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ABSTRACT 

Precise neural modulation is an important tool in neuroscience research for intervening in specific neural pathways. Photoacoustic 
is an emerging photonics technology enabling high precision non-genetic neural stimulation in vitro and in vivo. Fiber-based 
and film-based optoacoustic emitters have demonstrated their capability in fundamental studies of how neurons respond to 
mechanical stimuli at the single-cell level, as well as in brain stimulation in vivo. Here, we report a new and general method 
to fabricate optoacoustic emitters through an in situ photothermal curing process of PDMS (Polydimethylsiloxane) on different 
platforms, including the tip of tapered fibers with high precision, and flat substrates with programmed patterns. Candle soot-based 
tapered fiber optoacoustic emitter (CS-TFOE) prepared through this new method generated a highly localized ultrasound field and 
enabled efficient and precise neuromodulation. We designed an integrated and compact photoacoustic neuromodulation system 

incorporating the FOE, a nanosecond pulsed laser for photoacoustic generation, and a function generator for synchronization. We 
have shown that the system can be easily integrated with standard neuroscience recording methods, such as Ca2 + imaging, and 
achieves effective neuromodulation in vitro. 
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 Introduction 

hotoacoustic (PA) emitters have found broad and significant
se in biomedical applications, including imaging [ 1 ], surgery
 2 ], and neuromodulation [ 3 ]. A variety of PA devices have
een developed with functional features. For example, fiber-
ased PA emitters can perform as a point ultrasound source
hat serves as an effective guide for surgery in combination
ith ultrasound imaging [ 2 ]. Tapered fiber-based PA emitter can
eliver a well-confined ultrasound field with a size of a few
ens of microns, enabling single-cell–level PA neuromodulation
 4 ]. PA film-based emitters can be designed into concave shapes
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to generate focused ultrasound for transcranial brain modulation
[ 5 ]. Their high biocompatibility and mechanical flexibility further
allow implantation into animal models for brain and retinal
modulation [ 6 ]. Besides, the high-intensity-focused-ultrasound
(HIFU) generated by the curved photoacoustic film is also used
in cavitation therapy through the strong sound pressure at the
focal point [ 7 ]. Noticeably, emerging PA applications such as
surgery and modulation have a need for generating micron-scale
ultrasound for the precision desired in these applications. 

Currently, to achieve high PA conversion efficiency, the PA
emitter consists of two different parts: the absorber with a
cense, which permits use, distribution and reproduction in any medium, provided the original 
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igh absorption coefficient, and the elastomer with a high
xpansion coefficient. While different kinds of carbon materials
ere chosen as absorbers for different purposes, PDMS is widely
cknowledged as one of the most efficient elastomers due to
ts high expansion coefficient. There are lots of methods to
repare PA emitters, including dip coating [ 8, 9 ], spin coating
 10–13 ], spray coating [ 14, 15 ], ink printing [ 16 ], and chemical
apor deposition (CVD) [ 17, 18 ]. However, due to the mechanical
roperties of PDMS, most of the existing methods lack the
apability to deliver miniaturized PA emitter elements to enable
recise targeting due to the poor fabrication resolution and
imitations on specific substrates. For example, the dip coating
ethod is easy to apply, but can only be used on the coating of
iber emitters [ 8, 9 ]. The spin coating can create an ultra-thin film
n a flat substrate, but it does not have any patterning ability [ 10 ].
hile the ink printing method allows for printing photoacoustic
aterial with a spatial resolution of 10 µm, it can only print on
arge and flat substrates [ 16 ]. Therefore, to solve the problems
entioned above, a new approach for fabricating highly efficient
A emitters, with high fabrication resolution, design programma-
ility, and compatibility with different shapes of substrates are
rgently needed. 

n this study, we present a photothermal-induced in situ
rinting technique designed for precise and reproducible fab-
ication of PA emitter elements with micron-scale sizes on
ifferent substrates with programmability. We demonstrated
hat the method is general enough to be applied to both
iber and film-based PA emitters. Taking the fiber emitter
s an example, through a three-step procedure, the method
nables precise control over critical device properties such
s coating layer thickness, absorption characteristics, coating
iameter, and PA generation efficiency. Using the in situ pho-
othermal curing method, we have prepared a sub-50 micron
aper optical fiber-based PA emitter (TFOE) with an optimized
hotoacoustic coating combining candle soot/PDMS. Results
how that the prepared candle-soot TFOE (CS-TFOE) can
enerate 1.6 times higher pressure than the carbon nanotube-
ased TFOE (CNT-TFOE) under the same laser conditions.
urthermore, taking advantage of in situ photothermal curing,
hotoacoustic elements with a user-defined geometry can be
D printed, and the PA performance of these emitter elements
as been characterized. To highlight the application of the
A emitters fabricated, we present a compact and versatile
hotoacoustic modulation system that can be easily integrated
ith different recording methods. Successful and efficient neu-
omodulation through TFOE has been demonstrated. This
dvancement enables programmable fabrication of photoacous-
ic emitters with any designed pattern and thus paves the
ay for more targeted studies in neuroscience and biomedical
pplications. 

 Results 

.1 Photothermal-Induced In Situ Curing 
ethod for Fabrication of CS-TFOE 

o develop a general fabrication strategy for fiber-based pho-
oacoustic emitters, we developed a new in situ curing method
nvolving three steps to independently control key parameters
of 10
and applied the method to prepare CS-TFOE (Figure 1a ). The
process comprises fiber tapering, absorber, i.e., candle soot,
coating, and PDMS photothermal in situ curing. Bright-field
images of the fiber tip after each step are provided in Figure 1b . 

Step 1: Fiber Tapering: Fiber tapering is achieved by gradually
pulling a 225 µm fiber (FT200EMT, Thorlabs) into a tapered fiber
with a tip diameter of less than 20 µm using a thermal tapering
method [ 4 ]. The final diameter of the tapered fiber can be tuned
by changing the pulling weight (Figure 1c ). The whole tapering
process has been modeled, showing a square root relationship
between the pulling force and the final tapered diameter. Details
are in Supplementary Information . 

To evaluate the optical performance of the tapered optical fiber,
we measured the laser emission at the tapered fiber tip. First, a
bright-field image of the fiber was captured under a microscope
(Figure 1d , green). Next, the fiber was coupled with a 1064 nm
continuous-wave (CW) laser, and the tapered tip was immersed in
a scattering medium (5% diluted Intralipid, Sigma) to visualize the
emitted laser. The fiber geometry and emitted laser profile were
superimposed, as shown in Figure 1d . The results confirm that the
fiber retains its laser-guiding functionality, emitting light from the
tapered tip after the tapering process. 

Step 2: Candle Soot Coating: To deposit a layer of candle soot
nanoparticles onto the tip surface of the tapered fiber, the fiber
was positioned in the middle of the flame of a paraffin wax candle,
around 2 mm away from the wick. The incomplete burning of
the candle produces soot particles [ 19 ], which adhere to the
surface of the tapered fiber. The coating thickness was measured
as a function of deposition time, showing a linear relationship
(Figure 1e ). By precisely controlling the coating duration, the
thickness of the candle soot layer can be finely tuned with an
accuracy of ± 5 µm. 

Step 3: PDMS Photothermal In Situ Curing: After applying the
candle soot layer, a PDMS layer is introduced as the thermal
elastomer to leverage its high thermal expansion coefficient,
enabling efficient photoacoustic emission. To coat PDMS directly
onto the 20 µm tip of the tapered fiber, we developed a pho-
tothermal in situ curing method. To prepare the PDMS, silicone
elastomer, and curing agent were mixed in a 10:1 ratio. The
candle soot (CS) coated tapered fiber was then immersed in
the PDMS mixture. A 1064 nm continuous-wave (CW) laser
was coupled into the fiber, delivering the laser to its tip. The
candle soot layer absorbed the laser energy, generating localized
heat that cured the surrounding PDMS. This process formed
a PDMS coating around the fiber tip. The thickness of the
cured PDMS coating can be changed by varying the laser
dosage. With 100 mW laser power and a curing duration of 1
s, the final diameter of the fiber, including the PDMS coating,
reached 25 µm (Figure 1f ). Increasing the laser power resulted
in thicker coatings, but the coating thickness plateaued due
to reaching thermal equilibrium. This method achieves precise
PDMS coating exclusively at the fiber tip, with an accuracy of
± 5 µm. We also performed a thermal diffusion simulation in
Figure S2 . The simulation of thermal diffusion during curing
suggests that the central temperature can reach more than 600
degrees. Meanwhile, due to the low thermal conductivity of
PDMS, the heating is localized and decays very fast within 200
Advanced Optical Materials, 2026
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FIGURE 1 Fabrication and structural characterization of Candle Soot-Based Tapered Fiber Optoacoustic Emitter (CS-TFOE). (a) Schematic of 
CS-TFOE fabrication steps. (b) Pictures after each fabrication step. Scale bar: 50 µm. (c) Relationship between the pulling force and tapered diameter. y 
= 20.69* × 0.5–6.241, R2 = 0.9907. N = 42 in total. (d) Image for the light path of tapered fiber. The fiber is outlined by green color, and red is the light 
emitted by the fiber. Tip diameter ∼ 15 µm. Laser condition: 1030 nm, cw. (e) Relationship between candle soot deposition time and thickness. y = 0.8503* 
× + 1.594. N = 42 in total. (f) Relationship between photothermal curing time and final coating diameter under different curing laser powers. N = 23 for 
200 mW, N = 17 for 100 mW, N = 10 for 50 mW. 
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icrons. This also ensures the fabrication precision of our in situ
uring method. 

.2 Characterization of CS-TFOE and 

omparison to CNT-TFOE 

o quantitatively assess the frequency and spatial distribu-
ion of the PA signal emitted by CS-TFOE with diameters of
5 µm, we first employed a newly developed optical detec-
ion method to measure the PA signal emitted from the CS-
FOE, namely spatially offset pump probe imaging (SOPPI)
 20 ]. The focused probe beam has a focal diameter of 6 µm,
ffering significantly improved spatial resolution compared to
onventional PA detectors such as hydrophones and transducers
Figure 2a ). Furthermore, optical detection provides a broad
etection bandwidth ranging from sub-MHz to 65 MHz, ensuring
ore accurate signal measurement than piezoelectric-based PA
ransducers, which typically have a narrow detection bandwidth
 < 20 MHz). 

he PA signal generated by CS-TFOE upon a 1064 nm pulsed
aser was detected and plotted as a function of time (black,
igure 2b ), showing a central frequency of 30 MHz (orange,
igure 2b ). By moving the detection beam away from the CS-
FOE tip, PA signals showed an amplitude decay with increasing
istance between the tip and detection location (Figure 2c ).
he PA amplitude is defined as the peak-to-peak value of the
aveform. PA amplitude as a function of distance (Figure 2d )
xhibits a significant drop within the first 20 µm, demonstrating
he high spatial resolution of the PA field emitted by CS-TFOE.
esides, the pressure generated by CS-TFOE is dependent on
dvanced Optical Materials, 2026
the input laser pulse energy. As shown in Figure 2e , CS-TFOE
was pumped by different laser energies, and the PA signal
was measured by a transducer. The PA amplitude shows a
linear relationship to the input energy, demonstrating that the
mechanical force can be precisely controlled through tuning the
laser pulse energy. 

To quantitatively assess the stability of the CS-TFOEs, we
evaluated their photoacoustic (PA) performance under repeated
pulsing. The devices were irradiated with a laser power of 30 mW
for a 3 ms duration, representing typical operating conditions.
The laser pulse train was delivered to the CS-TFOE once per
minute, and the resulting PA signal was recorded by a transducer
once every 5 min. As illustrated in Figure 2f , the PA performance
was effectively maintained even after 1 h of repeated puls-
ing. Furthermore, morphological comparisons of the CS-TFOE
before and after testing revealed negligible structural damage
(Figure 2g ). 

Moreover, to quantitatively compare the pressure generated by
CS-TFOE and the CNT-based TFOE (CNT-TFOE) [ 4 ], we used
a transducer to measure the PA signals of both fibers with
1030 nm, 3 ns pulse width, and 7.6 µJ laser pulse energy. With
its more confined pressure field and the use of candle soot, a
higher-efficiency material, CS-TFOE performs 1.6 times greater
PA efficiency than CNT-TFOE (Figure 2h ). More specifically, the
CS-TFOE not only shows a statistically larger average pressure
compared to what the CNT-TFOE generated (*: p = 0.0479), but
the variation between samples of CS-TFOE is also smaller than
that of CNT-TFOE. (CS-TFOE: 203.6 ± 113 mV/ µJ, N = 8, CNT-
FOE: 125.1 ± 142.4 mV/ µJ, N = 11). This demonstrates that with
the new method of photothermal curing, the new generation of
3 of 10
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FIGURE 2 Photoacoustic signal characterization of CS-TFOE using optical detection. (a) Schematic of photoacoustic measurement using optical 
detection. (b) Representative photoacoustic trace measured from CS-TFOE. (c) Traces of the photoacoustic signal detected at different locations plotted 
as a function of time. (d) PA amplitude plotted as a function of distance. (e) Pressure generated by CS-TFOE plotted as a function of input pulse energy. 
(f) Pressure generated by CS-TFOE plotted as a function of testing minutes. (g) Images of CS-TFOE before/after the 1-hour test. (h) CS-TFOE generates 
higher pressure than CNT-TFOE. N = 8 for CS-TFOE, N = 11 for CNT-TFOE, characterized by a 25 MHz transducer. A t -test was performed to calculate 
the p -value between each group. *: p = 0.0479. 
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S-TFOE not only performs stronger PA pressure, but also has
ore stability and robustness of fabrication. 

.3 2D Printing of PA Films Through a Laser 
canning System 

he in situ photothermal curing method is a versatile approach
hat can be applied not only to small substrates such as tapered
of 10
fibers, but also to large substrates with programmable patterning.
By directing a patterned laser, photoacoustic (PA) materials can
be printed into user-defined geometries tailored for specific
applications (Figure 3 ). 

In a representative procedure, a coverslip was first coated with
candle soot for 20 s, followed by spin coating of PDMS at
4000 rpm for 100 s, resulting in a two-layer structure. The sample
was then placed in a laser scanning system, where a 532 nm
Advanced Optical Materials, 2026
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FIGURE 3 2D printing of photoacoustic film through patterned in situ photothermal curing of PDMS. (a) Steps showing how the photoacoustic 
film was printed through a laser scanning system. (b) Representative photoacoustic signal generated by a printed photoacoustic film. Black: photoacoustic 
signal plotted as a function of time. Red: frequency analysis through a Fast-Fourier-Transform of the PA signal. (c) PA intensity and optical transmission 
of the film plotted as a function of laser heating duration. (d) Comparison of the laser scanning pattern (Green), printed PA film (Black), and PA intensity 
distribution (Red). Scale bar: 1 mm. (e) PA intensity profile at the edge of the printed samples. N = 3. FWHM: Full Width at Half Maximum. 
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ontinuous-wave (CW) laser was employed to induce localized
eating and achieve in situ photothermal curing of the PDMS
ayer. The laser beam was focused onto the sample using a 10 ×
bjective, with an average power of 100 mW. Patterning was
erformed by scanning the laser with a pixel dwell time of 50
s, a step size of 25.6 µm, and a total illumination time of 3 min.
fter the printing process, residual soot and uncured PDMS were
emoved, leaving behind well-defined cured PA patterns on the
ubstrate (Figure 3a ). 

o evaluate the fabrication precision, three distinct patterns—a
riangle, a diamond, and a pentagon—were designed (Figure 3d ,
reen). The corresponding fabricated PA films are shown in
igure 3d (black), where the overall shapes were well preserved
uring the in situ photothermal curing process. The photoacous-
ic performance of the printed films was characterized using a
eedle hydrophone. A 1030 nm pulsed laser was focused onto
he films through a 10 × objective to generate PA signals. A
dvanced Optical Materials, 2026
representative PA signal detected by the hydrophone is plotted as
a function of time in Figure 3b , showing a central frequency of
10 MHz. Notably, this central frequency detected is smaller than
that of the fiber emitter. This is because the 1 mm hydrophone
was used to measure the film with a sensitivity range from 0
to 20 MHz. Therefore, high-frequency components of the ultra-
sound signal produced by the film might not be fully captured
by the hydrophone. The CS-TFOE was measured by the optical
method (Figure 2 ) with a broad detection bandwidth from 0 to
65 MHz. 

The effect of laser illumination duration was also investigated
(Figure 3c ). Both the relative PA intensity and optical trans-
mission were plotted as functions of illumination time. The
results indicate that the absorbance of the PA film increased
within the first 10 s and plateaued after ∼ 60 s, following a
trend similar to the PA intensity change. Furthermore, the
entire sample was scanned to generate a PA intensity map
5 of 10
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Figure 3d , red). Compared with the designed laser patterns and
he printed PA films, the PA intensity distribution largely retained
he intended geometries, although some inhomogeneities were
bserved, likely due to aggregation during the photothermal
uring process. This result demonstrates that the in situ pho-
othermal curing method is capable of achieving a programmable
ser-defined 2D printing for different scenarios. To quantita-
ively determine the 2D printing resolution of PA film, we
abricated three samples using the same curing condition, and
lotted the PA intensity as a function of location at the edge
f the printed film (Figure 3e ). As shown in the figure, the
A intensity dropped from 0.63 to 0.04 in around 100 µm. The
WHM (Full Width at Half Maximum) of the edge is mea-
ured to be ∼ 50 µm. This demonstrates that our photothermal-
rinting method can also reach a printing precision at sub-
00 µm on flat substrates, which is consistent with the case on
apered fiber. 

.4 An Integrated System for PA 

euromodulation 

he neuromodulation performance of the photothermally
rinted PA devices needs to be tested. Taking the fiber-based
evice CS-TFOE as an example, to enhance its compatibility with
eural systems and recording methods, including calcium
maging and patch-clamp recording [ 21 ], we developed
 compact, portable, and integrated PA neuromodulation
ystem with all components housed within a 12-inch enclosure
Figure 4a,b ). The system comprises a function generator for
aser triggering, a laser control panel, a power supply, and
 nanosecond pulsed laser (Bright Solution, Inc., Calgary,
lberta, CA). Additionally, the system features an external
ynchronization port, enabling seamless integration with
ecording systems for biological behavior characterization. 

.5 Neuron Stimulation Monitored by Calcium 

maging 

s previously reported, the CNT-TFOE is able to stimulate
ortical neurons and induce action potential under patch-clamp
ecording [ 21 ]. With improved efficiency, CS-TFOE is promising
n high-precision neuromodulation as well. Since calcium imag-
ng is a well-acknowledged method to show neural activation
oth in vitro [ 22 ] and in vivo [ 23 ], we applied the CS-TFOE
nd the integrated PA system to stimulate GCaMP6f labelled rat
ortical neurons in vitro under calcium imaging, and recorded
euron activities. A CS-TFOE was positioned within 20 µm above
 targeted neuron using a micromanipulator, and it was operated
nder a 1030 nm laser with 3 ns pulse width at a repetition rate
f 3.3 kHz, and a power of 41 mW over a duration of 3 ms.
 detailed stimulation protocol is presented in Figure S1 . Clear
timulation was observed (Figure 4c,d ). Repeated stimulation
as performed over the course of two minutes with a time
nterval of 40 s between trials (Figure 4e ). At 5, 45, and 85 s, the
ame cell was stimulated, showing a ΔF/F0 of 55%–65% for all
hree activations. This result showed that the membrane remains
unctional and responsive without immediate damage during the
xperimental window. Besides, it is evident that the stimulation
rea is confined, with only one neuron being stimulated. This
of 10
demonstrated that the PA emitter prepared enables a high spatial
precision stimulation. 

To examine the effect of different doses of ultrasound on cells,
neural responses under different laser burst durations of 4.5,
3, and 1 ms were recorded under the same averaged laser
power of 41 mW (Figure 4f–h ). The duration of 4.5 ms caused
overactivation of neurons, with a 250% in ΔF/F0 and an inability
for the cells to return to baseline after 20 s afterward (Figure 4i ).
This prolonged stimulation demonstrates overstimulation, and
damage to the neurons could have happened. In a safer and
milder condition, the duration of 3 ms resulted in a transient
neural activation, with a ΔF/F0 of ∼ 65%. The duration of 1 ms
resulted in no activation under this laser condition. To demon-
strate that the stimulation was from the photoacoustic coating
printed photothermally in situ, a laser-only control experiment
was done under the same laser condition, but with a bare optical
fiber. As shown in Figure 4j , no activation was observed upon
laser onset, showing that the modulation of neural activities was
from the photoacoustic coating, but not from the laser directly.
To explore whether the photothermal effect during the photoa-
coustic generation process can stimulate neurons, a photothermal
control experiment is shown in Figure 4j . The nanosecond laser
for PA generation is replaced by a 1064 nm CW laser, which
only generates a localized temperature increase. The CW laser
operates at the same power of 41 mW, with a 5 ms laser duration.
As shown in Figure 4j , no activation of neurons was observed.
Both the laser-only control and the photothermal-only control
show a statistical difference compared with the PA stimulation
(Figure 4k , ****: p < 0.0001). This demonstrates that the observed
stimulation using CS-TFOE under pulsed laser conditions doesn’t
result from the laser itself nor from the temperature increase,
but due to acoustic stimuli enabled by the PA process. Overall,
the in vitro experiments by CS-TFOE show a dose-dependent
neuromodulation capability and a safe, repeatable stimulation. 

3 Conclusion 

In this work, we developed a versatile photothermal-induced
in situ printing technique for fabricating photoacoustic (PA)
emitters with high spatial precision and programmable geome-
tries. The method enables the deposition of PA coatings on
both microscale substrates, such as tapered optical fibers, and
larger planar substrates with user-defined patterns. Using this
approach, we successfully fabricated candle soot-based tapered
fiber optoacoustic emitters (CS-TFOEs) with sub-50 µm tip diam-
eters. The three-step fabrication process—tapering, candle soot
deposition, and PDMS photothermal in situ curing—provides
independent control over critical parameters such as coating
thickness, absorption properties, and PA generation efficiency,
leading to reproducible and high-performance devices. 

With this new method of PA material fabrication, highly efficient
materials, including candle soot, can be used, which improves
the PA conversion efficiency. Characterization of CS-TFOEs
demonstrated a highly localized ultrasound field, with peak-to-
peak pressure 1.3 times higher than that of CNT-TFOEs under
identical laser conditions. The devices achieved efficient high-
precision neuromodulation in vitro, exhibiting repeatable and
dose-dependent calcium responses while maintaining cellular
Advanced Optical Materials, 2026
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FIGURE 4 Neuron stimulation monitored by calcium imaging. (a) Schematic of the PA neuromodulation engine and how it can be coupled with 
an FOE for neuromodulation in vitro. (b) Photo of a neuromodulation engine. (c) Calcium imaging of GCaMP6f- labeled neurons stimulated by CS- 
TFOE before and after stimulation. Scale bar: 50 µm. (d) Maximum ΔF / F 0 of PA stimulation. (e) Calcium trace shows repeatable activation of the same 
neuron. Laser condition: 3 ms duration, pulsed energy: 0 mm attenuator. (f–h) Colormaps of fluorescence change in neurons stimulated by CS-TFOE 
with different laser burst durations. (f) 4.5 ms burst duration (N = 10). (g) 3 ms burst duration (N = 20). (h) 1 ms burst duration (N = 10). (i) Average 
calcium traces of neurons attained from (f–h) with burst duration of 1 ms (Red) (N = 10), 3 ms (Blue) (N = 20), 4.5 ms (Orange) (N = 10). The shaded 
region is the standard deviation. The laser is on at t = 5 s (red dashed lines). (j) Laser-only control and photothermal-only control of CS-TFOE stimulation. 
(k) Average maximum fluorescence intensity changes are shown in (f–h, j). Error bars represent standard deviation. 
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afety. As previously reported, fiber-based PA emitter is able
o maintain its performance after one month of implantation,
emonstrating its safety and clinical potential [ 24 ]. Beyond fiber-
ased emitters, the in situ photothermal method enabled 2D
rinting of PA films with complex geometries and programmable
A intensity profiles, highlighting the generality and scalability of
he approach. 

here are still limitations to this new method. For example,
n the case of printing larger films, it is obvious that the PA
erformance of the film is not perfectly evenly distributed. This
s very likely due to the candle soot aggregation during the
hotothermal curing process. This can be improved by tuning
he laser heating duration and power. Besides, although we’re
sing optical method for fabrication, the fabrication precision
annot achieve optical resolution. This is because the fabrication
recision is currently limited by the thermal diffusion process. To
mprove this, we can use UV to cure the PDMS, which is a more
fficient and high-resolution method. 

verall, this optically driven fabrication strategy expands the
esign space for PA emitters, combining high efficiency, micron-
cale spatial resolution, and customizable geometries. These
dvances provide a powerful tool for precision neuromodula-
ion and give potential for patterned neuromodulation, opening
venues for tailored PA devices in neuroscience, tissue engineer-
ng, and therapeutic ultrasound. 

 Appendix: Methods 

.1 In Situ Photothermal Curing Fabrication of 
he CS-TFOE 

igure 1a shows a schematic of the fabrication process of the
S-TFOE. The first step is to create a taper by melting a stock
00 µm optical fiber (FT200EMT, Thorlabs) using an ethanol
amp and then allowing a block of variable weight to pull the
wo ends of the fiber apart. Second, the tapered tip of the fiber
as coated with candle soot by being placed inside the flame of
 paraffin wax candle for a controlled period of time. The third
tep is to cure polydimethylsiloxane (PDMS) on top of the first
ayer of candle soot coating. The PDMS is prepared by mixing
ogether silicone elastomer and curing agent in a 10:1 ratio for 5
in (Sylgard 184). A CW laser was used to thermodynamically
ure the PDMS, with a 1064 nm wavelength and a 400 mW
aximum output power (Cobolt Rumba, 1064 nm). Only the tip of
he fiber is placed into the uncured PDMS, precisely controlled by
 micromanipulator (MC1000e controller with MX7600R motor-
zed manipulator, Siskiyou Corporation, OR, USA). With a certain
uration of laser heating up the candle soot layer inside the
ncured PDMS, a second layer of PDMS coating was formed on
he tip. 

.2 2D printing of PA Films Through a Laser 
canning System 

he coverslip (Fisherbrand Superslip Cover Slips, Fisher Scien-
ific) was coated with candle soot by being placed inside the
lame of a paraffin wax candle for 20 s. Then, the PDMS is
of 10
prepared by mixing together silicone elastomer and curing agent
in a 10:1 ratio for 5 min (Sylgard 184) and was coated onto the
cover slip on top of the candle soot layer through spin coating
(Karl Suss, Delta 80T2/200) with 4000 rpm for 100 s. A 10 ×
objective (UPLAN FLN 10 ×, 0.3 NA, Olympus) was used to focus
a 532 nm CW laser (Cobolt Samba 1000) onto the coverslip to
induce localized temperature increases. A galvo system (GVSK2-
US, Thorlabs) was used to scan the laser to form a designed
pattern. 

4.3 Photoacoustic Imaging of Printed PA Films 

The printed PA films were placed onto a scanning stage (ProScan
III, Prior) to perform imaging. A 1030 nm pulsed laser with
5 ns pulse duration and a repetition rate of 20 Hz was focused
onto the sample through a 10 × objective (UPLAN FLN 10 ×,
0.3 NA, Olympus). The PA signal was detected by a needle
hydrophone (HGL-1000, Onda). Both the hydrophone and the
sample were immersed in water for ultrasound propagation.
The generated signal was amplified through a 46 dB amplifier
(100-MHz bandwidth, SA230F5, NF Corporation) and digitized
through a data acquisition card at 180 MSa/s (ATS9462, Alazar
Tech). Through sample scanning, the PA performance at different
locations of the PA film was mapped out. 

4.4 Characterization of Ultrasound Waves From 

the Optoacoustic Effect 

For accurate frequency measurements of PA signals from CS-
FOEs using optical detection, a continuous wave 1310 nm laser
(1310LD-4-0-0, AeroDIODE Corporation) serves as the probe,
with a power of 5 mW, which was used to detect the signal. The
signal-carrying probe laser was detected by an amplified InGaAs
photodiode (PDA05CF2, Thorlabs) with a 1310 nm bandpass filter
(FBH1310-12, Thorlabs). The signal was recorded using a data
acquisition card at 180 MSa/s (ATS9462, Alazar Tech), equivalent
to 5.6 ns temporal resolution. The signal was then plotted in a
time trace, and the frequency spectrum was calculated using Fast
Fourier Transform in MATLAB. 

For comparing the pressure emitted from CS-TFOEs and CNT-
FOEs, a piezo-based transducer (V324-SM, Olympus) was used
to characterize the signals from the FOEs. Both CS-TFOEs and
CNT-TFOEs have a tip diameter of ∼ 40 µm. The transducer
was placed into position using a micromanipulator (MC1000e
controller with MX7600R motorized manipulator, Siskiyou Cor-
poration). The transducer and the tip of FOE were both com-
pletely submerged in water. The tip of the FOE was first roughly
placed at the focal point of the transducer, which is half inch
away from the surface of the transducer. Then, the distance was
precisely adjusted through calculating the delay between the laser
trigger and PA signal. Next, the lateral position of the transducer
was adjusted through the X-Y micromanipulator until the PA
signal detected is at its maximum. This process is repeated for
every CS-TFOEs and CNT-TFOEs. An oscilloscope (DSO6014A,
Agilent Technologies) recorded measurements taken from the
hydrophones. A Q-switched 1030 nm laser (Bright Solution, Inc.,
Calgary, Alberta) with a laser pulse of 3 ns was attached to the
FOEs to generate PA signal. 
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.5 Neuron Culture 

ll experimental procedures have complied with all relevant
uidelines and ethical regulations for animal testing and research
stablished and approved by the Institutional Animal Care
nd Use Committee of Boston University (PROTO201800534).
rimary cortical neuron cultures were derived from Sprague-
awley rats. Cortices were dissected from embryonic day 18 (E18)
ats of either sex and then digested in papain (0.5 mg/mL in
arle’s balanced salt solution) (Thermo Fisher Scientific Inc.).
issociated cells were washed with and triturated in 10% heat-
nactivated fetal bovine serum (FBS, Atlanta Biologicals), 5%
eat-inactivated horse serum (HS, Atlanta Biologicals), 2 m m
lutamine Dulbecco’s Modified Eagle Medium (DMEM, Thermo
isher Scientific Inc.), and cultured in cell culture dishes (100 mm
iameter) for 30 min at 37◦C to eliminate glial cells and fibrob-
asts. The supernatant containing neurons was collected and
eeded on poly-D-lysine-coated cover glass and incubated in a
umidified atmosphere containing 5% CO2 at 37◦C with 10% FBS
 5% HS + 2 mM glutamine DMEM. After 16 h, the medium
as replaced with Neurobasal medium (Thermo Fisher Scientific
nc.) containing 2% B27 (Thermo Fisher Scientific Inc.), 1% N2
Thermo Fisher Scientific Inc.), and 2 m m glutamine (Thermo
isher Scientific Inc.). On day 5, cultures were treated with
 µm FDU (5-fluoro-2’-deoxyuridine, Sigma–Aldrich) to further
educe the number of glial cells. Additionally, on day 5, the
AAV.Syn.GCaMP6f.WPRE.SV40 virus (Addgene) was added to
he cultures at a final concentration of 1 µL/mL for GCaMP6f
xpression, and has cre-independent expression already, with
o Cre virus involved in the process. Half of the medium was
eplaced with fresh culture medium every 3–4 days. Cells cultured
n vitro for 10–13 days were used for the stimulation experiment. 

.6 In Vitro Neuron Stimulation 

 micromanipulator was used to place the tip of a CS-TFOE
irectly above cells and a Q-switched 1030 nm laser (Bright
olution, Inc., Calgary, Alberta, CA) was attached to the CS-
FOE. The laser had durations of 4.5 ms (N = 10), 3 ms (N = 20),
nd 1 ms (N = 10). Calcium fluorescence imaging was performed
n a lab-built wide-field fluorescence microscope based on an
lympus IX71 microscope frame with a 10 × air objective (UPLAN
LN 10 ×, 0.3 NA, Olympus), illuminated by a 470 nm LED
M470L2, Thorlabs, Inc.) and a dichroic mirror (DMLP505R,
horlabs, Inc.). Image sequences were acquired with a scientific
MOS camera (Zyla 5.5, Andor) at 20 frames per second. Neurons
xpressing GCaMP6f at DIV (day in vitro) 10–13 were used for the
timulation experiment. 

.7 Photothermal Diffusion Simulation 

he 3D photothermal diffusion is modeled through MAT-
ABR2024a . The absorber’s size is considered as a 40 × 40 ×
0 µm cube to mimic the geometry of the CS-TFOE. The diffusion
edium is PDMS, which is consistent with the case of thermal-
nduced curing process. The thermal conductivity of PDMS is set
o be 0.15 W/(m ⋅ K), the density is 970 kg/m3, and the specific
eat capacity is 1460 J/(kg ⋅ K). The simulation is performed in
D to best mimic the real thermal diffusion process. The laser
dvanced Optical Materials, 2026
power is set to be 20 mW and 1 s to mimic the real condition in
the experiment. 

4.8 Data Analysis 

Prism 10 and MATLAB were used to analyze optoacoustic signal
data from the hydrophones and to analyze data from the fabri-
cation process of the CS-TFOE. Calcium imaging for Figure 4a,b
were processed using ImageJ , and other calcium imaging analyses
were done in Prism 10. Statistical analysis was completed with
Prism 10 . 
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