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Broadband ultrasound generator over
fiber-optic tip for in vivo emotional stress
modulation

Jiapu Li?f, Xinghua Liu'?*™, Zhuohua Xiao?f, Shengjiang Yang?,
Zhanfei Li'?, Xin Gui*, Meng Shen®, He Jiang?, Xuelei Fu?, Yiming Wang?,
Song Gong!3, Tuan Guo® and Zhengying Li%**

Ultrasonic neuromodulation has gained recognition as a promising therapeutic approach. A miniature transducer capa-
ble of generating suitable-strength and broadband ultrasound is of great significance for achieving high spatial precision
ultrasonic neural stimulation. However, the ultrasound transducer with the above integrated is yet to be challenged. Here,
we developed a fiber-optic photoacoustic emitter (FPE) with a diameter of 200 um, featuring controllable sound intensity
and a broadband response (-6 dB bandwidth: 162%). The device integrates MXene (Ti3C2Ty), known for its exceptional
photothermal properties, and polydimethylsiloxane, which offers a high thermal expansion coefficient. This FPE, exhibit-
ing high spatial precision (lateral: 163.3 ym, axial: 207 um), is capable of selectively activating neurons in targeted re-
gions. Using the TetTagging method to selectively express a cfos-promoter-inducible mCHERRY gene within the medial
prefrontal cortex (mPFC), we found that photoacoustic stimulation significantly and temporarily activated the neurons. In
vivo fiber photometry demonstrated that photoacoustic stimulation induced substantial calcium transients in mPFC neu-
rons. Furthermore, we confirmed that photoacoustic stimulation of the mPFC using FPE markedly alleviates acute social
defeat stress-induced emotional stress in mice. This work demonstrates the potential of FPEs for clinical applications,
with a particular focus on modulating neural activity to regulate emotions.
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Introduction

Ultrasound neuromodulation, as a technique for control-
ling neural activity, has garnered increasing attention in
recent years'. It has been proven that ultrasound can
treat and improve neurological disorders by modulate
synaptic activity, trigger action potentials, and alter neu-
rotransmitter release’°. However, when transmitted ex-
ternally, ultrasound encounters significant scattering and
reflection due to the skull's high acoustic impedance, po-
tentially leading to off-target stimulation and even trau-
matic, irreversible brain injury’~. Implantable devices
enable electrical and chemical modulation of the brain,
significantly advancing the precise treatment of neuro-
logical and psychiatric disorders”!’. Nonetheless, devel-
oping a scalable implant system without electrochemical-
ly active elements that can locally reversible modulate
neurons in subcortical brain regions remains a signifi-
cant challenge in treating brain nervous system diseases’.

Fiber-optic photoacoustic neural stimulation, a novel
technique leveraging optical fibers, offers a groundbreak-
ing approach to modulating neural activity with high
spatial precision and minimal invasiveness®'"'2. Studies
have shown that fiber-optic photoacoustic stimulation
can evoke precise and controlled neural responses, open-
ing new avenues for treating neurological disorders like
Parkinson's disease, epilepsy, and chronic pain®!':!2,
Compared to conventional electrical stimulation, fiber-
optic photoacoustic stimulation provides several advan-
tages: it eliminates the need for direct electrode contact
with neural tissue, reduces the risk of tissue damage or
immune response, and allows for more precise targeting
of neural circuits>'>*>. This approach involves position-
ing miniature fiber-optic photoacoustic emitter (FPE)
adjacent to target neural structures, which can include
deep brain regions or peripheral nerve bundles. The FPE
operates on the principle of the photoacoustic effect. A
pulse laser is transmitted through fiber-optic to emitter,
where the light-absorption material undergoes pho-
tothermal conversion. This process generates heat, which
is transmitted to the thermal expansion material to pro-
duce periodic thermal expansion and contraction, subse-
quently generating ultrasonic waves capable of activat-
ing nearby neurons'*"'”. This method not only provides
the potential for chronic and long-term neuromodula-
tion but also offers the flexibility of parameter adjust-
ments to refine therapeutic outcomes. Furthermore, this
technique is compatible with other optical methods, such

as fiber photometry, enabling real-time monitoring and
adjustment of stimulation patterns.

Emotional stress, a common form of tension in daily
life, can disrupt the body's homeostasis'®. Beyond affect-
ing peripheral organ functionality, maladaptive and un-
controllable responses to emotional stress may con-
tribute to central nervous system disorders such as anxi-
ety, post-traumatic stress disorder (PTSD), epilepsy, and
ischemic stroke'*~?!. Multiple brain regions in mammals
are involved in coping with emotional stress, including
the prefrontal cortex (PFC), amygdala, anterior insula,
hippocampus, and striatum?*?*. Human neuroimaging
evidence suggests that the medial prefrontal cortex
(mPFC) is a critical locus within the adaptive behavioral
coping circuit, regulating anxious emotions*2°. Under
emotional stress, the activation of the stress, immune,
and oxidative systems can converge into a state of mutu-
al activation, potentially leading to behavioral and bio-
chemical changes, thus forming a vicious cycle”. For in-
stance, patients with sleep disorders exhibit weaker
working memory performance, accompanied by re-
duced activation and functional connectivity in the sub-
regions of the prefrontal cortex®. Chronic social defeat
stress (SDS) induces differences in PFC oscillations that
underlie the emergence of social behavioral dysfunction
associated with stress-induced impairments®. Does
fiber-optic photoacoustic neural modulation of the
mPFC have a protective effect against emotional stress?
A miniature FPE featuring controllable ultrasonic inten-
sity and broadband is of great significance for achieving
high spatial precision reversible neural stimulation.
However, the FPE with the above integration remains a
challenge. Moreover, optimizing the delivery parameters
to minimize off-target effects and to maintain consistent
stimulation outcomes across different individuals is
critical.

To address the aforementioned open question, we de-
veloped a diameter 200 pm miniature FPE, designed to
stimulate medial prefrontal cortex neurons. This device
is composed of Ti3C,Tx and polydimethylsiloxane
(PDMS). The FPE employs a pulse laser to modulate the
photothermal temperature field of Ti3C,T,, resulting in
periodic thermal expansion and contraction of the sur-
rounding PDMS, which generates ultrasonic waves (Fig.
1(a)). The assembled device simultaneously achieves
controllable sound intensity, broadband (-6 dB band-
width: 162%), and high spatial precision (lateral: 163.3
pum, axial: 207 pm), with all parameters representing
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exceptional values for FPE systems (Fig. 1(b)). The FPE
implantable ultrasound stimulator is electrochemically
inactive, exhibits good biocompatibility, is non-genetic,
and can locally reversible modulate neurons in subcorti-
cal brain regions. Furthermore, we confirmed that ultra-
sound stimulation of the mPFC can relieve acute SDS-in-
duced emotional stress. We implanted two fiber-optic
probes simultaneously into the mPFC of mice, one for

ultrasound neurostimulation and the other for fiber pho-
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tometry recording of neuronal excitability in the mPFC.
Using GCaMP, a calcium indicator expressed in the
mPFC, we can directly record the correlation between ul-
trasound neurostimulation and neuronal excitability
through calcium signals (Fig. 1(c)). The functionalities
demonstrated by our developed FPE stimulator offer a
highly promising approach for neuromodulation thera-
pies in the treatment of neurological and neuropsychi-
atric disorders.
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Fig. 1 | An implantable fiber-optic photoacoustic neurostimulator. (a) Schematic illustration of the FPE. (b) Broadband ultrasonic excitation of

FPE, b1: time-domain and frequency-domain ultrasound response of FPE, b2: lateral distribution of FPE sound field. (c) Schematic diagram of

FPE stimulation of medial prefrontal cortex in mice. Blue fiber-optic: fiber photometer for calcium ion recording; light red fiber-optic: FPE photoa-

coustic neurostimulator.
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Experiments

Synthesis method of Ti3C,Tx nanosheets

Hydrogen fluoride solution and delamination were em-
ployed to synthesize Ti3C,T, nanosheets from TizAlC,.
Specifically, 1.0 g of Ti3AlC, was gently added to 10 mL
of hydrogen fluoride solution (40 wt.%) with magnetic
stirring for 15 minutes to mitigate the exothermic reac-
tion. Multiple layers of Ti3C, T, (the notation T refers to
surface functional groups, such as -OH, -F, and =0,
which are introduced during the synthesis) were ob-
tained after hydrofluoric acid etching at room tempera-
ture for 48 hours, and fewer layers were achieved after
ultrasonic treatment for 10 minutes. The mixture was
then washed and centrifuged with deionized water sever-
al times until the pH of the supernatant was 6 or higher.
Finally, the Ti3C,T, powders were vacuum dried at 80 °C
for 12 hours.

Material characterization

The morphologies and microstructures of all the sam-
ples were analyzed using scanning electron microscopy
(SEM, JSM-7800F, Japan) and transmission electron mi-
croscopy (TEM, JEOL-2100F, Japan). X-ray diffraction
(XRD) was performed on a Bruker diffractometer (D8
Advance, Germany) with Cu K, radiation, scanning 20
from 3° to 70°. Ultraviolet-visible-NIR absorption spec-
tra and diffuse reflectance absorption spectra were ob-
tained using a UV-2700 spectrophotometer (Shimadzu,
Japan). The lattice specific heat capacities of different
materials were obtained using a DSC2500 differential
scanning calorimeter (DSC2500, TA Instruments, USA).
Thermogravimetric analysis was performed under an ar-
gon atmosphere using a Pyrisl TGA (PerkinElmer In-
struments, USA), with a heating/cooling rate of 10
°C/min and a gas flow rate of 50 mL/min.

Preparation of fiber-optic photoacoustic emitter

Firstly, the TizC,Ty, (0.2 g), PDMS (1 g), curing agent
(0.1 g) were added to prepare Ti3C,Tyx/PDMS solution at
a 5 mL beaker, and were then mixed for 10 min, fol-
lowed by vacuum treatment for 30 min. Then, the fiber-
optic (diameter: 200 um) was inserted into the dip coat-
ing Ti3C,T,/PDMS solution, held stationary for 30 s, and
then withdrawn. After the Ti3C,Ty/PDMS composite
was deposited at the end of the fiber-optic using multi-
step dip coatings to prepare fiber-optic photoacoustic
emitter. Finally, the Ti3C,T,/PDMS composite was cured

at 90 °C for keeping 10 min. The parameters of the pulse
laser are as follows: energy: 0-10 m]J/pulse, pulse width:
10 ns, wavelength: 1064 nm, pulse repetition rate: 20 Hz,
and the device model is Lapa-20 (Beamtech, China).

Animal experiment of fiber optic photoacoustic
nerve stimulation

The ultrasound waves induce changes in neural poten-
tial, enabling the modulation of neural activity in mice.
In animal experiments, wildtype C57BL/6] mice aged
6-8 weeks and CD1 mice aged 6-8 months were pur-
chased from Huafukang Biotechnology Co., Ltd., Beijing,
China. The mice were housed under stable conditions
with a temperature of 22-25 °C and humidity of
50%+5%, maintained on a 12 hour light/dark cycle. All
experimental procedures were conducted following the
ARRIVE guidelines and were approved by the Experi-
mental Animal Ethical Committee of Tongji Hospital, af-
filiated with Huazhong University of Science and Tech-
nology. Before the experiments, the mice were given at
least 1 week to acclimatize to their new environment.

Results and discussion

Characterization of MXenes (TizCoTy)

Ti3C,Tx was synthesized by etching Al atoms from the
ternary layered ceramic (Ti3AlC;) MAX phase using a
multi-step hydrofluoric acid wet etching method, as de-
picted in Fig. 2(a). The morphology, microstructure, and
chemical composition of the synthesized component are
illustrated in Fig. 2(b, c) and detailed below the respec-
tive figures. Figure 2(b) shows the morphology and energy
spectrum of the precursor MAX phase ceramic (Ti3AlC,),
indicating homogeneous distribution of Ti, C, and Al el-
ements. Figure 2(c) demonstrates that etching TizAlC,
results in the formation of Ti3C,T with a distinct lay-
ered structure. The scanning electron microscope (SEM)
element mapping analysis reveals homogeneous distribu-
tion of Ti and C across TizC,T,. The transmission elec-
tron microscope (TEM) results show that Ti grains are
closely anchored onto the nanosheets, ensuring intimate
contact Fig. 2(c). The high resolution-TEM (HR-TEM)
images display lattice fringes of 0.26 nm, corresponding
to the d-spacing of the (0110) crystal plane of TizC,T,
indicating in situ formation of Ti Fig. 2(c). Additionally,
HR-TEM images clearly show the restacking of TizAlC,
and Ti3C, T, layers, each approximately 0.8 nm thick, ef-
fectively preventing the aggregation of individual
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Ti3C,T, nanosheets. This observation is consistent with
previous results obtained using the molten salt method*.
The observed structure differs significantly from the
pristine Ti3AIC, MAX phase precursor, as no Al atomic
layer is present between the Ti3C, layers, confirming the
successful removal of Al through chemical etching. Fig-
ure 2(d) shows the X-ray diffraction (XRD) pattern re-
sults of TizC, T, produced after the MAX phase ceramics
(Ti3AlC;) were etched by hydrofluoric acid. In the XRD
pattern of TizC,Ty (Fig. 2(d)), the (002) peak of the
Ti3AlC; MAX phase shifts from a 26 angle of 9.52° to
8.95°. The calculated phonon spectra of Ti3C,T,, ob-
tained through first-principles calculations are shown in
Fig. 2(e) and (Fig. S1). Theoretical calculation results
confirm that Ti3C,T, is dynamically stable, as there are
no negative frequencies in its phonon spectra. The value
of the low phonon frequency, particularly the frequency
of the acoustic modes, strongly depends on the titanium

atoms. Acoustic phonons primarily affect the thermal

https://doi.org/10.29026/0es.2025.240034

properties of materials, thereby indirectly influencing
their temperature changes. In addition, there is a fre-
quency range where both acoustic and optical vibra-
tional modes coexist. The absence of a gap between the
acoustic and optical modes can lead to strong acoustic-
optical scattering, significantly affecting the thermal
property of the Ti3C,T,. Figure 2(f) shows the thermo-
gravimetric curve of Ti3C, Ty, indicating that Ti3C,Ty has
good thermal stability. Figure 2(g) demonstrates that
Ti3C, Ty has a low lattice specific heat capacity at room
temperature (25 °C), allowing for significant tempera-
ture changes through photothermal conversion. Figure
2(h) demonstrates that Ti3C,Ty exhibits exceptional light
absorption properties at a wavelength of 1064 nm, facili-

tating its active role in photothermal conversion.

Photothermal and photoacoustic performance
The fabrication of FPE involves the preparation of a

composite material consisting of Ti3C,Ty and PDMS on
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Fig. 2 | Characterizations of TizC2Ty. (a) Flow chart of preparation of TizCaTx by etching TizAIC, with hydrofluoric acid. SEM and TEM image of
TizAIC, (b) and TizC2Tx (c) with energy dispersive spectroscopy elemental mappings. (d) XRD patterns of TizAlIC2 and TizC2Ty. (e) The phonon
spectrum of Ti3CaTy through first-principles calculations. (f) The thermogravimetric curve of Ti3C2Ty. (g) Comparison of lattice specific heat ca-
pacities of different light-absorbing materials. CSPs: candle-soot carbon nanoparticles; CNF: carbon nanofibers; CB: carbon black; CNT: carbon
nanotubes. (h) UV-visible-near-infrared-light absorption spectra of Ti3CaTy.
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the end face of a fiber-optic, where pulse laser induces a
photothermal temperature field in TizC,Ty. The heat is
conducted to PDMS, causing periodic expansion and
contraction that generates ultrasound, with the pho-
tothermal effect of Ti3C,T, playing a crucial role in this
process (Fig. 3(a)). Currently, Ti3C,Ty is reported to ex-
hibit a strong localized surface plasmon resonance

(LSPR) effect across a wide spectrum due to its high den-
sity of metal-like free electrons and exceptional optoelec-
tronic properties compared to other materials’*2. Ow-
ing to its excellent LSPR and layered structure, Ti3CyTy
demonstrates strong photothermal conversion perfor-
mance (Fig. 3(b)). Upon pulse lasers illumination, the
Ti3C,Tyx plasmonic nanostructure absorbs pulse laser
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ﬂ ® .*/ o FPE
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Fig. 3 | The photothermal and photoacoustic properties of Ti3C2Ty. (a) A pulse laser periodically regulates the photothermal temperature field of
TizC2Ty inducing PDMS to excite ultrasound waves, middle image: bare fiber end face, right image: FPE physical image. Scale bar: 50 um. (b)
Photothermal conversion mechanism of Ti3C2Ty, i: pulse laser radiation, ii: LSPR effect, iii: electron transitions, iv: electron-phonon coupling, v:
lattice vibration, vi: lattice temperature rise. Temperature change curves (c¢) and infrared thermal images (d) of TizC2Tx concentration: 1.0 wt%,
0.8 wt%, 0.5 wt%, 0.25 wt%, and pure water (1064 nm, 0.45 g, 0.27 W). (e) Fitting lines of time and —In(¢) during the cooling process of Ti3CaTx
(1.0 wt%, 0.27 W). (f) Temperature evolution of the Ti3C,Ty in an aqueous dispersion under irradiation with a 1064 nm laser at 0.22 W, 0.25 W,
and 0.27 W (1.0 wt%). (g) Time domain waveform of FPE excited ultrasound at different pulse laser energy densities. FPE axial acoustic field

testing (h) and multiphysics simulation results (i).
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energy from incident photons, inducing the generation
of high-concentration, high-energy free electrons
through electron transitions (i: pulse laser radiation - ii:
LSPR effect > iii: electron transitions)®’. The free elec-
trons accumulate on the Ti3C,T, surface. The resulting
photoexcitation of the LSPR is a global nonequilibrium
process, where the dephasing and decay of the free elec-
trons occur at ultrafast speeds**3. To restore thermal
equilibrium, the absorbed energy of electrons can be re-
laxed through either the radiative reemission of photons
or the nonradiative generation of electron-hole pairs via
Landau damping®*. The energetic electrons (hot elec-
trons) produced from nonradiative plasmon decay have
a highly nonthermal distribution®””. These hot electrons
quickly interact with low-energy electrons. This electron-
electron collision is an inelastic coulombic process that
converts electron energy into heat. Simultaneously, low-
energy electrons couple with the lattice through electron-
phonon scattering processes (iv: electron-phonon cou-
pling). This relaxation step leads to the thermalization of
the lattice in the nanostructure (v: lattice vibration)?®. Fi-
nally, the thermal energy inside the Ti3C,Tx nanostruc-
ture is released to the surrounding PDMS through
phonon-phonon collisions (vi: lattice temperature rise).
With ultrasonic excitation, the electrons in the conduc-
tion band of the Ti3C,T, nanostructure eventually re-
turn to their ground states before photoexcitation. In the
layered structure, the remaining pulse laser undergoes
multiple internal reflections within the TizC,T, flakes,
leading to more absorption and overall attenuation of the
laser®. Consequently, the light energy absorbed by
Ti3C, Ty generates hot electrons through the LSPR effect.
These hot electrons induce strong lattice vibration inten-
sification through non-radiative transition-excited
phonons, drastically increasing the lattice temperature of
Ti3C,Tx and inducing thermal expansion of PDMS.

The photothermal properties of TizC, T, were investi-
gated using near-infrared (1064 nm) radiation. The pho-
tothermal conversion performance of Ti3C, T was evalu-
ated by recording temperature changes with thermal
imaging photographs while irradiating with various con-
centrations (1.0 wt%, 0.8 wt%, 0.5 wt%, 0.25 wt%, and
pure water) under a 1064 nm NIR laser (0.27 W) (Fig.
3(c, d)). The temperature of TizC, T, rapidly increased by
44 °C within 5 minutes due to its high efficiency in con-
verting NIR light into thermal energy, demonstrating ex-
cellent photothermal effects for medical applications.
The heating and cooling curves of Ti3C,Tx demonstrate

https://doi.org/10.29026/0es.2025.240034

its excellent photothermal conversion property (Fig. 3(e),
Fig. S2, and Section 2). In addition, the repeatable heat-
ing/cooling curves (on: laser radiation, off: laser stop ra-
diation) indicate that TizC,Tx possesses excellent pho-
tothermal stability, with no significant temperature
change even after four irradiation cycles (Fig. 3(f)). This
indicates that the continuous application of pulse laser to
the FPE can consistently emit ultrasound. The ultra-
sound generated through the FPE is detected by a hy-
drophone and read out by an oscilloscope (Fig. S3). As
shown in Fig. 3(g), the sound pressure intensity increas-
es with the laser energy density. When the laser energy
density is 10 mJ/cm?, the peak-to-peak ultrasound inten-
sity generated by the FPE is 0.7 MPa (positive peak 0.4
MPa, center frequency: 4 MHz). Additionally, the sound
pressure intensity calculated using the photoacoustic
theoretical model aligns with the experimental results
(Supplementary information and Fig. S5). Low-intensity
and broadband ultrasound is an emerging modality for
neuromodulation, with the acoustic waves generated by
the FPE enabling direct and spatially confined neural
stimulation in vivo within a functional brain. However,
the acoustic intensity is expected to attenuate when
propagating through a medium. To experimentally char-
acterize this attenuation with distance, we performed
wavefront reconstruction for the lateral and axial sound
field. All profiles were normalized to the peak amplitude
of the signal for comparison. The lateral spatial resolu-
tion was determined as the full width at half maximum
(FWHM) of the Gaussian fit to the lateral profiles (Fig.
1(by)). In contrast, the axial resolution, which is solely
determined by the acoustic parameters, was measured
using the FWHM of the enveloped axial line spread
function (Fig. S6). We define the lateral and axial resolu-
tions based on the FWHM in their respective
directions!**-*2. The lateral and axial resolutions of the
FPE were found to be 163.6 um and 207 pm. The acous-
tic intensity attenuated by 50% at a distance of ~400 pm
from the FPE underwater (Fig. 3(h)). The illustration in
Fig. 3(i) shows the simulated distribution of the sound
field energy for the transducer using COMSOL Multi-
physics. The COMSOL simulation results indicate that
the acoustic waves significantly decays along the axis.
The miniature FPE, together with the rapid attenuation
of photoacoustic intensity with distance, provides superi-
or spatial confinement for neural stimulation. Perfor-
mance summary of representative photoacoustic trans-
ducers, as shown in Table S2.
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Photoacoustic stimulation activates mPFC neurons
The neuromodulatory effect of ultrasonic waves on neu-
rons have been studied for the treatment of neurological
diseases”***. A key advantage of FPE over traditional ul-
trasound devices is that it emits ultrasound waves locally
at the coated fiber tip, which allows high spatial preci-
sion reversible neural stimulation. To investigate the ac-
tivation of mPFC neurons by photoacoustic stimulation,
we utilized a TetTagging method to selectively express a
cfos-promoter-inducible mCHERRY gene within the
mPFC, as described previously®. This approach utilized
a c-fos-dependent TetTagging system combined with an
activity-responsive mCherry gene expression mecha-
nism. In this system, mCherry expression was selectively
triggered by neural activity, enabling the labeling of neu-
ron ensembles activated by a stimulus in vivo. We em-
ployed two adeno-associated virus (AAV) viruses: one
containing the cfos-TTA transgene and another contain-
ing the tet-operator promoter (TRE-tight) linked to an
mCHERRY reading frame (Fig. 4(a)). The mice under-
went simultaneous viral injections and fiber-optic pho-
toacoustic emitter implantation in mPFC. Prior to pho-
toacoustic stimulation, we initially suppressed the Tet-
Tag system using doxycycline (DOX) in their water.
DOX prevented TTA from activating its target promoter,
TRE-tight, located in the second AAV genome. Upon re-
moval of DOX, neural activity could induce cfos promot-
er-linked TTA expression, subsequently activating
mCHERRY expression (Fig. 4(a, b)). In our study, mice
were kept on DOX water for 4 weeks, after which the
DOX was removed to allow potential induction of the
mCHERRY gene. Subsequently, the mice underwent ei-
ther 0.8 MPa photoacoustic intensity stimulation or
sham treatment, followed by administration of a seda-
tive dose of DOX intraperitoneally. After another 4
weeks of DOX administration via drinking water, we ob-
served widespread mCHERRY expression following pho-
toacoustic stimulation (Fig. 4(c)), indicating neural acti-
vation in response to the stimulation.

Next, in vivo fiber photometry was employed to inves-
tigate the dynamics of mPFC neuron activation, en-
abling the recording of intracellular calcium transients in
awake mice. To achieve this, we expressed the genetical-
ly encoded calcium indicator GCaMPé6s in mPFC neu-
rons via stereotaxic injection of rAAV-CaMKIla-
GCaMPé6s into the mPFC of wild-type C57BL/6 mice
(Fig. 4(d)). Concurrently, we implanted the fiber-optic
photoacoustic emitter and the optic fiber. This approach

https://doi.org/10.29026/0es.2025.240034

enabled us to simultaneously administer photoacoustic
stimulation and conduct fiber photometry recordings.
We found that photoacoustic stimulation significantly
activated mPFC neurons, eliciting remarkable calcium
transients. Furthermore, we observed that photoacoustic
stimulation of varying ultrasonic peak levels (0.4, 0.6, 0.8
MPa) induced calcium changes of differing intensities,
showing a positive correlation. The neuronal excitation
induced by photoacoustic stimulation peaked at approxi-
mately 4-6 seconds post-stimulation (Fig. 4(e-f)).

Photoacoustic stimulation of neurons in mPFC
alleviates SDS-induced anxiety and social
dysfunction

We next investigated whether photoacoustic stimulation
of the mPFC could ameliorate neurofunctional deficits
induced by SDS. We designed an experiment where the
same cohort of mice underwent the following protocol
(Fig. 5(a)). Initially, baseline activity and social behavior
were assessed using the open-field test (OFT) and the 3
chamber test (before fight). Subsequently, the mice un-
derwent a 1 hour SDS session to induce anxiety. OFT
and 3 chamber test were used to assess the anxiety (after
fight). After 1 hour of photoacoustic stimulation at 0.8
MPa, behavioral analysis was once again conducted us-
ing the OFT and the 3 chamber test to evaluate the effi-
cacy of the photoacoustic stimulation treatment (after
stim). After a 10 day interval, the animals underwent the
same experimental procedures, with the exception of
photoacoustic stimulation. Instead, fiber-optics were
connected, but no stimulation was applied (after sham
stim). This method effectively eliminated the influence of
the initial experiment, enabling self-control.

The results showed that photoacoustic stimulation
modulated both anxiety-like behavior and social interac-
tions in mice. The OFT results indicated that while loco-
motor activity (measured as total distance traveled) and
the duration in the center zone were decreased after SDS
(Fig. 5(b-c)). The photoacoustic stimulation increased
the time spent in the center zone of the arena, suggesting
a reduction in anxiety (Fig. 5(d)). In the 3 chamber so-
cial interaction test, mice subjected to photoacoustic
stimulation showed increased social engagement during
the first session with a new mouse, highlighting the po-
tential of photoacoustic stimulation in mPFC to en-
hance social behaviors in a novel environment (Fig. 5(f,
g), Movie S1-52). However, during the second session
with a different novel mouse, this effect was not observed,
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Fig. 4 | Photoacoustic stimulation activates mPFC neurons. (a) The AAV vectors. The first component contains the cfos promoter, responsible for
driving the expression of the TTA protein. In the presence of DOX, TTA is unable to bind and activate its target promoter, TRE-tight, which is lo-
cated in the second AAV. Upon removal of DOX, TTA becomes capable of activating mCHERRY expression. Importantly, this activation occurs
exclusively in neurons where TTA expression has been induced by the cfos promoter, indicating neural activity. (b) Time line of the experimental
procedure. Mice underwent a co-injection of AAV along with the implantation of the FPE. Subsequently, mice were administered DOX water (1
mg/mL) for four weeks, followed by a two-day period without DOX. This was followed by photoacoustic stimulation. Afterwards, mice received an-
other four weeks of DOX in their drinking water. (c) lllustration showing the injection site of the AAV and FPE in the mPFC. (d) Immunofluores-
cent images displaying cfos expression in mPFC. DAPI (blue) stains the nuclei, and mMCHERRY (red) indicates cfos expression. The left image
shows cfos expression with photoacoustic stimulation, and the right image depicts the merged cfos and DAPI staining after stimulation. Scale
bar: 100 um. (e) Schematic of the fiber photometry setup for recording calcium signals in wild-type mice injected with rAAV-GCaMP. (f) Heatmap
of calcium signal changes (AF/F) over time during photoacoustic stimulation (n = 4 mice).

indicating that the impact of the stimulation was specific PDMS. The exceptional photothermal properties and a
to the initial social interaction. layered structure of Ti3C,Ty can the photoacoustic emit-

] . ter to excite broadband (-6 dB bandwidth: 162%) ultra-
Discussion sonic waves of different intensities. The FPE achieves lat-
In this study, we developed a miniature, controllable eral and axial resolutions of 163.6 um and 207 um, re-
sound intensity, and broadband FPE using Ti3C, Ty and spectively, enabling high spatial precision reversible
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Fig. 5 | Photoacoustic stimulation of neurons in mPFC alleviates SDS-induced anxiety and social dysfunction. (a) Time line of the experimental
procedure. Mice were implanted with a FPE. After 3 days, the mice underwent OFT and 3 chamber test to assess baseline behavior. Following a
1-hour SDS session, the anxiety was re-evaluated in the OFT and 3-chamber test. Subsequently, mice received either photoacoustic stimulation
or sham stimulation for 1 hour before undergoing another OFT and 3 chamber test. (b) Diagram of the OFT setup and the central zone. (c) The
total distance traveled and the time spent in the center zone of the OFT arena. (d) Representative trajectory plots from the OFT. (e) Diagram of
the 3 chamber test. The diagrams represent session 1 and session 2. (f) Statistical analysis of the percentage of time spent with the left mouse in
session 1 and the percentage of time spent with the right mouse in session 2. (g) Heatmaps of mouse movement trajectories. 'p<0.05, “p<0.01.
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neuromodulation. Our study demonstrated that the FPE
stimulation of mPFC significantly alleviated anxiety be-
haviors and social deficits induced by acute SDS in mice
across different individuals. Specifically, mice that re-
ceived photoacoustic stimulation after acute SDS dis-
played less anxiety and more positive social behaviors in
the open field test and 3-chamber test. Photoacoustic
stimulation modulated the neural activity of the mPFC,
restoring it to a more normal state and thereby reducing
the behavioral abnormalities induced by acute stress.
This effect may be achieved through several mechanisms.
First, photoacoustic stimulation might restore the mPFC
ability to regulate emotions and stress responses by mod-
ulating its neural activity. Dysfunction in the mPFC due
to acute stress is likely a primary cause of anxiety and so-
cial avoidance, so restoring its normal function through
photoacoustic stimulation can alleviate these symptoms.
Additionally, acute stress may disrupt the functional
connectivity between the mPFC and other emotion-re-
lated brain regions, such as the amygdala and hippocam-
pus’®. By modulating mPFC activity, photoacoustic stim-
ulation may help restore these functional connections,
thereby improving overall emotional regulation. Lastly,
acute stress activates the stress, immune, and oxidative
system, potentially creating a state of mutual activation
that leads to persistent behavioral and biochemical
changes”’. By directly modulating mPFC activity, pho-
toacoustic stimulation might interrupt this vicious cycle,
restoring the brain to its normal physiological state.

In summary, FPE provides a high spatial precision and
reversible neural stimulation method applicable to neu-
rological research in specific brain regions. This study
highlights the potential of FPE in addressing stress-relat-
ed psychiatric disorders. Its fabrication flexibility and en-
hanced electromagnetic compatibility facilitate clinical
applications, including Parkinson's disease, epilepsy,
chronic pain, and mood disorders.
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