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Abstract

Modulating neural electrophysiology with high precision is essential for understanding neural 

communication and for the diagnosis and treatment of neural disorders. Photothermal modulation 

offers a remote and non-genetic method for neural modulation with high spatiotemporal resolution 

and specificity. This technique induces highly localized and transient temperature changes at 

the cell membrane interfaced with photothermally active nanomaterials. This rapid temperature 

change affects the electrical properties of the cell membrane or temperature-sensitive ion channels. 

In this Review, we discuss the fundamental material properties and illumination conditions that 

are necessary for nanomaterial-assisted photothermal neural excitation and inhibition. We examine 

how this versatile technique allows direct investigation of neural electrophysiology and signalling 

pathways in two-dimensional and three-dimensional cell cultures and tissues, and highlight 

the scientific and technological challenges in terms of cellular specificity, light delivery and 

biointerface stability on the road to clinical translation.

Introduction

Understanding the complex electrophysiology of interconnected biological neural circuits 

for the treatment of neurological diseases requires neural electrophysiology modulation 

techniques with subcellular resolution1,2. Nanomaterials and microfabrication techniques 

Reprints and permissions information is available at www.nature.com/reprints.

Correspondence should be addressed to Tzahi Cohen-Karni. tzahi@andrew.cmu.edu.
Author contributions
Y.W. and R.G. contributed equally to this work.

Competing interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Additional information
Supplementary information The online version contains supplementary material available at https://doi.org/10.1038/
s44222-023-00022-y.

Peer review information Nature Reviews Bioengineering thanks Guosong Hong, Diego Ghezzi, and the other, anonymous, reviewer 
for their contribution to the peer review of this work.

HHS Public Access
Author manuscript
Nat Rev Bioeng. Author manuscript; available in PMC 2024 August 30.

Published in final edited form as:
Nat Rev Bioeng. 2023 March ; 1(3): 193–207. doi:10.1038/s44222-023-00022-y.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nature.com/reprints


have enabled the development of implantable bioelectronics with stable biointerfaces and 

high spatiotemporal resolution to record and modulate electrophysiological activities3–9. 

Such bioelectronics allowed the establishment of correlations between electrophysiology 

and higher-order functions in healthy and diseased states, for example, identifying the role 

of the subthalamic nucleus in motor control and Parkinson disease10, and the development 

of therapeutics to restore lost sensing functionalities2,11,12. However, bioelectronics lack cell 

type specificity and require invasive implantation, resulting in acute and chronic side effects 

on the interfaced cells and tissues13–17.

Optogenetics can facilitate optical control of cellular activity by genetically introducing 

light-sensitive proteins in target cells and tissues18; for example, optogenetic therapy has 

been applied for the partial recovery of visual function in a blind patient with retinitis 

pigmentosa (NCT03326336)19. However, the clinical translation of optogenetics has been 

restricted owing to ethical and safety considerations of the genetic modification18,20,21. 

Alternatively, direct illumination of the cell membrane with infrared-light pulses can induce 

cell membrane depolarization without the need for genetic transfection22–24. However, this 

technique lacks cellular specificity, has low spatial resolution (especially at subcellular 

dimensions), and requires high incident energy that may damage the target cells and 

tissues25–27.

Nanomaterials that can efficiently convert external stimuli, such as incident magnetic 

and electromagnetic signals, into localized thermal and electrical changes can reduce the 

required incident energy and facilitate targeted neural modulation14,28–31; for example, 

magnetogenetics allows the targeted excitation of cells interfaced with superparamagnetic 

nanoparticles such as iron oxide nanoparticles30. Under alternating magnetic fields, 

superparamagnetic nanoparticles dissipate thermal energy owing to hysteresis30,32. 

Localizing temperature increase to the membrane of cells expressing temperature-activated 

transient receptor potential (TRP) ion channels leads to TRP activation and subsequent 

cellular depolarization30,33. By targeting the TRP ankyrin 1 (TRPA1) somatosensory ion 

channel, sub-second magnetothermal neuromodulation in Drosophila melanogaster has been 

achieved32. However, magnetogenetics requires genetic modifications of target cells and 

tissues to achieve TRP overexpression, which limits its clinical translation. Alternatively, 

optoelectronic nanomaterials, such as heterojunction semiconducting Si nanowires (SiNWs) 

and polymers, convert incident photons into electrons (or holes) for photoelectric and 

photoelectrochemical neuromodulation14,34–36. Incident electromagnetic radiation induces 

charge separation in these nanomaterials, leading to localized electric currents that 

depolarize the interfaced cell membrane37. However, despite their long-term stability, the 

potential toxic byproducts of photocatalytic reactions may hinder clinical translation.

Photothermally active materials rapidly convert incident electromagnetic radiation into 

localized thermal energy38; for example, plasmonic nanoparticles39, multidimensional 

nanocarbons29, inorganic Si-based nanostructures31,37, two-dimensional (2D) nanosheets 

and polymer-based nanomaterials40,41. The rapid local temperature increase in the proximity 

of cells affects the properties of the cell membrane, leading to photothermal modulation of 

cellular processes, including electrophysiology (excitation and inhibition) and signalling 
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pathways42,43, and allowing remote, non-genetic and non-catalytic control over neural 

activity.

In this Review, we discuss the mechanisms and material properties (optical absorption, 

photothermal energy conversion and biocompatibility) necessary for efficient photothermal 

modulation. We discuss biointerfaces across multiple dimensions, from single cells to 

tissues and animal models, and consider the specific structural, chemical and compositional 

alterations for safe and high-efficiency neuromodulation. We present applications of 

photothermal modulation, including direct control of neural excitation and inhibition, 

and discuss synergetic multidisciplinary approaches and clinical translation of neural 

regeneration9,14,19,44–46 as well as new photothermal therapeutics for neural disorders such 

as Parkinson disease47 and epilepsy48.

Mechanisms of photothermal modulation

The cell membrane plays an important role in regulating cellular activity and 

communication49. To achieve photothermal modulation of a neuron, nanomaterials must 

be closely interfaced with the cell membrane (Fig. 1a). Illuminating the biointerface 

between nanomaterials and neurons leads to a local release of thermal energy that directly 

affects neuron membrane functionality42,43,50–52. Two mechanisms have been proposed 

for photothermal modulation: change in neuron membrane capacitance and resistance, 

and activation of membrane temperature-sensitive ion channels42,43,50–53. The relative 

contribution of each mechanism depends on the cell type, physical properties of the 

biointerface (for example, specific or non-specific binding of the nanomaterial to the cell 

membrane) and illumination conditions (for example, light pulse duration and power).

The cell membrane can be modelled as a combination of electrical circuit elements, that are, 

resistive element Rm T , capacitive element Cm T  and batteries (net surface potential V s

and resting potential V r)49 (Box 1 and Fig. 1a). This model can explain the generation of 

action potential during neural activation as a result of transmembrane current49. Building 

on this model, an optocapacitive mechanism was proposed to explain the photothermal 

modulation of neurons42,43,51. Here, a rapid increase in local temperature induces a change 

in cell membrane capacitance leading to membrane depolarization42,43 (Fig. 1a), where the 

membrane capacitance is a linear function of the induced temperature change as described 

by:

Cm T = C0 + α T − T0

(1)

where C0, α and T0 are cell membrane capacitance at resting potential, capacitance 

change per unit change in temperature and ambient temperature, respectively42,43,51. A 

change in the local temperature directly changes the membrane capacitance irrespective of 

temperature-sensitive ion channels42,43. This induces a capacitive current ic  across the cell 

membrane as described by:
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ic = Cm T dV
dt + V − V s

dCm T
dt

(2)

where V  and V s are the membrane potential and the net surface potential of the membrane, 

respectively42,43. From equations (1) and (2), it can be determined that the capacitive current 

through the cell membrane is a function of the temperature gradient dT/dt. To induce an 

action potential, the magnitude of dT/dt should be large enough such that the generated 

capacitive current is greater than the excitation threshold42,43. Mechanoelectrical thermal 

activation can be an alternative mechanism for photothermal excitation22, and suggests that 

localized temperature transients cause physical expansion of the plasma membrane, which in 

turn generate the depolarizing current22.

Inhibition of neural activity can also be achieved through photothermal techniques50,52,54. 

Here, the localized temperature transients are leveraged to affect cell membrane 

resistance50,52. The temperature dependence of the resistive element of the cell membrane 

can be described by:

Rm T = R0Q10
− T − T0

10

(3)

where R0, T0 and Q10 are the cell membrane resistance at resting potential, the ambient 

temperature and the change in the rate of activity resulting from an increase in temperature 

of 10 °C, respectively50. A substantial temperature increase therefore induces a change in 

membrane resistance, generating a transmembrane current from the outside to the inside of 

the neuron and resulting in membrane hyperpolarization50.

Alternatively, control of neural activity can be achieved through control of ion channel 

response. Temperature-sensitive channels, such as TRP ion channels, can be activated at 

elevated temperatures55. When the external temperature is greater than the threshold of 

a temperature-sensitive ion channel (~42 °C for TRP vanilloid 1 (TRPV1)), the channel 

actively opens, leading to an ionic flux through the membrane (for example, Ca2+ influx 

for TRPV1). Conjugating photothermal agents in proximity to such ion channels localizes 

the temperature increase and leads to the induction of a transmembrane current through the 

channel51,53 (Fig. 1a).

These mechanisms illustrate multiple pathways for neural excitation and inhibition (Fig. 1b). 

Beyond the modulation of electrophysiology activities, endocytosis of the nanomaterials can 

further alter gene expression and signalling pathways inside interfaced neurons (Fig. 1b).

Photothermally active nanomaterials

Multidimensionality—Nanomaterials have numerous properties advantageous for 

photothermal modulation, including a high surface area to volume ratio, enhanced optical 

absorption and energy conversion, and ease of functionalization56,57. The structure and 
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dimensionality of nanomaterials directly affect their properties and can be tailored to 

specific biomedical applications such as chemical sensing, drug delivery, bioelectronics and 

photothermal therapy7,56–58. In particular, their nanoscale dimension enables biointerfaces 

with high spatial resolution59, and their multidimensionality allows the design of 

biointerfaces at different scales — from the subcellular scale to in vivo animal models56,57 

(Fig. 1c).

Au nanoparticles (AuNPs) have been widely studied for biomedical applications such 

as drug delivery, immunohistochemistry, cancer therapy andphotothermalmodulation60,61. 

AuNPs have well-established synthesis protocols and tunable optical and photothermal 

energy conversion properties39,62. In addition to AuNPs, other photothermally active 

zero-dimensional (0D) nanomaterials, such as quantum dots63, inorganic nanoparticles64 

and polymeric nanoparticles65, have been explored for similar biomedical applications. 

Polymeric nanoparticles have high biocompatibility, are easily functionalized, and their 

composition and structure can be tailored for specific applications66; for example, 

polydopamine nanoparticles (PDA-NPs) can be employed as biocompatible and 

biodegradable optical nano-transducers due to their photothermal response67.

The optical properties and downstream energy conversion of one-dimensional (1D) 

nanomaterials, such as nanorods and nanowires, can be tailored by altering their chemical 

composition and physical properties68,69. Semiconductor nanowires, such as SiNWs, have 

been implemented in various biointerfaces to record and manipulate cellular and tissue 

electrophysiology7,70,71. SiNWs can be produced and customized using bottom-up synthesis 

processes, allowing the design of a variety of features, including diameter, length, dopant 

type (p-type or n-type) and doping ratio72,73. Coaxial p-i-n SiNWs exhibit photoelectric 

properties74, whereas polycrystalline SiNWs have photothermal properties37. Furthermore, 

decorating SiNWs with AuNPs through controlled diffusion of an Au catalyst creates hybrid 

structures that combine the properties of both SiNWs and AuNPs31.

2D nanomaterials, such as graphene, black phosphorous (single layer of P atoms), transition 

metal dichalcogenides, and transition metal carbides and nitrides (MXenes, transition metals 

sandwiched between 2D flakes of carbon or nitrogen atoms75–77), are being explored for 

various biomedical applications, including photothermal therapy, photodynamic therapy and 

photothermal modulation78. The library of 2D materials for biomedical applications is 

rapidly growing; for example, a large number of MXenes have been developed by altering 

their atomic composition and surface terminations75–77. For instance, titanium carbide 

(Ti3C2Tx, where Tx indicates the surface termination functional group, for example, -O, -OH 

or -F)75,76 has been widely explored for biomedical and photothermal applications75,76,79–

81 due to its high electrical conductivity, high near-infrared (NIR) absorbance and high 

photothermal energy conversion efficiency82. High absorption in the NIR window is crucial 

for in vivo applications since, compared to visible wavelengths, NIR has reduced absorption 

by water and haemoglobin, allowing greater penetration depths in tissues83. Furthermore, 

the large-scale production of MXenes allows biointerfaces across multiple scales with 

individual flakes or films40,84.
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Three-dimensional (3D) and hybrid nanomaterials are an emerging class of nanomaterials 

for biomedical applications due to their exceptionally high and exposed surface area, 

electrochemical properties, and ability to form tight interfaces with cells85. Nanowire-

templated 3D fuzzy graphene (NT-3DFG) is a hybrid nanomaterial composed of free-

standing, single-to-few-layer graphene flakes directly synthesized on SiNWs through a 

bottom-up chemical vapour deposition synthesis protocol29,86–90. The 3D arrangement of 

vertically standing graphene flakes results in a high surface area86, high number of active 

sites88, high optical absorbance and photothermal conversion efficiency, and easy surface 

modification29. Such graphene nanostructures hold potential as input–output biointerfaces 

owing to precise control over the material structure and properties9,85,86.

Photothermal energy conversion—Photothermal nanomaterials for biomedical 

applications should exhibit high optical absorbance and high optical-to-thermal energy 

conversion. The optical properties of metal nanoparticles, in particular, AuNPs and Au 

nanorods (AuNRs), depend on the wavelength of the incident light91. The oscillating 

electromagnetic field of the incident light induces coherent oscillations of the free electrons 

in Au92,93. The frequency of maximum amplitude of these oscillations is defined as 

surface plasmon resonance (SPR)93, which is responsible for a strong wavelength-dependent 

optical absorption91. The intensity and wavelength of the SPR band depend on factors 

influencing the electron density of the nanoparticle surface such as particle size, shape 

and microstructure92,93. Increasing the size of AuNPs generally leads to an increase in the 

wavelength and intensity of the optical absorption peak94. Changing the shape of AuNPs to 

AuNRs splits the optical absorption into bands: longitudinal (a band of high intensity in the 

NIR region) and transverse (a band of low intensity in the visible region)91. The longitudinal 

band undergoes a redshift with an increase in the aspect ratio of the AuNRs91,95,96. Similar 

to AuNPs and AuNRs, Ti3C2Tx also exhibits SPR40. The inter-band electronic transitions 

to the vacant energy states of the functional groups in Ti3C2Tx flakes lead to enhanced 

NIR absorption40. The wavelength of the optical absorption peak of Ti3C2Tx is independent 

of flake size but is dependent on the surface functional groups, including type and ratio. 

Controlling the synthesis protocols of Ti3C2Tx allows tuning of its surface chemistry and 

thus of its optical properties97,98.

Wavelength-dependent optical absorption facilitates photothermal modulation with high 

specificity as well as multiplexing39,91; however, broadband optical absorption provides 

flexibility over the irradiation wavelength that can be used for photothermal modulation and 

therapy29,37. Nanostructuring of Si-based and C-based metamaterials increases the optical 

path of incident light through the material, resulting in light trapping-mediated enhancement 

of optical absorption99–101. A similar effect is observed in NT-3DFG nanostructures29,102, 

where increasing the size and density of graphene flakes results in higher broadband 

absorption across the UV-NIR regime29.

The local temperature increase triggered by photothermally active nanomaterials can be 

characterized using micropipette-based and nanopipette-based thermometry29,31,37,39,40,103. 

Here, the changes in local temperature are recorded as changes in the resistance of 

the micropipette/nanopipette proximal to the target nanoparticle during illuminating light 

pulses29,104. A temperature increase of ~1.5 K can be achieved by illuminating 20 nm 
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AuNPs with a laser pulse (532 nm, 1 ms, 31 J cm−2 per pulse)39. The local temperature 

can be further increased to ~9 K by increasing AuNPs concentration39. Aggregation of 

AuNRs and AuNPs can be prevented by silica coating, which does not interfere with their 

photothermal properties103. Irradiating silica-coated AuNRs with 1 ms laser pulses (780 nm, 

170 J cm−2 per pulse) leads to a local temperature increase of ~3.5 K, and lengthening the 

pulse duration further increases the temperature103.

Si-based semiconducting nanomaterials respond to incident optical radiation differently than 

Au-based nanomaterials105,106. Photons absorbed by the Si lattice lead to the separation 

of charge carriers105,106. Non-radiative recombination of these generated carriers converts 

the energy of the incident photons to thermal energy37,105,106. Intrinsic SiNWs (i-SiNWs) 

illuminated with a laser of 240 kW cm−2 (532 nm, 10 ms) can increase the local temperature 

by ~5.4 K (ref. 37). Texturing and decorating i-SiNWs with AuNPs can improve their 

photothermal response by increasing surface area and roughness31,107. Alternatively, the 

overall optical absorption can be further increased by synthesizing hybrid nanomaterials and 

metamaterials that enable light trapping108,109, resulting in subsequent improvement of the 

photothermal response as reported for NT-3DFG29. The extinction magnitude of individual 

NT-3DFG is greater than that of i-SiNWs due to the presence of free-standing graphene 

flakes; therefore, the overall photothermal effect is also greater29. The local temperature 

increase for NT-3DFG under a 1 ms laser pulse (635 nm, 3 J cm−2 per pulse) is up to ~6 K, 

which is 260-fold greater than that for i-SiNWs under similar conditions29.

NIR-responsive Ti3C2Tx, in the form of macroscale suspensions, has high photothermal 

energy conversion properties80,110. Single Ti3C2Tx flakes also exhibit exceptional 

photothermal properties with a local temperature increase of ~2.3 K and ~3.3 K under 

635 nm and 808 nm laser pulses (1 ms, 3 J cm−2 per pulse), respectively40. Ti3C2Tx in the 

form of thin films results in a local temperature increase of ~10.7 K under laser irradiation 

(635 nm, 1 ms, 3 J cm−2 per pulse)40. MXenes and hybrid nanomaterials, such as NT-3DFG 

and Au-decorated SiNWs, have high photothermal efficiencies with similar or greater local 

temperature increases using lower laser power densities29,31,37,39,40,103 (Table 1).

Multi-scale biointerfaces with nanomaterials—The close interface between 

photothermally active nanomaterials and biological entities allows efficient heat transfer 

for subsequent photothermal modulation40. Engineering nanomaterial dimensions allows 

the tailoring of biointerfaces to match the versatile morphology of cells and tissues; for 

example, interactions between biological entities with AuNPs and AuNRs are generally 

non-cytotoxic, specifically to neuronal cells111,112. Such biointerfaces can be established 

by adding AuNP and AuNR suspensions to in vitro cell cultures; however, the interface 

between AuNPs and target neurons is weak and active perfusion of media results in 

rapid wash-out39. Conjugating antibodies, such as synthetic Ts1 (a neurotoxin from Tityus 
serrulatus that binds to voltage-gated Na+ channels), to AuNPs increases their adhesion 

to cell membranes, creating stable biointerfaces39. On the other hand, 1D nanomaterials, 

such as SiNWs, are either endocytosed111–113 or adhere to the cell membrane based on 

their dimensions and surface functionalization31. In the case of NT-3DFG, the surface 

chemistry of the out-of-plane graphene flakes can be modified with the (KF)4 polypeptide 

to promote adherence to the cell membrane of dorsal root ganglion (DRG) neurons instead 
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of internalization29 (Fig. 2a). Similarly, Ti3C2Tx flakes and films can form an interface with 

DRG neurons without being internalized, and DRG neurons cultured on top of Ti3C2Tx 

films adhere to the film without delamination40 (Fig. 2b). Delivery of photothermally active 

nanomaterials in vivo can be achieved by direct injection of suspensions at the target site. 

AuNRs injected as a suspension into the sciatic nerve in rats led to their accumulation close 

to the plasma membrane of axons111–113 (Fig. 2c).

Cytotoxicity and photothermal toxicity—The toxicity of nanomaterials and of the 

photothermal modulation process needs to be minimal to enable biological applications. 

Toxicity is affected by the cytotoxicity of nanomaterials114, phototoxicity induced by 

light115–117 and potential damage caused by hyperthermia118.

The cytotoxicity of nanomaterials is dependent on their chemical composition and physical 

size. Cytotoxicity can be evaluated in vitro and in vivo by assessing cellular viability, 

mitochondrial activity, oxidative stress, integrity of the cell membrane, tissue inflammation 

and genotoxicity114. Nanocarbons, such as three-dimensional fuzzy graphene (3DFG), 

do not negatively affect cellular viability nor induce cellular stress in neurons and 

cardiac cells9,119. However, the effect of nanomaterials on cell viability is dependent on 

concentration; for example, an NT-3DFG concentration of 0.15 ± 0.01 μg ml−1 does not 

negatively affect DRG neuron viability, yet increasing the concentration to 0.75 ± 0.05 

μg ml−1 decreases cellular viability29. Other nanomaterials, such as graphene nanoribbons 

and graphene oxide nanoparticles, show a similar correlation between concentration and 

viability120,121. The absence of cytotoxicity of Ti3C2Tx has been reported in vitro for 

cell cultures, such as DRG neurons40 and epithelial cells122, as well as in vivo (mouse 

model)123.

Excessive and prolonged light illumination can potentially damage the cell membrane, 

induce an apoptotic response or lead to the generation of toxic products115–117. The effect 

of light on cell structure and functions can be quantified by immunoblotting (for example, 

using the apoptotic marker annexin V) or fluorescence indicators (for example, labelling 

intracellular Ca2+)117. During illumination, redox reactions due to the photogenerated 

charge carriers on the surface of the nanomaterials can lead to the formation of reactive 

oxygen species (ROS)124. Increased quantities of ROS can oxidize cellular proteins, thereby 

disrupting cellular reduction and oxidation homeostasis125,126.

Hyperthermia in photothermal modulation can cause damage to the nervous system, 

including vascular changes, direct neuronal damage, and functional and metabolic 

effects127–129. Cumulative equivalent minutes at 43 °C (CEM43) is an accepted criterion 

for thermal dose assessment to evaluate thermal damage in tissues128,129. This parameter is 

defined as:

CEM43 = Δt * Rhyperthermia
43 − T

where Δt is the summation over the length of exposure, T  is the average temperature and 

Rhyperthermia is a constant (Rhyperthermia = 0.25 for T < 43 °C and Rhyperthermia = 0.5 for T < 43 °C)128. 

Prolonged heating of the brain (for 4 h at 38 °C) causes irreversible cellular abnormalities 
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in the thalamus130, inhibition of neural activity131 and a decrease in metabolic activities130 

in rats. However, the effect of short-duration transient photothermal pulses (with a duration 

of ~1 ms or less) remains to be evaluated. Phototoxicity is highly dependent on the type 

of interface (internalization or attachment), light conditions and cell type132. Evaluation of 

the phototoxicity of nanomaterials in vitro and in vivo requires multiple assays, including 

cell viability, cell stress, apoptosis and generation of side species such as ROS. While ROS 

generation from AuNRs under different laser powers (530 nm, 200 ms, 25 and 51 mJ cm−2) 

causes complex stress responses in neural cell cultures132, lipid-coated PDA-NPs effectively 

scavenged ROS, preventing ROS-induced mitochondrial dysfunction133. The integrity of the 

cell plasma membrane with light pulses can be investigated using live-cell labelling; in the 

case of NT-3DFG, cellular fluorescence intensity is not altered upon irradiation with 635 

nm and 1 ms laser pulses with different powers (1–10 Hz) for 10 s (ref. 29). However, 

intense laser exposure (22 mW, 1 ms, 500 Hz for 5 s) causes immediate loss of cellular 

fluorescence29.

Illuminating AuNRs in rat sciatic nerves does not cause pathologic abnormalities in 

histological sections under mild illumination conditions (980 nm, 1 ms, 0.956 J cm−2 per 

pulse)113. By contrast, high energy pulse illumination of AuNRs (2.23 J cm−2) leads to 

irreversible physiological damage and loss of tissue integrity113. These findings provide 

valuable information regarding the effect of photothermal modulation on cytotoxicity and 

highlight that illumination conditions need to be optimized for each nanomaterial and 

target biointerface. Nevertheless, more comprehensive studies are required to determine safe 

operating conditions in vitro and in vivo.

Photothermal neural modulation

Photothermal neural excitation requires a rapid increase in localized temperature to alter 

the cell membrane capacitance and induce a depolarizing current39,43. Once the induced 

depolarizing current is greater than the cellular electrical threshold, any additional incident 

optical energy does not contribute significantly to further electrophysiological excitation29. 

Therefore, efficient photothermal excitation can be experimentally achieved through short 

laser pulses, generally with a pulse width of ~1 ms or lower, directed at the cell membrane 

and nanomaterial interface29,31,39,40,42,134.

Photothermal inhibition of neural activity can also be achieved through a substantial and 

prolonged localized increase in temperature at the cell membrane, which alters membrane 

resistance50,52. Prolonged illumination of the nanomaterial–cell membrane interface (pulse 

width generally >100 ms) leads to the generation of transmembrane currents necessary 

for hyperpolarization50. Therefore, altering the light illumination conditions (pulse width, 

power density and spot size) allows seamless switching between neural excitation and 

inhibition67,135–139.

High spatiotemporal stimulation and on-demand inhibition of neural activity in vitro (2D 

cell cultures, 3D spheroids and organoids) and in vivo will directly expand the understanding 

of network propagation of electrical currents across multiple dimensions.
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Photothermal excitation of neural activity—Plasmonic particles, such as AuNPs 

and AuNRs, have been extensively used for photothermal excitation39,103,134,140–143. 

Stimulating AuNP-functionalized DRG neurons with either electrical (current pulses of 300 

pA, 1 ms) or optical (light pulses of 532 nm, 1 ms, 31 J cm−2 per pulse) stimuli results 

in similar action potentials39. The increase in local temperature (~1.5 K) near the neuronal 

membrane during light pulses indicates that optical stimuli induce photothermal excitation39. 

The surface functionalization of AuNPs, such as through cholesterol conjugation134, 

silica coating103, polymer modifications (for example, cationized form of-high-density 

lipoprotein)143 and antibody modifications (for example, anti-haemagglutinin and anti-

thymocyte antigen 1)140–142, can stabilize the binding and interfacing of AuNPs with the 

neuronal membrane and increase excitation efficiency. Such AuNPs have been used to 

stimulate multiple types of neurons, including rat primary auditory neurons (silica-coated 

AuNRs; 780 nm, 1 ms, 0.159 J cm−2 per pulse)113, mice cortical neurons (AuNPs; 532 nm, 

40 ms, 25 J cm−2 per pulse)132, and NG108–15 mouse neuroblastoma and rat glioma hybrid 

cell lines (AuNRs; 785 nm, 100 ms, 0.33 J cm−2 per pulse)144.

Broadband absorbers, such as Si-based and C-based nanomaterials, have also been explored 

for photothermal excitation29,31,37. SiNWs periodically patterned with AuNPs lead to Ca2+ 

transients in glial cell protrusion after laser illumination (592 nm, 1 ms, 113 J cm−2 per 

pulse) on the interface between SiNWs and the cells31. Ca2+ is an essential secondary 

indicator with a versatile signalling role in neural activation145. When a neuron elicits 

an action potential, Ca2+ ions enter the cell and depolarize the cell membrane145. The 

intracellular Ca2+ influx inside the cell suggests a subcellular resolution of excitation31. 

Mesoporous Si particles grown on an ordered hexagonal silica template also show a high 

photothermal response (~5.8 K local temperature increase with laser irradiation of 532 nm, 

2.2 ms, 14.3 J cm−2 per pulse)146. An action potential can be generated in DRG neurons 

with a threshold energy of 5.32 μJ with a single mesoporous Si particle (532 nm, 1 ms, 6.8 J 

cm−2 per pulse)146.

C-based nanomaterials are safe to use for photothermal activation, and their structures 

and properties can be easily tuned9,42,85,147; for example, graphite particles and carbon 

nanotubes can stimulate DRG neurons with multiple incident wavelengths (405 nm and 

532 nm for graphite particles; 405 nm and 785 nm for carbon nanotubes) with a micro-

joule (less than 5 μJ) energy per pulse42. Carbon nanohorns (CNHs) functionalized with 

NIR-excited dye (IRDye800CW) (dye-CNHs) have enhanced NIR absorption and increased 

photothermal conversion of the incident optical energy147. Illuminating DRG neurons 

interfaced with dye-CNHs (800 nm laser illumination for 300 s) results in an increased 

intracellular Ca2+ fluorescence intensity, where the Ca2+ influx indicates the depolarization 

of the cell membrane145,147. The excitation mechanism was proposed to be the activation 

of temperature-sensitive ion channels147. Photothermal excitation with NT-3DFG is highly 

reproducible and can be used to activate target neurons at various laser pulse frequencies 

(1 Hz, 10 Hz and 20 Hz pulses)27. The patch-clamp technique allows direct recordings 

of membrane potential and currents148. Both patch-clamp and real-time Ca2+ fluorescence 

imaging can be applied to record electrical activity induced upon photothermal stimulation 

of DRG neurons at a single-cell and network level, respectively29 (Fig. 3a). By altering 
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the incident energy per pulse, NT-3DFG achieves sub-threshold (~2.73 μJ per pulse) or 

complete cellular activation (~3.62 μJ per pulse)29 (Fig. 3b). Beyond 2D cell cultures, 

cortical neural spheroids can be photothermally excited by interfacing with NT-3DFG, 

demonstrating modulation of the electrical activity of 3D cellular networks29.

2D nanoflakes have also been used for photothermal modulation of cellular activity40,149. 

Polyethylene glycol (PEG)-modified black phosphorus nanoflakes can modulate the 

electrical activity of hippocampal neurons (808 nm, 30 ms, 0.06 J cm−2 per pulse)149. 

Activation of electrical activity across a network of DRG neurons was also achieved by 

interfacing with Ti3C2Tx films and flakes, resulting in intracellular Ca2+ transients following 

illumination with single light pulses (532 nm, 1 ms, 0.6 and 5.7 J cm−2 per pulse for films 

and flakes, respectively)40 (Fig. 3c).

Engineered organic nanostructures have enabled NIR photothermal excitation41,133. 

Semiconducting polymer nano-bioconjugates (SPNs) have absorption peaks in the 

NIR window (~800 nm) and higher photothermal conversion efficiency compared 

to AuNRs41. Here, the NIR response of SPNs is a result of specific alterations 

of the chemical composition of the semiconducting polymers, for example, 

poly(cyclopentadithiophene-alt-diketopyrrolopyrrole) and poly(cyclopentadithiophene-alt-

benzothiadiazole)41. TRPV1-expressing mouse neuroblastoma cells (ND7/23) in the 

presence of SPNs (poly(cyclopentadithiophene-alt-benzothiadiazole)) show Ca2+ transient 

oscillations that correlate with the applied laser pulses (808 nm laser with 0.5 s switching 

on and off intervals)41. Illuminating TRPV1− cells does not result in similar Ca2+ transients, 

suggesting a neural activation mechanism by temperature-sensitive ion channels41. Using 

lipid-coated PDA-NPs labelled with a temperature-sensitive dye (ER Thermo Yellow) result 

in a ~2.69 K temperature increase with laser irradiation (808 nm, 8,496 J cm−2) and an 

increase in Ca2+ intensity for 60 s (ref. 133).

The illumination conditions for photothermal excitation need to be optimized for different 

types of photothermally active nanomaterials and neurons (Supplementary table 1). 

Nanomaterials that lead to high temperature increases, such as NT-3DFG, black phosphorus 

nanoflakes and Ti3C2Tx MXene films, require lower energies to achieve successful 

photothermal excitation compared to AuNPs and SiNWs29,40. A lower incident energy is 

preferred to minimize potential damage to light-targeted cells and tissues. This property 

should be considered in the design of photothermal materials for neural modulation.

Owing to the limited penetration depth of visible light in tissues, it is important 

to improve the photothermal performance of nanomaterials in biological transparency 

windows, including NIR-I (700–900 nm) and NIR-II (1,000–1,700 nm)150,151. Scattering 

and absorption of light in tissues contribute to the attenuation of light intensity as a 

function of depth, thereby limiting the efficiency of incident light pulses for optical 

modulation150,151. The scattering of incident light is attributed to the inhomogeneity of 

refractive indices of different components inside tissues151,152 and is inversely proportional 

to the wavelength according to Mie and Rayleigh scattering principles153,154. Absorption 

of incident light is attributed to the presence of water, lipids and biomolecules, for 

example, chromophores, such as haeme, that exist in haemoglobin150,151. The restrictions 
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on wavelengths of illuminating light pulses limit the selection of nanomaterials for in vivo 

photothermal modulation in the peripheral nervous system (PNS) and the central nervous 

system (CNS)41,53,113,142,147,149. Sciatic nerve (PNS) action potential can be induced by 

injecting AuNRs proximal to the nerve and illuminating the interface (980 nm, 1 ms, 

0.64 J cm−2 per pulse)113. The electrophysiology of the nerve can then be recorded with 

W electrodes at the distal end113. Injection of AuNRs and direct infrared illumination 

results in a three-fold lower excitation threshold compared with illumination without AuNRs 

(0.159 and 0.480 J cm−2 per pulse with and without AuNRs, respectively)113. Nanomaterial-

assisted photothermal modulation can also be employed to regulate muscle activity41,147; 

for example, dye-functionalized CNHs injected under the thigh of a euthanized frog elicit 

paw twitch following light illumination (800 nm, continuous wave illumination, 292 mW 

mm−2)41,147 whereas no twitches are observed in the absence of CNHs under the same light 

illumination condition41,147.

Injecting PEG-modified black phosphorus nanoflakes into the visual cortex (CNS) of a rat 

enables the simultaneous monitoring of neural activity using W microelectrodes149 (Fig. 3d). 

Here, upon NIR illumination (808 nm, 50 ms, 0.15 J cm−2 per pulse), the amplitude of the 

evoked action potential increases149 (Fig. 3d). AuNRs injected in the whisker-controlling 

region of a rat’s motor cortex result in whisker oscillation following NIR illumination (980 

nm, 2 s pulse (300 Hz, 1.5 ms duration), 0.128 J cm−2 per pulse), whereas no significant 

oscillations are observed with only light illumination and absence of AuNRs142. However, 

induced movement of the whisker triggered by photothermal excitation using AuNRs is 

short and slow compared to that induced using electrical stimuli (amplitude of 2.4 mA, 

300 Hz, 0.2 ms pulse duration)142. Deep brain neuromodulation was demonstrated in freely 

moving mice using macromolecular NIR-II-absorbing polymeric nanoparticles (MINDS). 

These core–shell structured particles were composed of a core of poly(benzobisthiadiazole-

alt-vinylene) and a shell of poly(lactide-co-glycolide)-b-poly(ethylene glycol)), with an 

absorption peak at 1,046 nm, engineered by adjusting the molecular orbitals of the donor 

and acceptor units in the particles53. However, this platform requires genetic modification 

for TRPV1 expression in target neurons and heating of neural tissues for TRPV1 activation, 

resulting in slow response times (~seconds) and limiting clinical translation53. Therefore, 

further work is needed to improve the robustness and efficiency of nanomaterial-facilitated 

non-genetic photothermal excitation.

Photothermal inhibition of neural activity—Photothermal agents enable the 

suppression of neural activity with cellular-scale resolution without irreversible 

physiological damage to cells and tissues1,54,136. Reversible and non-genetic inhibition 

of neural activity is valuable for the understanding of brain functions and for pain 

management136.

Various forms of Au-based nanoparticles allow photothermal inhibition of neural 

activity54,136,137,155,156; for example, AuNRs can be interfaced with hippocampal neurons 

and illuminated with a 785 nm pulsed laser (10 s light on and 20 s light off)136 (Fig. 

4a,b). Upon illumination at 15 J cm−2, neuron firing events are suppressed owing to an 

increase in temperature of ~5 K under 10 s light illumination136 (Fig. 4a). Removing pulsed 

illumination restores the original neuronal state136. As the laser power increases from 0 to 
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15 mW mm−2 (15 J cm−2), the percentage of suppression also monotonically increases from 

0 to 89.6%136 (Fig. 4b) owing to the activation of the TREK1 channel (thermosensitive K+ 

channel)136. Instead of dispersing AuNPs randomly in cell cultures, patterning AuNRs using 

inkjet printing138 and incident light patterning using a digital micromirror137 facilitates 

spatial control of individual neurons activity suppression at the patterned sites.

Polymer particles, such as PDA-NPs, can also inhibit neural activity67, depending on laser 

power and duration67. Increasing the laser power density from 3 to 6 mW mm−2 (with 

illumination for 10, 20 or 30 s) or increasing the pulse duration from 5 to 45 s (with 3, 

4 or 6 mW mm−2) results in greater cell hyperpolarization67. This leads to longer delays 

in the recovery of spontaneous electrical activity of the target neurons post-termination of 

illumination67. Firing of primary hippocampal neurons (change in spontaneous activity) 

cultured on a poly(3-hexylthiophene) (P3HT) film is inhibited following laser illumination 

with shorter pulse duration (540 nm, 1 s, 16 mW mm−2)139. By contrast, the inhibition 

efficiency of spontaneous neural activity does not change by adding a TRPV blocker 

(Ruthenium Red). This result suggests that the hyperpolarization of the cell membrane 

is independent of TRPV, and is likely related to the change of membrane-resistive 

elements139. A blended semiconductor polymer (P3HT:phenyl-C61-butyric acid methyl 

ester) allows spatial-selective photothermal inhibition of activity in explanted peripheral 

nerves by changing the position of the light spot along the nerve54. Hybrid film structures, 

such as graphene-conjugated and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)-

conjugated P3HT films, can increase photothermal conversion performance135. The 

higher local heat generated by the graphene-conjugated P3HT structure (compared to 

poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)-conjugated P3HT film) enables 

light-induced firing modulation in primary hippocampal neurons (550 nm, 500 ms, 0.75 J 

cm−2)135. Conjugation with graphene enables more efficient separation of charges generated 

under illumination in the neighbouring P3HT molecules due to work-function matching135. 

Preliminary ex vivo validation in blind retina explants extracted from rat demonstrated that 

the graphene-conjugated P3HT structure improves the activity of retinal ganglion cells, and 

may thus provide a viable tool for neural activity modulation135.

Photothermal modulation of signalling pathways and physiology—Photothermal 

techniques can be applied to modulate signalling pathways and regulate cellular 

physiology for therapeutic interventions, for example, for drug delivery and nerve 

regeneration44,45,157,158. AuNRs functionalized with thiol-modified oligonucleotides allow 

remote and selective control of nucleotide release within neural cells under illumination with 

a 785 nm laser157. Similarly, conjugating DNA on AuNRs with different absorption peaks 

can achieve selective DNA release under different wavelengths of illumination158. 2D MoS2, 

a type of transition metal dichalcogenide, exhibits high photothermal response at the NIR 

wavelength and can modulate the expression of 157 genes in human mesenchymal stem cells 

under light illumination (800 nm, 7 min, 0.14 J cm−2) to regulate cellular migration, integrin 

signalling and wound healing159. Importantly, MoS2 and NIR treatment do not activate 

stress-related pathways in human mesenchymal stem cells159.

Damaged nerve tissue could be regenerated by photothermal modulation, for example, 

by accelerating neural growth and differentiation of neural stem cells into neurons160. 
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Illumination of neural stem cells seeded on Au nanocage-coated extracellular matrix (808 

nm, 1 min, 120 J cm−2) increased neuronal differentiation of rat fetal neural stem cells 

from 27.9% to 56.0% due to the thermal activation of the heat shock protein pathway44. 

Additionally, illuminating NG108–15 cells (mouse neuroblastoma and rat glioma hybrid cell 

lines) cultured with AuNRs with NIR light (780 nm, 1 min, 450 J cm−2) results in 36% 

longer neurite growth compared to cells incubated with AuNRs without laser illumination, 

which may be attributed to activation of transcription factors that promote cell metabolic 

activity45.

Developing nanomaterials with a multifaceted optical response is a potential approach 

for efficient modulation of cellular physiology and signalling pathways; for example, 

photothermal and photoelectric responses of P3HT films can increase cellular proliferation 

and tubulogenesis of endothelial colony-forming cells through the activation of TRPV1 ion 

channels161. In addition, the photoelectric response of P3HT regulates neuronal growth and 

cellular signalling pathways such as redox signalling due to cytochrome c protein162,163.

Outlook

Engineering the chemical composition, size and structure of photothermally active 

nanomaterials provides control over material properties and enables versatile multi-scale 

biointerfaces with individual neural cells, engineered neural tissues and animal models. In 

addition, cellular activity can be controlled by tailoring the parameters of the input optical 

pulses. Photothermal modulation has a high potential for extended applications in both in 

vitro and in vivo systems with synergistic multidisciplinary developments.

Modulating 3D in vitro systems—Engineered 3D tissues are promising models for 

drug discovery and personalized medicine164. Such tissue models can be fabricated by 3D 

bioprinting, which offers precise control over tissue architecture and microenvironment165; 

for example, cortical spheroids are powerful models for the investigation of tissue 

development, disease progression and pharmacological drug testing166. Embedding 

photothermally active nanomaterials in nodes distributed throughout engineered 3D tissues 

can provide precise spatiotemporal control over their electrophysiology. Coupled with 

fluorescence imaging, recording and sensing technologies, this technique will enable 3D 

tracking of neural networks and signal propagation29.

Photothermally active nanomaterials embedded in artificial 3D tissue constructs also 

allow direct modulation of biochemical signalling pathways and transcription of target 

proteins with high spatiotemporal resolution; for example, coupling photothermal agents 

with temperature-sensitive proteins, such as heat shock proteins inside the cytoplasm, 

may facilitate spatial and temporal control of gene expression through photothermal 

effects167,168. Combining tissue engineering approaches with photothermal modulation will 

help to study and control cellular processes and functions with subcellular resolution.

In vivo therapeutics—Remote and non-genetic modulation of neural activity makes 

photothermal modulation an attractive alternative as neural therapeutics. Optical 

neuromodulation requires minimally invasive input and output interfaces between neurons 

and photothermal agents; for example, photothermally active nanomaterials can be 
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accurately injected at identified seizure foci through a minimally invasive procedure 

for targeted photothermal neural excitation or inhibition. By contrast, conventional 

neuromodulation approaches rely on deep brain stimulation and responsive neurostimulation 

to target seizure foci, which requires invasive surgeries and macroscopic implants48,169.

Optogenetic therapeutics have successfully rescued motor and behavioural functions in mice 

with Parkinson disease47. Photothermal modulation is a non-genetic alternative to such 

approaches. In particular, photocatalytic mechanisms can be exploited to localize and control 

the synthesis of signalling molecules regulating cellular signalling pathways170,171. Such 

mechanisms can also be leveraged for photothermal activation to generate small molecules 

at the cellular and tissue levels, for example, in situ photoelectrochemical synthesis of H2O2 

for the regulation of smooth muscle contraction via an inositol triphosphate receptor-based 

mechanism170–172.

Photothermal modulation has been demonstrated in rodents by either injecting nanomaterials 

or implanting patterned thin films close to the target tissues53,113,142,149. Translation of 

photothermal modulation techniques into non-human primates has not been reported. 

Photothermal modulation has a high possibility of translation to clinical trials given the 

ease of employing for both the CNS and PNS53,113,142,149. However, the clinical translation 

of photothermally active nanomaterials necessitates further technological developments, 

including cell-specific control, localized delivery of light pulses and engineering of 

biointerface stability (Box 2). The regulatory protocols for clinical translation should require 

detailed evaluation of the safety and efficacy of the technique as well as the cytotoxicity and 

phototoxicity of nanomaterials in acute and chronic applications.
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Box 1 Effects of transient temperature changes on cells

The cell membrane is composed of amphipathic lipids and functional proteins. 

Temperature-sensitive proteins can respond to external thermal stimuli to regulate 

cellular behaviour173. The following properties and temperature-responsive components 

of the cell membrane are important in the photothermal modulation of cellular 

electrophysiology.

Electrical properties

V r. The membrane resting potential (V r) is the potential difference across the cell 

membrane in the absence of electrical activity. Ionic concentrations, such as of Na+, K+, 

and Cl−, are different between intracellular and extracellular environments owing to the 

selective permeability of the cell membrane. At the resting state, the Goldman–Hodgkin–

Katz model describes the potential difference across the cell membrane as follows49:

V r = RT
F ln

pK K+
E

+ pNa Na+
E

+ pCl Cl− l

pK K+
l
+ pNa Na+

l
+ pCl Cl− E

where R, T , F , pi, E and I indicate the ideal gas constant, current temperature of the 

system, Faraday constant, permeability of ion i (i = Na+, K+ and Cl−), and extracellular 

and intracellular ionic concentrations, respectively. For neurons, V r generally lies between 

−85 mV and −60 mV without external stimulus174.

V s. The surface potential (V s) is a result of charge accumulation at the inner and 

outer surfaces of the cell membrane. Ions adsorb on the phospholipid head following 

the Gouy–Chapman–Stern membrane biophysical model22,42,43. The asymmetrical 

adsorption of ions results in the surface potential.

Rm. Rm describes the resistive element in the cell membrane circuit; ion channels in 

the cell membrane provide a pathway for ionic conduction between intracellular and 

extracellular environments, which can be modelled as resistors22,43.

Cm. Cm describes the capacitive element in the cell membrane circuit; the membrane 

bilayer can charge or discharge like a capacitor owing to a change in surface charge 

potential V s(refs. 22,43).

Temperature-activated TRP ion channels

Temperature-activated transient receptor potential (TRP) ion channels consist of six 

putative membrane-spanning units. Each unit has its own temperature sensitivity and 

corresponding threshold for opening and closing; for example, TRP vanilloid 1 (TRPV1) 

can be activated by temperatures equal to or higher than 42 °C. This leads to channel 

opening and Ca2+ influx, which triggers an action potential55. TRP ankyrin 1 (TRPA1) is 

also a rapid-response somatosensory ion channel that responds to thermal and chemical 

stimuli32. The temperature sensitivity and behavioural response of TRPA1 vary across 

species175.
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Electrophysiological phenomena

Action potential.

Refers to a rapid increase and subsequent decrease in potential across the cell membrane, 

triggered by the active flow of ions, such as Na+ and K+, across the cell membrane. An 

action potential can propagate along the dimensions of a cell and can be transmitted to 

other cells through neurotransmitters173,174.

Cellular excitation.

Refers to the generation of an action potential. Any stimuli that cause the cell membrane 

potential to increase above the threshold (approximately −55 mV) triggers an influx of 

Na+ through voltage-gated Na+ channels resulting in depolarization173,174.

Cellular inhibition.

Refers to the suppression of an action potential. Inhibition occurs through inhibitory 

interneuron transmitters (for example, γ-aminobutyric acid) that further reduce the 

cell membrane potential (hyperpolarization) by activating specific ion channels (for 

example, voltage-gated K+ channels)176. An externally stimulated increase in membrane 

conductance can also result in hyperpolarization139.
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Box 2 Translational considerations

Cell-specific control

Targeted delivery of nanomaterials to specific neurons enables selective control of 

specific brain regions; for example, injecting nanoparticles to the motor cortex of the 

whisker region of rats results in whisker oscillation with light irradiation pulses142. 

Controlled site-specific injection of nanoparticles and mapping brain activity as a 

response to targeted modulation will increase our understanding of neural circuits149. 

However, the absence of precise control over the spatial distribution of nanomaterials 

in target tissues decreases the efficiency of photothermal modulation. Chemical 

modification of nanomaterials is a promising approach to targeting specific cell types in 

vitro that can be translated in vivo39,134,140,142,143,177; for example, nanomaterials can be 

functionalized with peptides, cell-surface receptors and antibodies to allow cell-specific 

binding177,178.

Localized delivery of light pulses

Ideal photothermal stimulation approaches should facilitate localized delivery of light 

pulses with sufficient input energies in a minimally invasive manner. This can be 

achieved through miniaturized optoelectronic systems with high output energies and 

stable power supply (such as microscale, inorganic light-emitting diodes)8,179,180. 

Additionally, compact, soft and flexible polymer photonics181 and ultrasonic steering 

of light could allow non-invasive light delivery182. Such systems could be coupled 

with photothermally active nanomaterials to enable clinical translation179,180,183. In 

addition, combined approaches will expand the nanomaterial library for deep-tissue 

neuromodulation without the need for NIR-active nanomaterials.

Engineering biointerface stability

Photothermal modulation heavily relies on the biointerface between the cell membrane 

and nanomaterials. Temporal stability of the biointerface is therefore crucial for in vivo 

applications. Numerous biocompatible and bioresorbable materials, such as Si-based 

materials, have been developed for transient bioelectronic applications6,37, and a library 

of materials has been evaluated for long-term biointerfaces, including graphene-based 

materials9. Engineering the physical structure and topography of these materials can 

alter their photothermal response and expand the library of photothermally active 

nanomaterials. Tuning the surface and compositional chemistry of the nanomaterials 

can further facilitate phagocytosis and biodegradation4,5,184,185. However, nanomaterials 

are rapidly coated by a protein corona when injected into the body186, which negatively 

affects photothermal energy transduction. Surface functionalization with molecules (such 

as PEG), zwitterions (such as poly(carboxybetaine)) and proteins (such as albumin) 

can minimize the formation of protein corona187. However, new strategies for surface 

functionalization that do not affect optical and photothermal properties need to be 

developed.
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Key points

• Nanomaterial-assisted photothermal modulation is a remote, non-genetic 

technique for the manipulation of neural activity with high spatiotemporal 

resolution and specificity by inducing a rapid temperature increase at the cell–

nanomaterial interface.

• The fundamental properties of photothermally active nanomaterials (size, 

dimension, optical absorbance and photothermal energy conversion) and 

illumination conditions dictate application-specific material selection.

• Altering light illumination conditions (pulse width, power density and spot 

size) allows control of neural electrophysiology (excitation and inhibition) 

and cellular signalling pathways.

• Evaluation of the cytotoxicity of nanomaterials, phototoxicity of light 

illumination and local temperature increases is necessary for the safe 

translation of transient and long-term photothermal modulation.
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Fig. 1 |. Mechanisms of photothermal modulation.
a, Proposed mechanisms of photothermal modulation. Step 1: Nanoparticles interfaced with 

the cell membrane cause localized release of thermal energy at the cell membrane when 

exposed to laser irradiation. Step 2: The cell membrane is modelled as a combination of 

electronic elements:Rm T  and Cm T , V s and V r, which are the cell membrane-resistive and 

capacitive elements as a function of temperature, net surface potential, and resting potential, 

respectively. Local temperature changes affect membrane resistance and capacitance. 

Temperature-sensitive ion channels at the cell membrane also have an important role in 
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photothermal modulation. b, Applications of photothermal neural modulation. Illuminating 

light at the interface between photothermal nanomaterials and cells enables switching 

between neural excitation and inhibition as well as modulation of gene expression and 

protein translation. c, Photothermally active nanomaterials of different dimensions (from 

zero-dimensional (0D) to three-dimensional (3D)) can be used in the form of clusters or 

films. The diversity in material dimensions and formats allows the formation of various 

biointerfaces. Nanowire-templated 3D fuzzy graphene (NT-3DFG) schematic is adapted 

with permission from ref. 87. Copyright 2019 American Chemical Society. NT-3DFG mesh 

schematic is adapted with permission from ref. 86. Copyright 2017 American Chemical 

Society.
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Fig. 2 |. Nanomaterial–cell biointerfaces.
a, Nanowire-templated three-dimensional fuzzy graphene (NT-3DFG) adheres to the cell 

membrane of dorsal root ganglion (DRG) neurons. A three-dimensional reconstruction 

of the fluorescence image presents a representative DRG neuron labelled with plasma 

membrane stain (red, labelled with CellMask deep red plasma membrane stain) and 

interfaced with NT-3DFG (white). b, DRG neurons interact with a titanium carbide 

(Ti3C2Tx, where Tx indicates the surface termination functional group) film. Representative 

scanning electron microscopy image of DRG neurons seeded on a Ti3C2Tx film (background 

of the image). c, Transmission electron microscopy image of a cross-sectional view of rat 

sciatic nerve after injection of Au nanorods (AuNRs), which are located near the surface of 

the plasma membrane of the axon. Part a is adapted with permission from ref. 29, National 

Academy of Sciences. Part b is adapted with permission from ref. 40, Wang et al. Part c is 

adapted with permission from ref. 113, Wiley.
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Fig. 3 |. In vitro and in vivo neural excitation with photothermally active nanomaterials.
a, Biointerface between multidimensional nanoparticles and a neuron for photothermal 

stimulation (left panel). Experimental setup for recording electrical activities of neural 

networks induced by photothermal excitation (right panel). b, Representative action 

potential of current-clamped dorsal root ganglion (DRG) neurons interfaced with nanowire-

templated three-dimensional fuzzy graphene (NT-3DFG) and irradiated with a 405 nm laser 

of different powers (1.2 ms, 1.45 mW (violet), 1.73 mW (blue), 2.28 mW (green), and 3.02 

mW (red)). Purple arrow indicates the applied laser pulse starting point. c, Photothermal 
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excitation of DRG neural network using titanium carbide (Ti3C2Tx) MXene. Bright-field 

and time series fluorescence images of a representative DRG neuron interfaced with a 

Ti3C2Tx film and irradiated with laser (635 nm, 1 ms, 5.7 J cm−2 per pulse) at t = 5.6 s 

(left panel). Normalized Ca2+ fluorescence intensity as a function of time for the regions 

of interest marked in the left panel (right panel). Red arrow denotes the starting point 

of the applied laser pulse (t = 5.6 s). 1–5 indicate the DRG neurons highlighted in the 

left panel. d, In vivo neural excitation using polyethylene glycol (PEG)-modified black 

phosphorus (PEG-BP) nanoflakes in rat brains. A schematic of PEG-BP nanoflakes as a heat 

transducer for wireless neural stimulation (left panel). Representative recordings of spiking 

activities in cells in response to pulses of a near-infrared (NIR) light (808 nm, 30 ms, 0.15 

J cm−2 per pulse, 1 Hz) with/without PEG-BP nanoflakes (right panel). Part a is adapted 

with permission from ref. 29, National Academy of Sciences. Part b is reproduced with 

permission from ref. 29, Rastogi et al. Part c is adapted with permission from ref. 40, Wang et 

al. Part d is reproduced with permission from ref. 149, Wiley.
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Fig. 4 |. Photothermal neural inhibition with nanomaterials.
a, Schematic illustrating the input laser pulse responsible for the measured output electrical 

recordings from a neuron under photothermal inhibition. b, Inhibition of neural activity with 

near-infrared-sensitive Au nanorods. (I) Peri-event raster plots and histograms for neural 

activity with and without 785 nm illumination at 0 mW mm−2 (left panel) and 15 mW mm−2 

(15 J cm−2) (10 s light on and 20 s light off) (right panel). Part b is adapted with permission 

from ref. 136. Copyright 2014 American Chemical Society.
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