain-
ing process involved incubation with ConA (555/580 nm) for 1 hour,
followed by incubation with DAPI (340/488 nm) for 20 min. Last, the
slides were sealed and imaged using confocal microscope (Leica SP8).

Count of bacteria on the montmorillonite

A certain amount of MLB was dispersed in sterile PBS. The bacteria
within the biofilm were extracted via low-power ultrasonication, and
the bacterial count of MLB was roughly calculated by spreading onto
the MRS agar plate and cultured for 48 hours for colony counting.

Preparation and characterization of MLB@CA microparticles
The microfluidic device for generating microparticles included a
glass capillary (outlet diameter: 180 pm) immobilized in a glass slide.
MLB [1.0 x 10® colony-forming units (CFUs)] was uniformly dis-
persed in a Na-Alg solution (1.5%, w/v). All solutions were injected
into the microfluidic channels via syringes. The microfluidic capil-
lary was positioned 8.0 cm above a collection reservoir and subjected
to a high static voltage (4 to 8 kV) to produce droplets. The collection
reservoir contains a CaCl, solution (2.0%, w/v), where droplets rap-
idly cross-linked into microparticles in the presence of Ca**. The
morphologies of MLB@CA microparticles were examined via opti-
cal microscopy, accompanied by particle size measurement. After
the microparticles underwent CO, critical point drying, they were
cut to reveal their cross sections, which were then examined by
SEM. In addition, MLB@CA microparticles were observed by confo-
cal laser scanning microscope (CLSM), and the MLB was prestained
with DAPI and ConA.

Resistance assessments in vitro

MLB@CA, MLB, and LA (1.0 x 10® CFUs) were resuspended in 2 ml
of SGF [(pH 1.2) 0.2 g NaCl and 0.32 g of pepsin per 1000 ml of
ddH,0] and 2 ml of SIF [(pH 6.8) with bile salts (0.3 mg/ml)]. At
designated intervals, MLB and LA suspensions were centrifugated,
resuspended, and plated onto MRS agar for colony counting. To as-
sess the viability of LA after GI transit, MLB@CA, MLB, and LA
(1.0 x 10% CFUs) were subjected to a 4-hour incubation in SGF and
subsequently a 6-hour incubation in SIE. The suspensions were then
transferred to MRS liquid medium, and the ODg value was recorded
every 2 hours to plot a growth curve. For MLB@CA microparticles,
degradation in a sodium citrate solution (0.06 M) was required before
the released MLB could be dispersed into MRS solid or liquid medium.

In vitro adhesion experiment

Fresh segments of porcine large intestines were uniformly cut to ex-
pose the mucosal layer. Both LA and MLB were labeled with Cy5-
NHS ester and evenly applied onto the intestinal segments, followed
by a 30-min incubation at 37°C with gentle rotation at 30 rpm. After
that, the intestinal segments were imaged using an IVIS, and fluo-
rescence signals were recorded. Subsequently, the segments under-
went three gentle washes with PBS, followed by reimaging with IVIS
to assess changes in fluorescence intensity before and after washing.
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Intestinal retention of MLB

A total of 27 mice (female, 8 weeks old) were randomly assigned
and orally administered with Cy5-NHS ester-labeled LA, MLB, and
MLB@CA (1.0 x 10* CFUs). The GI tissue was removed and imaged
using an IVIS at 2, 12, and 24 hours. Besides, the in vivo retention
after a single dose was explored. Another batch of 27 mice was also
evenly divided into three groups and orally administered with LA,
MLB, and MLB@CA (1.0 x 10° CFUs). The GI tissues including the
stomach, small intestine, cecum, and colon were harvested at 4, 48,
and 96 hours post-oral gavage, homogenized, and diluted with
PBS. Subsequently, the diluent (50 pl) was transferred to Lactobacilli
selective agar plates for colony counting.

Preparation of MLB + IPA@CA microparticles

The method for preparing MLB + IPA@CA is essentially identical to
that for preparing MLB@CA, except for adding IPA (1.5 mg/ml) to
the solution.

EE and DLR of IPA

The freeze-dried MLB + IPA@CA (20 mg) was transferred to a so-
dium citrate solution (0.06 M, 5 ml) and gently shaken at 37°C until
the microparticles were fully degraded. After centrifugation, 200 pl
of the supernatant was retrieved and appropriately diluted for mea-
suring IPA absorbance at 273 nm. The absorbance standard curve
was constructed on the basis of known concentrations of IPA. The
EE and DLR of IPA were calculated using the following formulas

EE= (Wencapsulated IPA/Wtotal IPA) % 100

DLR = (Wencapsulated IPA/Wmicroparticles) % 100

In vitro release characteristics of IPA

For the purpose of simulating the release profile of MLB + IPA@CA
microparticles in the GI tract, 20 mg of freeze-dried MLB 4+ IPA@CA
were immersed separately in 2 ml of SGF and SIF with gentle shaking
for 10 hours (37°C, 100 rpm). At specified time points, 200 pl of the
supernatant was retrieved for absorbance measurement and supple-
mented with 200 pl of fresh buffer. The cumulative release concentra-
tion of IPA was calculated by summing up each release amount, which
was calculated by measuring the absorbance at 273 nm.

Impact of IPA on LA viability

LA (1.0 x 10® CFUs) was coincubated with sterile PBS and IPA solu-
tion (1.5 mg/ml) for 4 hours, respectively. After centrifugation, bac-
terial pellets were collected for subsequent assay. For growth activity
testing, the pellets were resuspended in MRS liquid medium and
diluted to an initial ODggg of 0.1. Growth curves were generated by
measuring ODgqg at specified intervals. For colony counting, the
pellets washed with PBS were resuspended in MRS liquid medium,
and 50 pl of bacterial suspension was plated on MRS agar plates. For
CCK-8 assay, the pellets were resuspended to an ODggp of 0.3, and,
then, 10 pl of CCK-8 was introduced into 190 pl of the bacterial
suspension. The ODysq of the bacterial suspension was measured
hourly during incubation at 37°C.

Cytocompatibility assessment
The leachate of montmorillonite + IPA@CA microparticles was coin-
cubated with NIH 3T3 cells for 1 to 3 days, with cells cultured in normal
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3T3 cell medium as the control group. The cells were stained using the
Calcein-AM/propidium iodide-staining method and observed under
an inverted fluorescence microscope (MShot) to assess cell condition.
In addition, cell proliferation was evaluated using the CCK-8 assay.

Biosafety assessment

To evaluate the in vivo safety of MLB + IPA@CA, BALB/c mice (fe-
male, 8 weeks old) were orally administered with the microparticles
[containing 1.0 X 10® CFUs LA and IPA 20 mg/kg)] once daily for
5 days. Mice receiving 1.0% (w/v) CMC served as controls. The body
weight was monitored daily throughout the study. On the 5th day, blood
samples were collected to evaluate blood routine indices, liver function
indices, and kidney function indices. Colon lengths were measured
after removal. Major organs were collected for H&E staining.

Modeling and treatment of mice with colitis

Mice were randomly assigned, and all groups except for the healthy
one were fed with drinking water containing 3.0% DSS for 7 days to
induce colitis. The healthy group received CMC (1.0% w/v) treat-
ment, while the DSS-induced colitis groups were given CMC, CA,
LA (1.0 x 10° CFUs), MLB (1.0 X 10° CFUs LA), MLB@CA
(1.0 x 10° CFUs LA), or MLB + IPA@CA (1.0 X 10° CFUs LA and
20 mg/kg IPA) by oral gavage once daily for 5 days. Disease progres-
sion was monitored by assessing body weight changes and DAL On
the final day, 100 mg of fecal samples were taken from each mouse
for subsequent 16S rDNA sequencing and microbiota analysis.
Blood samples were collected for ELISA quantification of inflamma-
tory cytokines. Colon tissues were collected and promptly fixed for
subsequent sectioning and staining.

ELISA analysis

The whole blood was centrifuged to collect the serum samples, which
were then quantitatively analyzed for inflammatory cytokine concen-
trations using an ELISA kit (Thermo Fisher Scientific).

Histopathological analysis

Colon slices were H&E-stained following the manufacturer’s proto-
col. Then, the slices were observed under an optical microscope to
assess tissue morphology and infiltration of inflammatory cells.

MPO immunohistochemical staining

To assess MPO expression levels, antigen retrieval was performed on the
colon slices, followed by incubation with a primary anti-MPO antibody
and a secondary antibody conjugated with horseradish peroxidase.
Visualization was achieved using 3,3’-diaminobenzidine (Servicebio).

Assessment of intestinal barrier function

Colon slices were stained with AB-PAS according to the manual in-
struction. The distribution of mucus and glycoprotein in colon tissue
was observed under an optical microscope. For evaluation of physical
barrier function, colon slices were incubated with primary antibodies
against ZO-1 and Occludin-1, followed by appropriate secondary an-
tibodies as directed by the manufacturer’s guidelines. The distribu-
tion of both tight junction proteins was observed using fluorescence
microscopy.

16S rDNA sequencing and microbiota analysis
Total DNA was extracted from microbial cells in fecal samples fol-
lowing cell lysis. A 16S rDNA library targeting the V4 hypervariable
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region of bacterial 16S rDNA genes was constructed, and sequencing
was conducted on the basis of the Illumina NovaSeq platform (No-
vogene). Data analysis was then conducted.

Statistical analysis

Data are presented as means + SD. Significance was evaluated using
Student’s ¢ test or one-way analysis of variance (ANOVA), with P
value considered significant at < 0.05 (*P < 0.05, **P < 0.01,
*#%P < 0.001).

Supplementary Materials
This PDF file includes:
Figs.S1to S17
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