Published on 26 February 2025. Downloaded on 1/23/2026 7:12:24 PM.

Nanoscale

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Nanoscale, 2025, 17, 8588

Received 13th November 2024,
Accepted 22nd February 2025

DOI: 10.1039/d4nr04753b

rsc.li/nanoscale

Anhui Province Key Laboratory of Advanced Catalytic Materials and Reaction
Engineering, School of Chemistry and Chemical Engineering, School of Food and
Biological Engineering, Hefei University of Technology, Hefei, 230009, China.

E-mail: songyh@hfut.edu.cn, changhong22@hfut.edu.cn, orangezi30940@163.com
tElectronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4nr04753b

1 These authors contributed equally to this work.

Yonghong Song

8588 | Nanoscale, 2025, 17, 8588-8598

Magnetically targeted delivery of probiotics for
controlled residence and accumulation in the
intestinet

Hanye Xing,I Xingyu Liu,I Ju Wang,* Tao Zhou, Xiangxiang Jin, Rui Qiu, Yang Lu,
Changhong Liu "2 * and Yonghong Song (= *

The effectiveness of orally delivered probiotics in treating gastrointestinal diseases is restricted by
inadequate gut retention. In this study, we present a magnetically controlled strategy for probiotic deliv-
ery, which enables controlled accumulation and residence of probiotics in the intestine. The magnetically
controlled probiotic is established by attaching amino-modified iron oxide (FesO4—NHz* NPs) to polydo-
pamine-coated Lacticaseibacillus rhamnosus GG (LGG@P) through electrostatic self-assembly and
named as LGG@P@FezO4. In a simulated gastrointestinal environment, LGG@P@FezO, maintains both
structural stability and probiotic viability. Furthermore, the LGG@P@FezO4 clusters can be easily manipu-
lated by an external magnetic field, inducing directional movement and aggregation. In vitro simulations
demonstrated significant accumulation and retention of LGG@P@FezO,4 under a magnetic field, with the
optical density (OD) value of the suspension decreasing from ~1.17 to ~0.29. In contrast, the OD value of
the suspension without a magnetic field remained at its original level (~1.15). In a mouse model with intra-
gastrically administered LGG@P@FezO,4, the group exposed to a magnet exhibited stronger gut fluor-
escence after 24 h. The magnetically controlled probiotic delivery strategy offers an easy manufacturing
and feasible method to enhance the effectiveness of probiotics in treating gastrointestinal diseases.

Introduction

Probiotics are active microorganisms that offer health benefits
to humans."™ They play a crucial role in enhancing nutrient
absorption by regulating mucosal and systemic immune func-
tions and balancing the gut microbiota.*”” These health-pro-
moting characteristics make probiotics promising for prevent-
ing and treating various gastrointestinal diseases.® ™" However,
challenges remain regarding the effectiveness of probiotics in
treating gastrointestinal diseases, specifically in two aspects:
(1) probiotics must withstand harsh gastrointestinal con-
ditions, such as stomach acid and bile, to reach the intestines
effectively.">"® (2) Constant peristalsis of the gastrointestinal
tract limits the colonization ability of probiotics in the intes-
tines and probiotics are rapidly cleared from the gastrointesti-
nal tract, which greatly reduces their bioavailability and thera-
peutic efficacy."®'® Surface functionalization of bacteria is
widely employed for protecting the probiotics and can act as a
barrier, protecting probiotics from harsh gastrointestinal
environments and  preserving  their  bioactivity.'®°
Consequently, enhancing probiotic retention in the gut is
essential to improve therapeutic efficacy.

Various drug delivery systems have been developed to
enhance probiotic retention in the gut,>’>* such as micro-
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device-based sustained release systems,”*> mucoadhesive

627 and targeted modifications.”®**° These delivery
31,32

systems,
systems effectively extend the gut retention time. However,
the scale-up is restricted by complex manufacturing processes
and high costs. Developing simple, low-cost, and adaptable
probiotic delivery systems is crucial for clinical applications.
The magnetic field is a 3D spatial field that is easy to generate
and manipulate, offering safety, speed, and precision.**”** The
magnetic field endows magnetically controlled systems with
attractive features, including controllability, safety, non-
contact operation, and rapid response, making it widely
explored for in vivo biomedical applications.**™*° For example,
magnetically controlled ferromagnetic soft robots can navigate
through narrow and tortuous vasculature,** and magnetically
driven capsules can perform targeted drug delivery and
sampling in the stomach or intestine.*” Additionally, magnetic
microswarms can enable active endovascular delivery under an
external magnetic field.** Therefore, introducing a magneti-
cally controlled probiotic delivery system is highly feasible for
achieving controlled residence and efficient accumulation in
the intestine.

In this study, we developed a magnetically controlled pro-
biotic delivery strategy based on electrostatic interactions
between electropositive magnetic nanoparticles and electrone-
gative probiotics. The magnetic probiotic was assembled by
polydopamine-modified  Lacticaseibacillus rhamnosus GG
(LGG@P) and amino-modified iron oxide (Fe;0,~NH;' NPs),
referred to as LGG@P@Fe;0, (Fig. 1a). After exposure to simu-
lated gastric fluid (SGF) and simulated intestinal fluid (SIF),
LGG@P@Fe;0, exhibited excellent bacterial viability due to
the protective polydopamine coating. Moreover, Fe;0, endows
LGG@P@Fe;0, with excellent magnetic properties, enabling it
to be attracted by an external magnetic field, leading to
enhanced and controlled gut retention after oral adminis-
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tration (Fig. 1b). In the in vitro simulation, LGG@P@Fe;0,4 was
effectively entrapped by an external magnet and remained
stable during 30 min of washing. Moreover, the manufacturing
process of LGG@P@Fe;0, is straightforward and of low cost.
Overall, the magnetically controlled probiotic delivery strategy
provides an effective, controllable, and versatile approach for
the treatment of gastrointestinal diseases, demonstrating high
feasibility for clinical applications.

Results and discussion
Preparation and characterization of Fe;0,~NH;* NPs

To prepare LGG@P@Fe;0,, firstly, positively charged Fe;O4-
NH;" NPs were prepared using a surface modification pro-
cedure using TEOS and APTES (Fig. 2a). The prepared Fe;0,
NPs had a spherical shape (Fig. S1at) with a narrow size distri-
bution (Fig. 2b). After the formation of a silica-coated shell,
Fe;0, NPs were functionalized using APTES to obtain Fe;O,—
NH;" NPs with unchanged morphology (Fig. S1bf). After the
successful modification, Fig. 2c shows a TEM image of Fe;0,—
NH," NPs with the Fe;O, core coated with the thin shell of
silica, which made the initially rough surface of the Fe;0, NPs
relatively smooth. Moreover, DLS analysis indicated that the
size of Fe;0,~NH;" NPs was close to that of uncoated Fe;0O,
NPs, meaning the modification would not impair their disper-
sity. In contrast to the negatively charged Fe;O, NPs with
~—35 mV, the Fe;0,~NH;" NPs exhibited a positive charge
with ~17 mV (Fig. 2e). Furthermore, Fourier transform infra-
red spectroscopy (FTIR) was used to investigate the successful
modification. In Fig. 2f, the peaks at 625 and 580 cm™' demon-
strated the presence of the Fe;O, NPs, and the existence of
APTES with characteristic amine groups (-NH;') was con-
firmed by the appearance of peaks at 954, 1065 and
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Fig. 1 (a) Schematic illustration of the preparation of LGG@P@FeszO,. (b) Schematic illustration of the magnetically targeted probiotic delivery
system and LGG@P@Fez0,4 controlled residence and efficient accumulation in the intestine.
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Fig. 2 (a) Schematic illustration of the preparation of FezO,~NH3;" NPs. The TEM images of (b) Fes04 NPs and (c) Fes04,—NH3z* NPs. (d) The hydro-
dynamic size distribution of Fez0,4 and FesO4—NHs" NPs. (e) Zeta potential values of Fez0, and Fez04—NHz" NPs. (f) The FTIR spectra of FesO4 and

FesO4—NH3z* NPs. (g) The XRD patterns of Fez0,4 and Fez0,—NHz* NPs.

1547 cm™*

Si and N-H stretching. The X-ray photoelectron spectroscopy
(XPS) (Fig. S21) analysis also demonstrated the successful
modification. As shown in the X-ray powder diffraction (XRD)
patterns (Fig. 2g), the Fe;O, phase existed in both samples,
and no other peaks were detected in the Fe;O0,~NH;" NPs,
showing that no crystallinity changes occurred during the
modification. Besides, EDS mapping (Fig. S31) showed the dis-
tribution and mass fraction (wt%) of O (~38 wt%), Fe
(~58 wt%), and Si (~4 wt%). These results demonstrated that
the surface modification successfully grafted the negatively
charged Fe;O, NPs to the positively charged Fe;0,~NH;" NPs.

, which were respectively assigned to the Si-O, Si-O-

Preparation and characterization of LGG@P

We synthesized LGG@P by a facile method of immersing LGG
in an aqueous alkaline solution of dopamine according to the
previous report.** The schematic illustration of LGG@P prepa-
ration is shown in Fig. 3a. Dopamine polymerization was
carried out in Tris-HCI (pH 8.5), generating a uniform coating
on the LGG surface. As shown in Fig. 3b, the color of the sus-
pension changed from milky white (LGG) to gray (LGG@P),
indicating the successful formation of a polydopamine
coating. TEM images revealed that, compared to LGG (Fig. 3c),
LGG@P (Fig. 3d) exhibited a thin polydopamine shell with
anchored nanoparticles. Meanwhile, the zeta potential was
measured to confirm the formation of the coating. As shown
in Fig. 3e, after modification with polydopamine, a significant
decrease in the zeta potential of LGG@P (from ~—7 mV to

8590 | Nanoscale, 2025, 17, 8588-8598

~—13 mV) was observed. Overall, the changes in suspension
color, TEM analysis, DLS analysis (Fig. S47) and zeta potential
measurements confirm successful surface modification, result-
ing in a protective layer and enhanced negative surface charge.

Preparation and characterization of LGG@P@Fe;0,

Subsequently, Fe;0,~NH;" NPs and LGG@P served as the posi-
tively and negatively charged building blocks in the prepa-
ration of LGG@P@Fe;0,. As shown in Fig. 4a, the electrostatic
interaction resulted in the assembly of Fe;0,-NH;" NPs and
LGG@P into LGG@P@Fe;0,4. As shown in Fig. 4b, the pres-
ence of Fe;O,~NH;" NPs was directly observed in optical
images, which showed a color change. To further observe the
structure of LGG@P@Fe;04, TEM images (Fig. 4c) revealed
that the Fe;0,~NH,;" NPs were anchored on the surface of
LGG@P with uniform distribution. We evaluated changes in
the zeta potential of Fe;O,~NH;" NPs, LGG@P, and
LGG@P@Fe;0,. As shown in Fig. 4d, the zeta potential of
Fe;0,-NH;* NPs was 17.3 mV and that of LGG@P was
—12.0 mV, while that of LGG@P®@Fe;0, was —8.0 mV after
being integrated into LGG@P and Fe;O,~NH;" NPs.
Furthermore, Fe;0,~-NH;" NPs endow LGG@P@Fe;0, with
excellent magnetic properties. Optical images in Fig. 4e
showed that LGG@P@Fe;0, particles were attracted by a
magnet. After magnetic attraction, the LGG@P@Fe;0, suspen-
sion changed colorless, indicating that LGG@P was enriched
together with iron oxide. These results confirmed that

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Schematic illustration of the preparation of LGG@P. (b) The optical images of LGG and LGG@P. (c) TEM image of LGG. (d) TEM image of

LGG@P. (e) The zeta potential of LGG and LGG@P.
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Fig. 4 (a) Schematic illustration of the preparation of LGG@P@Fez0O,. (b) The optical images of LGG@P and LGG@P@FezO,. (c) TEM image of
LGG@P@Fez0,. (d) The zeta potential of Fe;04,—NH3z*, LGG@P and LGG@P@Fez0,. (e)The optical images of the samples before and after manipu-

lation by a magnet.

LGG@P@Fe;0, was successfully prepared through electro-
static interactions.

In vitro environmental tolerance

LGG@P@Fe;0, is an oral live biotherapeutic design to
produce therapeutic effects in the intestines. During the deliv-
ery process, LGG@P@Fe;0, must withstand harsh stomach
fluids and maintain a stable structure in intestinal fluids. To
investigate the structural stability of LGG@P®@Fe;0, in harsh
environments, we conducted experiments with various solu-
tions. First, we exposed Fe;O0,~NH;' NPs, LGG@P, and
LGG@P@Fe;0, to various pH conditions and observed
changes in the zeta potential. As shown in Fig. 5a, the zeta
potential of Fe;0,~NH;" NPs increased as the pH decreased,
exhibiting a stronger positive charge. The zeta potential of
LGG@P increased at pH 2 but remained negative across all pH
levels tested (Fig. 5b). Moreover, Fe;0,~NH;* NPs and LGG@P

This journal is © The Royal Society of Chemistry 2025

still remained stable after 2 h of exposure (Fig. S5t). The
results demonstrated that Fe;0,-NH;* NPs and LGG@P
retained their charge properties under both strongly acidic
(pH 2.0) and neutral conditions. When exposed to various pH
conditions, Fig. 5c showed that LGG@P®@Fe;0, maintained
charge stability across these environments. Subsequently, we
evaluated the structural stability of LGG@P@Fe;0, in simu-
lated gastric fluid (SGF) and simulated intestinal fluid (SIF)
and the results are shown in Fig. 5d-g. The optical images of
LGG@P@Fe;0, exposed to SGF (Fig. 5d) and SIF (Fig. 5f) visu-
ally confirmed its superior structural stability in harsh
environments. As shown in Fig. 5e and g, TEM images revealed
that LGG@P@Fe;0, remained structurally intact after
exposure to SGF or SIF for 2 h. These results indicated that
LGG@P@Fe;0, has superior structural stability, allowing it to
withstand harsh gastric and intestinal conditions, thereby
enhancing its delivery efficacy.

Nanoscale, 2025, 17, 8588-8598 | 8591
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Fig. 6 (a) The growth curves of LGG, LGG@P, and LGG@P@Fe3O,4. (b) The bacterial counts of LGG, LGG@P, and LGG@P@FezO, after exposure to
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Probiotic activity has a significant impact on the effective-
ness of oral live biotherapeutics. To evaluate the viability of
LGG after polydopamine coating and Fe;O,~NH;' NP
adhesion, we measured the bacterial growth curves using
optical density (OD) experiments with LGG, LGG@P, and
LGG@P@Fe;0,4. As shown in Fig. 6a, LGG, LGG@P, and
LGG@P@Fe;0, exhibited similar growth curves, with no sig-
nificant differences in OD values at the same incubation
times. The impact of coating bacteria with polydopamine on
their viability and bioactivity was minimal. The results indi-
cated that polydopamine coating and Fe;O,~NH;' NP
adhesion had almost no effect on LGG viability. Furthermore,
we evaluated the survival of LGG@P@Fe;0, under harsh con-
ditions. The hydrogen ions present in gastric acid can modify
the surface permeability of probiotics, leading to cell death.*®
The presence of bile salts can break down lipids and ultimately
lead to probiotic death.*® Specifically, LGG, LGG@P, and
LGG@P@Fe;0, with bacterial counts of ~1 x 10° colony
forming units (CFU) were exposed to SGF and a bile salt solu-
tion. As shown in Fig. 6b, the bacterial count of LGG reached
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only ~1.5 x 10* CFU after 1 h of SGF exposure. In comparison,
the bacterial count remained high for LGG@P (~7.6 x 10°
CFU) and LGG@P@Fe;0, (~7.7 x 10° CFU). Compared with
LGG (~1.2 x 10° CFU), even after 2 h of exposure, LGG@P
(~8.1 x 10° CFU) and LGG@P@Fe;0, (~7.6 x 10°> CFU) still
exhibited high viability. As shown in Fig. 6c, LGG@P and
LGG@P@Fe;0, also exhibited significantly higher viability
than LGG after exposure to a bile salt solution. The survival of
LGG, LGG@P, and LGG@P®@Fe;0, in SGF and a bile salt solu-
tion was further investigated using the live/dead cell viability
assay. As shown in Fig. 6d, strong green fluorescence signals
were observed in the confocal fluorescence images of
untreated LGG, indicating an abundance of live bacteria. In
contrast, strong red and weak green fluorescence signals
appeared in the SGF-treated group, indicating that a large pro-
portion of LGG did not survive. Additionally, strong green and
weak red fluorescence signals were observed in the bile salt-
treated group, indicating that LGG had a high survival rate.
Notably, strong green fluorescence signals were observed in all
LGG@P and LGG@P@Fe;0, samples (Fig. 6e and f). These
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(a) The magnetically controlled movement process of LGG@P@FezO,4 under a magnetic field. The scale bar is 100 pm. (b) The controlled

aggregation of LGG@P@Fe;O,4 suspension in the presence or absence of a magnet. The scale bar is 2 cm. (c) The OD values of the LGG@P@FezO4
suspension with different treatments. (d) The magnetic aggregation process of LGG@P@FezO,4 under a magnet. The scale bar is 200 pm. (e) The con-
trolled retention of LGG@P@FesO,4. The scale bar is 2 cm. (f) Fluorescence imaging of intestines at 24 h post-gavage of LGG@P@FesO,.
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results indicated that the polydopamine coating provided
excellent protection, allowing LGG@P@Fe;O0, to achieve
higher survival rates than LGG, thereby enabling more live pro-
biotics to reach the intestines successfully.

Magnetically controlled motion behavior of LGG@P@Fe;0,

The magnetically controlled aggregation and retention of
LGG@P@Fe;0, were evaluated in vitro. Firstly, we investigated
whether the magnet had any effect on probiotic activity. As
shown in Fig. S6a,f the growth curves of LGG with and
without a magnet were similar. The bacterial counts of
LGG@P@Fe;0, under SGF with and without the magnet
exhibited similar quantities (Fig. S6bt). These results indi-
cated that the impact of the magnetic field on the bioactivity
of LGG and LGG@P@Fe;0, was minimal. Subsequently, an
optical microscope was employed to observe the movement of
LGG@P@Fe;0, in a liquid environment. As shown in Fig. 7a,
when the magnetic field intensity was 10 mT, the
LGG@P@Fe;0, cluster took 30 s to move to the opposite end,
with an approximate movement speed of 14.3 pm s~ %
Moreover, when the magnetic field intensity was increased to
15 mT, the movement speed rose to 28.1 pm s~ ', and the
cluster only required 15 s to cover the same distance. Their
observations indicated that LGG@P@Fe;0, can respond to an
external magnetic field, producing magnetic field intensity-
dependent motion behaviors. Subsequently, a microfluidic
device was used to mimic the intestine, and the retention
effect of LGG@P@Fe;0, under the magnetic field was evalu-
ated. As shown in Fig. 7b, in the absence of a magnetic field,
LGG@P@Fe;0, retention did not occur during circulation
flow for 30 min. In contrast, LGG@P@Fe;0, was attracted to
the magnet and the surface magnetic field intensity was about
20 mT (Fig. S71), showing obvious retention. Furthermore, we
measured the change in OD values (n = 3) of this process. As
shown in Fig. 7c, in the absence of a magnetic field, the OD
values did not almost change before (~1.17) and after (~1.15)
circulation flow. After being exposed to a magnet, the OD
values decreased significantly (from ~1.17 to ~0.29) (Fig. 7c).
As shown in Fig. 7d, the aggregation process of
LGG@P@Fe;0, was observed. At the original state,
LGG@P@Fe;0, particles were randomly dispersed in PBS.
When an external magnetic field was applied, LGG@P@Fe;0,
moved along the field direction and gradually formed large
aggregates. Their observations indicated that LGG@P@Fe;0,
can achieve controlled movement and aggregation under an
external magnet. We further investigated the magnetically con-
trolled retention stability of LGG@P@Fe;0, by washing with
PBS. As shown in Fig. 7e, the accumulation of LGG@P@Fe;0,
was retained even after washing for 30 min. The transmittance
of the PBS solution remained approximately the same before
and after washing (Fig. S87). After removing the magnet, the
accumulated LGG@P@Fe;0, quickly dispersed and was
flushed away by PBS. To assess the magnetically controlled
retention of LGG@P@Fe;0, in vivo, we employed IVIS
Spectrum imaging to monitor fluorescence signals
(LGG@P@Fe;0, modified with FITC) in the intestines of mice

8594 | Nanoscale, 2025, 17, 8588-8598
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after intragastric administration. Obviously, the intestines of
mice treated with a magnet maintained high fluorescence
intensity after 24 h, whereas almost no fluorescence signal was
detected in the group without a magnet (Fig. 7f), indicating
prolonged gut retention by magnetic targeting. These results
indicated that LGG@P®@Fe;0, possesses excellent magnetic
properties, enabling controlled aggregation and retention.

Conclusions

In this work, we reported a magnetically controlled oral thera-
peutic probiotic delivery system. The system was prepared by
the polydopamine-mediated surface modification of LGG
(LGG@P) and the surface of amino-functionalized Fe;O, nano-
particles (Fe;0,-NH;" NPs), denoted as LGG@P@Fe;0,. At
different pH levels, LGG@P®@Fe;0, exhibited excellent struc-
tural stability. Moreover, after being exposed to artificial
gastric juice and a bile salt solution, LGG@P®@Fe;0, exhibited
significantly higher activity than LGG. For the in vitro simu-
lation experiment, LGG@P®@Fe;0, demonstrated superior
magnetic responsiveness. Under an external magnetic field,
LGG@P@Fe;0, also demonstrated superior intestinal con-
trolled aggregation and retention compared to LGG. This mag-
netically controlled delivery system presents a controlled, uni-
versal, efficient, and user-friendly delivery strategy for oral live
biotherapeutics.

Experimental

Materials

Iron chloride hexahydrate (FeCl;6H,0), dopamine hydro-
chloride, tetraethyl orthosilicate (TEOS), and (3-aminopropyl)
triethoxysilane (APTES) were obtained from Aladdin Reagent
Co. Ltd. Sodium acetate anhydrous (NaAc, >99.0%), ethanol,
ethylene glycol (EG), and diethylene glycol (DEG) were pur-
chased from Sinopharm Chemical Reagent Co. Ltd. Polyacrylic
acid (PAA, MW = 1800 g mol™') was purchased from Sigma-
Aldrich Co. Ltd. 1 M Tris-HCl solution (pH 8.5) was purchased
from Sangon Biotech (Shanghai) Co. Ltd. 1x PBS (pH 7.4) was
purchased from Wuhan Servicebio Technology Co., Ltd. All
chemicals were used without any purification unless otherwise
specified.

Characterization

The morphologies of Fe;O, and Fe;O,~NH;" NPs were
observed under a scanning electron microscope (Zeiss Supra
40, Germany) and a transmission electron microscope (Hitachi
HT 7700). X-ray photoelectron spectroscopy (XPS) spectra were
recorded using a Thermo ESCALAB250Xi instrument. A Philips
X’ Pert PRO SUPER (Netherlands) was used to record the X-ray
diffraction patterns of the samples. The size and zeta potential
were measured by dynamic light scattering (DLS) using a
Malvern Zetasizer (Nano-ZS90, UK). The concentrations of
Fe;0, and Fe;O,~NH;' NPs were measured by inductively
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coupled plasma atomic emission spectroscopy (Optima 7300
DV).

Synthesis of Fe;0,-NH;" nanoparticles

Fe;04 NPs were synthesized according to the previous report.*”
Ethylene glycol (EG) and diethylene glycol (DEG) were added
to a beaker. Then FeCl;-6H,0 (1.08 g), PAA (0.1 g), and NaAc
(4.0 g) were dissolved in the above mixture. After stirring for
1 h, the solution was transferred into an autoclave and reacted
at 200 °C for 10 h. Fe;0, NPs were obtained via centrifugal sep-
aration. Subsequently, Fe;O, NPs (0.3 g) were dispersed uni-
formly in a mixture of ethanol (140 mL), DIW (30 mL), and
ammonia (3 mL) with sonication dispersion. 0.1 mL of TEOS
and 0.5 mL of APTES in ethanol (10 mL) were added to the
above solution at a 0.5 mL min~" rate and stirred for 2 h. Then
0.5 mL of APTES in ethanol was added to the mixture at the
same rate and the stirring was continued for an additional 6 h.
The mixture was then centrifuged, and the obtained Fe;O,-
NH;" NPs were stored in water.

Synthesis of LGG@P

To generate a complete polydopamine coating on the LGG
surface, a number of 1 x 10® CFU of LGG were gently stirred
with 0.8 mg mL™" dopamine in Tris-HCl (pH 8.5) for 30 min at
room temperature. The mixture was then centrifuged and
washed three times with PBS. The obtained LGG@P was stored
in the PBS solution at 4 °C.

Synthesis of LGG@P@Fe;0,

To prepare the LGG@P®@Fe;0, suspension, 500 pg of Fe;O0,-
NH;" NPs was added to 1 mL of the probiotic suspension con-
taining 1 x 10® CFU of LGG@P and shaken by vortex for
thorough mixing in a plastic tube. Then, the mixture was cen-
trifuged and washed three times with PBS. The obtained
LGG@P@Fe;0, was stored in the PBS solution at 4 °C.

The growth curve of coated probiotics

A De Man, Rogosa and Sharper (MRS) medium was sup-
plemented with 1 mL of LGG, LGG@P, and LGG@P@Fe;0,
and then incubated at 37 °C with shaking at 140 rpm. The OD
of the culture was measured at a wavelength of 600 nm every
2 h.

Resistance assay in vitro

The strains LGG, LGG@P, and LGG@P@Fe;0,, each contain-
ing 1 x 10® CFU, were reconstituted in 1 mL of SGF (pH 2.0) or
bile salt (0.3 mg mL™"). They were then incubated at 37 °C
with shaking at 140 rpm. At 1 h and 2 h time intervals, 100 puL
samples from each treatment were taken out and plated on the
solid MRS agar for colony counting which was performed after
an overnight incubation at 37 °C. Additionally, LGG was
stained using a Live & Dead Bacterial Staining Kit and
observed using confocal fluorescence images.
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In vitro magnetic drive

The magnetically controlled movement ability of
LGG@P@Fe;0, was evaluated and observed using an inverted
fluorescent microscope (Nikon ECLIPSE Ts2) equipped with a
Nikon Digital Sight 10 camera. The magnetic field intensities
were 10 and 15 mT.

To evaluate the magnetically controlled aggregation and
retention capacity of LGG@P@Fe;0,, a silicone tube was fabri-
cated into a microfluidic device. The peristaltic pump was
applied to simulate intestinal peristalsis. The magnet was

applied to generate the magnetic field.

In vivo magnetic targeting experiment

To evaluate the magnetically controlled aggregation and reten-
tion capacity of LGG@P@Fe;0, in vivo, LGG@P@Fe;0, was
modified by FITC. LGG@P@Fe;0,-FITC (~1 x 10° CFU, 300 pL
per mouse) was delivered to the stomach of mice by intragas-
tric administration. The mice were then divided into two
groups: an experimental group with a fixed magnet placed in
the abdomen and a control group that received no treatment.
After 24 h of administration, the mice were sacrificed and the
intestines were dissected out. Subsequently, the IVIS Spectrum
(PerkinElmer) was employed to detect the fluorescence signals
within the intestines. All animal experiments were performed
following the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health,
which were approved by the Institutional Animal Care and Use
Committee of Hefei University of Technology (No. HFUT
20250121001M).
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