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HIGHLIGHTS

Non-genetic neural stimulation

using photoacoustic

nanoparticles is reported

Nanotransducers generate

photoacoustic signals upon

1,030-nm nanosecond laser

excitation

Nanotransducer stimulation

targets a mechanosensitive

channel on neuron membrane

Single-cell stimulation through

nanotransducers is reported
Neuromodulation is crucial for the understanding of brain circuits and treatment of

neurological diseases. This work demonstrates a new photoacoustic nanoparticle-

based neural stimulation technique. Synthesized nanoparticles transduce near-

infrared light to ultrasound locally at the neuronal membrane and evoke neural

activation in vitro and in vivo. Through targeting the mechanosensitive ion channel

TRPV4, the modified nanotransducers achieve neural activation with enhanced

specificity. Together, photoacoustic nanotransducers offer opportunities for non-

genetic neuromodulation with deep tissue penetration.
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Progress and Potential

Precise neuromodulation is critical

to understanding how the brain

functions under healthy and

diseased conditions. In this work,

we introduce the photoacoustic

nanoparticles (PANs) that

generate acoustic waves locally

on the neuronal membrane. Non-

genetic neural stimulation was

achieved both in vitro and in vivo

with nanosecond laser excitation

in the near-infrared second widow

(NIR-II). Specificity of the

stimulation was further improved
SUMMARY

Neuromodulation is an invaluable approach for the study of neural cir-
cuits and clinical treatment of neurological diseases. Here, we report
semiconducting polymer nanoparticles based photoacoustic nano-
transducers (PANs) for neural stimulation in vitro and in vivo. Our
PANs strongly absorb the nanosecond pulsed laser in the near-infrared
second window (NIR-II) and generate localized acoustic waves. PANs
are shown to be surface modified and selectively bind onto neurons.
PAN-mediated activation of primary neurons in vitro is achieved with
ten 3-ns laser pulses at 1,030 nm over a 3-ms duration. In vivo neural
modulation of mouse brain activities and motor activities is demon-
strated by PANs directly injected into brain cortex. With submillimeter
spatial resolution and negligible heat deposition, PAN stimulation is a
new non-genetic method for precise control of neuronal activities,
opening up potentials in non-invasive brain modulation.
by targeting of mechanosensitive

TRPV4 channels on the neuronal

membrane. With its unique

absorption in the NIR-II and the

absence of genetic modification,

PANs open up the potential for

non-invasive neuromodulation

with high spatial resolution in

deep tissue for rodents as well as

primates and humans.
INTRODUCTION

Neural stimulation is an important tool enabling our understanding of how brains

function and treatments of neurological disorders. Electrical stimulation is the basis

of current implantable devices and has already been used in the clinical treatment of

depression, Parkinson’s disease, and Alzheimer’s disease. These devices, often

made of metal electrodes, are limited by their invasive nature,1 inability to target

precisely due to current spread, and magnetic resonance imaging incompatibility.

Non-invasive clinical or preclinical methods, such as transcranial magnetic stimula-

tion2 and transcranial direct current stimulation,3 do not require a surgical procedure

but offer a spatial resolution on the order of several millimeters. Optogenetics has

been shown to be a powerful method for modulating population neural activities

in rodents more precisely and with cell specificity.4,5 Optogenetics requires genetic

modification through viral infection, which makes it challenging to be applied to hu-

mans.6 Ultrasound neuromodulation, an emerging non-invasive neuromodulation

method, has been demonstrated to evoke action potentials in vitro and behavioral

responses in vivo in rodents,7,8 non-human primates,9 and even in human sub-

jects.10–13 However, the spatial resolution for conventional ultrasound neuromodu-

lation is still limited to several millimeters. More recently, a fiber-based optoacoustic

converter has been proposed and demonstrated to achieve neuromodulation with

submillimeter spatial resolution utilizing the optoacoustic effect,14 although it re-

quires surgical implantation for in vivo applications.

Nanostructures target neuron membrane locally and convert and amplify the

external excitation to local stimuli, offering new interfaces as promising alternative
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neural stimulation approaches. Gold nanoparticles and nanorods have been studied

for photothermal neural stimulation in vitro.15–18 Gold nanoparticles and carbon

nanotubes have also been used for photothermal-driven optocapacitive stimulation

in vitro.19–21 The Tian and Bezanilla groups reported photoelectrical stimulations

with silicon nanostructures.22 In these light-driven stimulations, the wavelengths

used were mostly in the range of 520–808 nm, which has limited penetration through

skulls and brain tissue. In pursuit of deeper penetration, thermal stimulation trig-

gered by nanoparticles absorbing longer-wavelength light or magnetic field has

also been investigated. The Pu group demonstrated photothermal neural stimula-

tion in vitro using bioconjugated polymer nanoparticles absorbing 808 nm and bind-

ing to transient receptor potential cation channel subfamily V member 1

(TRPV1).23,24 The Anikeeva group used gene transfection to overexpress the ther-

mally sensitive ion channels in TRPV1 and then utilized the magnetothermal effect

of the paramagnetic nanoparticles to activate these channels.25 In these studies, sig-

nificant local temperature rise, exceeding the thermal threshold of the ion channels,

e.g., 43�C in the case of TRPV 1, for a period longer than several seconds was

observed, thus raising concerns over the safety of thermally activated neural stimu-

lation. The Khizroev group used themagnetoelectric nanoparticles under an applied

magnetic field to perturb the voltage-sensitive ion channels for neuron modula-

tion.26 Notably, these magnetic stimuli-based techniques deliver a spatial precision

relying on the confinement of the magnetic field, which is on the millimeter-to-centi-

meter scale. New technologies and concepts are still sought to achieve non-invasive,

genetic free and precise neural stimulation.

Here, we report the development and application of photoacoustic nanotransducers

(PANs) to enable non-genetic neural stimulation in cultured primary neurons and in

mouse brain in vivo (Figure 1A). Our PANs, based on synthesized semiconducting

polymer nanoparticles, efficiently generate localized ultrasound by a photoacoustic

process upon absorption of nanosecond pulsed light in the near-infrared second

window (NIR-II; 1,000–1,700 nm) (Figure 1B). NIR-II light has the capability of centi-

meter-deep tissue penetration,27,28 which is beyond the reach of visible light

currently used in optogenetics. We modified the PAN surface for non-specific bind-

ing to neuronal membrane and specific targeting of mechanosensitive ion channels,

respectively. We showed that upon excitation at 1,030 nm, PANs on the neuronal

membrane successfully activated rat cortical neurons, confirmed by real-time fluo-

rescence imaging of the fluorescent calcium indicator GCaMP6f. The spatial resolu-

tion of the PAN stimulation was shown to be completely determined by the illumina-

tion area of the light, and single-neuron stimulation was demonstrated under

excitation of NIR-II light delivered by a tapered fiber. We then demonstrated in vivo

motor cortex activation and evoked subsequent motor responses through PANs

directly injected into a mouse living brain. Importantly, the heat generated by the

nanosecond laser pulses is confined inside the PAN, resulting in a transient temper-

ature rise during the photoacoustic process, evidenced by finite element modeling

simulations. Collectively, our findings propose PANs as a new platform for modu-

lating neuronal activities. Triggered by NIR-II light and showing negligible temper-

ature increase, PANs open up opportunities for deep-penetrating-light controlled

neural activation with high precision.
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RESULTS

Synthesis of PANs

We first synthesized NIR-II absorbing semiconducting polymer bis-isoindigo-based

polymer (BTII).29 To obtain nanoparticles and modified the polymer with
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Figure 1. Surface-Modified PANs Sufficiently Bind to Neurons

(A) Scheme of the PAN-induced neural stimulation.

(B) Schematic illustrating that upon nanosecond laser pulse excitation, a PAN generates photoacoustic signals. NP, nanoparticle.

(C) Schematic of PAN synthesis. BTII, bis-isoindigo-based polymer.

(D) Dynamic light scattering (DLS) analysis of PAN solutions.

(E) Zeta-potential measurement of PAN solutions with a concentration of 1.0 mg/mL with DSPE-PEG and PS-PAA functionalization, respectively.

(F) UV-vis spectrum of PAN solution with a concentration of 1.0 mg/mL.

(G) Photoacoustic signal measured from PAN solution (1.0 mg/mL).

(H) TA images of PANs binding to neurons after 15-min culture. Green, TA channel; gray, transmission channel. Scale bar, 50 mm.

(I) Binding density analysis of PANs to soma regions of neurons at 15 min and 1 h, respectively.

(J) Cytotoxicity analysis of PANs to neurons by MTT assay.

(K) Cell viability assay for neurons treated with PAN and laser excitation (one stimulation and three stimulations) and treated with laser excitation only

(CTR).

Data are presented as mean G SD. Two-sample t test: n.s., not significant (p > 0.5); ***p < 0.001.
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polystyrene-block-poly(acryl acid) (PS-b-PAA) via a nanoprecipitation method (Fig-

ure 1C). The PS-b-PAA was chosen due to the amphiphilic nature of its chemical

structure. The hydrophobic polystyrene portion forms a p-p stacking with the poly-

mer, while the hydrophilic poly(acryl acid) (PAA) makes the polymer into water-sol-

uble nanoparticles with carboxyl groups decorated on the surface. The Fourier trans-

form infrared (FTIR) spectrum confirmed the presence of carboxyl groups (Figure S1),

indicating the successful modification. The PANs were dispersed in aqueous solu-

tion for characterization. The size of nanoparticles prepared was measured to be

58.0 G 5.2 nm using dynamic light scattering (DLS) (Figure 1D). Transmission

electron microscopy (TEM) imaging of PANs (Figure S2) shows an average particle

diameter of 52.9 G 12.2 nm, consistent with the DLS measurement results. The

nanoparticles were found to be negatively charged, indicated by a potential of

�79.79 G 4.04 mV through the zeta-potential measurement. To confirm that the

surface negative charge is introduced by the surfactant PS-b-PAA, we performed

surface modification using 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

(polyethylene glycol)-2000 (DSPE-PEG), a neutrally charged surfactant, as a compar-

ison. DSPE-PEG-modified PANs were found to be charged with �4.88 G 3.06 mV

(Figure 1E).

PANs Generate Strong Acoustic Waves under NIR-II Light Pulses

The planar backbone of the semiconducting polymer chain pushed the absorption

to the NIR-II.30 We confirmed this by UV-visible NIR spectroscopy. The nanoparticles

broadly absorb NIR-II light from 800 to 1,300 nmwith a peak at 1,100 nm (Figure 1F).

Next, we tested whether PANs can generate sufficient optoacoustic waves. In the

optoacoustic process, an optoacoustic wave is generated following a transient tem-

perature increase and thermal expansion of the nanoparticle. Importantly, two con-

ditions, stress confinement and thermal confinement, need to be met for efficient

photoacoustic generation. The initial pressure p0 generated is related to light ab-

sorption by the following expression: p0 = GmaF, where ma is the absorption coeffi-

cient of the absorber, F is the local light fluence, and G is the Grüneisen parameter.

The Grüneisen parameter can be expressed as G = bvs
2/Cp = b/(krCp), where b is the

isobaric volume expansion coefficient, Cp is the heat capacity, vs is the acoustic

speed, k is the isothermal compressibility, and r is the mass density.31 Per the stress

confinement, to build up the thermoelastic pressure within a nanoparticle with a

diameter of less than 100 nm, considering the speed of sound, a laser pulse of

less than 67 ps is required. Yet a mode-locked picosecond pulsed laser usually

has several orders of magnitude lower pulse energy than a Q-switched nanosecond

pulsed laser. Therefore, nanosecond pulsed lasers are widely used for photoacoustic

applications. Regarding thermal confinement, the thermal conduction time must be

longer than the laser excitation pulse width to generate photoacoustic waves effi-

ciently. The thermal conduction time can be approximated by tth = L2=4D, where

L is the length of diffusion and D is the thermal diffusivity of local environment. In

the case of PAN, the local environment is water around the cell body. Water has a

thermal diffusivity of 1.4 3 10�3 cm2/s, and the thermal diffusion length is approxi-

mated by the nanoparticle size, which is ~60 nm. The thermal diffusion time constant

tth is thus approximately 6 ns. Therefore, we utilized a nanosecond laser pulse of 3 ns

to achieve efficient photoacoustic generation. Measured with an ultrasound trans-

ducer with a central frequency at 5 MHz, 1.0 mg/mL nanoparticle solution exhibits

a photoacoustic signal showing a waveform in time domain of approximately 2 ms

in width and a peak-to-peak amplitude of 33.95 mV (Figure 1G), under 1,030-nm

nanosecond laser with a pulse width of 3 ns, a repetition rate of 3.3 kHz, and an en-

ergy density of 21 mJ/cm2. The peak pressure was measured to be 1.36 kPa using a

needle hydrophone. Since these nanoparticles generate a strong photoacoustic
Matter 4, 654–674, February 3, 2021 657
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signal under pulsed NIR-II light, we termed them ‘‘photoacoustic nanotransducers’’

(PANs) and studied their potential for neural binding and stimulation, as detailed

below.

PANs Sufficiently Bind to Neurons

As recently reported, nanoparticles with negatively charged surface can bind onto

neuronal membrane, whereas positive nanostructures showed no interactions with

neurons.32 To examine whether negatively charged PANs can bind onto the neuron

membrane, we cultured PANs with embryonic cortical neurons collected from

Sprague-Dawley rats. The neurons were first cultured for 15–18 days (days in vitro,

DIV 15–18). We then added 150 mL of 20 mg/mL PAN solution into the culture, reach-

ing a concentration of 2 mg/mL. The same concentration was used in all experiments

in this work unless otherwise noted.

Confirming and quantifying the binding of PANs to neurons is critical for successful

stimulation. Since the semiconducting polymer shows strong intrinsic transient ab-

sorption (TA) signals, we then used label-free TA microscopy to visualize binding

of PANs to neurons. In TA microscopy, two synchronized femtosecond laser pulse

trains, pump and probe respectively, are focused onto the sample. The electroni-

cally resonant pump laser pulse excites the molecule to its excited state, after which

the probe laser pulse probes the TA change induced by the pump. Such non-linear

absorption signals originate from the signature excited state dynamics of the mole-

cule.33–36 With outstanding chemical specificity, TA microscopy has been applied to

visualize molecular content in biological samples37–40 as well as characterization of

nanomaterials41–46 including semiconducting polymer nanoparticles.47,48 Specif-

ically, we used 200-fs laser pulses at 1,045 nm and 845 nm as the pump and probe

beams, respectively, with laser power fixed at 20mW for both beams for TA imaging.

To quantify the effective density of PANs bound to neurons, we first measured the

signal-to-noise ratio (SNR) of the TA signals of PAN solutions with concentrations

ranging from 2.0 to 55.0 mg/mL to obtain a TA calibration curve (Figure S3). The

SNR of TA signals was found to be linear to the PAN concentration with a slope of

14.24 mL/mg. Next, we incubated neurons in culture supplemented with PANs for

15 min, rinsed three times with PBS to remove unbound PANs, and fixed the cells

for TA imaging. The PANs were found to bind onto the neurons at an estimated den-

sity of 40.2 G 15.9 PANs per soma (Figure 1H). The number of PANs was calculated

on the basis of effective TA concentration estimated according to the measured TA

intensity and TA calibration curve, focused spot volume, and estimated molecular

weight of PANs. Through depth-resolved TA imaging, the PANs were found to

bind mainly on the neuronal membrane instead of entering the neuron through

endocytosis (Figure S4). By increasing the culture time to 1 h, a higher binding den-

sity was achieved and the number of PANs per neuron on the soma area was found to

be 78.1G 26.7 (Figures S5 and 1I). In aqueous solution, the PANs prepared show no

aggregation. Based on the TA images of PANs co-cultured with neurons, some clus-

ters of PANs were observed when binding to the membranes, possibly due to the

complex cellular membrane environment. Different from TA image taken at

15 min co-culture, depth-resolved TA imaging performed at 3 h after PAN addition

reveals strong TA signal from PANs located in the cytoplasm, which indicates endo-

cytosis of PANs into the soma (Figure S6).

To test the cytotoxicity of PANs, we performed an MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) assay on cultured neurons (DIV 15–18) following

incubation with PANs for 1 h and 24 h, respectively. Cell viabilities over 80% were

observed in all experimental groups with PAN concentrations ranging from 20 to
658 Matter 4, 654–674, February 3, 2021
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60 mg/mL (Figure 1J), indicating low toxicity of PANs to neurons. To further test

whether laser excitation introduces cellular damage and to determine the damage

threshold for in vitro neural stimulation, we also performed a cell viability assay after

laser application with SYTOX Green staining of nuclei.49 Neuron cultures at DIV

15–18 were incubated with 150 mL of 20 mg/mL PAN solution for 15 min. Nano-

second laser at 1,030 nm was delivered to the culture via a 200-mm diameter optical

fiber with 0.22 numerical aperture (NA). Conditions of the pulsed laser include a

pulse width of 3 ns, a repetition rate of 3.3 kHz, and a laser train of 3 ms (correspond-

ing to 10 laser pulses). As shown in Figure 1K, 1 h after laser excitation, only neurons

exposed to 57-mJ laser pulses showed slightly decreased viability, while neurons

exposed to laser pulses of 35 and 23 mJ showed similar viability compared with

neurons without PAN and laser exposure. Thus, we chose a laser pulse energy of

17 mJ/pulse (pulse energy density of 2.1 mJ/cm2) for future stimulation experiments.

The laser energy chosen is well below the damage threshold from the viability assay

as well as American National Standards Institute standard for maximum permissible

skin exposure (80 mJ/cm2 per pulse). These results collectively show that negatively

charged PANs can sufficiently bind onto neuronal membranes via a charge-charge

interaction, without obvious cytotoxicity upon desired laser excitation.

PANs Stimulate Primary Neurons in Culture

After showing that PANs bind to neurons, we further investigated their potential for

neural stimulation. Calcium imaging was performed on Sprague-Dawley rat primary

cortical neurons transfected with GCaMP6f on an in-house built wide-field fluores-

cence microscope. Imaging was performed on five culture batches for each group.

Data from a total of 60 neurons, all of which were within 100 mm proximity to the sur-

face of the fiber, were analyzed. The chosen distance of 100 mm was based on the

estimated illumination area of the optical fiber. A representative fluorescence image

of the neuron culture is shown in Figure 2A, with the dashed circle showing the po-

sition of the fiber. Increase in fluorescence intensity of GCaMP6f at individual neu-

rons was clearly observed immediately after applying pulsed laser, as shown in the

real-time video (Video S1). Out of the 60 neurons studied, 37 showed an increase

in fluorescence greater than 10% or F/F0 ratio above 1.10 after the laser onset (Fig-

ure 2B). F0 is the baseline fluorescence signal of the neurons before the stimulation.

Notably, two types of responses were detected, a transient response shown in Fig-

ure 2C and a prolonged response taking a longer time (up to 60 s) to recover to the

baseline shown in Figures 2D and S7. We fitted the decay of the response curves

exponentially and defined a time constant when they decreased by a factor of 1/e

(e = 0.368) from the peak fluorescence intensity. The transient activations typically

show decay time constants ranging from 2 to 5 s, while the prolonged activations

have time constants of 5 s and upward (Figure S8). The success rate, defined as

the percentage of activated neurons identified through the F/F0 ratio above 1.10,

was calculated. Under the 3-ms laser pulse train, 62.5% G 21.3% of the neurons ex-

hibited activations immediately after the nanosecond laser onset. Specifically,

11.2% G 4.8% and 51.3% G 16.5% were observed as the transient responses and

prolonged responses, respectively (Figure 2H).

To investigate whether the activations observed based on the increased fluores-

cence intensity are caused by action potential, we performed a control experiment

with addition of 3 mM tetrodotoxin (TTX), a blocker of voltage-gated sodium chan-

nels. After addition of TTX, only a total of 6.7% neurons showed activation upon

laser excitation, with 1.7% G 2.9% for transient activation and 5.0% G 5.0% for

prolonged activation (Figure 2E), indicating that the observed calcium transients

were induced by firing of action potentials. As an additional control, only applying
Matter 4, 654–674, February 3, 2021 659



Figure 2. PANs Induce Neural Stimulation

(A) Representative fluorescence image of GCaMP6f-labeled neurons (DIV 15–18) cultured with PANs for 15 min. White dashed line indicates the position

of the optical fiber delivering nanosecond pulsed light. Scale bar, 100 mm.

(B) Colormaps of fluorescence changes of neurons stimulated by PANs using the 1,030-nm nanosecond laser with a 3-ms laser pulse train. White dashed

lines indicate laser onsets.

(C and D) Representative fluorescence changes as a function of time for transient activation (C) and prolonged activation (D), respectively. Red dashed

lines indicate that laser is on.

(E–G) Colormaps of fluorescence changes of neurons treated with TTX added into the culture medium (E), with laser only (F), and with the synaptic

blocker cocktail added in the culture medium (G). Same laser conditions as for (C) and (D) were used. All colormaps were plotted under the same

dynamic range.

(H) Success rate analysis. Error bars denote mean G SD. p value was calculated using PANs without S.B. group as reference. ***p < 0.001.
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nanosecond laser at the same laser condition without PANs induced activation with

a success rate of 1.7% G 2.9%, indicating that optical excitation through nano-

second laser alone triggers negligible activities (Figure 2F). To investigate how

synaptic inputs affects stimulation outcome, we applied a cocktail of synaptic

blockers (10 mM NBQX, 10 mM gabazine, and 50 mM DL-AP5)50 and observed an

overall success rate of 8.3% G 5.8%, a significant reduction from 62.5%. Interest-

ingly, the remaining activation is dominantly transient activation, while prolonged

activation is completely blocked by the cocktail. These results suggest that the

transient activation is likely the result of direct PAN-mediated stimulation, while

the prolonged activation comes from a train of action potentials resulting from

the activation of neural networks by synaptic transmission. Collectively, the results

indicate that PAN-triggered neural activities are action-potential dependent and

involve synaptic transmission.

Notably, no activations were found outside the illumination area of the optical fiber

(Figures 3A and 3B). Aiming to achieve neural stimulation at single-neuron preci-

sion, we applied a tapered optical fiber with a tip diameter of ~10 mm, placed

close to the neuron of interest (Figures 3C and 3D). Upon light illumination, only

the targeted neuron showed strong calcium activation while other neurons in the

field of view remained unchanged. These results indicate that the spatial resolution

of PAN stimulation is defined by the illumination of the pulsed light, which makes it

possible to achieve neural stimulation at optical resolution through focusing of

excitation light.
660 Matter 4, 654–674, February 3, 2021



Figure 3. Spatial Distribution of Neuron Activation Induced by PANs

(A) Fluorescence images of neurons before stimulation. Green denotes GCaMP6f. Scale bar,

100 mm.

(B) Maximum DF/F0 image of the field of view after PAN stimulation. Scale bar, 100 mm.

(C) Single-neuron targeting with tapered fiber. Green denotes GCaMP6f. The dashed line indicates

the position of the tapered optical fiber tip. Scale bar, 20 mm.

(D) Maximum DF/F0 image of the field of view after PAN stimulation. Scale bar, 20 mm.

ll
Article
Key parameters to control the stimulation through PANs include laser conditions and

binding density of PANs on neurons. To understand the effect of the pulsed laser train

on activations by PANs, wefirst studied the activation under increased laser pulse train of

5 and 10 ms, corresponding to 17 and 33 laser pulses, respectively. In the laser only

groups, the overall success rate was found to be 3.3% G 2.0% using 5 ms and

18.3%G 10.4% for 10ms (n= 60, three different culture batches), dominated by the pro-

longed activation (Figures S9A–S9C).With PANs cultured for 15min with neurons, under

the 5-ms laser duration an overall success rate of 66.7%G 14.4% was observed (n = 60,

three different culture batches). When the laser pulse train increased to 10 ms, the total

success rate was found to be 80.0% G 15.3% (Figures S9D–S9F). Notably, both 5-ms

and 10-ms laser pulse trains produced neural activities dominated by prolonged activa-

tion. The 3-ms pulse train sufficiently produced a high success rate in direct activation

with less network effect. Therefore, we identified it as the optimal laser pulse train for

PAN-mediated neural stimulation for subsequent experiments.

To investigate how the binding density affects PAN-mediated stimulation, we varied

the incubation time of PANs with neuron cultures. In the group where the stimulation

was performed immediately after addition of PANs followed with rinses, no neural

activation was detected (Figure S10A). This observation confirmed that only bound

PANs can trigger the activation. In the group where the stimulation was performed

after PANs were incubated with neurons for 1 h, 20.0% G 18.0% of neurons ex-

hibited transient activations and 28.33% G 16.07% exhibited prolonged activation

(Figures S10B and S10C). These results indicate that 15-min culture time provides a

binding density sufficient to trigger neural stimulation.
Matter 4, 654–674, February 3, 2021 661



Figure 4. PAN-TRPV4 Induces Transient Activation of Neurons

(A) Schematic of PAN-TRPV4 synthesis.

(B) DLS analysis of PAN and PAN-TRPV4 sizes.

(C) Zeta-potential measurement of PAN and PAN-TRPV4 solutions.

(D) TA image of PAN-TRPV4 cultured with neurons for 15 min. Green, TA channel; gray, transmission channel. Scale bar, 50 mm.

(E–G) Colormaps of fluorescence intensity change in neurons treated with PAN-TRPV4 without synaptic blockers (E), with the synaptic blocker cocktail

(F), and with GSK 2193874 (G) added in the culture medium. A laser pulse train of 3 ms was used in all experiments.

(H) Success rate analysis. Error bars denote mean G SD. p value was calculated using without S.B. group as reference. n.s., not significant (p > 0.5);

***p < 0.001.
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PANs Conjugated with TRPV4 Enable Channel-Specific Neural Stimulation

To enable specific targeting for stimulation, we bioconjugated the PANs with anti-

bodies to specifically target themechanosensitive ion channel transient receptor po-

tential cation channel subfamily V member 4 (TRPV4). TRPV4 was chosen because of

its high expression rate on the neuronal cell membranes and its capability of sensing

external mechanical stimuli.51,52 We conjugated PANs with anti-TRPV4 antibody

through a carbodiimide coupling reaction, using ethyl(dimethylaminopropyl) carbo-

diimide (EDC) and N-hydroxysuccinimide (NHS), between the carboxyl group on

PANs and the amine group on the antibody (Figure 4A).23 Successful bioconjugation

was confirmed by comparing characteristics of PANs and anti-TRPV4 conjugated

PANs (PAN-TRPV4). A size increase from 59.4 G 5.3 nm to 181.8 G 36.7 nm was re-

vealed by DLS analysis (Figure 4B). The zeta potential for PAN-TRPV4 is �1.49 G

0.38 mV, almost neural and distinct from PANs (Figure 4C). No color change was

noted in the PAN-TRPV4 solution (Figure S11A). No obvious shift in absorption spec-

trum was identified for the PAN-TRPV4 solution (Figure S11B).

We then confirmed the expression of the TRPV4 channels in the membrane of em-

bryonic cortical neurons. As indicated on immunofluorescence staining images (Fig-

ure S12), TRPV4 channels are expressed vigorously throughout the soma and neu-

rites of the neurons, as previously reported.53,54 This result indicates that a large

number of target sites on the neuronal membrane are available for PAN-TRPV4 for

potential binding. After incubation with PAN-TRPV4 for 15 min under the same con-

ditions as for PANs, PAN-TRPV4 binding to neurons were visualized by TA micro-

scopy (Figure 4D). The PAN-TRPV4 density was estimated to be 43.8 G 20.8 per

soma, slightly larger than that found for PAN binding.
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Next, we studied whether PAN-TRPV4 could improve the specificity of neural stimula-

tion through direct activation of TRPV4. Under the same experimental conditions

used for PANs, we analyzed 60 neurons collected from five different culture batches.

As shown in Figure 4E, neural activations induced by PAN-TRPV4 show an overall suc-

cess rate of 55.0%, 50.0% G 5.0% of which is transient stimulation responses and

5.0%G 5.0% of which is the prolonged response (Figure S13). Although the overall suc-

cess rate of PAN-TRPV4 was reduced slightly compared with PAN, the portion of tran-

sient activation increased substantially. As shown in Figure 4F, with the application of

synaptic blocker cocktail, the overall success rate remains at 53.3%. 51.7% G 12.6%

of neurons showed transient activation and only 1.7%G 2.9% showed prolonged acti-

vation, which indicates that PAN-TRPV4 induces more direct activation through target-

ing TRPV4 without significant involvement of neural network and synaptic transmission.

To validate that the observed activation is mediated by the activation of the TRPV4

channel, we added the TRPV4 channel blocker, GSK 2193874,55 into the culture, prior

to adding PAN-TRPV4 solution (n = 30, collected from three different culture batches).

As shown in Figure 4G, in the presence of GSK 2193874 the success rate significantly

decreased, with 10.0%G 10.0%of the neurons showing transient responsewith no pro-

longed activation detected (Figure 4H). We further stimulated neurons with repeated

photoacoustic stimulation using PAN-TRPV4. Four bursts of laser pulses, with a 3-ms

duration in each burst and 10-s inter-burst interval, were delivered to the neurons

culturedwith PAN-TRPV4 for 15min. Consistent calcium activationswere observed (Fig-

ure S14). These results collectively show that PAN-TRPV4 enabled specific stimulation

directly through the TRPV4 ion channel.

In Vivo Neural Stimulation by PANs

Upon successful stimulation of cultured primary neurons, we asked whether PANs

could activate neurons in vivo in living animals. We directly injected 600 nL of

1.0 mg/mL PAN solution into the primary motor cortex of C57BL/6 mice using a ste-

reotaxic injector at a controlled speed of 20 nL/min. Stimulation was performed 1 h

after the injection. To validate brain activation, we performed local field potential

(LFP) recording at the PAN injection site. To avoid electric artifact produced by laser

radiation on the metal electrode, we used multifunctional fibers with a thick polymer

coating as the recording electrodes (Figure S15).56,57 As shown in the Figures 5A and

5B, a 3-ms laser pulse train at 21 mJ/cm2 produced a strong LFP response on the

stimulated cortex, while in the control group on the contralateral side without

PAN injection the laser irradiation did not produce any response.

With successful LFP recording of PAN stimulation in brain, we further evaluated the

behavior outcome of the stimulation. We performed electromyography (EMG) as a

measurement of the effect of PAN brain stimulation. PAN solution, 600 nL at

1.0 mg/mL, was injected into the primary motor cortex of the mouse. At 1 h after

the injection, a needle electrode was inserted subcutaneously and parallel to the

forelimb triceps brachii muscle. A reference electrode was inserted in the footpad

with a ground electrode inserted subcutaneously on the trunk and ipsilateral to

the stimulation site (Figure 5C). A 200-ms laser pulse train was delivered to the

injection site through an optical fiber. EMG responses with an amplitude of

428.8 G 119.0 mV and a delay of 127.8 G 24.3 ms were recorded (Figure 5D). These

results suggest that PAN-mediated brain stimulation was sufficient to induce motor

cortex activation and invoke subsequent motor responses.

PAN-Mediated Stimulation Is Not Thermally Induced

The photoacoustic effect is known to be associated with a temperature increase. To

gain insights into how much the photothermal process might contribute to the
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Figure 5. In Vivo Neural Stimulation by Injected PANs

(A) Schematic of in vivo electrophysiology measurement.

(B) Representative electrophysiology curves measured at the brain region without PANs as the

control group (blue) and PAN-treated region (red) on three mice. Blue arrow indicates laser is on.

(C) Schematic of EMG recording.

(D) Forelimb EMG response to motor cortex PAN stimulation.

Data are presented as mean G SD.
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successful activation discussed above, we performed neuron stimulation under

continuous-wave (CW) laser. CW laser excitation of nanoparticles is known to pro-

duce a photothermal effect, resulting in a local temperature rise without generation

of photoacoustic signals.58 By comparing neural response to PANs upon excitation

by the CW laser with that by the nanosecond laser at the same power, we can deter-

mine whether PAN-mediated stimulation differs from nanoparticle-mediated photo-

thermal stimulation. Since PANs absorb broadly in the range of 800–1,300 nm, we

used a CW laser at 1,064 nm. Identical neuronal culture conditions were used.

While we achieved successful neural activation under nanosecond laser power of

70 W/cm2 and a train of 10 pulses over 3 ms, no activation was detected

using CW laser excitation with the laser power of 70 W/cm2 over 3.9-ms duration

(n = 30, three different cell-culture batches, Figure 6A). No activation was

observed as we increased the CW laser power to 397 W/cm2 while maintaining

the CW laser duration at 3.9 ms (n = 30, three different cell-culture batches, Fig-

ure 6B). Activation of neurons was only observed when the duration was increased

to 2.5 s and laser power was increased to 397 W/cm2 (n = 20, three different cell-

culture batches, Figure S16). These results show that under the CW laser at com-

parable power and duration with nanosecond laser conditions, the photothermal

effect produced by the PANs alone cannot result in neural activation. The photo-

acoustic function of PANs enabled by the nanosecond light pulse contributed

dominantly to the activation.
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Figure 6. PAN-Mediated Neural Stimulation Is Not Thermally Induced

(A and B) Colormaps of fluorescence intensity change of neurons cultured with PANs under a 1,064-nm CW laser with laser condition of: (A) 3.9-ms laser

duration and power density of 61 W/cm2; (B) 3.9-ms laser duration and power density of 397 W/cm2. The colormaps were plotted under the same

dynamic range. Neurons were cultured with PANs for 15 min before stimulation.

(C and D) COMSOL simulation on temperature changes with a single 3-ns laser pulse (C) and three 3-ns laser pulses with a 3.3-kHz repetition rate (D) on

PAN surface (black) and 10 nm away from PAN surface in water (red). Laser wavelength is 1,030 nm. Pulse energy is 1.18 nJ.

(E and F) COMSOL simulation on temperature changes for a gold nanoparticle with 1-ms laser and pulse energy of 67.8 nJ (E), and gold nanoparticle with

1-ms laser with pulse energy of 9.8 mJ (F). Laser wavelength is 532 nm.
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To understand how temperature rises and dissipates upon nanosecond laser excita-

tion of a nanoparticle, we applied finite element modeling to simulate the evolution

of PAN surface temperature in water. Simulation for temperature at 10 nm away from

surface of PANs in water was also performed, aiming to probe the temperature of

neuronmembrane to which a PANbinds. Figure 6C shows how the PAN temperature

evolves under excitation by a single 3-ns laser pulse at 1,030 nm. Pulse energy den-

sity of 2.1 mJ/cm2 was used, consistent with the condition used in our PAN stimula-

tion experiments. Temperature was found to quickly rise to a peak of 8.4�C on the

PAN surface (black, Figure 6C) and to 5.0�C at 10 nm away from the PAN surface

(red, Figure 6C). Importantly, in both cases the temperature decays to baseline

within 10 ns from the peak value. We note that the laser pulse train used for PAN

stimulation is operated with a repetition rate of 3.3 kHz. At this repetition rate, the

laser pulse train resulted in pulsed temperature spikes with a full width at half

maximum of 3 ns, and no temperature accumulation was observed (Figure 6D).

For comparison, we simulated the temperature evolution for gold nanoparticles of

60-nm diameter under 532-nmCW laser with conditions reported for successful pho-

tothermal-driven optocapacitive stimulation. Two conditions, one with energy of

67.8 nJ and duration of 1 ms and the other with energy of 9.8 mJ and duration of

1 ms, were used with a laser focus of 5 mm diameter as previously described19 (Fig-

ures 6E and 6F). The temperature profile under these laser excitation conditions (Fig-

ures 6E and 6F) was found to be substantially different from the temperature profile
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under nanosecond laser excitation (Figure S17). As shown in Figures 6E and 6F, the

temperature increases on the gold nanoparticle surface quickly reach a plateau

within the first 200 ns in both CW laser cases, with plateaued values at 65.6�C and

10.3�C, respectively. Similar temperature features were also found in our simulation

of graphite microparticles under a laser energy of 0.7 mJ for 80 ms laser duration at

532 nm, consistent with reported experimental and calculation results.20,21 In sum-

mary, in the case of PANs the maximum temperature increase is significantly smaller

than in both CW cases. Additionally, the duration of each temperature spikes is a few

nanoseconds, more than two orders smaller than that found for nanoparticle under

CW laser excitation. It is conceivable that current induced by capacitance change

over these tens of nanoseconds can be negligible. Together, our results suggest

that PAN stimulation is distinct from photothermal optocapacitive stimulation.
DISCUSSION

In this work, we demonstrated semiconducting polymer-based PANs for neural stim-

ulation under excitation by a nanosecond laser at the NIR-II. Enhanced specificity

was achieved by bioconjugating TRPV4 to the PANs. Successful in vivo activation

through PANs directly injected into the cortex area of mouse living brains was

demonstrated by LFP and EMG recording.

The photothermal effect of nanoparticles has been reported to successfully modulate

neurons mainly in vitro.15,17–19,23,59–63 Two potential stimulation mechanisms were pro-

posed, one through the increase of temperature, with highest temperature often found

in the range of 50�C–70�C,23,61 and another through an optocapacitive stimulation

determined by the rate of temperature change.19–21 In our work, excited by a 3-ns

pulsed laser, themaximum temperature rise on the PAN surface is 8�C and temperature

change is in the form of 10 spikes, each of which is less than 10 ns in duration, without

temperature accumulation over 3ms. Instead, the PANs are able to generate a localized

acoustic wave on the microsecond scale upon nanosecond pulsed light with a peak-to-

peak pressure of 58.2 Pa at 10 nm from the PAN surface (Figure S17). Activation did not

occur whenwe changed the nanosecond laser to aCW laser of the sameenergy (Figures

6A and 6B). We note that in addition to its mechanosensitivity, TRPV4 is also sensitive to

mild temperature increases, specifically when temperature exceeds 32�C for neurons

initially under room temperature.64 Based on our simulation, the surface temperature

increase of 8�C (from 20�C to 28�C) under nanosecond light excitation is not sufficient

to evoke TRPV4 current by heat alone. These findings collectively show that PAN neural

stimulation observed is mainly contributed by the photoacoustic effect. Nevertheless,

whenever such experiments are performed under body temperature, the possibility

of heat-induced activation should be further investigated.

Since PANs generate acoustic waves with ultrasonic frequencies, it is likely that PAN-

mediated stimulation shares the mechanisms of ultrasound neuromodulation.

Several possible mechanisms have been proposed for ultrasound neuromodula-

tion,65,66 and activation ofmechanosensitive ion channels is among themost studied

in the literature.67–69 In this work, we showed that direct binding to TRPV4 enhances

stimulation specificity and efficiency, which suggests activation of mechanosensitive

channels as a potential mechanism candidate for future investigations. Neverthe-

less, other mechanosensitive channels including TRPC4, Piezo1, TREK-1, and TRAAK

channels70–75 should also be considered and further investigated. Other possible

mechanisms involve transient mechanical disruptions of the neuronal membrane,

which includes permeability change induced by membrane sonoporation76,77 and

capacitive current generated by intramembrane cavitation.78,79
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Notably, when thermal confinement wasmet, many nanoparticles, including gold nano-

particles, can also be photoacoustic.80 The photoacoustic properties of these nano-

structures have been only applied for photoacoustic imaging. Our work is the first

demonstration of photoacoustic nanoparticles for neurostimulation. The semiconduct-

ing polymer-based PAN provides a new paradigm for neural modulation through offer-

ing three important features compared with other photoacoustic agents. First, we

compared COMSOL simulation for gold nanoparticles under nanosecond laser condi-

tions at the wavelength of 532 nm (Figure S18) with that for PANs. Under the same laser

power, the maximum temperature rise is 40.4�C on the gold nanoparticle surface,

comparedwith 8.4�Con the PAN surface. As it produces less temperature rise, avoiding

potential thermal toxicity while effectively activating neurons, the PAN is of particular in-

terest for neuron stimulation. Second, semiconducting polymer nanoparticles have

been shown to have biocompatibility and biodegradability. Our results also confirmed

that PANs induce minimal cytotoxicity to neurons in vitro. Additionally, through an en-

gineered metabolizing pathway, biodegradation of semiconducting polymer nanopar-

ticles has been recently demonstrated in vitro and in vivo,24,81 which potentially allows

clearance of PANs from the brain after stimulation. Third, PANs provide an exciting op-

portunity for non-invasive neural modulation and other biological regulation.82 PANs

uniquely absorbNIR-II light. Due to its longerwavelength,NIR-II light has been reported

to have sufficient penetration depth in highly scattering medium.30,83,84 Such wave-

length has also been demonstrated to have the capability of penetrating the human

skull,27,28 potentially enabling non-surgical brain stimulation through light excitation.

To illustrate the possibility for deep penetration, we embedded PANs in a 5-mm-thick

brain-mimicking phantom under a mouse skull. We clearly detected optoacoustic sig-

nals from these PANs by nanosecond laser excitation above the skull using photoacous-

tic tomography (Figure S19). In addition, advances in biophotonics showed that NIR

light focusing with approximately 100 mm is possible in brain tissue.85 Compared with

other studies on NIR-absorbing upconversion nanoparticle-assisted optogenetic neural

modulation,86–89 PAN neural modulation does not require genetic modification, which

makes it suitable for potential clinical applications in human subjects. Additionally,

compared with photothermal neuromodulation based on light-absorbing nanopar-

ticles,23,61,88,90 often with CW laser, PAN-mediated stimulation shows no thermal accu-

mulation, which largely eliminates thermally induced tissue damage. Together with po-

tential development in surgical free targeted delivery of PANs to specific regions of

brain, for example, via ultrasoundopeningof the blood-brain barrier,91,92 PANspromise

the opportunity of non-genetic and non-surgical brain modulation in live animals and

eventually in human patients.
EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead Contact, Chen Yang (cheyang@bu.edu).

Materials Availability

The synthesized polymer may be requested from the authors.

Data and Code Availability

All data needed to evaluate the conclusions in the paper are present in the paper

and/or Supplemental Information. Additional data related to this paper may be re-

quested from the authors. Codes used for COMSOL may be requested from the

authors.
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Materials

All chemical reagents were purchased from Sigma-Aldrich (MO, USA) unless other-

wise stated. The semiconducting polymer was synthesized via palladium-catalyzed

C–C cross-coupling techniques and was thoroughly purified to remove any metal

residues. The TRPV4 antibody powders were purchased from the Aloemone labora-

tory and used without further modification.
Synthesis of PAN

Following the previously developed synthesis process,30 the polymers were dis-

solved in THF (1 mg/mL) with surfactant PS-PAA (5 mg/mL) rapidly injected

into deionized water (9 mL) under continuous sonication with a microtip-equip-

ped probe sonicator (Branson, W-150) at a power output of 6 W for 30 s. After

sonication for an additional 1 min, THF was removed by nitrogen bubbling for

3 h. The aqueous solution was filtered through a polyethersulfone (PES) sy-

ringe-driven filter (0.22 mm) and centrifuged three times using a 30K centrifugal

filter unit at 3,500 rpm for 15 min. PAN solution was stored in darkness at 4�C
for further use.
Characterization

DLS and zeta-potential measurements were performed on a Brookhaven 90plus

nanoparticle sizer with zeta potential. UV-visible-NIR spectra were recorded on a

Cary 5000 spectrophotometer. FTIR spectrum was taken on a Bruker Optics Vertex

70v FTIR instrument equipped with a Hyperion microscope and Silicon Bolometer.

Low-resolution TEM was taken using a Philips CM12 operated at 100 kV. Images

were recorded on a TVIPS CMOS F216 camera.
Photoacoustic Measurement of PANs

The PAN solution (1 mg/mL) was added into a polyurethane capillary tube with two

ends fixed with epoxy. A customized and compact passively Q-switched diode-

pumped solid-state laser (1,030 nm, 3 ns, 100 mJ, repetition rate 3.3 kHz; RPMC, Fal-

lon, MO, USA) was used as the excitation source. The laser was connected to an op-

tical fiber through a homemade fiber jumper (SMA-to-SC/PC, ~81% coupling effi-

ciency). The laser was adjusted to set the output power from the fiber jumper to

be approximately 55 mW. The capillary tube was fixed in the water tank. One mini-

aturized ultrasound transducer with a central frequency of 5 MHz (XMS-310-B;

Olympus, Waltham, MA, USA) was used to record the optoacoustic signals. The ul-

trasonic signal was first amplified by an ultrasonic preamplifier (0.2–40 MHz, 40 dB

gain, Model 5678; Olympus) and then sent to an oscilloscope (DSO6014A; Agilent

Technologies, Santa Clara, CA, USA) for readout. The signal was averaged 20 times.

The pressure of the photoacoustic waves generated was calibrated using a hydro-

phone with a diameter of 2 mm and frequency range of 1–20 MHz (Precision Acous-

tics, Dorchester, UK). All of the devices were synchronized by the output from the

active monitoring photodiode inside the laser.
Animals

Embryonic day 15–18 (E15–E18) rats, obtained from pregnant Sprague-Dawley rats,

were used for preparing cell culture used in the in vitro experiments. Adult (age

14–16 weeks) C57BL/6J mice were used for in vivo experiments. All animal care

was carried out in accordance with the National Institutes of Health Guide for the

Care and Use of Laboratory Animals (NIH Publications No. 80-23; revised 1996)

and was operated under protocol 17-022 approved by Boston University Animal

Care and Use Committee.
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Embryonic Neuron Culture

The glass-bottomed culture dishes used in the embryonic neuron cell cultures were

immersed in 0.01% poly-D-lysine (Sigma-Aldrich, MO) overnight at 4�C and washed

in PBS before culture initiation. Primary cortical neurons were obtained from

Sprague-Dawley rats. Cortices were dissected out from E15–E18 rats of either sex

and digested in 0.05% trypsin/EDTA (VWR, PA, USA) for 15 min at 37�C and tritu-

rated every 5 min. Dissociated cells were washed with and triturated in 10% heat-in-

activated fetal bovine serum (FBS; Atlanta Biologicals, GA, USA), 5% heat-inacti-

vated horse serum (HS; Atlanta Biologicals), 2 mM glutamine-Dulbecco’s modified

Eagle’s medium (DMEM; Thermo Fisher Scientific, MA, USA), and cultured in cell-

culture dishes (100 mm diameter) for 30 min at 37�C to eliminate glial cells and

fibroblasts. The supernatant containing neurons was collected and seeded on a

poly-D-lysine-coated coverglass and incubated in a humidified atmosphere contain-

ing 5% CO2 at 37�Cwith 10% FBS + 5%HS + 2mMglutamine-DMEM. After 16 h, the

medium was replaced with Neurobasal medium containing 2% B27, 1% N2, and

2 mM glutamine (all from Thermo Fisher Scientific).

TA Microscopy

TA images were obtained as previously described.41,42,93 For each TA image, the Z

position of the focus was adjusted near the equatorial plane of the neurons so that

the soma and neurites were both clearly visualized. The pump (1,045 nm) and probe

(845 nm) powers before the microscope were maintained at 20 mW and 20 mW,

respectively. Both the pump and probe beams were linearly polarized. No cell or tis-

sue damage was observed. Images were acquired at pixel dwell time of 2 ms.

To quantify the number of PANs that bind onto neurons, we used the following esti-

mation. An effective concentration of bound PANs can be estimated based on the

TA intensity in the image and the TA calibration curve. The TA calibration curve

was obtained from TA images acquired for PAN solutions with known concentra-

tions. The volume occupied by the bound PANs or PAN-TRPV4 was estimated based

on the area of bounded PANs on neuronal soma (measured from ImageJ) and TA

focal depth of 1 mm. The molecular weights of PAN and PAN-TRPV4 were estimated

based on electrophoresis measurement to be 75 kDa and 125 kDa. The number of

PANs or PAN-TRPV4 was calculated based on the aforementioned parameters.

Cytotoxicity Tests

Neurons were seeded in 96-well plates (1,000 cells/well in 100 mL) and incubated.

PAN solution with concentrations of 20, 40, and 60 mg/mL was added to the cell-cul-

ture medium, respectively. Neurons were incubated with PANs or cell-culture me-

dium only for 1 h and 24 h, respectively. The medium was then removed and washed

with PBS. MTT (20 mL, 5 mg/mL) was added to the wells and incubated for 5 h. The

cell-culture medium was then removed, and 200 mL of dimethylsulfoxide (DMSO)

was subsequently added to each well. Finally, the plates were gently shaken for

10 min at room temperature to dissolve all formed precipitates. The absorbance

of MTT at 590 nm was measured using a SpectraMax plate reader. Cell viability

was expressed as the ratio of the absorbance of the cells incubated with PANs to

that of control.

Cell viability under stimulation conditions was also tested. Neurons at DIV 15 were

cultured with PANs for 15 min. During stimulation, laser pulse trains of 3 ms at 3.3

kHz were applied to neurons at 27, 35, and 57 mJ pulse energy, respectively using

the same fiber-delivery method as described below. Two stimulation protocols

were applied: one 3-ms pulse train (one stimulation) and three 3-ms pulse trains
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with intervals of 30 s (three stimulations). Two control groups were also tested, a

light-only group of neurons going through the same laser application as the stimu-

lation protocol without PANs added and another group of neurons with no PANs or

laser illumination (CTR). One hour after stimulation or light application, neurons were

labeled with SYTOX Green (Thermo Fisher) at 10 mM/mL for 30 min, and fluores-

cence imaging was performed. Cell viabilities were calculated by: (number of SY-

TOX-negative neurons)/(total number of neurons). All experiments were repeated

three times.

Synthesis of PAN-TRPV4

PAN solution (1 mL, 20 mg/mL) was combined with 103 PBS (110 mL, pH 7.4), fol-

lowed by NHS (30 mL, 9 mg/mL) and EDC (50 mL, 9 mg/mL). The mixture was stirred

for 1 h at room temperature in darkness. Anti-TRPV4 antibody (5 mL, 1 mg/mL) was

added into the mixture and stirred at room temperature overnight. The resulting so-

lution was filtered through a PES syringe-driven filter (0.22 mm) and centrifuged three

times using a 50K centrifugal filter unit at 3,500 rpm for 15 min. PAN-TRPV4 solution

was stored in darkness at 4�C for further use.

Immunofluorescence Imaging

Cells were fixed with 4% paraformaldehyde for 20min. After three washes, cells were

blocked in 5% BSA (Sigma-Aldrich, MO, USA) for 30 min and permeabilized with

0.2% Triton X-100 (Sigma-Aldrich). Cells were then incubated with mouse mono-

clonal anti-TRPV4 (1:1,000) antibody for 2 h, then with goat anti-mouse secondary

antibody (1:1,000, 488 nm; Thermo Fisher Scientific) for 1 h at room temperature.

The fluorescence images were taken with a home-built wide-field fluorescence mi-

croscope (Olympus).

In Vitro Neurostimulation

PAN or PAN-TRPV4 (150 mL, 20 mg/mL) solution was added into the culture medium

of GCaMP6f-labeled neurons to reach a final concentration of 2 mg/mL. An incuba-

tion time of 15 min and 1 h was tested. A Q-switched 1,030-nm nanosecond laser

(Bright Solution) was used. For the CW laser, a Cobolt Rumba 1,064-nm 500-mW

laser was used. The CW laser was gated with a mechanical shutter to control the

laser duration. The laser was delivered using an optical fiber (Thorlabs) with a diam-

eter of 200 mm and 0.22 NA. During neurostimulation experiments, the fiber was

placed approximately 100 mm above the neurons and the illumination area was

calculated to be 222.27 mm. Calcium fluorescence imaging was performed on a

lab-built wide-field fluorescence microscope. The microscope was based on an

Olympus IX71 microscope frame with a 203 air objective (UPLSAPO203, 0.75

NA; Olympus) illuminated by a 470-nm LED (M470L2; Thorlabs), and a dichroic

mirror (DMLP505R; Thorlabs). Image sequences were acquired with a scientific

CMOS camera (Zyla 5.5; Andor) at 20 frames per second. The fluorescence intensity

analysis and exponential curve fitting were performed using ImageJ (Fiji).

In Vivo Injection of PANs

Adult (age 14–16 weeks) C57BL/6J mice were used. Mice were initially anesthetized

using 5% isoflurane in oxygen and then placed on a standard stereotaxic frame,

maintained with 1.5%–2% isoflurane. Toe pinch was used to determine the level of

anesthesia throughout the experiments, and body temperature was maintained

with a heating pad. The hair and skin on the dorsal surface targeted brain regions

were trimmed. Craniotomies were made on primary motor cortex based on stereo-

taxic coordinates using a dental drill, and artificial cortical spinal fluid was adminis-

trated to immerse the brain. PAN solution with a concentration of 1.0 mg/mL was
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injected into the primary motor cortex using a quintessential stereotaxic injector

(Stoelting) with a speed of 20 nL/min for 30 min. The injected PANs were allowed

to diffuse for 1 h before stimulation experiments. Optical fiber with a diameter of

200 mm was coupled to a micromanipulator to control the illumination position.
In Vivo LFP Recording

Electrophysiology was performed using multifunctional fibers with a thick polymer

coating as the recording electrodes.56,57 The electrodes were positioned with a

micromanipulator to the targeted brain region (Siskiyou). Extracellular recordings

were acquired using a Multi-Clamp 700B amplifier (Molecular Devices), filtered at

0.1 to 100 Hz, and digitized with an Axon DigiData 1550 digitizer (Molecular

Devices).
EMG Recording

EMG was performed using a needle electrode inserted subcutaneously and parallel

to the forelimb triceps brachii muscle. Reference electrode was inserted in the

footpad. A ground electrode was inserted subcutaneously on the trunk and ipsilat-

eral to the stimulation site. EMG signals were acquired using a Multi-Clamp 700B

amplifier (Molecular Devices), filtered at 1 to 5000 Hz, and digitized with an Axon

DigiData 1,550 digitizer (Molecular Devices).
COMSOL Simulation

The temperature change on PANs and gold nanoparticles was simulated in

COMSOL Multiphysics (COMSOL, USA). The size of the nanoparticles for both

PANs and gold nanoparticles was set to be 60 nm. The laser irradiation on a single

PAN was assumed to be uniform. The surrounding environment was water. The ab-

sorption cross-sections of both PANs and gold nanoparticles were calculated ac-

cording to Mie scattering theory.94 To calculate the temperature change induced

by laser irradiation, we used the heat transfer module. The simulation model was

validated first by comparing the simulation results with the experimental data re-

ported previously.18
Photoacoustic Tomography

The photoacoustic signals were processed by a high-frequency ultrasound imaging

system (Vantage 128; Verasonics). A brain-mimicking phantom (10% gelatin, 1%

formaldehyde, and 5% intralipid) was used to mimic the highly scattered brain tis-

sue.95 A piece of mouse skull was placed on top of the phantom to test the pene-

tration depth of NIR-II light. PAN solution with a concentration of 1.5 mg/mL in a

transparent polyurethane tube was place under the phantom. A Q-switched

Nd:YAG laser (CFR ICE450; Quantel Laser) with 8-ns pulse width and 10-Hz repe-

tition rate was applied as the excitation. The wavelength was set to be 1,100 nm

and laser power was fixed to be 9 mJ. The laser light was guided to the surface

of the mouse skull by a fiber bundle, and the photoacoustic signals were detected

from the other side of the tissue by a low-frequency transducer array (L7-4; Philips/

ATL).
Data Analysis

Calcium images were analyzed using ImageJ. Calcium traces, electrophysiological

traces, and EMG recordings were analyzed and plotted using Origin and MATLAB.

All statistical analyses were done using Origin. Data shown are meanG standard de-

viation (SD). p values were calculated based on two-sample t test and defined as:

n.s., not significant (p > 0.5); *p < 0.5; **p < 0.01; ***p < 0.001.
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