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 Section 1: The first principles computation of Ti3C2Tx

First-principles calculations with the Cambridge Serial Total Energy Package (CASTEP) were performed to analyze the
phonon spectra and phonon density of state (PDOS). The optimized lattice parameters and IFCs are obtained from the
total energy calculations by using plane augmented wave method based on density functional theory with Vienna ab ini-
tio simulation package (VASP)S1−S5. The electronic wave functions are expanded in a plane wave basis set with an energy
cutoff  of  500 eV.  Such a  high cutoff  was found necessary to converge to the phonon dispersion curves.  The Brillouin
zone was sampled with 2 × 2 × 1 k-points Monkhorst-Pack meshes for primitive cells of hexagonal structure (P63/mmc
space group) of Ti3C2Tx.
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Fig. S1 | Calculated phonon dispersion relation along the high symmetry directions and projected phonon DOS of Ti3C2Tx.

  

 Section 2: Characterization of photothermal conversion of Ti3C2Tx

In addition to the light absorption of a light-to-heat material, the photothermal conversion efficiency is another essen-
tial factor that directly quantifies the absorbed energy transferred to thermal energy, instead of radiative re-emission of
photonsS6,S7.  One straightforward method for determining the conversion efficiency is  to measure the temperature in-
crease and calculate the heat generation induced by incident lightS7−S9. The detailed calculation was carried out using the
following equations: The total energy balance of this system is given by the following equationS10,S11:  ∑

i

miCp,i
dT
dt

= QNPs + Qs − Qloss , (S1)

where m and Cp are the mass and heat capacity, respectively. The suffix i of m and Cp refers to solvent (water) or dis-
persed matter (nanoparticles). T is the solution temperature. QNPs is the photothermal energy absorbed by MXenes per
second: 

QNPs = I(1− 10−Aλ )η , (S2)

where I is the laser power, Aλ is the absorbance of MXenes at the wavelength of 1064 nm in aqueous solution, and η is
the photothermal conversion efficiency of MXenes which means the ratio of absorbed light energy converting to ther-
mal energy. Qloss is thermal energy lost to the surroundings: 

Qloss = hAΔT , (S3)
where h is the heat transfer coefficient, A is the surface area of the container, and ΔT is the changed temperature, which
is  referred  to T−Tsur (T and Tsur are  the  solution  temperature  and  ambient  temperature  of  the  surrounding,
respectively). Qs is the heat associated with the light absorbed by solvent per second. In the situation of heating pure wa-
ter, the heat input is equal to the heat output at the maximum steady-statue temperature, so the equation can be: 

QS = Qloss = hAΔTmax,water , (S4)

where ΔTmax,water is the temperature change of water at the maximum steady-state temperature. As it to the experiment
of MXenes dispersion, the heat inputs are the heat generated by nanoparticles (QNPs) and the heat generated by water
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(Qs), which is equal to the heat out put at the maximum steady-statue temperature, so the equation can be: 

QNPs + QS = Qloss = hAΔTmax,mix , (S5)

where ΔTmax,mix is the temperature change of the MXenes dispersion at the maximum steady state temperature. Accord-
ing to the Eqs. (S2), (S4) and (S5), the photothermal conversion efficiency η can be written as: 

η =
Q
E

=
cmΔT
IAt

=
hA(ΔTmax,mix − ΔTmax,water)

I(1− 10−Aλ )
, (S6)

where Q is the generated thermal energy by the absorber, E represents the total energy of the incoming light, c and m
denote the specific heat and mass of the photothermal material, ΔT is the temperature increase of the material under the
light irradiation. In this equation, only is hA unknown. In order to get the hA, we introduce φ, which is defined as the
ratio of ΔT to ΔTmax: 

φ =
ΔT

ΔTmax
. (S7)

Substituting Eq. (S7) into Eq. (S1): 

dφ
dt

=

hA
(
QNPs + QS

hAΔTmax
− φ

)
∑

i

miCp,i

. (S8)

When the pulse laser was shut off, the , Eq. (S8) could be expressed to: 

dt = −

∑
i

miCp,i

hA
· dφ
φ

. (S9)

Compared with solvent, mass of MXenes was too little. Generally, the specific heat of water is much higher than oth-
er materials. Consequently, the m and Cp of MXenes were neglected. Equation (S9) changes the expression: 

t = −

∑
i

miCp,i

hA
lnφ = −mwaterCwater

hA
lnφ = k(− lnφ) . (S10)

According  to  the  method  for  calculating  photothermal  conversion  efficiencyS12,  the  slope  of  the  fitted  curve  is  ob-
tained by linearly fitting the time and −ln(φ) data, from which the photothermal conversion efficiency is then calculated.
The equation of the photothermal conversion efficiency η can then be expressed as 

η =
mwaterCwater(ΔTmax,mix − ΔTmax,water)

kI(1− 10−Aλ )
≈ 92% . (S11)

 

 

Table S1 | The parameters and the photothermal efficiencies of MXenes.
 

mwater (g) Cwater (J·°C−1·g−1) ΔTmax,mix (°C) ΔTmax,water (°C) I (W) Aλ k η

0.45 4.2 22.1 1.6 0.27 1.11 168.58 92%
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 Section 3: Photoacoustic conversion 

The definition expression of photoacoustic pressure
The photoacoustic signal amplitude (P) can be rewritten asS13
 

P = Γ · A · F
l
, (S12)

here, Γ = βc²/Cp represents the dimensionless Grüneisen parameter, where A is the light absorption (0 < A < 1; dimen-
sionless), F is  the laser fluence (J·m−2), l is  the characteristic  length (m), β is  the volumetric thermal-expansion coeffi-
cient (°C−1), Cp is the specific heat capacity at constant pressure (J·kg−1·K−1), and c is the sound speed (m·s−1). According
to equation (12),  the amplitude of  the photoacoustic  signal  is  positively  correlated with the thermal  expansion coeffi-
cient.  The  temperature  dependence  of  the  thermal  expansion  coefficient  of  PDMS  shows  that  the β value  remains
around 3.2 × 10−4 °C−1 up to 300 °C, which is consistent with values reported in the literatureS14. However, beyond 300
°C, the thermal expansion coefficient rapidly decreases due to the high-temperature degradation of PDMS. 
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Fig. S2 | The infrared thermal images of Ti3C2Tx concentration: (a) 1.0 wt%, (b) 0.8 wt%, (c) 0.5 wt%, (d) 0.25 wt% at different times (1064 nm,

0.45 g, 0.27 W).
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Fig. S3 | The temperature dependence of the thermal expansion coefficient of PDMS.
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Analytical solution of photoacoustic pressure
The photoacoustic emitter, based on the photoacoustic effect, converts light energy into mechanical energyS13−S24. Ther-
moacoustic  coupling  theory  serves  as  an  important  theoretical  foundation  for  photoacoustic  emitters.  In  the
Ti3C2Tx/PDMS fiber-optic photoacoustic emitter, Ti3C2Tx represents a light-absorbing material that converts light en-
ergy into heat energy and transfers this heat energy to the surrounding PDMS. The diffusion of heat in non-viscous me-
dia can be described by the following equationS18,S25−S28: 

κi∇2Ti −
κi
αi

∂Ti

∂t
= −Si , (S13)

where κ, α, t, T, and S are the thermal conductivity, the thermal diffusivity, the time, the temperature, and an arbitrary
thermal source, respectively. The fiber-optic, Ti3C2Tx/PDMS, and water are labeled as 1, 2 and 3, consecutively.

Because the pulse width of the laser is ns level, the thermal diffusion during the acoustic generation can be neglected,
yielding the equation. 
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Fig. S4 | Test system of fiber-optic photoacoustic emitter (FPE).

 

Table S2 | Performance summary of representative photoacoustic emitters.
 

Photoacoustic emitter
Optical absorption materials Emitter characteristic

ref.
photothermal (%)

light absorption
(μm−1)

CF (MHz) −6dB BW (%)
η

(×10−2)

Functionalized MWCNTs -PDMS ~50 1 28.5 ~140 − ref. S15,S16

CNTs array-PDMS − 30.3 20.2 152 0.251 ref. S17

MAPbI3−
PDMS

− 10 29.2 140 2.97 ref. S18

MWCNTs-
PMMA

~50 1 ~30 147 − ref. S16,S19

CSPs-PDMS ~54 ~1 13.5 149 0.441 ref. S20,S21

IR 144-UV adhesive − − ~4 ~75% − ref. S22

Ti3C2Tx−
PDMS

92 ~0.5S23 4 162 − This work

Note: MWCNTs: multiwalled carbon nanotube, MAPbI3: Methylamine lead iodine, PMMA: polymethyl methacrylate, CSPs: andle-soot carbon
nanoparticles.
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Fig. S5 | Structure diagram of fiber-optic photoacoustic emitter.
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∂2Ti

∂t2
=

1
ρiCPi

∂Si
∂t

, (S14)

CPi = κi/ρiαiwhere ρ is the density and CP is the thermal capacity which equals .
Therefore, the thermomechanical coupling equation in the medium can be expressed by the following equation.

 

∇2Pi −
1
ci2

∂2Pi

∂t2
= −ρiβTi

∂2Ti

∂t2
, (S15)

where P is the pressure, βT is the thermal volume expansion constant, and c is the acoustic speed in the medium.
Substituting  the Eq.  (S14) into Eq.  (S15),  We  can  obtain  the  equation  of  thermally  induced  mechanical  vibration

(pressure).
 

∇2Pi −
1
ci2

∂2Pi

∂t2
= −

βTi

CPi

∂Si
∂t

. (S16)

The spatial and temporal distribution of heat generated in the form of radiation-free transition after the heat source
(2nd medium) absorbs light can be expressed as the following equation.
 

S2 = γI0e−γxejωt , (S17)

Pi = Piejωt
where γ is  the  light  absorption coefficient, I0 is  the  intensity  of  the  incident  light, ω is  the  angular  frequency, t is  the
time, and x is the coordinate. The time-dependent harmonic pressure response can be expressed as , and the
acoustic wave equation becomes.
 

d2Pi

dx2
− k2iPi = −

jωβTi

CPi
Si , (S18)

ki = jω/ci S2 = γI0e−γx S1 = S3 = 0where , and .
The acoustic pressure amplitude in each medium can thus be solved as

 

P1 = D1e−k1(x)

P2 = D21ek2x + D22e−k2x −
jωβT2

CPi

(
γI0

γ2 − k22
e−γx

)
P3 = D3ek3(x−l)

 . (S19)

where D1, D21, D22 and D3 are  constants  related  to  the  optical  and  thermal  properties  of  materials  and can  be  deter-
mined by the boundary conditions. Due to the continuity of the acoustic medium at the interfaces 1 and 2, and 2 and 3,
the acoustic pressure and sound velocity of the boundary medium can be expressed by the following equation.
 

P1
∣∣
x=0 = P2

∣∣
x=0

P2
∣∣
x=l = P3

∣∣
x=l

}
, (S20)

 

v1|x=0 = v2|x=0

v2|x=l = v3|x=l

}
, (S21)

vi = −(1/jωρi)dPi/dxwith the pressure and the velocity related by . A set of equations for the undetermined constants is
attained as
  

−1 ek2 l e−k2 l 0
0 1 1 −1
k1
ρ1

k2
ρ2
ek2 l −k2

ρ2
e−k2 l 0

0
k2
ρ2

−k2
ρ2

−k3
ρ3




D1

D21

D22

D3

 =


R1

R2

R3

R4

 , (S22)

where
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R1 =
jωβT2

CP2

(
γI0

γ2 − k22
e−γl

)
R2 =

jωβT2

CP2

(
γI0

γ2 − k22

)
R3 = − 1

ρ2

jωβT2

CP2

(
γ2I0

γ2 − k22
e−γl

)
R4 = − 1

ρ2

jωβT2

CP2
κ2
(

γ2I0
γ2 − k22

)


. (S23)

It can be expressed by the following equation. 

D3 =
Z2βT2

γI0
γ2 − k22

α2

κ2
2 (γ + k2R23)− (γ + k2) (1+ R23)e(k2−γ)l − (γ − k2) (1− R23)e−(k2+γ)l

(1+ R21) (1+ R23)ek2 l − (1− R21)(1− R23)e−k2 l
. (S24)

Based on the equation above, the acoustic pressure amplitude at the water can be expressed as: 

P(x, t) = D3ejωt−k1(x−l) . (S25)
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Fig. S6 | Theoretical (red dotted line) and experimental (black solid line) results of acoustic pressure of FPE.
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 Section 4: Animal experiment 

The rationale of the Ti3C2Tx-PDMS composite fiber-optic photoacoustic emitter for minimally invasive neural
stimulation
The pulse  laser  is  applied  to  the  photoacoustic  emitter,  where  the  light  absorption material  Ti3C2Tx absorbs  the  light
and converts it into heat, resulting in a temperature increase. This heat is then transferred to the surrounding thermal
expansion  material,  PDMS,  causing  it  to  heat  up  and  undergo  thermal  expansion.  The  periodic  nature  of  the  pulsed
laser  induces thermal  expansion and contraction in the PDMS, generating ultrasound waves.  These ultrasound waves
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induce changes in neural potential, enabling the modulation of neural activity in mice. In our animal experiments, the
most  important  question,  and the  one  we  needed to  confirm from the  beginning,  was  whether  our  ultrasound waves
could activate neurons. Therefore, we conducted two experiments.

Firstly, we examined the expression of c-fos following stimulation (Fig. 4(a–d)). Using the TTA-cfos-TRE-tight sys-
tem, we found that photoacoustic stimulation could specifically activate neurons. In this system, the TTA transcription
factor binds to the TRE sequence to drive c-fos expression,  which is  a well-recognized marker of  neuronal activation.
The tight version of the system ensures high specificity,  allowing us to detect neuronal activation with minimal back-
ground expression.

Second, we employed in vivo fiber photometry (Fig. 4(e, f)), where we observed an increase in intracellular calcium
flux in  neurons.  This  increase  indicates  that  the  photoacoustic  stimulation effectively  depolarized neurons,  leading to
calcium entry through voltage-gated calcium channels or other pathways. These findings further confirm that our mate-
rial can specifically and functionally activate neurons. 

Virus preparations
We used the following virus vectors carrying the following specific genes purchased from BrainVTA (Wuhan): rAAV-
CaMKIIa-GCaMP6s-WPRE-hGH-polyA,  rAAV-cfos-TTA,  rAAV-TRE-tight-mCherry.  The  viral  titers  were  in  the
range of 3–8 × 1012 genome copies/ml. 

Stereotactic surgeries and doxycycline (DOX) administration
Stereotactic surgeries were performed on the mice under anesthesia induced by inhaled isoflurane (1.5%). Once the tail-
clamp reflex was lost, the head was securely fixed in a stereotaxic frame. The skull was then exposed and cleaned using
3% H2O2. A mixture of 500 nL rAAV-cfos-TTA and rAAV-TRE-tight-mCherry (1:1) was injected into the right mPFC
at coordinates of bregma +2.1 mm, AP +0.5 mm, DV 2.5 mm relative to the bregma, using a 10 μL Hamilton syringe at a
rate of 0.1 μL/min. Ten minutes post-injection, the needle was slowly withdrawn. Subsequently,  a FPE was implanted
into the same site above the injection site, ensuring the tip of the FPE was located at DV 2.2 mm. Following virus injec-
tion, mice were maintained with DOX (1 mg/mL) in their drinking water for 4 weeks, with DOX administration ceased
two days before photoacoustic stimulation. On the day of photoacoustic stimulation, mice were administered DOX in-
traperitoneally at a dose of 1 g/kg, followed by daily administration of DOX (1 mg/mL) in water. This regimen allowed
for mCherry expression over a 4 week period. Subsequently, the mice were euthanized, and brain were sliced to detect
photoacoustic activated neurons (mCherry positive neurons).

For fiber-photometry experiments, mice were injected with rAAV-CaMKIIa-GCaMP6s-WPRE-hGH-polyA (200 nL)
into the right mPFC using a 10 μL Hamil-ton syringe at a rate of 0.1 μL/min. Ten minutes after injection, the needle was
s-lowly removed. Subsequently, an optic fiber ferrule (200 μm in diameter, 0.37 N-A, Inper Technology Co.,  Ltd) was
implanted at a 20 degree angle from posterior to anterior, targeting coordinates of bregma +1.19 mm, AP +0.5 mm, DV
2.6 mm. Additionally,  a FPE was implanted following the same procedure as previousl-y described. Experiments con-
ducted 2 weeks post-implantation to allow for virus expression and surgical recovery. 

c-fos imaging
Mice were perfused intracardially with 4% paraformaldehyde in phosphate-buffered saline (PBS). Following perfusion,
brains were post fixed overnight at 4 °C and subsequently dehydrated in 20% and 30% sucrose solutions. Coronal brain
sections  of  30  μm thickness  were  sliced using a  Leica  1860 vibratome.  The brain slices  were  permeabilized with 0.3%
Triton X-100 in PBS for 10 minutes and then blocked with 5% bovine serum albumin (BSA) in PBS for 30 minutes. Nu-
clei were stained with DAPI, and the sections were covers lipped using fluorescent mounting medium. Imaging was per-
formed using an Olympus VS120 microscope. 

Photoacoustic stimulation protocol
For detecting c-fos expression induced by photoacoustic stimulation, the intensity of the photoacoustic stimulation ad-
ministered was 0.8 MPa for 1 hour.  For fiber photometry recording,  mice were subjected to baseline recordings for 2
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minutes, followed by 2 minute sessions of photoacoustic stimulation at intensities of 0.4, 0.6, and 0.8 MPa. Simultane-
ously, the brightness of the GCaMP probe at a wavelength of 470 nm was recorded. In the behavioral tests, photoacous-
tic stimulation administered after SDS was at an intensity of 0.8 MPa for 1 hour. 

In vivo fiber photometry
The fiber photometry system (Inper Technology Co., Ltd) utilized a 473 nm excitation light emitted from LEDs, reflect-
ed off a dichroic mirror with a 435–488 nm reflection band and a 502–730 nm transmission band, and then coupled in-
to a 200 μm 0.37 NA fiber-optic by an objective lens. To assess changes in neuronal activity in response to photoacous-
tic stimulation, we initially recorded a 2 minute baseline. Subsequently, we administered a gradient of increasing pho-
toacoustic  intensities,  including  0.4,  0.6,  and  0.8  MPa,  with  each  interval  lasting  2  minutes.  Concurrently,  we  syn-
chronously recorded the neuronal calcium activity of the mPFC as alterations in GCaMP6s fluorescence using in vivo
calcium imaging. The raw calcium fluorescence data were then normalized and converted to z-scored traces. The fluo-
rescence change values  were  derived by calculating ΔF/F0,  where  ΔF represents  the  variation in  fluorescence between
each  sampling  (sampling  frequency  20  Hz),  and F0 denotes  the  averaged  fluorescence  baseline  recorded  during  the  2
minute baseline period. 

Statistical analysis
The data were analyzed using GraphPad Prism 9.0 (GraphPad Software Inc., CA, USA). Normality was assessed using
the Shapiro-Wilk test.  Paired t-tests were used for the analysis of behavioral  tests,  with p values less than 0.05 consid-
ered statistically significant. 

Behavioral tests
The open-field test (OFT) was conducted to assess anxiety-like behavior. Briefly, mice were gently placed into the open
field and allowed to explore the area for 10 minutes.  For the three chamber social  interaction test (3 chamber test) to
evaluate social preference in mice, the apparatus consisted of three chambers: left, center, and right. During the habitua-
tion phase, the test mouse freely explored all three chambers for 10 minutes to acclimate to the environment. In session
1, a novel mouse was placed inside a small cage in the left chamber, while the right chamber remained empty. The test-
ed mouse was then allowed to explore all three chambers for 10 minutes. After a 5 minute interval, in session 2, another
novel mouse was introduced into the cage in the right chamber. The tested mouse was again to explore the apparatus for
10 minutes.

All behavioral experiments were recorded using a camera and analyzed using DeepLabCutS29. In summary, we select-
ed 6 videos and extracted 120 frames from each video to label 4 body parts of the mice (nose, left ear, right ear and tail
base).  The network was trained using 180,000 iterations,  resulting in a training error of 2.21 pixels and a test  error of
2.67 pixels with a cutoff of 0.6. Once the network was trained, we applied it to analyze all videos. Subsequently, a cus-
tom Python code was used to calculate the traveled distance and the duration spent in the center zone in the OFT. In the
3 chamber test, the time spent in each chamber was recorded, and the percentage of time spent in the right chamber rel-
ative to the total time was calculated. 

Behavioral design
After 3 days post-implantation of fiber-optic photoacoustic emitter,  mice underwent OFT and 3 chamber test  (before
fight). Subsequently, mice were co-housed with a CD1 mouse for 1 hour (fighting, SDS). Following SDS exposure, OFT
and 3 chamber test  were conducted (after  fight).  Then,  mice received photoacoustic  stimulation (0.8 MPa for 1 hour,
n=4). After 10 days, the same experiments were repeated, except that mouse received sham stimulation, where the patch
cable was connected but no stimulation was delivered (n=4). 
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 Section 5: Legends for movies S1 to S2 

Movie S1 

Three chamber test, after stimulation session 1
The apparatus consisted of left, center, and right chambers. In session 1, a novel mouse was placed inside a small cage

in the left chamber, while the right chamber remained empty. The tested mouse explored all three chambers for 10 min-
utes. This video depicts the behavior of the tested mouse after stimulation in session 1, correlated to Fig. 5(g). 

Movie S2 

Three-chamber test, after stimulation session 2
After a 5 minute interval, in session 2, another novel mouse was introduced into the right chamber. The tested mouse

explored the apparatus for 10 minutes. This video depicts the behavior of the tested mouse after stimulation in session 2,
correlated to Fig. 5(g).
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