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Alternating magnetic field-responsive D
engineered probiotics for anxiety therapy via
gut-brain axis modulation
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Abstract

The discovery of the gut-brain axis demonstrated bidirectional regulation between the gut and the brain. The
gastrointestinal branches of the vagal nerve have been proven to directly modulate multiple functions of the
central nervous system (CNS), providing great opportunities to develop novel tools to remotely regulate CNS
function from the gut. Engineered bacteria, acting as oral live biotherapeutics, offer a durable and controllable way
of modulating neuronal function non-invasively and with low side effects. Here, we constructed an engineered
bacterium by genetically modifying Escherichia coli Nissle 1917 (EcN) with Fe;O, nanoparticles to release gamma-
aminobutyric acid (GABA) under the control of the alternating magnetic fields (AMF). Bioavailability, assessed by
survival rate in artificial gastric fluid, was further enhanced by encapsulating EcN with a poly-norepinephrine (NE)
layer, which protected the probiotics from environmental stress and improved their viability during oral delivery.
The oral administration of the EcN-GadABC@Fe-NE/AMF in restraint mice exhibited significant anxiolytic efficacy,
which was attenuated by the chemogenetic counteraction of vagal sensory inhibition. Immunohistochemistry
staining against c-fos showed reduced neuronal activation in both the nucleus of the solitary tract (NTS) and
locus coeruleus (LC) area in the restraint mice treated by the EcN-GadABC@Fe-NE/AMF. Furthermore, acting as

a probiotic, the EcN-GadABC@Fe-NE modulated gut microbiota homeostasis, additionally contributing to the
alleviation of anxiety-like behaviors. This approach opens up a novel revenue for developing remote and non-
invasive methods to modulate CNS function from the gut, and enhancing bacteriotherapy for mental disorders.
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Introduction

Anxiety disorders, characterized by excessive, persistent,
and unrealistic worry affect over 300 million individuals
per year [1]. Severe anxiety disorders can lead to suicide
attempts [2], which have serious consequences for indi-
viduals and society. Therefore, there is an urgent need
for treatment to address anxiety disorders. Patients with
anxiety disorders often display somatic and visceral sen-
sations, leading to dysfunctional body-brain interocep-
tion [3-5]. As a key body-brain axis in interoception, the
afferents of the vagus nerve, which compose 80% of the
vagus nerve [6], transmit signals from visceral organs
into the brain, positioning it as a potential target for ther-
apeutic intervention for anxiety disorders.

The intestinal microbiota acting through the neuro-
endocrine—immune pathways form the gut-brain axis,
which is closely associated with the development of anxi-
ety disorders [7]. The gastrointestinal innervating affer-
ents of the vagal nerve are the major and direct nerve
connections between the gut and the brain and have long
been recognized as the core of the gut-brain axis ( [6, 8]
— [9]). Despite its conventional role in conducting meal-
borne signals and feedback inhibition on food intake [10,
11], the gastrointestinal vagal afferents (GVA) are dem-
onstrated to be involved in modulating several higher
cerebral functions including mood and anxiety through
the nucleus of the solitary tract (NTS) [12-15]. Patho-
genic bacteria in rodents can induce anxiety-like behav-
iors, which are mediated via GVA [16, 17]. In addition,
vagus nerve stimulation elicits corticosterone release [18]

and subdiaphragmatic vagal deafferentation significantly
reduces innate anxiety-like behavior [19]. Further evi-
dence using designer receptors exclusively activated by
designer drugs (DREADD) demonstrated that inhibition
of the GVA exhibited pronounced anxiolytic effects [13],
positioning GVA inactivation as a potential approach for
alleviating anxiety-like behaviors. Gamma-aminobutyric
acid (GABA), a common inhibitory neurotransmitter,
can be produced by gut microbes. Moreover, the nerve
terminals of the GVA located at the submucosal layer of
the gastrointestinal tract express a significant amount
of GABA receptors [20], which introduces a new way to
regulate anxiety-like behaviors from the gut by bacteria-
mediated GVA inactivation.

The advantages of efficient targeted delivery in vivo,
continuous and stable production of bioactive factors, as
well as flexibility in design, have enabled the development
of engineered bacteria for targeted drug delivery against
various diseases, including cancer, intestinal inflamma-
tion, and metabolic diseases [21-23]. Subsequent modi-
fication of the engineered bacteria with nanomaterials
facilitated the development of multifunctional strains,
achieving precise spatiotemporal control and improved
bioavailability. For example, bacteria were engineered
for the synthesis of capsular polysaccharides and pro-
grammable encapsulation to evade immune attack and
increase bacterial bioavailability in the circulation and
translocation to the tumor sites [24]. In addition, Guo et
al. designed an engineered Lactobacillus casei (Se-fLac)
containing selenium dots to enhance the bacterium’s
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gastric acid resistance and intestinal adhesion when
orally administered [25]. Therefore, the versatility of
nanomaterial-modified engineered bacteria holds great
potential for neuromodulation of gastrointestinal inner-
vating vagal afferents.

Herein, we designed a nanomaterial-assisted engi-
neered bacteria system with controlled release of GABA
in response to the alternating magnetic field (AMF) stim-
ulation, for modulation of gastrointestinal innervating
vagal afferents to achieve anxiolytic effects and evaluated
its efficacy in a mouse model of anxiety (Fig. 1). The sys-
tem was constructed with three modules: the modified
Escherichia coli Nissle 1917 (EcN) with plasmid pBV220-
pRpL-GadABC to release GABA through temperature
control; coated Fe;O, nanoparticles onto the outer mem-
brane of the EcN to convert the magnetic signal into
the thermal signal to induce the controllable produc-
tion and release of GABA upon AMF stimulation; and
the poly-norepinephrine (poly-NE) layer to protect the
EcN against the environmental assaults and to enhance
its mucosal adhesion. The nanomaterial-assisted engi-
neered bacteria system (EcN-GadABC@Fe-NE) enables
the controlled release of GABA under AMF stimulation
and prolonged retention time of engineered bacteria in
the intestine. The biochemical characterization and func-
tional evaluation of the system were conducted, and the
mechanisms of action were explored. Using chemoge-
netic manipulation and immunohistochemistry stain-
ing, we found that the EcN-GadABC@Fe-NE could exert
anxiolytic effects through synergically inactivation of
NTS and LC area. At the same time, 16 S rRNA results
showed the restoration of gut microbiota dysbiosis by
oral administration of EcN-GadABC@Fe-NE in mice.
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The nanomaterial-assisted engineered bacteria system
proposed an effective and steerable way for gut-brain
axis modulation and a potential therapeutic strategy for
mood disorders.

Materials and methods

Materials

The main chemicals and biological material used in this
study are listed below: trypsin (Sigma-Aldrich), pepsin
(Thermo Fisher Scientific), bile salts (Sigma-Aldrich),
Norepinephrine (Sigma-Aldrich), kanamycin (Sigma-
Aldrich), Luria Broth (LB, Fisher Bioreagents), agar
(Fisher Bioreagents), FeCl;e6H,0O (Sigma-Aldrich),
FeCl,+4H,0O (Sigma-Aldrich), Cell Count Kit-8 (CCK-8,
Apexbio), 1-Ethyl-3(3-dimethylaminopropyl) carbodi-
imide (EDC, Energy Chemical), N-hydroxysuccinimide
(NHS, Energy Chemical), CGP35348 (Sigma-Aldrich).
Simulated gastric fluid (SGF) and simulated intesti-
nal fluid (SIF) were prepared as described in the United
States Pharmacopoeia. To prepare SGF, 2.0 g of NaCl and
3.2 g of pepsin were dissolved in 1 L of DI water, and the
pH was adjusted to 1.5 with HCI. The SGF was filtered by
a 0.22-pm membrane before usage. SIF was prepared by
dissolving 6.8 g of KH,PO, and 10 g of trypsin in 1 L of
DI water, and the pH was adjusted to 6.8 with NaOH. The
SIF was filtered by a 0.22-um membrane before usage.

Animals

Wild-type male C57BL/6 N mice (7 weeks, SPF, pur-
chased from SPF Beijing Biotechnology Co., Ltd.) were
used in this study. For the oral administration of micro-
bial preparations, mice were orally gavaged with 200 pl
of the engineered bacterial preparation containing
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Fig. 1 Schematic illustration of ECN-GadABC@Fe-NE mechanism for regulating anxiety-like behaviors via Gut-Brain Axis
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approximately 2x10° CFU EcN for 10 days. Addition-
ally, all the mice were immobilized in modified plastic
syringes for 2 h each day for 10 days to induce restraint
stress [26]. All procedures were performed under the
guidelines approved by the Institutional Animal Care and
Use Committees of Jinan Microecological Biomedicine
Shandong Laboratory.

Plasmid construction and bacteria engineering

The plasmid pBV220 enables the heat-induced expres-
sion of target genes when the temperature is raised to
42 °C. The genes encoding GABA synthesis and secre-
tion (gada, gadb, and gadc, Table S1) were inserted into
pBV220 and referred to as pBV220-GadABC (Fig. S1).
This recombinant expression vector was then introduced
into Escherichia coli Nissle 1917 (EcN), and the positive
colonies were selected using kanamycin (34 pg/mL). The
temperature-sensitive bacterium, referred to as EcN-
GadABC, was used for subsequent modification. At the
same time, the gene encoding green fluorescence protein
(GFP) was also inserted into pBV220 to produce pBV220-
GFP, and the visualized temperature-sensitive bacterium,
EcN-GFP, was used for subsequent experiments. The
primers used are listed in Table S2.

Assembly of bacteria with Fe;0, NPs

According to the previous research, 13.10 g of
FeCl;+6H,0 and 6.65 g of FeCl,+4H,0O were mixed in 80
mL of DI water. And the solution was stirred under nitro-
gen for 0.5 h and 45 mL of NH;+H,O was added dropwise
at 80°C. 7.5 g of citric acid in 15 mL of water was intro-
duced after the temperature rose to 95 ‘C and stirred for
90 min. The solution was dialyzed against water with a
dialysis bag (MWCO: 14 000 Da) to obtain a stable mag-
neto fluid. Next, the magnetic nanoparticle (MNP) was
modified with NH,-PEGy,,-NH, for the surface amina-
tion. Briefly, 75 mg NH,-PEG,,,-NH, was added to 0.5
mL MNP aqueous solution (15 mg/mL), then 8.63 mg
EDC and 9.8 mg NHS were added to the solution and
stirred with mechanical stirring at 25 ‘C for 3 h. The
morphology of MNP was observed using Transmission
Electron Microscopy (TEM).

NH,-MNPs were linked on the surface of bacteria by
amide condensation. Briefly, 1x 10'° bacteria cells were
dispersed in PBS solution, and 1 mL NH,-MNP (1 mg/
mL) was added into bacterial suspension with 1.15 mg
EDC and 1.3 mg NHS. After stirring for 3 h, the modi-
fied bacteria were separated by differential centrifugation
(3000 rpm, 5 min) and washed with PBS three times. The
morphology of EcN- Fe;O, was observed using TEM.

Encapsulation of EcN with the poly-NE layer
After washing EcN-Fe;O, cells three times with PBS, nor-
epinephrine (NE) solution (0.5 mg/mL) was added and
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incubated at a speed of 200 rpm for 3 h. After washing
with PBS three times to remove residual NE molecules,
the formed EcN-Fe;O,-NE cells were collected by cen-
trifugation (3000 rpm, 5 min). The NE layer formed on
the surface of bacteria was characterized by TEM. And
the size and zeta potential of EcN-Fe;O,-NE were deter-
mined by Dynamic light scattering (DLS).

External environment resistance assay for ECN-NE

The protective effects of the NE layer on EcN against sim-
ulated GI (gastrointestinal) conditions, including SGEF,
SIF, and bile salts (0.4%), were measured. Briefly, for the
SGF resistance assay, equal amounts of EcN, EcN-Fe;O,
and EcN-Fe;O,-NE were separately subjected to SGF
and incubated at 37 °C with a shaking speed of 225 rpm.
At predetermined time points, 50 uL of the sample was
taken, washed with PBS, and spread on LB agar plates in
sequential 10-fold dilutions. The colonies were counted
after 24 h of incubation at 37 °C. To test resistance against
SIF and bile salts, equal amounts of EcN, EcN-Fe;O, and
EcN-Fe;O0,-NE were separately subjected to SIF and bile
salts in the LB medium. At predetermined time points,
the samples were collected, washed with PBS, and then
resuspended in 100 pL of PBS. Next, 10 puL of CCK-8
solution was added, and the samples were incubated at
37 °C for 1 h. The OD,g, values were recorded to evaluate
the cell viability.

Evaluation of the adhesive effect of ECN-NE

EcN cells contained fluorescent reporter plasmid PAKgf-
pLux2 for IVIS imaging were used to monitor the distri-
bution of engineered bacteria in mice. Briefly, the plasmid
PAKgfpLux2 was electrotransformed into EcN, and the
positive colonies were selected using ampicillin (100 pg/
mL). To evaluate the adhesive effect of NE packaging on
the intestine, the EcN- PAKgfpLux2, EcN- PAKgfpLux2@
Fe, and EcN- PAKgfpLux2@Fe-NE (1 x 10° CFU, 100 pL)
were incubated with freshly collected mouse intestine in
PBS for 1 h and then imaged via IVIS after being washed
with PBS three times. And then, a total of 9 mice (male,
7 weeks) were randomly divided into three groups (n=3).
The EcN- PAKgfpLux2, EcN- PAKgfpLux2@Fe, and EcN-
PAKgfpLux2@Fe-NE (1x10° CFU, 200 uL) were orally
administered in mice. At 2, 8, and 24 h, the biolumines-
cence of mice was detected by IVIS. In addition, the gas-
trointestinal tract of mice was isolated and imaged after
24 h of receiving different EcN preparations.

Alternating magnetic field treatment

To measure the magnetocaloric effect of Fe;O,-EcN,
place the solution at the center of the induction coil to
expose it to an alternating magnetic field (AMF, 310 kHz,
16.8 kA/m). The temperature of the solution was mea-
sured using a fiber optic thermometer and an infrared
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thermal imager. For in vivo treatment using the AME,
mice were positioned at the center of the induction coil
to receive an AMF (310 kHz, 16.8 kA/m) for 60 min.
Whole-body infrared imaging of mice was performed
using an infrared thermal camera (Fluke Ti400U, USA)
under AMF treatment.

Functional validation of engineered bacteria in vivo

A total of 23 C57BL/6 N (male, 7 weeks) mice were used
in this experiment. Mice were orally gavaged with 200
puL of the engineered bacterial preparation containing
approximately 2 x 10° CFU EcN-GadABC@Fe-NE (EcN-
GABA treatment, # =8 mice) or ECN-GFP@Fe-NE (EcN-
GFP treatment, n=7 mice), and an equal amount of PBS
was served as control (CTL, n=8 mice) for 10 consecu-
tive days together with the AMF stimulation (310 kHz,
16.8 kA/m). The open field test (OFT), the elevated plus
maze (EPM) and the light-dark box (LDB) were used to
evaluate anxiety-like behavior.

Functional validation of gastrointestinal vagal afferent

A total of 20 C57BL/6 N mice (male, 7 weeks) were used
in this experiment. A total of 20 male C57BL/6 N mice
(7 weeks old) were used in this experiment. To assess the
involvement of gastrointestinal vagal afferents in medi-
ating the effects of EcN-GadABC@Fe-NE under AMF
stimulation, we employed a chemogenetic strategy using
Designer Receptors Exclusively Activated by Designer
Drugs (DREADDs) to counteract GABA-mediated inhi-
bition selectively. Mice were co-injected with two types
of viral vectors: A retrograde adeno-associated virus
(AAVrg) encoding Cre recombinase was injected into the
wall of the stomach and intestine (0.3 pL per site, 10-20
sites per mouse); A Cre-dependent excitatory DREADD
vector (AAV2/9-DIO-hM3D-mCherry, 0.5 pL) was
injected into the right nodose ganglion, where the somata
of gastrointestinal vagal sensory neurons reside. Upon
administration of clozapine-N-oxide (CNO, 1 mg/k), the
targeted vagal afferent neurons were selectively activated,
thereby counteracting the inhibitory effect of GABA pro-
duced by EcN-GadABC@Fe-NE under AMF exposure.
All mice underwent viral injections and were randomly
divided into three treatment groups: CTL group (gavage
of 200 uL PBS, n=7), EcN-GABA group (gavage of 200
pL  EcN-GadABC@Fe-NE, n=6), EcN-GABA+CNO
group (gavage of 200 uL EcN-GadABC@Fe-NE prepara-
tion plus CNO injection, n=7).

Open field test (OPT)

A single mouse was placed in the center of the OPT
chamber (60x60x50 cm), the region of which was
divided into nine equal parts. The mice were allowed to
move freely in the box for 3 min. The time spent in the
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center zone and total moving distance were calculated to
evaluate the anxiety level of mice.

Elevated plus maze (EPM)

A single mouse was placed in the center of the EPM
chamber (30x5x15 c¢cm) with its head facing the open
arm. The mouse’s movement in the EPM was recorded
for 3 min. The entry ratio and time spent in the open arm
were calculated to assess the anxiety level of the mice.

Light-Dark box (LDB)

The LDB box (44 x 21 x 21 cm) was divided into two equal
compartments (light chamber and dark chamber) by a
partition (1 ¢m) with a small aperture (5x7 cm) in the
center, allowing the mice to move freely between the light
and dark chambers. A single mouse was placed in the
dark chamber facing the end wall and allowed to move
freely in the box for 5 min. The latency to go to the light
chamber and residence time in each chamber were calcu-
lated to evaluate the anxiety level of the mice.

Intestinal microbiota analysis

After treating mice with engineered bacteria by gavage
for 10 days, feces were collected and immediately frozen
in liquid nitrogen, and intestinal microbiome analysis was
performed by 16 S rRNA sequencing analysis. Briefly,
the total DNA was extracted using the CTAB accord-
ing to manufacturer’s instructions, and the extracts were
measured on 1% agarose gel. The V3-V4 region of the
bacterial 16 S rRNA gene was amplified using the bar-
coded primer sets 338 F (5'-ACTCCTACGGGAGGCA
GCAG-3') and 806R (5-GGACTACHVGGGTWTC-
TAAT-3’). The PCR products were purified by AMPure
XT beads (Beckman Coulter Genomics, Danvers, MA,
USA) and quantified by Qubit (Invitrogen, USA). The
amplicon pools were prepared for sequencing and the
size and quantity of the amplicon library were assessed
on Agilent 2100 Bioanalyzer (Agilent, USA) and with
the Library Quantification Kit for Illumina (Kapa Bio-
sciences, Woburn, MA, USA), respectively. The libraries
were sequenced on Illumina NovaSeq PE250 platform at
LC-Biotechnology Co., Ltd (Hangzhou, China). Paired-
end reads were merged using FLASH. Quality filtering
on the raw reads was performed under specific filtering
conditions to obtain high-quality clean tags according
to the fqtrim (v0.94). Chimeric sequences were filtered
using Vsearch software (v2.3.4). After dereplication using
DADA?2, the feature table and feature sequence were
obtained.

Statistical analysis

Statistical analysis was conducted using GraphPad
Prism 10.1.2. The statistical significance was determined
using Student’s t-test and one-way ANOVA (analysis of
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variance) followed by Tukey’s least significant difference
multiple comparisons. The differences between experi-
mental and control groups were considered statistically
significant at the following p-values: n.s. (not significant)
p>0.05, *p<0.05, *p <0.01, ***p <0.001, ****p <0.0001.

Results

Construction and characterization of the thermal-sensitive
probiotic

To achieve temperature-actuated release of gamma-ami-
nobutyric acid (GABA), we modified the probiotic Esch-
erichia coli Nissle 1917 (EcN) to express the three crucial
genes gada/b/c involved in bacterial GABA production
under the control of temperature-responsive promoter
pRpL. The genes gada/b encode the glutamate decar-
boxylase, which catalyzes the conversion of glutamate
(Glu) to GABA, and the gene gadc encodes Glu-GABA
antagonistic transporter, which bidirectional transports
GABA and Glu (Fig. 2A). Regulated by the inhibitor CITs
protein, the pRpL promoter is inhibited at 37 °C and dis-
inhibited at 42 °C, leading to targeted gene transcription
(Fig. 2B). We first transfected the EcN with the plasmid
(pBV220-pRpL-GFP) containing green fluorescent pro-
tein (GFP) as the reporter gene to generate EcN-GFP.
The GEFP intensity increased with the increase of culture
temperature (Fig. 2C and D), and the ODj,-normalized
fluorescence of ECN-GFP elevated as the temperature of
the culture increased (Fig. 2E). These data confirmed the
time and temperature dependency of the EcN containing
plasmid pBV220-pRpL. Subsequently, plasmid pBV220-
pRpL-GadABC containing the genes gada, gadb and gadc
was transformed into EcN to obtain EcN-GadABC. Using
real-time PCR, we confirmed the expression levels of
genes gada, gadb and gadc in ECN-GadABC. The expres-
sion of three genes was significantly increased in EcN-
GadABC when the culture temperature rose from 37°C
to 42°C, while the expression levels remained unchanged
in wild-type EcN (Fig. 2F). In addition, we found that the
concentration of GABA produced by EcN-GadABC was
significantly higher than that of wild-type EcN after cul-
turing at 42 ‘C for 1 h and 2 h (Fig. 2G). Together, these
results indicated that the engineered probiotic ECN-Gad-
ABC was capable of releasing GABA under temperature
control.

Assembly of the thermal switch to the EcN-GadABC

To acquire accurate temporal control of tempera-
ture, NH,-Fe,O, nanoparticles (NPs) were assembled
to the surface of EcN-GadABC as the thermal switch
through amide condensation reaction. The amino
group of NH,-Fe,O, reacts with the carboxyl group
of N-acetyl muramic acid located at the outer mem-
brane of the bacterial cell wall under the catalyzation
of EDC and NHS (Fig. 3A). Transmission electron
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microscopy (TEM) images showed that Fe;O, was
successfully anchored to the surface of the bacteria
and formed EcN-GadABC@Fe;O, (EcN-GadABC@
Fe) (Fig. 3B). The temperature of the EcN-GadABC@
Fe suspension was significantly elevated by 5-7 C
upon the AMF stimulation (310 kHz and 16.8 kA/m)
(Fig. 3C and D), which confirmed the magneto-thermal
converting capacity of EcN-GadABC@Fe. Meanwhile,
the temperature change of the EcN-GadABC@Fe sus-
pension remained stable during the six cycles of AMF
stimulation and cooling at room temperature (Fig. 3E),
suggesting the stability of the magnetic-thermal con-
version. Using the reporter EcN (EcN-GFP@Fe), we
further confirmed that AMF stimulation induced a sig-
nificant increase in fluorescent intensity after 60 min
(Fig. 3F, G). And the concentration of GABA produced
by EcN-GadABC@Fe was significantly higher after 1 h
with AMF stimulation (Fig. 3H). In addition, whole-
body infrared imaging revealed that the temperature
of the intestine was elevated with AMF stimulation
(Fig. 3I). These results together proved that the Fe;O,
NPs on the engineered probiotic were able to receive
and convert magnetic signals to thermal signals stably,
thereby acting as an efficient thermal switch.

Encapsulation of protective and adhesive layer to EcN-
GadABC@Fe

The harsh environmental conditions in the GI tract pre-
vent colonization and prolonged survival of exogenous
probiotics [27, 28]. Poly-norepinephrine (poly-NE) is
the oxidative polymerization of norepinephrine, which
forms a nearly perfect smooth surface and is capable of
storing and releasing small therapeutics [29]. We then
encapsulated the EcN-GadABC@Fe with poly-NE to
obtain EcN-GadABC@Fe-NE (Fig. 4A). The TEM image
clearly showed the smooth and transparent layer of the
poly-NE coating (Fig. 4B). The size of the EcN increased
from 1231 nm to 1576 nm, and the zeta potential rose
from -24.7 MV to -11.9 MV (Fig. 4C) after encapsula-
tion, indicating the presence of poly-NE layer on the sur-
face of EcN. The assembly of Fe;O, and poly-NE layers
on the surface of EcN did not adversely affect its growth
(Fig. 4D). Next, we examined whether the poly-NE layer
could protect the EcN against gastric-environmental
assaults. When treated with simulated gastric fluid (SGF)
to mimic the acidic gastric environment in the stomach,
the viability of EcN-GadABC@Fe-NE was significantly
higher than that of EcN-GadABC and EcN-GadABC@
Fe after 0.5, 1 and 2 h of incubation (Fig. 4E). The EcN-
GadABC@Fe-NE also showed a higher survival rate
when subjected to simulated intestinal fluid (SIF) and bile
salt (Fig. 4F and G). These results together confirmed the
application of poly-NE as a protective coating layer for
orally administered probiotics.
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pRpL promoter responding to temperature changes in EcN. (C) Fluorescent images of ECN-GFP with the temperature rise. Scale bar, 10 um. (D) Percent-
age of fluorescent cells after being cultured at 37 °C, 39 °C, and 42 °C for 30 and 60 min. (E) Optical density (ODgy)-normalized fluorescence of ECN-GFP
cultured at 37 °C, 39 °C, and 42 °C for 60 min. (F) Relative gene expression of gadA, gadB, and gadC in EcN-GadABC and wildtype EcN cultured under 37°C
and 42°C. (G) The concentration of GABA in the supernatant in wildtype EcN and EcN-GadABC cultured at 42°C. Data are presented as means+ SEM
(n=3). Statistical analysis was performed using t-test. *p <0.05, *p <0.01, ***p <0.001

We monitored the distribution of engineered bacte-
ria through bioluminescence signals via IVIS to further
investigate whether the poly-NE coating can increase the
mucosal adhesion and prolong the survival of the engi-
neered probiotics. As shown in Fig. 4H and G, the fluo-
rescence intensity of collected mouse intestines with the
EcN@Fe-NE was much higher than that with EcN and
EcN@Fe, demonstrating the improved adhesive capabil-
ity of the EcN to the intestinal mucosa. Because of the
robust mucoadhesive capability of the NE layer observed

ex vivo, we next examined the intestinal retention time
of EcN, EcN@ EcN@Fe, and EcN@Fe-NE in vivo. As
shown in Fig. 4] and K, the EcN@Fe-NE exhibited pro-
longed retention time in the intestine of host mice when
compared to the EcN and EcN@Fe. The bioluminescence
intensity of the EcN@Fe-NE group was significantly
higher than that of the EcN and EcN@Fe groups at 8 h
and 24 h as evidenced by a slower rate of bioluminescent
signal decay in the EcN@Fe-NE group. After 24 h, the
mice were euthanized, and the intestines were collected
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concentrations of Fe;0, assembled to bacteria under AMF stimulation. (D

for 12 min. (E) The temperature changes of EcN@Fe solutions during six ¢
EcN-GFP@Fe under AMF stimulation for 30 and 60 min. Scale bar, 10 um. (

) Infrared images of EcN solution and EcN@Fe solution under AMF stimulation
ycles of AMF stimulation and natural cooling-down. (F) Fluorescent images of
G) Percentage of fluorescent cells after being treated with AMF stimulation for

30 and 60 min. (H) The concentration of GABA secreted by EcN-GadABC@Fe with or without AMF stimulation. (I) Infrared imaging of mice treated with
EcN-GadABC@Fe/AMF. Data are presented as means+ SEM (n=3). Statistical analysis was performed using t-test. *p <0.05, **p <0.01, ***p <0.001

for ex vivo IVIS imaging. As shown in 4 L and 4 M, the
bioluminescence intensity of EcN@Fe-NE was signifi-
cantly higher than that of the EcN and EcN@Fe groups,
respectively, which demonstrated the enhanced muco-
adhesive capability of bacteria endowed by the NE layer
coating.

Alleviation of anxiety-like behaviors by EcN-Gadabc@
Fe-NE

To verify the effects of EcN-GadABC@Fe-NE in reliev-
ing anxiety-like behaviors in vivo, we gavaged the mice
with EcN-GadABC@Fe-NE, EcN-GFP@Fe-NE, and
an equal amount of PBS for 10 days together with the
AMEF stimulation (Fig. 5A). In the open field test (OFT),
the mice treated with the EcN-GadABC@Fe-NE/AMF

(EcN-GABA group) exhibited a trend of increase in
time spent in the center zone when compared with mice
treated with the EcN-GFP@Fe-NE/AMF (EcN-GFP
group) (Fig. 5B), indicating that the engineered probiot-
ics prevented the open-field-induced anxiety. In the EPM
test, the ECN-GABA mice showed a significant increase
in the time spent in the open arm compared with that of
the other two groups (Fig. 5C), further confirming the
anxiolytic effects of the engineered probiotics on height-
induced anxiety. Moreover, when tested in LDB, the EcN-
GABA mice also showed shorter latency in the dark box,
increased entry numbers of the light box and longer stay
in the light box compared with EcN-GFP mice (Fig. 5D).
Besides, the concentration of GABA in the serum of
mice treated with EcN-GadABC@Fe-NE/AMF was
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Fig. 4 Assembly of the protective and adhesive layer to the ECN-GadABC@Fe. (A) The schematic diagram of the poly-NE assembly process and func-
tion. (B) TEM images of EcN and EcN@Fe-NE. Scale bar, 0.5 um. (C) The sizes and zeta potentials of EcN, EcN@Fe, and EcN@Fe-NE. (D) The growth curve
of EcN, EcN@Fe, and EcN@Fe-NE. (E-G) Survival of EcN, EcN@Fe, and EcN@Fe-NE after exposure to the SGF, SIF, and bile salt. CFU, colony forming units.
(H) Bioluminescence images of ex vivo intestines after incubation with EcN (@), EcN@Fe (@), and EcN@Fe-NE (®). (I) Region-of-interest analysis of fluo-
rescence intensities of the intestines. (J) Bioluminescence images of the mice orally gavaged with EcN, EcN@Fe, and EcN@Fe-NE at different time points.
(K) Region-of-interest analysis of bioluminescence intensities of the mice orally gavaged with EcN, EcN@Fe, and EcN@Fe-NE at different time points. (L)
Bioluminescence images of mice Gl tracts after orally gavaged with EcN (@), EcN@Fe (®), and EcN@Fe-NE (®) for 24 h. (M) Region-of-interest analysis of
bioluminescence intensities of the Gl tracts after orally gavaged with EcN, EcN@Fe, and EcN@Fe-NE for 24 h. Data are presented as means +SEM (n=3).

Statistical analysis was performed using one-way ANOVA. *p <0.05, **p < 0.01, *** p < 0.001

significantly higher than that without AMF treatment
(Fig. S2). These results showed that the EcN-GadABC@
Fe-NE together with AMF stimulation exhibited general
and significant anxiolytic efficacy in the mouse model of
acute anxiety.

In correlation with the behavioral observations, we
also examined the changes in the activity of brain regions
that are closely involved in regulating anxiety-like behav-
iors. We noticed that the activation of NTS regions was
indeed inhibited by the ECN-GABA treatment in com-
parison with that of mice in the ECN-GFP group (Fig. 5E).
More importantly, a significant reduction in the activity
of the LC region, particularly the NE neurons in the LC
was observed in the ECN-GABA mice (Fig. 5F), suggest-
ing an inhibition of the anxiogenic hub area. In addition,
we also observed general activity changes in multiple
brain regions involved in modulating mood and anxiety,
including the central amygdala, the lateral habenula, and
the infralimbic cortex, etc. (Fig. S3).

Anxiolytic effects through inhibiting Gastrointestinal vagal
afferent

The neurotransmitter GABA crosses the blood-brain
barrier in minuscule amounts [30, 31], therefore, GABA
released in the gut is more likely to influence brain func-
tion through indirect pathways. As shown in Fig. 6A and
B, the chemogenetic counteraction of vagal sensory inhi-
bition successfully attenuated the anxiolytic effects of
EcN-GadABC@Fe-NE/AMF treatment, reducing both
the time spent in the center in the OFT (Fig. 6C) and
the time spent in the open arm in the EPM (Fig. 6D).
Similarly, compared to mice that were treated with EcN-
GadABC@Fe-NE/AMF and saline, counteracting vagal
inhibition significantly reduced the number of entries
and the time spent in the light box, indicating the block-
ade of anxiolytic effects of EcN-GadABC@Fe-NE/AMF
treatment (Fig. 6E). Since the GABA receptors (gabbr1/2)
are highly expressed at the terminal of vagal sensory neu-
rons innervating the stomach and intestine [20], a selec-
tive GABAj, receptor antagonist CGP35348 was used by
oral gavage to test whether the released GABA by the
EcN exert anxiolytic effects through the vagal sensory
input. Pretreatment of the CGP35348 partially attenu-
ated the anxiolytic effects of GABA (Fig. S4), indicating
a GABAj receptor-mediated mechanism. These results

together suggested that the anxiolytic effects of EcN-
GadABC@Fe-NE/AMF were largely mediated through
inactivation of the gastrointestinal vagal afferents.

Modulation of gut microbiota by EcN-GadABC@Fe-NE
Since probiotics can modulate gut microbiota and exert
beneficial effects on the host, we analyzed the diversity
and composition of the gut microbiota of EcN-Gad-
ABC@Fe-NE /AMF treated mice. The Shannon, ACE
and Pielou indexes were analyzed to assess the a diver-
sity of gut microbiota, and the results indicated that the
EcN-GadABC@Fe-NE/AMF treatment would restore the
reduction in the diversity of gut microbiota in the EcN-
GFP@Fe-NE/AMF treated mice (Fig. 7A). At the same
time, the B diversity of microbial communities in the
gut under different treatments was analyzed, and PCA
revealed that the first two axes explained 90.49% of the
variance between samples (Fig. 7B), indicating that the
bacterial community structure was significantly shaped
by foreign bacterium (Adonis, p <0.05).

All ASVs were annotated from the phylum to the genus
level. The dominant genera in the three treatments are
presented in Fig. 7C. The gavage of EcN, regardless of
EcN-GadABC@Fe-NE or EcN-GFP@Fe-NE, significantly
changed the composition of gut microbiota in mice.
Specifically, the relative abundances of Ligilactobacillus
and Lactobacillus in the ECN gavage treatment group
increased and became the dominant genera, which were
significantly more abundant than that in the CTL treat-
ment (Fig. 7D). Furthermore, the relative abundances of
Alistipes and Desulfovibrio were significantly decreased
with ECN gavage. Biomarker analysis using the LEfSe
method showed significant differences in the microbial
community components of the three treatments from the
phylum to genus levels (p <0.05). As shown in Fig. 7E and
S5, 92 bacterial clades presented statistically significant
differences with an LDA threshold of 3.0 between CTL,
EcN-GFP@Fe-NE, and EcN-GadABC@Fe-NE groups,
indicating that the foreign bacterium had a significant
impact on the level of classification from the phylum to
genus levels. To test whether the anxiolytic effects of the
EcN-GadABC@Fe-NE/AMF was mediated by the gut
microbiota, mice were pretreated with antibiotic (ABX)
to deplete the gut microbiota. We found that certain
behavioral improvements, for example, the increased
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frequency to the lightbox in the LDB test, was abol-
ished in ABX mice, while other anxiolytic effects, such as
increased frequency and the time spent in the open arm
in the EPM test, were unaffected (Fig. S6). These results
indicated that the anxiolytic effects of EcCN-GadABC@
Fe-NE/AMEF were mediated through both modulation of
anxiety-related neural networks and the maintenance of
gut microbiota homeostasis.

Discussion

As the direct neural path connecting the gastrointestinal
tract and the brain, the vagus nerve is the key component
of the gut-brain axis. The gastrointestinal innervating
vagal afferents are crucially involved in directly modu-
lating and mediating the regulatory effects of the gut
microbiome on mood and anxiety [31]. Naturally and
preferably colonized in the gastrointestinal tract, the
probiotics are ideally suited for gut-brain axis modula-
tion. In addition, with the advantages of flexible design,
controllable release, and targeted delivery, genetically
engineered bacteria have been designed to serve as pow-
erful drug factories to produce and deliver a series of
bioactive molecules for therapeutic purposes [32, 33].
Therefore, in this study, we have constructed and tested
a nanomaterial-assisted engineered bacteria system
to controllably release the gamma-aminobutyric acid
(GABA) upon the alternative magnetic field (AMF) stim-
ulation to silence the gastrointestinal vagal afferent and
to relieve anxiety-like behaviors. Using probiotic E. coli
Nissle 1917 as the chassis bacteria, we showed that the
nanomaterial-assisted engineered bacteria system EcN-
GadABC@Fe-NE, utilized together with the AME, was
able to reduce anxiety levels in mice through inhibition
of gastrointestinal vagal afferents and restoration of gut
microbiota dysbiosis.

Although naturally suited for in vivo gut-brain axis
regulation, the engineered probiotics require more pre-
cise control to achieve reliable dose-response relation-
ships and strict temporal regulation. Various sensing
modules have been applied to the engineered probiotics
to achieve precise temporal control in vivo. For example,
Pan et al. have reported an upconversion optogenetic
micro — nano system to effectively regulate the gut-brain
axis [34]. In addition to optogenetic signals, biological
sensors responsive to tetrathionate [35], bile acid [36],
and thermal signals [37] have also been used as control
strategies. Among them, thermal control shows unique
advantages, allowing multiple relatively simple ways of
conversion and considerable temporal accuracy. Herein,
we combined the magnetic nanoparticle Fe;O, with
AMF to convert thermal signals as control strategies.
Taking advantage of the superior tissue penetration, the
non-invasiveness, and the temporal-spatial accuracy
of AMF [38], the EcN@Fe exhibited effective time- and
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field-strength-dependent thermal conversion, enabling
controlled release of GABA in vivo.

The oral administration of exogenous engineered bac-
teria displays inevitable problems of low bioavailability
and limited intestinal colonization due to environmen-
tal assaults in the gastrointestinal tract. Surface modifi-
cations with nanomaterials provide useful strategies to
protect living probiotics from external environmental
assaults and provide extra characteristics necessary to
achieve successful treatment efficacy, such as reduced
immunogenicity, enhanced muco-adhesion, targeted
delivery, in vivo visualization, etc [39]. For example, the
encapsulation of the probiotics with biocompatible lip-
ids significantly improved the survival of bacteria against
various extreme conditions without affecting their via-
bility and bioactivity [40]. Through LbL self-assembly,
Anselmo et al. reported encapsulating probiotics with
polysaccharides to protect the probiotics from GI tract
insults and facilitate bacterial muco-adhesion [41]. The
norepinephrine (NE) can form a poly-NE coating layer
when auto-oxidized [29], yielding a relatively smooth
nanoscale surface at the nanoscale and simultaneously
serving as a reservoir for the controlled release of small
therapeutic molecules [29]. Encapsulating the EcN@
Fe with Poly-NE, we constructed the EcN-GadABC@
Fe-NE, and the poly-NE coating significantly enhanced
the survival of the probiotics against acidic gastric fluid,
digestive enzymes, and bile salts. In addition, the poly-
NE encapsulation also enhanced the muco-adhesion
of EcN-GadABC@Fe-NE. Compared to the uncoated
probiotics, the EcN-GadABC@Fe-NE showed a signifi-
cantly higher in vivo and in vitro fluorescent signal at
24 h after oral administration, indicating enhancement of
muco-adhesion.

The gastrointestinal innervating vagal afferents medi-
ate pathogenic bacteria-induced anxiety-like behaviors
[42]. Interestingly, chemogenetic inhibition of gastric-
innervating vagal afferents exhibits significant anxiolytic
effects [43]. The vagal afferents connect with several key
brain regions involved in mood regulation, including the
hypothalamus, the locus coeruleus (LC), and the ven-
tral tegmental area through the nucleus of the solitary
tract (NTS). As an integrating center for sensory, vis-
ceral, and somatic information [44, 45], the NTS directly
modulates the HPA axis activity mainly through norad-
renergic and adrenergic projections to the PVN [44],
indicating its important role in stress pathways. Simi-
lar to the above findings, we show that EcN-GadABC@
Fe-NE/AMEF significantly reduces the restraint-induced
activation of NTS, which could underlie its anxiolytic
effects. More importantly, the prevention of gastrointes-
tinal vagal afferents inhibition abolished the anxiolytic
effects of EcN-GadABC@Fe-NE/AMF further demon-
strating that the inhibition of NTS through reducing the
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Fig. 5 Determination of in vivo function of ECN-GadABC@Fe-NE in mice. (A) The schematic diagram of experimental design. (B) Total distance traveled
and time in the center zone of the open field test (OFT) from the CTL, EcCN-GFP, and ECN-GABA groups. (C) Summarized data of the time stay in the open
arms, the number of open arms entries and the number of total entries of the elevated plus maze (EPM) from the CTL, ECN-GFP, and ECN-GABA groups. (D)
Summarized data of latency in the dark chamber, number of entries to the light chamber and time stay in the light chamber of the light-dark box (LDB)
from the CTL, EcN-GFP, and EcN-GABA groups. CTL: n=8 mice, ECN-GFP: n=7 mice, ECN-GABA: n=8 mice. (E) Immunohistochemical images and quan-
titative analysis of c-Fos—labeled cells within the nucleus of the solitary tract (NTS) in CTL, EcN-GFP, and EcN-GABA groups after 10 days of treatment. (F)
Immunofluorescence images and quantitative analysis of c-Fos—labeled and c-Fos + tyrosine hydroxylase (TH) — labeled cells within the locus coeruleus
(LC) in CTL, EcN-GFP and EcN-GABA groups after 10 days of treatment. Scale bar: 100 um. All data are presented as mean + SEM. Statistical analysis was
performed using one-way ANOVA. *p < 0.05, **p <0.01, ***p < 0.001

gastrointestinal vagal activation contributed to the anx- effects of EcN-GadABC@Fe-NE are possibly mediated
iolytic effects of EcN-GadABC@Fe-NE/AME. Further- through the GABAj receptors at the terminals of vagal
more, pretreatment with the GABAj receptor antagonist  afferents.

through gavage partially blocked the anxiolytic effects of Vagal afferent inputs terminate in the nucleus of the
orally administered GABA. Since only a limited amount  solitary tract (NTS), and NTS is directly connected with
of GABA in the periphery can cross the blood-brain  multiple brain regions that are closely related to anxiety-
barrier, and GABAj receptors are highly expressed on like behaviors, such as the LC, VTA, BNST (bed nucleus
vagal sensory neurons [20], we suspect that the anxiolytic  of the stria terminalis), etc [46]. We noticed a significant
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mcherry in the vagus nerve. (C) Total distance traveled and time in the center zone of the open field test (OFT) from the CTL, ECN-GABA, and EcN-
GABA+CNO groups. (D) Summarized data of the time stay in the open arms, the number of open arms entries and the number of total entries of the
elevated plus maze (EPM) from the CTL, ECN-GABA, and EcN-GABA + CNO groups. (E) Summarized data of latency in the dark chamber, number of entries
to the light chamber and time stay in the light chamber of the light dark box (LDB) from the CTL, ECN-GABA, and EcN-GABA +CNO groups. CTL: n=7
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*p<0.05, **p <001, **p<0.001, ***p <0.0001



Wang et al. Journal of Nanobiotechnology

(2025) 23:463

Page 14 of 17

A B
Shannon ACE Pielou
10 1500 1.0
.
84 a ab a 084 a ab Ros : .“,
" Q b 1000 a ST b ! S wen
a 0.6 & i Se * Eon.0FP
Q > Zoe <% o Y _- @ EoN-0ABA
44 A N " @ '8 Sur"
500 < 94 s el
& o
2+ 0.2+ e
0 T Q1 vl. 0 T Ql vl. 0.0 T T T o4 o2 00
<‘,°' ‘\‘6‘ ;,?9 (,Q' ‘\S’Q "v‘e 6‘\' ‘\52,‘8 p&v PCA axis1: 79.46%
O O x o
< & < & < &
Cc
_ Desulfovibeio =
RN T i & = CTL
S~ wunbsculom Candidanue Saccharieonas =p EcN-GFP
e =
DS I T —  cactobschve Lachnospiraceae_unclassified wf- ¢
5 PO (L Nl Clostridia_UCG-014_unclassified ms EcN-GABA
I N TR Cosridbesunchisined Akkermansia=y
. L dramuridbaculum
- Rl . - Lachnospiracese _NKIA136_group Alistpes = ?.
N I N o cnericnia-Shigous %
w  Provotellacese_UCG-001 Bacteroides —4-
DN M - Bactercides [
) [ — Alsopos Prevotellaceae_UCG-001 -~
[N 1 Akkemansia £ 22 ) b 2
6 EEIE2 I Lachnospiraceas_unclassifed Escherichia-Shigeila = o.
% m"‘:'-:‘“""""“’“‘ Lachnospiraceae_NK4A136_group -+
w Duncanielia Paramunbaculum —f
Alioprevotolly o
Entororhaddus Closmdiales_unclassified = i
Anaerotruncus

Clostridiom

HZ

T Ve —

Eudacterium]_sicacum_group

EcN-GABA

T —

. -

Firmicutos_unclssilied

PrevoteRaceae_NK3IB3II_group

.

Odoribacter
= i Pacasutterelia
. Bl | Bactevoldota_unclassified
T T p =
0 50 100— O
: :‘:::‘ D »: g_Microtrichales_unclassified
- B b {_Mcrotrichales_unclassified

D < o_Miretrichales.

B d: ¢_Acdimirobis

B e g_Actinomyces

G 1 {_Actimomycetaceae

D 9 o_Actinormycetales

D N g_Odoribacter

B ©1_Marnflacese

D J o Murdaculacese_unclassified
B g_Murbacuum

B L1 _Nuridaculacese

B m: g_Antoes

B nf_Rkenclocese

B o o_Bactercidales

B p: <_Bacteroida

D qp_Bactercidota

B r: g_Anserolneacese_unclassfied
B s ¢_Anserolineae

G U g_Gastranaercpiilaies_unclasufied
B u: 1_Gastranaserophilaies unclassified

Eubactocium)_coprostanoligenes_group_unclussified

Clostridia_UCG-014_undlassified

Muribaculaceae_unclassified

-

0_Desutturomaonadaies
<__Dewituromonadia
Q_Anseroplasms
1_Acholeplasmatacese
o_Acholeplaymatales
9__Enterococcus
1_Unteroceccacese
Q_NT002
Q__Lactebaciius
9_Uplactodacitus
1_Lactobaciacese
9_Streptococcus
1_Streptococcacese
o_Lactedacilaies
€_Bacik
9_Jineothrix
9_Lathnodiostridium
Q_Negativbaciivy
9_Paludcols
9__Swcniclasticum
p_Fimicutes
9_Fusobacterium
9__Robubacterises unc

~

gggggegearsnonzy

A

23s8sg

0 2
Relative abundance

40 60

B <2: o_Rokubactenales
B <) c__Metmlomirabiba
B <4 p_Methylomiradiota

D <7: g_Mesorizedium
G <8: 1_Mhytodacteracess
B <9 g_Atorhiaotium |
W 00 {_RNactiacese
D 91 1_Xanthodacterscese
D a2: g_insoltispiibum

G 93 g_Sphingomonas

D o4 g_Pacralcaligenes

B a5 1_Ncaigenacess

B 06 g_Ralstorsa

R a7: g_Escherkhia_Shigelta
D o8 g_Trabulveta

D a9 1_Enterodacteriacese
B «O o_Ertercbacterales
D el ¢_Gammaprotecdactena
B o2 p_ Protecbactena

Lavfed

1_Rokubacterisies unclasified
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inhibition of LC activity after the ECN-GadABC@Fe-NE/
AMEF treatment, particularly a reduced activation of the
norepinephrine (NE) neurons in the LC, which could
possibly explain the anxiolytic effects of the engineered
bacteria we observed in restraint mice. The LC-NE

neurons showed increased activity during restraint
stress, and suppression of LC-NE neurons can alleviate
the restraint-stress-induced anxiety-like behaviors [47].
Furthermore, considerable evidence from human and
animal studies also illustrated the general involvement
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of increased LC-NE neuron activity in the develop-
ment of pathological anxiety [48-51] and the anxiolytic
effects of LC lesion or LC-NE neuron inhibition [51-53].
Therefore, we believe that suppression of LC-NE neurons
through the vagal inhibition of NTS could be the neural
mechanism underlying the anxiolytic effects of EcN-Gad-
ABC@Fe-NE/AMEF treatment.

The onset of anxiety is also closely related to the
imbalance of gut microbiota [54]. Taking advantage of
the capability of probiotics in restoring microbiota dys-
biosis, modulating the gut microbiome may be an effec-
tive strategy for neuropsychiatric disorders therapy. We
found that the EcN-GadABC@Fe-NE/AMF treatment
significantly changed the structure and composition of
the gut microbiome. Gavage of EcN-GadABC@Fe-NE
increased the abundance of gut probiotics, such as Ligi-
lactobacillus and Lactobacillus, and reduced the abun-
dance of Alistipes and Desulfovibrio. In support of our
results, supplementation with Lactobacillus as well as
its metabolites, the short-chain fatty acids (SCFAs), has
been shown to exert robust anxiolytic effects [55-58].
In addition to promoting the dominance of Lactobacil-
lus, EcN-GadABC@Fe-NE also reduces the abundance
of Alistipes, a genus previously associated with anxi-
ety- and depressive-like behaviors through reducing the
availability of serotonin in mice [59-64]. Interestingly, we
found that antibiotic pretreatment attenuated only cer-
tain behavioral improvements induced by the engineered
probiotic, suggesting the involvement of multiple mecha-
nisms. Taken together, our results indicated a dual mech-
anism of the ECN-GadABC@Fe-NE/AME, on suppressing
the activity of neural networks involved in anxiety-like
behaviors and acting as a probiotic, providing beneficial
effects on maintaining a balanced gut microbiota.

In summary, we have developed a nanomaterial-modi-
fied engineered probiotic ECN-GadABC@Fe-NE capable
of modulating the gut-brain axis and alleviating anxiety-
like behaviors under the stimulation of AMF. The pro-
biotic acted as a dual-functional living biotherapeutic,
simultaneously modulating anxiety neural networks and
maintaining gut microbiota homeostasis. Our approach
described here provides a novel aspect in development of
therapeutic strategies for anxiety as well as other disor-
ders of gut-brain interactions.
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