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Introduction

Neuromodulation encompasses various stimulation modal-
ities, e.g. electricity, chemical agents, magnetic fields, or 
light, to modulate neural activity in the central and periph-
eral nervous systems [1]. As brain mapping, neuronal disor-
der research, and brain simulation continue to advance, neu-
romodulation plays a crucial role in the field of neuroscience 
by uncovering underlying neural mechanisms and offering 
potential therapeutic strategies. Electrical stimulation tech-
niques provide valuable insights into the behavior and cogni-
tive functions of specific brain regions and neural circuits, 
but they also face two key challenges: spatially confining the 
electric field to a single neuron and targeting specific neuron 
types with distinct molecular signatures [2]. Chemogenetics, 
designed for neuromodulation with slow kinetics, can selec-
tively activate ligand receptors using peripherally or orally 
administered chemical actuators [3, 4]. This technique is 
currently widely applied in the laboratory for understanding 
molecular interactions in the nervous system, and its transla-
tion from the lab to clinical neurosurgery is expected to yield 
significant potential benefits [5]. Magnetogenetics, which 
utilizes magnetic nanoparticle heating of thermosensitive 
ion channels [6–8] or nanoscale magnetic torque forcing of 
mechanosensitive ion channels [9–11], enables the control 
of neural activity with high spatial resolution and response 
times of seconds to sub-seconds. Nevertheless, the confine-
ment of experimental animals within magnetic coil systems, 
limiting their freedom of movement and potentially affecting 
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the study’s natural conditions, is coupled with the use of 
strong magnetic fields for activation, which can be challeng-
ing to precisely control and may lead to unintended effects 
or interference with surrounding tissues.

Optogenetics, an optical technique that manipulates neu-
ral activity using visible light, has gained significant atten-
tion [12–14]. It combines optics and genetics, offering not 
only the advantage of the high spatiotemporal resolution 
of optics owing to the illumination with high propagation 
speed, which can be temporally modulated as high-fre-
quency pulses and spatially confined to the diffraction limit 
but also gene targeting to confine regulation to functionally 
relevant neurons, achieving cell-type specificity. This pow-
erful optogenetic technique with exceptional spatiotempo-
ral precision and sensitivity has become an indispensable 
tool for thousands of neuroscience groups worldwide [15]. 
In recent years, the use of optogenetics has not only led to 
abundant discoveries on functional connectivity in neu-
ral circuits but also has provided therapeutic avenues and 
prosthetics for treating neuropsychiatric disorders owing to 
optogenetics’ capability of improving, restoring and sub-
stituting motor, sensory, and cognitive functions [16–22].

However, the delivery of light through brain tissue poses 
a significant challenge for optical neuromodulation due to 
the intrinsic interaction between light and biological sub-
stances [2]. Light-tissue interaction is influenced by absorp-
tion and scattering, which determine the penetration depth 
of light. Brain tissue, being highly scattering and absorbing, 
presents a poor penetration of short-wavelength visible light 
[23–25]. Consequently, conventional optogenetics heavily 
relies on the insertion of optical fibers, especially in deep 
brain regions. These tethered systems impose constraints 

on experimental design and interpretation, leading to tissue 
damage, acute inflammation, and the risk of infection [26, 
27]. In addition, tethering restricts the three-dimensional 
movement of animals during behavioral experiments, limit-
ing their usefulness for long-term behavior tests [28]. Fur-
thermore, frequent movement of the fiber can result in fiber 
displacement, leading to potential signal instability or even 
interruptions [29].

To address these limitations, researchers have turned their 
attention to optical neuromodulation with long-wavelength 
light, such as orange-red and infrared light, which exhibit 
deeper tissue penetration and lower photo-toxicity compared 
to visible light (Fig. 1). Moreover, the secondary effects of 
light, such as photothermal [30], photoacoustic [31], and 
photoelectrochemical [32] effects have also been leveraged 
for neuromodulation, and the advantages of these second 
modalities have been exploited while maintaining the advan-
tages of light stimulation. With broad multidisciplinary 
integration, neuromodulation by the secondary effects of 
light is making great strides toward achieving less invasive, 
more efficient, and safer approaches. Nanomaterials have 
also been incorporated as transducers in neuromodulation, 
offering higher spatiotemporal resolution and minimizing 
tissue damage [1].

In this paper, we provide an overview of tetherless opti-
cal neuromodulation methods, focusing on the use of long-
wavelength light. These methods can be broadly categorized 
into two groups based on their operation mechanisms: (1) 
the extension of conventional optogenetics using red-shifted 
photosensitive proteins responsive to orange-red light and 
(2) alternative methods utilizing near-infrared to mid-infra-
red light stimulation. We discuss the discovery and recent 

Fig. 1   Optical neuromodulation: Ion channels are opened to regulate neural activity by various stimulation modalities including light and the 
secondary effects of light.
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advances of these representative tetherless optical neuro-
modulation methods, starting with orange-red to near-infra-
red wavelengths, followed by mid-infrared. Finally, we pre-
sent a summary and discussion of the progress in the field.

Orange‑red Light Optogenetics

In 2005, a groundbreaking study by Karl Deisseroth and his 
colleagues marked a pivotal moment in the field of optoge-
netics. They recorded action potentials in cultured hip-
pocampal neurons upon blue light illumination, achieved 
through the expression of channelrhodopsin2 (ChR2) [12]. 
Fig. 2A illustrates the key components of in vivo optoge-
netics implementation, which involve carefully selecting 
photosensitive proteins capable of modulating specific cel-
lular functions, delivering these proteins to targeted cellular 
populations using virus vector transfection, and precisely 
delivering light with tailored modulation patterns [22].

Microbial rhodopsins, known for their structural sim-
plicity and rapid kinetics, are the most commonly used 
photosensitive proteins in optogenetics. However, opsins 
used in conventional optogenetics are typically most sen-
sitive in the blue-to-yellow spectral range (Fig. 2B) [33], 
while these wavelengths show poor penetration in biologi-
cal tissue. In the pursuit of enhancing optogenetics per-
formance, researchers have dedicated significant efforts to 

the development of new rhodopsins with long-wavelength 
responsive properties. These innovations hold the promise 
of enabling tetherless optogenetics, representing a significant 
step forward in the field. Achieving this goal involves iden-
tifying previously unknown microbial channelrhodopsins 
(ChRs) through genome mining and applying molecular 
engineering techniques to generate variants that are sensi-
tive to orange-red light. In this section, we delve into the 
development and application of long-wavelength-responsive 
microbial rhodopsins, highlighting two distinct types that 
have shown great promise.

Exploring Orange‑red Wavelength Excitatory 
Rhodopsins

In 2008, Zhang et al. [34] embarked on a quest to explore 
new opsins. They screened U.S. Joint Genome Institute data-
bases and discovered a cation-conducting channelrhodopsin 
(VChR1) from Volvox carteri that can drive spiking at 589 
nm. However, the expression level and photocurrents of 
VChR1 were found to be significantly lower than ChR2 in 
most host cells [34]. A chimeric opsin variant, C1V1, com-
posed of sequences from both ChR1 and VChR1, retained 
the red-shifted spectrum but also exhibited improved mem-
brane trafficking and enhanced photocurrents [32]. In par-
ticular, the E122T mutation (C1V1E122T) showed reliable 

Fig. 2   Optogenetics and opsins. A The schedule of optogenetic 
implementation in living animals. B A summary of photosensitive 
proteins. Opsins used in conventional optogenetics are typically most 

sensitive in the blue-to-yellow spectral range. Adapted with permis-
sion from [33]. Copyright 2022 Elsevier.
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spiking with 630 nm light [35]. In the same year, Govoru-
nova et al. [36] identified one new channelrhodopsin from 
Mesostigma viride (MChR1) with the same red-shifted spec-
trum as VChR1.

With comprehensive consideration of the properties of 
different ChR variants, a new variant was engineered by Lin 
et al. [37]. The new red-activatable ReaChR is optimally 
excited with orange to red light (590–630 nm) and offers 
improved membrane trafficking, higher photocurrents, and 
faster kinetics compared to VChR1 and C1V1 [37]. ReaChR 
expressed in the vibrissa motor cortex can drive spiking and 
vibrissa motion in awake mice when excited with red light 
through the intact skull [37]. Klapoetke et al. [38] de novo 
sequenced 127 species of algae and they found that Chrim-
son’s response spectrum is red-shifted by 45 nm compared 
to ReaChR. Further, they engineered Chrimson with the 
K176R mutant, denoted ChrimsonR, which sped up the off-
kinetics without altering the red-shifted action spectrum 
[38]. Reliable spiking in cortical slices with ChrimsonR 
expression can be elicited even under 735 nm illumination 
[38].

Continuing the quest for novel opsins, Deisseroth’s group 
turned their attention to marine microbial organisms. Their 
efforts led to the identification of a promising new marine 
opsin named ChRmine by screening the genomes of over 
600 marine microbes [39]. Reliable photostimulation (spike 
probability >0.8) in ChRmine-expressing neurons at a depth 
of up to 7 mm was recorded [40]. Mouse behavior in place 
preference was modulated with transcranial light delivery 
to activate ChRmine-expressing neurons in the ventral teg-
mental area [40]. By leveraging the structural information 
of ChRmine, they designed the variant rsChRmine with red-
shifted properties [41]. rsChRmine-expressing neurons in 
freely moving mice showed a response to 720 and 750 nm 
stimulation [41]. This may be the first rhodopsin so far to 
be directly activated even under near-infrared irradiation 
(>740 nm) [41].

Exploring Orange‑red Wavelength Inhibitory 
Rhodopsins

Inhibiting cellular electrical activity requires the expression 
of inhibitory rhodopsins. In the early stages, Natronomonas 
halorhodopsin (NpHR), an ion pump rhodopsin, was chosen 
as an optogenetic tool for silencing neuronal activity due to 
its stable photocurrents with step-like characteristics [42]. 
Subsequently, the developed eNpHR3.0 exhibited photocur-
rents that were 20 times stronger than those reported for 
NpHR in response to 589 nm light [43].

In parallel with the exploration of red-shifted excita-
tory rhodopsins, researchers also worked on the devel-
opment of red-shifted inhibitory rhodopsins. Chuong et 
al. [44] identified Jaws from H. salinarum (strain Shark) 

following some engineering processes. Photocurrents 
on Jaws induced by 632 nm red light were significantly 
higher than eNpHR3.0 or ArchT [44]. The inhibition of 
in vivo neural activity by Jaws was also much higher than 
eNpHR3.0 when illuminated with 637 nm red light [44]. 
Moreover, researchers successfully inhibited neurons in 
the awake mouse cortex by delivering 635 nm red light 
through the intact skull [44].

In a groundbreaking study, Govorunova et al. [45] 
reported that four ACRs derived from the Labyrinthulea 
exhibited red-shifted properties with maximum action 
spectra at 590–600 nm. Furthermore, they stated that Rub-
yACRs can generate larger photocurrents and offer more 
efficient optogenetic inhibition for the long-wavelength 
spectral range compared to Jaws, as Jaws’ efficiency is 
limited by the translocation of only one ion per captured 
photon across the membrane [45].

Section Discussion

Spectral tuning of rhodopsins into the deep-red and near-
infrared (NIR) spectral regions is of great demand in 
optogenetics because more bathochromic light into the 
NIR range penetrates deeper into living tissue. It has been 
extraordinarily difficult to achieve action spectrum peak 
shifts of more than 10–20 nm (while maintaining high 
functionality in ChRs) by molecular engineering alone 
[46]. In recent years, machine learning (ML) has shown 
unique advantages in studying rhodopsin structure, pre-
dicting function, and analyzing properties [47, 48]. Arnold 
and colleagues designed ChRger2, which was demon-
strated to excite neuronal activity and control locomotion 
directionally in freely moving mice without fiber-optic 
implantation [49]. Thus, integrating ML-based approaches 
with genome mining and molecular engineering holds 
promise for enhancing the efficiency of discovering novel 
photosensitive proteins.

In addition to spectral properties, other properties of 
photosensitive proteins are crucial for their application in 
tetherless optogenetics, such as light sensitivity and expres-
sion level [50]. Enhancing photosensitivity can somewhat 
alleviate the requirement for light penetration, enabling 
minimally invasive or noninvasive neuromodulation. Feng’s 
group engineered a novel photosensitive protein with ultra-
high light sensitivity (SOUL) [51]. They demonstrated that 
SOUL can be used to modulate neural activity in deep brain 
regions and change behavioral performance via transcranial 
illumination with orange light (589 nm) [51]. Therefore, 
future advances could integrate improvements in wavelength 
with other properties to achieve more effective noninvasive 
neuromodulation.
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Near‑infrared Light Upconversion‑mediated 
Optogenetics

Due to the limited absorption of NIR light from 700 nm 
to 1500 nm by biological tissues, NIR light possesses the 
unique characteristic of deep tissue penetration and is often 
referred to as the "optical window of biological tissues" [52]. 
In addition, NIR light propagates through air with minimal 
loss, allowing researchers to position the light source at 
varying distances above the experimental subject’s head. 
Unfortunately, infrared light-responsive opsins may not exist 
in nature. This is because the energy barriers of the opsins 
must be very low to absorb and detect low-energy infrared 
photons. Too low energy barriers will make thermal energy 
more likely to spontaneously excite the opsins, resulting in 
unendurable high thermal noise [53–55]. Moreover, we can 
confirm that it will be a high cost in both time and money to 
obtain an ideal opsin responsive to NIR wavelengths, based 
on the experience of exploration of long-wavelength opsins 
as discussed in the previous section. Hence, it is difficult to 
replace visible light with NIR light directly in conventional 
optogenetics. In recent years, some alternative neuromod-
ulation methods based on NIR light have been developed 
and shown great promise. Among various neuromodulation 
schemes based on NIR light, upconversion-mediated optoge-
netics and photothermal neuromodulation are the two most 
frequently applied novel strategies, as shown in Fig. 3A and 
B, respectively. Hence, we present an overview of these rep-
resentative strategies in the following two sections.

The principle of upconversion is based on anti-Stokes’s 
law. In brief, the upconversion material is excited by low-
energy light and emits high-energy light, i.e., the material 
emits light of short wavelength and high frequency after 
excitation by light of long wavelength and low frequency 
[56]. Unlike the conventional luminescence process (involv-
ing only one ground state and one excited state), the upcon-
version process requires many intermediate states to accu-
mulate the energy of excited photons at low frequencies. 
There are three main luminescence mechanisms: excited 
state absorption, energy conversion processes, and photon 
avalanches [56]. The highly efficient upconversion process 
can be achieved by doping with trivalent rare-earth ions, due 
to their long sub-stable energy lifetimes [57]. Taking energy 
transfer upconversion as an example, it requires a lantha-
nide pair, such as ytterbium/erbium (Yb3+/Er3+), ytterbium/
thulium (Yb3+/Tm3+), and ytterbium/holmium (Yb3+/Ho3+), 
to serve as a sensitizer for photon absorption and an activa-
tor for photon emission, respectively [58]. Some innovative 
technologies such as super-resolution microscopy, optoge-
netics, nanolasing, and optical anticounterfeiting have been 
developed based on upconversion nanoparticles (UCNPs) in 
recent decades [59–67].

UCNP-mediated optogenetics was first proposed in 2011 
by Karl Deisseroth and Polina Anikeeva [68]. About four 
years thereafter, Shah et al. [69] took upconversion nano-
material as relay media to transfer infrared light (980 nm) 
to blue luminescence (475 nm) and they further activated 
neural cells in vitro based on UCNP-mediated optogenetics, 

Fig. 3   A The mechanism of NIR UCNP-mediated optogenetics. B The mechanism of NIR photothermal neuromodulation targeting TRPV1.
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with efficiency comparable to that of 470 nm blue light. 
Since then, this technology has made breakthroughs every 
year (Fig. 4). In 2016, Bansal et al. [70] developed a novel 
quasi-continuous wave excitation method to enhance the 
emission intensity of UCNPs. By using this excitation 
regime, in-vivo C. elegans models expressing ChR2 in their 
mechanosensory neurons were activated with low-power 
NIR illumination, showing a reversal response akin to being 
touched [70]. Immediately afterward, Ai et al. [71] dem-
onstrated that UCNP-mediated optogenetics can noninva-
sively activate ChR2 under 808 nm illumination and effec-
tively manipulate cation influx. Moreover, the relay media 
used in their experiments, lanthanide-doped upconversion 
nanocrystals, could be site-specifically conjugated onto the 
cell surface based on native metabolic glycan biosynthesis 
[71]. Although C. elegans and zebrafish are small and opti-
cally transparent with simple nervous systems, the success-
ful implementation of upconversion-mediated optogenetics 
on them paved the way for validation of the noninvasive 
application of NIR light-enabled optogenetics in mammals.

In 2017, Shi and colleagues successfully applied 
UCNP-mediated optogenetics to wireless regulation of the 
central nervous system in rodents [72]. They designed an 
implantable microdevice comprising UCNPs [72]. In com-
bination with a robotic tetherless NIR projection system, 
the brain activities of the mouse in various regions at dif-
ferent depths were modulated, including the cortical stria-
tum (3 mm), visual cortex (1 mm), and ventral tegmental 
area (4.5 mm) [72]. About three years later, they reported 
another flexible and fully implantable upconversion device 
using thermoplastic polypropylene as the backbone, with 
long-term biocompatibility in live animals for more than 
four months [73]. The neural activities and behaviors in 
vivo of mice with the UCNP device implanted in the spinal 
cord could be modulated under remote NIR irradiation 
[73]. However, using implantable microdevices not only 
complicates the procedure and poses the risk of infection 
but also requires a second surgery to remove the microde-
vices after neuromodulation is completed.

Fig. 4   The development of UCNP-mediated optogenetics: Proposed 
in 2011; Application in cultured cells, C. elegans, and zebrafish; 
Application in mouse with an implantable microdevice; Deep brain 
neuronal stimulation in rodents without implants; Establishment of 
near-infrared image vision in mammals; Bidirectional photoactivation 
with switchable upconversion emissions; Near-infrared manipula-
tion of multiple neuronal populations via trichromatic upconversion. 

Adapted with permission from: ref [69], copyright 2015 The Royal 
Society of Chemistry; ref [70], copyright 2016 Wiley-VCH; ref [71], 
copyright 2017 Wiley-VCH; ref [72], copyright 2017 Elsevier; ref 
[74], copyright 2018 The American Association for the Advancement 
of Science; ref [53], copyright 2019 Elsevier; ref [76], copyright 2019 
Springer Nature; ref [77], copyright 2021 Springer Nature.
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In an attempt to achieve better biocompatibility and 
deeper penetration to avoid the use of an implanted device, 
Chen et al. [74] synthesized core-shell UCNPs (NaYF4:Yb/
Tm@SiO2) in 2018. Good performance of this kind of mate-
rial was shown based on their measurements and calcula-
tions, including ~2.5% conversion yield of NIR to blue light, 
good biocompatibility, low cytotoxicity, long-term stabil-
ity, and low dispersion in tissue [74]. In line with this, they 
achieved the first truly UCNP-mediated optogenetics with-
out implants to stimulate deep brain neurons in rodents [74]. 
For example, they delivered ChR2 to ventral tegmental area 
dopamine neurons of TH-Cre mice via adeno-associated 
virus followed by UCNP injection [74]. Then the release 
of dopamine could be evoked by transcranial NIR irradia-
tion [74]. Moreover, the results of in-vivo experiments were 
consistent with their findings on the performance of their 
UCNPs [74]. Subsequently, Yamanaka’s group from Japan 
also demonstrated that UCNP-mediated optogenetics with-
out fiber could manipulate the locomotor behavior of mice 
by modulation of neurons in the dorsal striatum (~ 2 mm in 
depth) [75].

Notably, UCNP-mediated optogenetics not only addresses 
the issue of deep tissue penetration but also offers another 
noteworthy advantage. Hybrid UCNPs with different exci-
tation and emission wavelengths can enable simultaneous 
neuronal excitation and inhibition within a single region or 
across multiple deep brain regions. This capability allows for 
the manipulation of multiple neuronal populations using a 
single set of particles. Regarding the spectral tunability of 
UCNPs, Mei et al. [76] reported cross-relaxation-mediated 
switchable UCNPs which could emit green and red light, 
simply by adjusting the excitation wavelength from 980 nm 
to 808 nm. These UCNPs could activate VChR1 and Jaws 
in the same cell programmable to manipulate membrane 
polarization [76]. Liu et al. [77] developed an excitable tri-
chromatic UCNP to emit blue, green, and red emissions, 
by adjusting the excitation wavelength to 980 nm, 808 nm, 
and 1532 nm, respectively. Correspondingly, ChR2, C1V1, 
and ChrimsonR could be activated to selectively modulate 
three distinct neuronal populations, offering the ability for 
sophisticated brain functions and behavior dissection [77]. 
Recently, Shi’s group [78] reported a hierarchical device 
with a multi-arrayed optrode format containing engineered 
UCNPs with up to three modulation wavelengths matched 
with different channelrhodopsins. Spatially selective and 
combinatory optogenetics in behaving mice was achieved 
with this device [78].

Several noteworthy applications of UCNP-mediated 
optogenetics deserve mention due to their significant impact. 
One particularly promising area is visual restoration, lever-
aging the eye’s natural ability for efficient light transmission. 
An intriguing development by Ma et al. [53] involved the 
creation of ocular injectable photoreceptor-binding UCNPs. 

They demonstrated that mice with these nanoantennae could 
perceive NIR light as well as see NIR light patterns [53]. 
Moreover, the NIR pattern vision is compatible with native 
vision, offering options for mammalian vision repair and 
enhancement [53]. Regenerating peripheral nerves after 
severe injury remains a formidable challenge. In this context, 
Yan et al. [79] devised an innovative approach involving the 
development of acetylcholine-modified UCNPs. These nan-
oparticles possess the unique ability to anchor themselves 
to acetylcholine receptors on the postsynaptic membrane, 
facilitating membrane depolarization of cholinergic motor 
neurons through UCNP-mediated optogenetics [79]. This, 
in turn, triggers a cascade of events that play a crucial role 
in guiding the reattachment of completely transected tibial 
nerves [79]. The results of electrophysiological and behav-
ioral experiments further verified the functional recovery of 
transected peripheral nerves by this approach [79].

Indeed, the superiority of UCNP-mediated optogenetics, 
including advantages such as excellent penetration depth 
without the requirement for optical fiber implantation and 
spectral tunability under various excitation conditions, holds 
promise for the emergence of even more intriguing applica-
tions. However, there are still some limitations in UCNP-
mediated optogenetics, and the corresponding improvements 
are underway and will continue. For example, improved 
biocompatibility of UCNPs via novel methods for synthe-
sis and surface engineering will greatly raise the safety of 
neuromodulation. The low conversion efficiencies inevitably 
require high power irradiation or a high concentration of 
UCNPs to produce an effective stimulation strength. This 
approach may lead to concerns such as tissue overheating, 
photodamage, or cytotoxicity. The enhanced efficiency of tri-
plet-triplet annihilation upconversion may provide a poten-
tial solution to the challenges associated with high-power 
illumination or the need for a high concentration of UCNPs 
[62]. Furthermore, the combination of highly photosensitive 
opsins, such as ChRmine, with opsin-bound UCNPs may 
enable the manipulation of neuronal activity with low-power 
NIR irradiation [80].

Photothermal Neuromodulation by Near‑infrared Light

Biological tissues rich in water absorb NIR light and convert 
it into heat. Furthermore, the conversion efficiency and focus 
of this photothermal effect can be significantly enhanced by 
various photothermal transducers, including gold nanoma-
terials [81], carbon nanomaterials [82], and semiconduct-
ing polymer nanobioconjugates [83]. This highly efficient 
and spatially precise photothermal effect in biological tis-
sues is extensively used in current biomedical applications, 
such as tumor ablation, biosensing, drug-targeted delivery, 
and bioimaging [84–90]. Specifically, two photothermal-
based mechanisms are applied for neuromodulation: the 



1180	 Neurosci. Bull. August, 2024, 40(8):1173–1188

1 3

optocapacitive effect and photothermal activation of tran-
sient receptor potential (TRP) cation channels.

The optocapacitive effect operates by inducing a transient 
temperature increase, on the order of kilokelvins per second, 
upon light irradiation. This temperature increase alters the 
capacitance of the cell membrane, subsequently generating 
a capacitive current across the membrane. As a result, elec-
trogenic cells, like neurons, are depolarized [91]. In 2012, 
Shapiro et al. [92] proposed this mechanism and conducted 
voltage and current clamp measurements in three models 
(oocytes, cultured human embryonic kidney cells, and an 
artificial bilayer) under NIR illumination to verify it. Their 
results demonstrated that the change in membrane capaci-
tance of cells was induced by the transient local temperature 
increase. Moreover, the change in membrane capacitance 
depends on the temporal gradient of heating and not on the 
absolute temperature [92]. It is challenging to achieve a 
steep slope of temperature increase in brain tissue with high 
scattering properties using the NIR laser alone. Hence, Car-
valho-de-Souza’s group [93] and Tian’s group [94] devel-
oped gold and silicon nanoparticles, respectively, as efficient 
photothermal transducers to achieve rapid localized brain 
tissue warming. Then efficient and highly localized opto-
capacitive modulation of neurons was achieved. However, 
even though the thermal effect of NIR light can be focused 
on a specific brain region to achieve spatial specificity with 
the assistance of photothermal transducers, differentiating 
the effect on various types of neurons within the target brain 
region remains a challenge.

As an alternative to the non-specific optocapacitive 
mechanism, photothermal neuromodulation targeting ther-
mosensitive ion channels has been extensively studied. 
These thermosensitive transmembrane proteins, similar to 
photosensitive transmembrane proteins, can act as switches, 
forming the second type of photothermal-based neuromodu-
lation method: photothermal activation of TRP cation chan-
nels. Currently, a total of 11 thermoTRPs, including ther-
moreceptors TRPV1-TRPV4 and TRPM2-TRPM5, as well 
as cold receptors TRPM8, TRPC5, and TRPA1, have been 
confirmed to exhibit temperature-dependent behavior, rang-
ing from responding to painful heat to comforting warmth, 
coolness, and bone-chilling cold [95]. High-resolution 
structures of almost all TRP channels have been revealed 
in recent years. They share the structural features of four 
subunits, each of which contains six transmembrane seg-
ments (TM1−TM6), with TM1−TM4 and TM5-TM6 serv-
ing as the voltage-sensitive and pore domains, respectively 
[63, 96].

One well-characterized member of the TRP family is 
the TRPV1 receptor, which plays crucial roles in ther-
moregulation, pain perception, maintenance of bone 
homeostasis, and gastrointestinal function [97]. TRPV1 
was first successfully cloned from rat dorsal root in 1997 

[98], and the structures of the full-length TRPV1 closed 
and open states at 3 Å resolution were revealed in 2013 
[99, 100]. In recent years, the mechanisms of how TRPV1 
senses temperature and nociception, and thus adapts to 
its surroundings, have also been extensively revealed 
[101–103]. In mammals, TRPV1 is widely distributed in 
the peripheral and central nervous systems. TRPV1 is a 
non-selective cation channel but differs in its permeability 
to divalent cations, Ca2+ being the most permeable [104]. 
Activation of the ion channel can be achieved by binding 
to different sites on the transmembrane protein TRPV1 by 
various noxious stimuli, such as capsaicin, noxious heat, 
and acidic pH values. Notably, in neural cells expressing 
TRPV1, when the temperature rises to 43℃, the tempera-
ture-gated TRPV1 located on the plasma membrane opens, 
allowing extracellular Ca2+ to flow into cells and eliciting 
action potentials. Fig. 3B illustrates the principle of NIR 
photothermal neuromodulation targeting TRPV1.

Proof-of-concept demonstrations of photothermal neu-
romodulation targeting TRPV1 were initially performed 
on cells in vitro. In 2015, Nakatsuji et al. [105] demon-
strated that gold nanorods (GNRs) coated with cationized 
high-density lipoproteins target cell membranes. Through 
the conversion of 780 nm NIR illumination into heat using 
GNRs as photothermal transducers, TRPV1 ion channels 
are subsequently activated, resulting in intracellular Ca2+ 
influx in cocultured dorsal root ganglion neurons [105]. In 
2016, Pu’s group [106] developed organic semiconducting 
polymer nanoparticles (SPNs) with higher photothermal 
conversion efficiency, faster heating capability, and better 
photothermal stability at 808 nm illumination as compared 
with GNRs. For the specific activation of thermosensitive 
ion channels on neurons, SPNs were conjugated with an 
anti-TRPV1 antibody, referred to as SPNsbc [106]. Upon 
remote 808 nm NIR light illumination, SPNsbc acted as 
photothermal nanotransducers to activate TRPV1 rapidly 
and specifically and elicit Ca2+ influx of cultured neuron 
hybrid ND7/23 cells that intrinsically express TRPV1 on 
their plasma membrane (Fig. 5A) [106]. One interesting 
application of NIR photothermal neuromodulation tar-
geting TRP channels in vivo was reported by Nelidova 
et al. [107] in an article in Science. In their study, ther-
moTRPs (TRPV1 or TRPA1) were expressed in light-
insensitive retinal cones in a mouse model with regional 
retinal degeneration [107]. Gold nanorods conjugated with 
thermoTRP antibodies were delivered to the extracellular 
domains of retinal cones as well [107]. Upon NIR stimu-
lation, activity was increased in retinal cones, as well as 
downstream neurons in the ganglion cell layer and cortical 
area [107]. Moreover, the mouse was able to perform a 
learned light-driven behavior (Fig. 5B) [107]. However, 
further investigation is needed to explore the full poten-
tial and effectiveness of the techniques mentioned in these 
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papers when applied to relatively deep neuro tissue areas 
of living animals.

In recent years, it has been well demonstrated that the 
second NIR window (NIR-II, 1000–1350 nm) has a stronger 
penetrating capability and higher power safety limit com-
pared to the first NIR window (NIR-I, 750-1000 nm), 
making it more suitable for biological applications [52, 
108–110]. In 2022, Liu et al. [111] reported one novel NIR-
II light-mediated neuromodulation strategy. In their study, 
PEGylated polydopamine (PDA)-coated Au nanoparticles 
conjugated with anti-TRPV1 antibody (noted as Au@PDA-
PEG-Ab) were constructed. The encapsulated dopamine 
improved the surface chemical tunability, thermal stability, 
and biocompatibility as well as biodegradability of the nano 
transducers, while the attached antibodies improved their tar-
getability to the target neurons [111]. In vivo, mouse experi-
ments demonstrated the ability of this strategy to remotely 

modulate the activity of hippocampus neurons located 5 mm 
beneath the cortex, where endogenous TRPV1 is abundantly 
expressed (Fig. 5C) [111]. Another recent study by Hong’s 
group [30] reported photothermal neuromodulation with 
wide-field NIR-II illumination through the scalp and skull of 
freely behaving mice without any fiber implantations or head 
tethering. They used a semiconducting polymer (pBBTV) 
as the core and an amphiphilic polymer (PLGA-PEG) as 
the shell to synthesize the photothermal nano transducer, 
referred to as MINDS [30]. MINDS have an average diam-
eter of ~40 nm and a photothermal conversion efficiency of 
up to 71% at 1064 nm [30]. The conditioned place prefer-
ence results, as well as the electrophysiological and tissue 
sectioning results presented in their article, demonstrate that 
this novel strategy can successfully use NIR-II light to excite 
midbrain ventral tegmental area (VTA) neurons through the 
intact scalp and skull (Fig. 5D) [30]. This strategy, with the 

Fig. 5   Photothermal Neuromodulation with two NIR windows. 
NIR-I (750-1000 nm): A Photothermal activation of the TRPV1 ion 
channels in cells in vitro. B Restoring light sensitivity using tunable 
near-infrared sensors. NIR-II (1000–1350  nm): C Antibody-conju-
gated gold nanoparticles as nanotransducers for photothermal stimu-
lation of neurons in rats. D Tetherless photothermal deep-brain stimu-

lation with MINDs in freely behaving mice. Adapted with permission 
from: ref [106], copyright 2016 American Chemical Society; ref 
[107], copyright 2020 The American Association for the Advance-
ment of Science; ref [111], copyright 2022 Springer Nature; ref [30], 
copyright 2022 Springer Nature.
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same but extended steps of exogenous gene transfection 
and light illumination as traditional optogenetics, offers the 
possibility of neuromodulation in behavioral experiments of 
multiple-subject social interactions.

NIR photothermal neuromodulation, which converts NIR 
light into thermal energy through photothermal nanotrans-
ducers, can either alter the electrical capacitance or activate 
thermosensitive TRP cation channels, resulting in reversible 
modulation of nerve cell excitability, as demonstrated earlier. 
However, some contradictory results regarding NIR photo-
thermal neuromodulation have been reported. For instance, 
Nam’s group [112] reported that the spike rates of cultured 
hippocampal neurons with GNRs attached to cellular mem-
branes could be inhibited through membrane-localized pho-
tothermal effects upon 785 nm NIR illumination. The differ-
ent results of GNR-mediated photothermal stimulation with 
and without the TREK-1 channel blocker fluoxetine sug-
gested that the TREK-1 channel, one of the thermosensitive 
K+ channels expressed intrinsically throughout the whole 
brain area, is involved in the inhibition of action potentials 
[112]. Moreover, they developed a closed-loop system by 
combining a thermoplastic simulation platform based on 
GNRs and 808 nm NIR irradiation with a proportional-
integral controller, which can precisely modulate the spike 
rates of cultured neurons to remain constant or change in a 
sinusoidal form [113]. Recently, a collaborative study con-
ducted by Singamaneni’s group and Raman’s group [114] 
has further shown that combining PDA nanoparticles with 
NIR light can inhibit the activity of neurons in the mouse 
brain using the photothermal effect, and can inhibit their 
firing by controlling the laser intensity in a graded manner. 
Once the light stimulation is stopped, the neurons return to 
full normalcy without cell damage.

NIR photothermal neuromodulation, characterized by 
tetherless properties, can complement conventional optoge-
netics as a modulatory approach. Compared to conventional 
optogenetics, which requires exogenous gene transfection 
into target neurons, photothermal neuromodulation does 
not require prior transgenesis in most cases. Even in a pho-
tothermal neuromodulation approach targeting TRP chan-
nels, where TRP gene transfection is performed in order to 
allow more uniform expression of TRP on neurons or where 
one wants to target a specific type of neuron for modula-
tion because TRP channels are endogenous proteins widely 
expressed in mammals, their low immune rejection and 
high safety profile will be far superior to that of exogenous 
photosensitive proteins that must be transfected into experi-
mental animals in conventional optogenetics. This feature 
will facilitate the development of photothermal approaches 
to modulate neurons in large mammals and even clinically. 
Although photothermal neuromodulation operates by mul-
tiple mechanisms and is able to achieve excitatory or inhibi-
tory modulation of neurons, challenges also exist to ensure 

that set-ups are precise across experiments to generate con-
sistent and reproducible results.

Mid‑infrared Optical Neuromodulation

To avoid the detrimental effects of excessive photothermal 
reactions, precise parameter settings are crucial in both 
UCNP-mediated and photothermal-based neuromodulation 
techniques. Seeking to bypass the thermal effects associ-
ated with NIR approaches, researchers have recently turned 
their attention to the mid-infrared (MIR) range, specifically 
between 3.5 μm and 5.7 μm, which exhibits minimal water 
absorption. In a recent collaboration [115] involving Shu’s 
group, Song’s group, Wen’s group, and Chang’s group, they 
discovered that the carbonyl group (–C=O) enriched in the 
functional domain responsible for K+ selectivity in the K+ 
channel resonantly absorbed the photon energy of MIR stim-
ulation. This absorption led to increased K+ permeability 
and a stronger K+ current. However, all the resonance peaks 
of the –COO group, responsible for screening Na+ ions in 
the Na+ channel, did not align with MIR stimulation, miss-
ing the chance to accumulate energy. At the cellular level, 
the augmented K+ current influences neuronal output by nar-
rowing signal-action potential waveforms and introducing 
a shunting effect. This delicate interplay results in weak-
ened responses to subtle stimuli and heightened responses 
to stronger stimuli, demonstrating gain modulation [115]. In 
animal studies, zebrafish subjected to various intensities of 
MIR stimulation displayed similar gain modulation effects 
[115].

Building on these remarkable findings, Chang and col-
leagues [116] further demonstrated the potential of mid-
infrared modulation (MIM) techniques. They delivered 
mid-infrared light energy to brain neurons through open or 
thinned intact skulls, resulting in a significant increase in 
neuronal firing rates and the activation of neurons in targeted 
brain regions of rodents. They unveiled the capability of 
MIM to penetrate up to 0.3 mm into brain tissue, activat-
ing over 10% of the cortical neuronal population in vivo 
[116]. Furthermore, the number of activated neurons cor-
related with the duration of irradiation [116]. To explore 
the practical applications of MIM, the researchers devised 
a sound-licking associative learning task. During training, 
MIM stimulation did not expedite the shortening of water-
licking reaction time or improve the success rate. However, it 
significantly enhanced the learning speed, enabling them to 
outperform control mice by ~50% and achieve high success 
rates within a remarkably short period [116].

While these findings highlight the potential of MIR as a 
nonthermal physical neuromodulation method, it is impor-
tant to acknowledge its limitations. With or without skull 
removal, its penetration depth into brain tissue is limited 
to ~0.3 mm, confining its effectiveness on cortical areas. 
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Furthermore, the absence of exogenous gene transfection 
limits the precision of neuromodulation in targeting specific 
cell types. In addition, MIR neuromodulation relies solely on 
K+ resonance for its functionality, necessitating the presence 
of K+ channels in target neurons and restricting its applica-
tion to neuronal activation.

Discussion and Summary

In this paper, various strategies for tetherless neuromodu-
lation using light ranging from orange-red to mid-infrared 
have been discussed, alongside their effectiveness and non-
invasive performance in neuroscience experiments on liv-
ing animals. These techniques hold great promise for study-
ing intact brain circuits and treating neurological disorders 
through artificial neuromodulation without the need for 
optical implantation. Each method has its advantages and 
disadvantages, which can be examined through four factors: 
protein expression, light penetration depth, photothermal 
effect, and mediating nanomaterials.

In mammalian systems, viral delivery is commonly used 
to achieve specificity in gene expression within targeted 
cells. However, delivering exogenous photosensitive pro-
teins to neural cells in large mammals, especially primates 
presents challenges. While studies have shown that local 
injection of adeno-associated virus expressing ChR2 in reti-
nal neurons of rats does not evoke immunogenic responses 
[117, 118], there are concerns about using proteins from 
other species, such as bacteria and algae, which may be per-
ceived as foreign by the human immune system or be toxic to 
human cells [119, 120]. Alternatively, temperature-sensitive 
proteins like TRP cation channels have garnered attention as 
targets for remote activation due to their low or no immune 
response. TRP ion channels, such as TRPV1, naturally exist 
in the mammalian nervous system, and achieving sustained 
and uniform levels of TRPV1 expression through transgene 
delivery can enhance the efficiency of photothermal neu-
romodulation. Some strategies for near-infrared and mid-
infrared neuromodulation do not require protein transfection, 
thereby improving biosafety. However, achieving cellular 
modulation specificity without transfection of target neurons 
is challenging. A promising direction for protein expression 
in targeted neurons is systemic viral delivery via intravenous 
injection, which reduces invasiveness compared to intrac-
ranial injection [40, 49, 121]. High light-sensitive and high 
photocurrent opsins are needed for systemic viral delivery 
due to the low multiplicity of infection [40, 49].

The brain, characterized by high scattering and absorb-
ing properties, hinders the penetration of short-wavelength 
light [24, 25]. In the wavelength range from orange-red to 
mid-infrared, orange-red light has the smallest penetration 
depth in brain tissue, followed by mid-infrared and then 

near-infrared. Consequently, the reviewed strategies can be 
ranked in terms of penetration depth as follows: upconver-
sion-mediated optogenetics and photothermal neuromodu-
lation > mid-infrared light neuromodulation > orange-red 
light neuromodulation. Future development of photosensi-
tive proteins should aim to red-shift their action spectra to 
longer wavelengths. Calculations suggest that the maximum 
penetration depth in the brain is ~1070 nm [2, 30]. Pho-
tothermal neuromodulation using a 1064 nm neodymium-
doped yttrium aluminum garnet laser can reach the deep-
est brain tissue without the need for optical implantation. 
However, the use of upconversion nanoparticles (UCNPs) 
for neuromodulation with an excitation wavelength of 1064 
nm has not been reported.

When light is absorbed by biological tissue, a significant 
portion is converted to heat, leading to an increase in local 
brain temperature. Studies have reported temperature ele-
vations under different wavelengths of light, ranging from 
0.3–5.4 °C for UCNP-mediated optogenetics [74], 2℃ for 
NIR photothermal neuromodulation [30], and <0.69 °C 
for mid-infrared [116]. The average brain temperature in 
healthy humans is ~38.5 °C C, with deeper brain regions 
often exceeding 40 °C C [122]. Elevated temperature not 
only raises concerns about thermal damage to brain tissue 
and function but also introduces potential inconsistencies in 
neuromodulation outcomes. Studies of NIR photothermal 
neuromodulation have shown that the photothermal effect 
causes neuronal inhibition and that a possible mechanism is 
related to the opening of K+ channels resulting in K+ efflux 
[112–114]. Another research paper pointed out that the 
intensity of light inherited from conventional optogenetics 
used light also inevitably heats brain tissue, causing a local-
ized brain tissue warming of 0.2–2 °C [123]. This photo-
thermal effect may inhibit neuronal firing, even if no photo-
sensitive proteins are expressed in neurons [123], where the 
photothermal effect causes activation of neuronal K+ chan-
nels, which in turn causes outflow of membrane currents and 
eventually inhibits neuronal firing [123]. Careful selection 
of light stimulation parameters, such as power intensity and 
pulse frequency, is crucial, considering the potential inhibi-
tory effects of the photothermal response when interpreting 
experimental results.

The incorporation of nanomaterials with light offers 
several advantages for optical neuromodulation, including 
higher spatiotemporal resolution and the ability to use lower 
stimulus intensities. The conversion efficiency of nanoma-
terials has been a focal point for improvement, with pho-
tothermal conversion typically being more efficient than 
photon upconversion, which only has a 1%–10% conversion 
yield of NIR to visible light [124, 125]. The ability to opti-
cally evoke spikes necessitates that opsins possess not only 
photocurrents sufficient to depolarize neurons above the 
spike threshold but also on-, off- and recovery kinetics fast 
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enough to precisely control spike timing and fidelity [50, 
126]. Conventional optogenetics with direct activation of 
photosensitive proteins by light has a kinetic time of mil-
liseconds or even sub-milliseconds. When nano-mediated 
materials are introduced, the kinetic process is extended. 
Electrophysiological measurements revealed a latency of 
2.9 s and an offset time of 8.6 s, and a similar latency time 
of 5.0 s and offset time of 10.7 s was reported from behav-
ioral experiments when NIR photothermal neuromodulation 
targeting TRPV1 was used [30]. This second-level response 
delay hampers the precise tracking of the true relationship 
between neuronal activity and animal behavior. Moreover, 
some functional modifications of nanomaterials have to be 
considered carefully, such as biocompatibility and targeting. 
The nano transducers labeled with an anti-TRPV1 antibody 
on the surface enable targeted delivery to the TRPV1 chan-
nels to the cell membrane. Enhanced targetability might 
enable the intravenous delivery of nanotransducers, reduc-
ing invasiveness.

The reviewed work has provided valuable insights into 
tetherless optical neuromodulation tools and strategies for 
controlling neural activity in vivo, particularly in rats. A 
notable related study even demonstrated minimally inva-
sive optogenetic stimulation of macaque cortical neurons 
via transdural illumination. Taking advantage of the eye’s 
exceptional light transmission properties, the photosensitive 
protein ChrimsonR was transfected into the foveal retinal 
ganglion cells of a patient with retinitis pigmentosa in 2021, 
marking a groundbreaking milestone [127]. This pioneering 
application of optogenetic treatment for the disease stands 
as the first-in-human report to date [128].

Looking ahead to future clinical applications, the poten-
tial applications of tetherless optical neuromodulation in 
deep brain regions are promising. These include modulating 
dopamine release from the VTA, and improving movement 
disorders in Parkinson’s disease. In addition, the special ana-
tomical features of the spinal cord and spine may make the 
spinal cord a prominent target for wireless neuromodula-
tion. Moreover, the treatment of various non-neurological 
diseases may also benefit from these emerging technologies, 
including atherosclerosis attenuation [129] and specific can-
cer therapies [130].

Nonetheless, applying these techniques to larger mam-
mals, especially primates with their larger brain volumes and 
deeper brain tissues, presents formidable challenges. Over-
coming these hurdles necessitates extensive interdisciplinary 
collaborations and the exploration of innovative approaches 
to optical tool development. In particular, there is a pressing 
need to enhance the efficiency and safety of photosensitive 
protein transfection, along with improvements in the con-
version efficiency, biocompatibility, and precision target-
ing of mediating nanomaterials. To broaden the horizons 
of potential solutions, the exploration of different modal 

stimuli converted into light, such as X-ray to light [131], or 
the conversion of long wavelengths of light into different 
modalities, even embracing multimodal stimuli [132], can 
provide a wealth of opportunities to surmount these chal-
lenges. Moreover, it is anticipated that future advancements 
in these techniques will synergistically complement one 
another.
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