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Abstract

Cognitive function is an important ability of the brain, but cognitive dysfunction can easily develop once the brain

is injured in various neuropathological conditions or diseases. Photobiomodulation therapy is a type of noninvasive
physical therapy that is gradually emerging in the field of neuroscience. Transcranial photobiomodulation has been
commonly used to regulate neural activity in the superficial cortex. To stimulate deeper brain activity, advanced
photobiomodulation techniques in conjunction with photosensitive nanoparticles have been developed. This review
addresses the mechanisms of photobiomodulation on neurons and neural networks and discusses the advantages,
disadvantages and potential applications of photobiomodulation alone or in combination with photosensitive nano-
particles. Photobiomodulation and its associated strategies may provide new breakthrough treatments for cognitive

improvement.
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Introduction

Cognition is an advanced neurological function by which
the brain acts in acquiring knowledge and understand-
ing through thought, experience and senses. Cognitive
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dysfunction may occur due to various pathological or
disease conditions and may impair learning and memory,
accompanied by possible aphasia, apraxia, agnosia or dys-
lexia. Due to its refractory nature and harmfulness, the
social impact of cognitive dysfunction is high [1]. Thus,
research into the pathogenesis or risk factors for cogni-
tive dysfunction in neurological diseases or conditions is
urgently needed. More importantly, techniques and strat-
egies that delay or prevent the onset and progression of
cognitive impairment are urgently needed [2, 3].
Cognitive dysfunction is associated with regional
abnormalities in different brain areas. Abnormalities
such as neuroinflammation and impairments in neu-
ral network connectivity occur in many neurological
diseases, including following surgery [4-9]. Although
conventional treatments to improve regional blood
supply were undertaken, such as medications or, in
certain cases, craniotomies in patients with carotid
artery stenosis, the effects or outcomes were unsat-
isfactory because of the unavoidable side effects of
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medication as well as the invasive trauma due to sur-
gery. It has been suggested that developing nonphar-
macological or noninvasive strategies to address
cognitive disorders may offer better clinical outcomes
for patients. Among these, conventional magnetic or
electromagnetic fields, or light therapy to improve
regional brain function, have been observed as alterna-
tive clinical treatments [10, 14].

Non-invasive techniques have unique advantages in
the treatment of brain diseases due to the complex-
ity of the cranial structure. Indeed, transcranial elec-
trical stimulation (TES) and transcranial magnetic
stimulation (TMS) have been used clinically and have
achieved considerable curative effects [11, 12]. How-
ever, these techniques still have limited therapeu-
tic efficacy because they lack targeted treatment for
certain types of diseases and are not without com-
plications, such as epilepsy [13]. To avoid adverse
consequences, light therapy is now emerging as a new
alternative treatment.

Photobiomodulation utilizes the photon energy of
light to regulate the physiological functions of humans
or animals [14]. Near-infrared (NIR) laser (780-
1100 nm), which can effectively penetrate organs,
including brain, has been studied for this application
[15, 16]. Due to the complex structure of the brain
and the diversity of disease conditions, NIR laser with
different wavelengths, energy densities (expressed
as J/cm?) and irradiance (expressed as mW/cm?) was
selected for use. The most common are infrared bands
around 800 nm and 1000 nm. However, in order to
achieve better target on neural activity of the specific
brain region and to obtain the maximum benefits,
the frequency and irradiation time were varied at the
experimental level. The energy generated from the
absorption of photons by cellular mitochondria modu-
lates the microenvironments of organisms to provide
the capacity to treat disease or disease conditions.
Moreover, the photothermal conversion effect trig-
gered by photothermal nanomaterials endows pho-
tobiomodulation with accurate and effective features
[17].

This review focuses on NIR-based photobiomodula-
tion (Fig. 1), including direct photobiomodulation and
indirect photobiomodulation mediated by photosen-
sitive nanoparticles, in improving cognitive function
affected by various neurological diseases at the pre-
clinical and clinical levels. This review discusses the
underlying mechanisms of how photobiomodulation
modulates neurons and neural networks and addresses
the advantages, disadvantages, and potential applica-
tions of photobiomodulation alone or in combination
with photosensitive nanomaterials.
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NIR Light Triggered Photobiomodulation
Photobiomodulation was formerly known as a low-
level light therapy [18]. This therapy utilizes nonion-
izing light sources, such as lasers, light emitting diodes
(LEDs) or broadband light, to generate ultraviolet, vis-
ible, and infrared light for therapeutic applications. The
medical benefits of this low-level laser therapy were first
proposed by Dr. Endre Mester in 1967. The studies by
Zivin et al. verified that when a shaved scalp was irradi-
ated with NIR laser (808 nm), the penetration depth of
the cerebral cortex reached 20 mm [19]. Moreover, the
light scattering effect of NIR laser is weak; it can pen-
etrate deeper into the living tissue and does less harm
to the organism [20-22]. Owing to these advantages,
NIR-based photobiomodulation has been widely applied
to alleviate pain or inflammation, modulate immune
function, promote wound healing and promote tissue
regeneration. By benefiting from these functions, photo-
biomodulation has been studied and applied in the field
of neurotrauma, neurodegeneration and neuropsychiat-
ric disorders [23-25].

Transcranial photobiomodulation is a general type of
photobiomodulation in which light penetrates the skull
into the brain matter to provide an effect [26]. During this
process, light passes through a series of layers, includ-
ing the scalp, periosteum, cranium and meninges, and
induces neurobiological changes in turn [27, 28]. In the
field of cognition-related disorders, studies have shown
that transcranial photobiomodulation improves execu-
tive performance, memory, attention and other cognitive
abilities, indicating that transcranial photobiomodulation
is a potential therapy for the neurorehabilitation of cog-
nitive function [29].

Intranasal photobiomodulation is another type of pho-
tobiomodulation that is an alternative to transcranial
photobiomodulation because it overcomes some limita-
tions of transcranial photobiomodulation and provides
effective irradiation into certain brain regions, such as
the ventral frontal lobe, ventral preorbital cortex and
hippocampus [14, 30]. Intranasal photobiomodulation
improves cerebral function due to its therapeutic mecha-
nisms obtained from photothermal conversion, which
modulates haemodynamic rheology, blood viscosity and
coagulation function in regions where light radiation has
been applied. Repeated intranasal photobiomodulation
has been reported to potentially improve cognitive func-
tion [31, 32].

Integrating nanomaterials with photobiomodulation
is another advanced type of photobiomodulation. The
advantage of nanomaterial-integrated photobiomodu-
lation is increased accuracy in treating brain region-
related diseases. The combination of nanodrug-carrying
particles and NIR laser is a forward-looking step in the
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Fig. 1 A summary of photobiomodulation approaches for the cognitive improvement. The photobiomodulation approaches for the cognitive
improvement can be classified as the direct photobiomodulation, including transcranial or intranasal photobiomodulation, or and the indirect
photobiomodulation, in conjunction with photosensitive nanomaterials. Both photobiomodulations modulate approaches are mainly based on
the four pathological mechanisms to intervene in the physiological condition of cognitive function, including: mitochondrial function, calcium
jon concentration, reactive oxygen species and neural networks. and Intervention consequently improves cognitive impairment related to various

neurological diseases related cognitive impairment

development of photobiomodulation. Using the targeted
drug-carrying ability and biocompatibility of nanoma-
terials, combined with the optical stimulation of an NIR
laser, localized and timely release of nanodrugs in the
brain can be achieved. This is of great benefit in visual-
izing the precise brain area/region that is being targeted
and saves healthy brain tissue from suffering additional
damage. Therefore, nanomaterial-integrated photobio-
modulation has enormous potential for cognition-related
diseases such as depression and Alzheimer’s and Par-
kinson’s diseases involving specific encephalic regions
[33-35, 127]. Compared with transcranial photobio-
modulation, intranasal photobiomodulation or even drug

treatment, nanomaterial-integrated photobiomodula-
tion may have more advantages for treating cognitive
dysfunction; however, nanomaterials have not yet been
deemed suitable for clinical use.

The effectiveness of photobiomodulation is significantly
correlated with short-term cognitive improvement, but
the long-term benefit of photobiomodulation is limited
[36]. Indeed, a single dose of photobiomodulation was
reported to improve short-term cognitive function [37].
In addition, the therapeutic effect of photobiomodulation
was time-dependent: A study showed that the use of NIR
laser (1064 nm, 250 mW/cm.2, 8 min) once a week for
a total of 5 weeks can improve the behavioral cognitive
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processing of middle-aged and elderly subjects at a risk
of cognitive decline. Although the duration of efficacy
of photobiomodulation and its relapse are unclear, the
extremely low adverse reactions and very promising out-
comes in reducing the impact of cognitive decline were
noted [38].

Cerebral regulatory mechanisms

of photobiomodulation

Photobiomodulation triggers neuroprotective mecha-
nisms through a cascade of intracellular and molecular
modulations, including increasing cerebral blood flow
(CBF), balancing cellular metabolism and preventing
neurodegeneration [39]. Red and NIR light were reported
to alter intracellular molecules and neural network con-
nections through the various mechanisms described
above and below (Fig. 2) [40—43].

Modulation of intracellular molecules

Cytochrome C oxidase

The main mechanism of light action on cells is to induce
cytochrome C oxidase (CCO) located in the mitochon-
drial inner membrane, which is responsible for catalysing
the transformation of oxygen into water for the produc-
tion of adenosine triphosphate (ATP) [44, 45]. Biologi-
cal tissues naturally contain chromophores that can be
excited by light energy, and CCO is considered to be
another major chromophore, alongside haemoglobin and
myoglobin. CCO can be excited by light ranging in wave-
length from 600 to 900 nm, which is why blue or green
light was not selected for photobiomodulation despite

- CCO (ground state)

i
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these colours having the ability to promote cell growth
[46]. Cells absorb optical energy, causing the redox state
of CCO to change from a ground state to an excited state,
which then activates the mitochondrial electron trans-
port chain [40]. Elevated proton gradients on both sides
of the mitochondrial membranes increase membrane
potentials [47], and subsequently generate ATP and reac-
tive oxygen species (ROS) required for normal cellular
respiration, [48, 49] and enhance cell energy consump-
tion [50]. Subsequently, downstream signalling pathways
were activated to protect neurons, to promote neuronal
proliferation and to form new synapses for better mem-
ory formation [49, 51].

Intracellular calcium ions (Ca.?*)

Visible-NIR light has also been reported to increase the
permeability of neurons to calcium ions (Ca®*) and main-
tain neuronal Ca?" intra- and extracellular balance [52,
53]. Both the entry of exogenous Ca®* into cells and the
release of endogenous Ca’>" from the endoplasmic retic-
ulum of neurons is due to the activation of N-methyl-
D-aspartate receptors (NMDRs) once membranes are
depolarized by irradiation with 650 nm and 808 nm light.
Ca®* is involved in the regulation of neurotransmitter
release, synaptic plasticity, and activity-dependent tran-
scription under normal physiological conditions, but
over-influx of calcium may also cause cytotoxicity [41].
Low-intensity NIR irradiation (e.g., 850 nm laser radia-
tion) has been reported to increase intracellular Ca*"
levels and protect against the effects of intracellular cal-
cium overload and endoplasmic reticulum stress in vitro

= (600-900nm) Acti . o
= . = ~ Activate neuroprotective mechanisms
Mitochondria Ct: O faited sts) Activate electron P
transport chain  * Activate downstream signaling pathways
NMDARs
— <3 >=(650nm)  _ Increase the permeability of Ca2*
= urona’) o= NMDARs (actived) _ , .
change Endoplasmic Maintain the balance of Ca?*concentration
reticulum = .
- » Reduce intracellular calcium overload
(808/850nm) i i in vi
Cerebral regulatory e Reduce endoplasmic reticulum stress in vitro
mechanisms of Prevent excitatory toxicity
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Fig. 2 Biological mechanisms of near-infrared (NIR) light irradiating brain. They include cerebral functional states after intracellularly and
intercellularly regulatory mechanisms have been applied and when neurons are irradiated by NIR light. Intracellular changes include cytochrome C
oxidase, N-methyl-D-aspartic acid receptor and reactive oxygen species mediated mechanism whilst extracellular changes are enhanced neuronal

transmission and connections
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[54]; all these ultimately protect cells from the destruc-
tive effect of high Ca®* levels, promote the excretion of
intracellular calcium ions, and prevent excitatory toxicity
(810 nm laser radiation) [55].

ROS

NIR irradiation generates ROS, and then modulates the
metabolic activity of neurons by altering lipid metabo-
lism [49]. During the neuronal metabolism, the accom-
panying synthetic lipid droplets (LDS) mitigated the
harmful effects of ROS through enveloping and coating
mechanisms [56, 57]. Additionally, photobiomodulation
can balance the intracellular ROS levels in a steady state
through reducing the increased intracellular ROS levels
in stressed neurons but increasing ROS levels in normal
unstressed neurons due to low level laser triggered mito-
chondrial membrane potential changes [58]. A previous
study also showed that after 808 nm laser irradiation, the
average lipid as well as LDS levels of rat cortical neurons
were increased significantly mediated by ROS, indicat-
ing a strong correlation between ROS induced by photo-
biomodulation and LDS formation in neurons. This also
means that the lipid metabolism of neuronal cells can be
manipulated through NIR laser to treat cognitive distur-
bances [49].

Neuronal networks

Transcranial photobiomodulation has an inhibitory
effect on rodent brains because light irradiation reduces
the increased excitatory neurotransmitters in the hip-
pocampus and cortex [59]. This suggests that transcranial
photobiomodulation is an effective intervention strategy
for excitatory/inhibitory neurons as well as the entire
excitatory/inhibitory neural network. Recently, a pre-
liminary study on the regulatory effects of 40 Hz pulsed
NIR laser on brain oscillations demonstrated that a single
session of transcranial photobiomodulation significantly
increases the power of electroencephalogram (EEG)
faster oscillatory frequencies of alpha, beta and gamma
waves and reduces the power of the slower frequencies
of delta and theta waves in subjects at rest [43]. It is sug-
gested that infrared light can maintain the stability of the
brain neural network [26, 60]. Transcranial photobio-
modulation with an 808 nm pulsed NIR laser (transcra-
nial: 100 mW/cm? intranasal: 25 mW/cm? 40 Hz for
20 min) was recently reported to reduce neuronal dam-
age in the prefrontal cortex and y-aminobutyrinergic
(GABAergic) neurons in the hippocampus, protect the
integrity of the perihippocampal inhibitory network
composed of parvalbumin-positive neurons, and main-
tain the normal hippocampal y band rhythm [43]. As an
energy wave, light can affect the functional connectivity
of neural networks by affecting the function and state of
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certain neurons, such as inhibitory neurons, resulting in
the remodelling of oscillatory frequencies in large-scale
neural networks [39].

Photobiomodulation promoting cognition

The potential applications of photobiomodulation have
been explored in many disorders, ranging from neu-
rotrauma and neurodegeneration to neuropsychiatric
disorders. Photobiomodulation can modulate human/
animal brain function and is a new potential treatment
strategy for neurological diseases.

Transcranial photobiomodulation

Transcranial photobiomodulation has been studied in
different animal models and humans as an economical
and safe therapy for cognitive dysfunction [44, 61].

Modulation in healthy human brain

Several studies have reported that transcranial photo-
biomodulation enhances cognitive function by regu-
lating the electrical activity of the healthy human brain
(Table 1). The manifestations of cognitive function,
including sleep quality and emotional state, can be
explored using EEG patterns. In particular, memory and
attention were significantly improved after application of
photobiomodulation to the human brain. In addition to
the molecular mechanisms mentioned above, the effect
of transcranial photobiomodulation on brain tissue is
also related to improvements in CBF [62]. Transcranial
photobiomodulation applied to the prefrontal cortex not
only can activate CCO but can also improve cerebral oxy-
genation and increase blood oxygen content and CBE, all
of which are necessary for the high-level energy demands
needed to maintain normal cognitive function [63].

Modulation in cognitive dysfunction

Compared with the photoregulation of normal human
cognitive function, the use of transcranial photobiomod-
ulation to treat brain diseases is still limited. However,
in recent years, transcranial photobiomodulation has
shown potential for promising applications in the treat-
ment of cognitive impairment in traumatic brain injury
(TBI) and Alzheimer’s disease (AD).

Alzheimer’s disease 'The onset of AD in patients is often
accompanied by symptoms of cognitive impairment. Early
studies found that red lasers emitted from an arterial duct
can irradiate the brain, improve CBF in AD patients and
lead to significantly lower dementia scores [64]. Later,
researchers found that photobiomodulation can also
affect cellular signalling pathways or neuronal network
oscillations, which are more closely related to the patho-
physiology of cognitive dysfunction [43]. Recently, amy-
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loid-beta protein (A), the most important pathological
brain indicator in the brains of AD patients, has become a
target for transcranial photobiomodulation therapy. Pho-
tobiomodulation was found to accelerate AP} degradation
while reducing Ap accumulation and microglial prolifera-
tion, subsequently improving cognitive impairment [34,
65, 66]. Recently, transcranial photobiomodulation was
applied to AD patients, and their cognition was improved
[67]. Studies and trials on transcranial photobiomodula-
tion in the treatment of AD are summarized in Table 2.
These studies may lay a foundation for the use of tran-
scranial photobiomodulation in treating AD in the future.

Traumatic brain injury Compared with AD, there are
more cases that have used transcranial photobiomodula-
tion treatments in cases of TBI in the past, but the studies
regarding cognitive impairment were mainly animal stud-
ies (Table 3), likely due to the following reasons: (1) The
animal models are, in essence, acute TBI models, while
clinical TBI patients are usually chronic, and the mecha-
nisms behind cognitive impairment are different [77]. (2)
Furthermore, light decays exponentially when it passes
through the skull and brain tissue. Studies have shown
that NIR laser may not penetrate the human brain deeper
than 20 mm from the cortical surface, [78] while the loca-
tion of TBI brain damage is usually deeper; hence, the
effect of transcranial photobiomodulation in treating TBI
is not as effective as that of AD.

At the molecular level, transcranial photobiomodula-
tion conducted in the treatment of cognitive impairment
in TBI animal models decreased inflammation and neu-
ronal death, increased neurotrophic factor expression in
the hippocampus and neural progenitor cell prolifera-
tion, and overexpressed protruding proteins. In terms of
brain function, the effects included reductions in lesion
size, improvements in cognitive function and reduc-
tions in anxious behaviour. Clinically, transcranial pho-
tobiomodulation was applied to patients with TBI to
improve symptoms, such as relief of headache symptoms,
enhancement of sleep quality, and improvement of cogni-
tive and emotional state [73].

Other applications

Transcranial photobiomodulation has been considered
to treat other cognitive impairment-related brain dis-
eases [79]. A few studies reported that transcranial pho-
tobiomodulation was used to treat Parkinson’s disease
(PD), the positive effects of which were related to irra-
diating tyrosine hydroxylase positive (TH+) neurons
in the substantia nigra pars compacta (SNc) to improve
disabling dyskinesias [80—83]. In a recent prospective
proof-of-concept study, the cognitive performance of PD
patients was improved after both 12 weeks and 1 year of
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treatment with a device that combined transcranial pho-
tobiomodulation and abdominal photobiomodulation
[81]. Moreover, a study of transcranial photobiomodula-
tion for autism spectrum disorder (ASD) in children and
adolescents aged 5-17 years found that low-level laser
therapy reduced irritability and other symptoms and
the behaviours associated with ASD, with these posi-
tive changes maintained and augmented over time [84].
Because of its high safety, few side effects and low cost,
transcranial photobiomodulation is a potential therapy
for other disease conditions, such as depression or pain-
related cognitive dysfunction, but warrants further study.

Photosensitive nanoparticles in photobiomodulation
Because of its high safety, few side effects and low cost,
transcranial photobiomodulation is a potential therapy
for other disease conditions, such as depression or pain-
related cognitive dysfunction, but warrants further study
[85].

The common method in combination is to use
10-100 nm nanoparticles constructed by biocompat-
ible materials as carriers to carry the drug to increase
the amount of drug targeted at tissue or cells and greatly
improve the pharmacological bioavailability locally [86].
Nanodrug delivery systems need to have the follow-
ing basic characteristics: in addition to being nontoxic,
harmless and degradable, drugs must be able to be selec-
tively transported across the blood brain barrier (BBB)
after administration and have the ability to evade the
immune system in vivo. Drug transport must be targeted
to release sufficient amounts of drugs to specific brain
regions [87].

Currently, more advanced nanodrug delivery sys-
tems, known as “intelligent” nanoparticles, are emerg-
ing on the basis of incorporating materials science. The
modified nanoparticles respond to some stimuli due to
enhancements of special materials to achieve spatially
or temporally controllable release. The types of stimuli
can be physical, chemical or biological [88]. Chemical
and biological stimuli are generally internal, for exam-
ple, the effects of different biomolecules, pH values, and
redox reactions in organelles within cells, while physical
stimuli are generally external, including external mag-
netic fields, electric fields, temperature and illumination
[89]. In contrast to traditional administration, nanoma-
terials improved drug release and minimized the drug
dose required to be effective. The outstanding advan-
tage of modified nanoparticles is that the spatiotemporal
mechanism of drug release is manually controlled, which
is more practical and convenient for more effectively
achieving the desired effect [90].

Among various “intelligent” nanodrugs, photosensi-
tive nanoreagents have attracted the most attention due
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to their photothermal conversion effects and unique ways
of realizing on-demand drug delivery [91]. Compared
with other wavelengths of light, NIR laser is not easily
absorbed by interfering chromophores and penetrates
more deeply without causing tissue damage. Therefore,
NIR laser has unique advantages in terms of noninvasive
tissue penetration to achieve drug delivery, and thus, the
combination of NIR laser with photosensitive nanoparti-
cles may provide hope for the future [92, 93]. NIR laser
with wavelengths of 700-1000 nm is usually selected to
combine with different types of nanocarriers for drug
delivery [94]. Because using a single type of nanometre
material makes it difficult to meet the multiple needs of
drug delivery and NIR light response, researchers are
currently working on nanoparticles made of composite
nanomaterials, which can not only maintain the desired
levels of drugs in the nanoparticles but can also ensure
that the drugs are not destroyed by an immune response.
The most important feature is that they have good tem-
poral and spatial controllability because of NIR irradia-
tion. Based on these requirements, a variety of composite
nanoparticles have been developed, among which photo-
sensitive materials show physical or chemical transforma-
tion upon exposure to NIR radiation. Then, the original
structures of the nanoparticles are destroyed, and the
loaded drug is released. The emergence of these photo-
sensitive nanoparticles may provide new approaches for
treating neurological diseases.

Common NIR response nanomaterials that can be used
in brain diseases consist of gold, carbon, and semicon-
ductor polymers [95-97]. These materials can be used
to construct nanoparticles by themselves or participate
in the construction of nanocarriers as components. The
resulting composite nanoparticles have the ability to
transport drugs and produce photothermal conversion
under NIR irradiation, thus improving related nanod-
rug delivery systems (Fig. 3). The following provides an
overview of the applications of NIR-photosensitive nano-
particles in brain diseases in terms of the material types
triggered by NIR laser [98—103].

Gold-based nanomaterials

In recent years, gold (Au) materials have become promi-
nent in the field of nanomaterial research because of
their high biocompatibility, easy synthesis and possibility
of surface modification [95]. The advantage of Au is its
ability to generate localized surface plasmon resonance
(LSPR) under NIR irradiation, which is manifested as the
collective oscillation/excitation of surface electrons, thus
utilizing the absorption of light energy and photothermal
conversion [104]. The good photothermal properties and
BBB penetrability mean that Au is an excellent carrier for
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NIR-responsive drug delivery and for use in brain disease
treatments [88, 105].

Au nanomaterials Gold nanomaterials with different
structures can be obtained by adjusting the preparation
process, including gold spheres, gold nanorods (AuNRs),
gold nanoparticles (AuNPs) and gold nanostars (AuNSs).
Among these, AuNRs, AuNPs and AuNSs are common
pure gold-based nanoscale structures, and they have dif-
ferent advantages in interventions involving brain neu-
rons. The direction of electron oscillation in AuNRs is a
combination of transverse and longitudinal oscillations,
which has higher NIR laser absorption than AuNPs and
AuNSs. Shan et al. reported the NIR laser absorption prop-
erties of AuNRs loaded with single chain variable frag-
ment (scFv) 12B4 and thermophilic acylpeptide hydrolase
(APH) ST0779 as a smart theranostic complex (GNRs-
APH-scFv, GAS), which possesses both rapid detection
of AP aggregates and NIR light photothermal treatment
that effectively disassembles AP aggregates and inhibits
AB-mediated toxicity [106]. Moreover, researchers also
coated both ends of AuNRs with CeO, nanoparticles and
introduced photocatalysis and photothermal therapy in
the NIR laser into the AD treatment (Fig. 4A). The pho-
tothermal effect significantly improved the permeability
of the BBB and overcame the shortcomings of traditional
anti-AD drugs. To further improve the therapeutic effi-
ciency, AP-targeted inhibitory peptides (KLVFF) were
modified on the middle surface of AuNRs (K-CAC). The
behavioural data showed that K-CAC improved the cog-
nitive function of AD mice by degrading A protein depo-
sition and scavenging ROS [107].

However, AuNPs and AuNSs have advantages that
AuNRs do not have, such as smaller sizes, higher preci-
sions of neuronal regulation and shorter synthesis times.
Additionally, AuNSs, which have excellent biocompat-
ibility, can also be directly attached to the membranes of
neurons to regulate their activity [108]. In this context,
Li et al. recently reported that gold-based photosensitive
nanomaterials can be produced by coating gold nano-
particles with polydopamine and anti-TRPV1 antibodies
(Au@PDA-PEG-AD) (Fig. 5A). To verify the photother-
mal effect on neurons, Au@PDA-PEG-Ab particles were
cocultured with TRPV1 receptor-enriched HT-22 cells
and then irradiated by NIR-II laser in vitro. The results
showed that TRPV1 receptor-enriched HT-22 cells had a
significant influx of Ca®*, while this was not seen in SH-
SY5Y cells that lacked TRPV1 receptors. In vivo experi-
ments further demonstrated that Au@PDA-PEG-Ab
specifically excited pyramidal neurons of the hippocam-
pus (5 mm deep in the brain parenchyma) when applied
to rats [109]. These data indicate that gold-based pho-
tothermal nanomaterials may have specific regulatory
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Fig. 3 Photosensitive nanoparticles in combination with NIR laser for brain diseases. The photosensitive nanoparticles include gold-based
nanoparticles (from left to right are gold nanoparticles, gold nanorod and gold nanostar, gold-based liposomes and mesoporous silica
nanoparticles with gold cores), carbon-based nanomaterials (from left to right are carbon nanotubes, graphene oxide and graphene quantum
dots) and polymer semiconductor materials (from left to right are common semiconductor polymer nanoparticle, semiconductor polymer
nanoparticle coated by red blood cell membrane, semiconductor polymer nanoparticle coated by photothermal materials such as phenyl

di-n-pentylphosphinate)

effects on neurons enriched with TRPV1 receptors in the
brain.

Au composite nanomaterials In addition to the above-
mentioned nano preparations prepared with pure gold
materials, Au can also be used as a photothermal mate-
rial in the preparation of composite nanoparticles, and
then loaded drugs or designed drugs can be released at
scheduled times and positions under NIR radiation con-
trol. A common structural pattern of composite nano-
particles contains gold (Fig. 4B). Liposomes are the most
successful nanocarriers used clinically [110], but the bio-

availability of internally loaded drugs in liposomes is not
ideal. The photothermal conversion effect of gold can
change the microenvironment, destroy the stability of
liposomes, and release internal drugs on demand. There-
fore, the concept of developing nanoparticles combined
with gold and liposomes (AuNP-liposomes) has attracted
much attention [88, 111, 112]. To maintain the stability of
liposome morphology, the sizes of metal particles should
not be more than 6.5 nm [113]. AuNPs can be bound to
liposomes by different methods, such as reverse evapo-
ration (REV), thin film hydration (TFH), interdigitation-
fusion, and lipid vesicle metallization. AuNP-liposomes
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Fig. 4 Scheme of photothermal gold nanoparticles and related application example. A Scheme of gold nanorod treating Alzheimer’s disease.
AuNRs can bind with CeO, and AB-targeted inhibitory peptides to target AB fibrils through photocatalysis and photothermal effect, which was
used in multi-modal therapy of Alzheimer’s disease [107]. Copyright 2022, American Chemical Society and its reproduced permission granted.
B Structural pattern diagram of nanoparticles containing a photothermal material (gold). Composite nanoparticles modified with protective

molecules can flow through the bloodstream and cross the blood-brain barrier. Under NIR laser irradiation, gold particles undergo photothermal
conversion, and the heat can be generated to dissolve the heat-sensitive materials used to construct the vehicle, so that the drugs can be released

to act on neurons

induce enhanced permeability of the liposome membrane
based on NIR irradiation and Au photothermal conver-
sion ability [114]. Under irradiation, the heat caused by
electron exchange in gold was absorbed by liposomes,
resulting in membrane collapse or induced phase trans-
formation of the lipid bilayer, and the loaded drug flowed

out completely during the drug delivery process [115].
As early as 2008, researchers discovered the controlled
release effect of an NIR pulsed laser on liposomes coated
with gold nanohollow shells [116]. In 2016, the release
of the model drug (PTX) from liposomes coated with
AuNPs and AuNSs was performed by laser excitation at
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antibody-conjugated gold nanoparticles (Au@PDA-PEG-Ab) and mechanisms of nanoparticle-mediated NIR-II laser neural stimulation [109].
Copyright 2022, Springer Nature and its reproduced permission granted. B Schematic illustration of PDA-nanoparticles-mediated photothermal
stimulation of neurons. PDA nanoparticles (PDA NPs) localized on the neuron modulate the neural activity through photothermal conversion of NIR
light [128]. Copyright 2021, Wiley-VCH GmbH and its reproduced permission granted. C Schematic illustration of the preparation of nanoparticle
(NPS-F) and the activation of Kv7.4 channel under NIR irradiation. The mechanism of reducing the excitability of ventral tegmental area dopamine
neurons is also reported [126]. Copyright 2021, John Wiley and Sons and its reproduced permission granted

NIR wavelengths [117]. With regard to brain-targeted
drug delivery, a recent study published in 2020 reported
a type of transferrin (Tf) receptor-targeted, gold-based
therapeutic liposome containing docetaxel (DCX) and
glutathione-reduced gold nanoparticles (AuGSH) for

brain-targeted drug delivery and imaging. The liposome
provided a higher drug loading rate and co-encapsulated
DCX for simultaneous targeted therapy [118].

These findings indicate that drugs, such as water-solu-
ble medicines that are unable to permeate the BBB, can
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be loaded on different carriers, which can be composed
of a single substance or compound. A composite nano-
carrier has multiple properties based on different sub-
stances, thus contributing to nanodrug delivery platforms
with different targets. If combined with NIR laser, these
nanoparticles not only enhance the drug targeting abil-
ity but also improve the controlled release and bioavail-
ability of the loaded drugs. Composite nanocarriers are
of great significance for treating brain diseases because
most drugs cannot pass the BBB, such as memantine,
which improves cognitive function. Hence, the combina-
tion of NIR laser with nanocarriers helps drugs to pass
the BBB while ensuring the release of drugs in assigned
brain regions to maximize drug utilization and minimize
drug toxicity.

Polymer semiconductor materials
Compared with biotoxic metal Au nanomaterials, semi-
conductor polymer nanoparticles (SPNs) have the advan-
tages of a m-m electron delocalization framework, high
extinction coefficient and excellent photothermal con-
version efficiency and are more suitable as phototherapy
agents for treating brain diseases [119, 120]. SPNs are
nanoparticles that have been developed for photobio-
modulation over the years [121, 122]. The advantages of
semiconductor polymer materials are as follows: (1) com-
pletely organic, inert and nontoxic in vivo, showing ideal
biocompatibility for organisms [123]; (2) flexible synthe-
sis and convenient preparation [124], and (3) good pho-
tostability and excellent photothermal properties [125].
SPN combined with NIR laser has been found to
regulate neuronal activity (Fig. 5B). Singamaneni et al.
demonstrated that polydopamine nanoparticles are bio-
compatible and biodegradable photothermal sensors that
can suppress the spike rate of neurons in animals under
NIR laser irradiation with different power densities. The
data showed that when the power density was 3 mW/
mm?, the spike rate of neurons decreased by 39%. When
the laser power density was increased to 6 mW/mm?, the
spike rate decreased to 98%, suggesting that neuronal
activity was almost completely shut down under such
irradiation conditions. Similarly, NIR irradiation at dif-
ferent times also inhibited the spike rates of neurons to
different degrees [126]. Furthermore, a new nanoconduc-
tor called MINDS (Macromolecular Infrared Nanotrans-
ducer for Deep brain Stimulation) was designed and
reported to efficiently convert optical energy into ther-
mal energy, thus making TRPV1 expression in deep brain
neurons more sensitive to NIR laser irradiation. This can
effectively avoid neuronal damage caused by stimulating
TRPV1 proteins in deep brain regions with a strong NIR
laser. It was reported that MINDS, located in the 5 mm
deep region of the brain, produced much higher local
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temperatures than under NIR light passing through the
scalp than the superficial brain region. Locally enhancing
the response of neurons to NIR radiation may improve
the efficiency of neural regulation within the safe power
range of NIR radiation. As an extension of traditional
photobiomodulation, SPN combined with NIR laser-
activated neurons located in the deep brain led to the
discovery of a new neural regulation pattern in animal
experiments [127].

Recently, SPNs have been applied in the research of
brain cognition-related diseases. Li et al. made a break-
through in the treatment of depression-related cognitive
disease with NIR photosensitive nanodrug delivery sys-
tems. Phenyl di-n-pentylphosphinate (PDPP) is a conju-
gated polymer that is a semiconductor polymer material.
Using PDPP, DPPC, DSPE-PEG-NH, and fasudil as raw
materials, they prepared composite nanoparticles (NPs-
F) by nanoprecipitation. Under NIR irradiation, the nan-
oparticles completed photothermal conversion in vivo,
releasing fasudil and specifically activating Kv7.4 potas-
sium channels. Electrophysiological studies showed that
the firing frequency of dopaminergic neurons in the ven-
tral tegmental area decreased significantly after treat-
ment, suggesting that PDPP nanoparticles with excellent
photothermal properties may be a future approach for
the clinical treatment of depression (Fig. 5C) [128]. NIR
laser pulses can instantaneously transport SPNs across
the vascular barrier and accumulate in the designated
sites due to the photoacoustic effects of the nanomaterial,
as reported in the latest studies. They showed that after
scanning the skulls for 10 min with an 840 nm laser pulse
(50 mJ/cm?, 10 min), the accumulations of nanoparticles
in the brains of mice increased significantly. This was
the first time that nonfunctional NIR responsive nano-
materials could be accumulated through photoacoustic
induction to target specific tissue sites with micron-scale
precision, showing high efficiency and precision [129]. In
the field of photoacoustic transformation, it was found
that 1000-1350 nm NIR laser (21 mJ/cm?, ten 3-ns laser
pulses at 1,030 nm over a 3-ms duration) can activate a
new SPN with ultrasonic properties, which could target
the primary motor cortex of C57BL/6 mice and change
the local field potential and electromyography signals
[130]. Although there are few reports of SPNs in the
treatment of neurocognitive diseases, SPN combined
with NIR laser may have a promising future as a photo-
therapy agent for treating brain disease owing to its high
compatibility, flexibility and degradability.

Carbon-based nanomaterials

Carbon-based nanomaterials (CBNs) are attractive nano-
materials because of their structural diversity as well as
unique photothermal properties. Various allotropes of
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carbon have been extensively studied for biomedical
applications, such as carbon nanotubes (CNTs), gra-
phene oxide (GO) and graphene quantum dots (GQDs)
[131].

GO In the field of neuroscience research, graphene is
favoured for three applications. One is to use its electrical
conductivity to promote the growth and differentiation
of neurons. Akhavan’s team prepared reduced graphene
oxide nanomeshes (rGONMs) and applied them together
with near-infrared lasers in experiments for human neu-
ral stem cell (hNSC) differentiation. During the experi-
ments, hNSCs treated with an NIR laser and rGONM:s
differentiated more efficiently than those treated with
graphene alone due to the stimulatory effects of the low-
energy photoexcited electrons injected from the rtGONM
semiconductors into the cells [132]. Another applica-
tion is to use the photothermal conversion effect of gra-
phene materials to directly target neural lesions within
the BBB. In a study of the treatment of AD, GO modified
with thioflavin-S (ThS) was locally and remotely heated
and decomposed amyloid protein aggregates under NIR
laser irradiation, suggesting that modified GO may be a
promising candidate for the photothermal treatment of
AD [133].

Moreover, graphene is an ideal candidate for drug
delivery because of its enriched surface that is easily
functionalized and coupled with different drugs, high

(A)

(B)
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chemical purity and free m electrons [134—136]. Other-
wise, the oxidation and functionalization of graphene
changes its photoelectric properties and increases its
absorbance of visible and NIR light, which is condu-
cive to photothermal drug delivery by NIR radiation
[137, 138]. In addition, graphene can also be com-
bined with other nanomaterials to make the nanopar-
ticles more sensitive to the photothermal response of
NIR light, resulting in more precise delivery of loaded
drugs (Fig. 6A). A previous study demonstrated that
PEG-functionalized GO can cause the loaded puera-
rin release from GO nanocarriers. Behavioural data
showed that after the application of Lf-GO-Pue, the
motor ability of the PD model mice (induced by MPTP
drug injection) was improved, and the related symp-
toms were relieved. Puerarin-loaded lactoferrin func-
tionalized graphene sheets (Lf-GO-Pue), which have
been developed, have the potential to be a targeted drug
delivery system for the combination of PD drug therapy
and photothermal therapy (Fig. 6B) [139]. In addition
to being used as drug transport carriers, graphene can
also be used as a plasmid transfection carrier. Plasmid
DNA can be loaded with neurotensin (NT)-conjugated
polyethylenimine (PEI)-modified reduced GO nano-
particles. With the aid of NIR lasers (808 nm, 0.3 W/
cm?, 30 min), membrane permeability was enhanced,
and the intracellular degradation of nanoparticles was
reduced, which enhanced the ability of the plasmid to

NIR
b
s (X3 L4
_—
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araphene (GO) Drug release
: = . v & Blood
; :; '; Brain
® (% ® 00 PY o
® 0 g0 ©
Puerarin

Fig. 6 Treatment of cognitive dysfunction with carbon materials. A Scheme of drug release loaded on graphene sheet under NIR laser irradiation.
B Schematic illustration of the nanocarrier (Lf-GO-Pue) for drug delivery to brain and across the blood brain barrier using NIR laser [139]. Copyright

2021, Royal Society of Chemistry and its reproduced permission granted
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target neurons and realized a high gene transfection
rate of neurons [140]. In summary, these applications
of graphene form the forefront of new research in the
field of neurodegenerative diseases and neurotherapeu-
tics [141].

CNT and GQD The excellent conductivity of CNT/
GQD combined with photothermal neural regulation
may bring additional neural stimulation effects that
are different from semiconductor polymer materials.
NIR-responsive drug delivery and release of CNTs have
been reported to be used in brain cancer therapy due
to their biocompatibility and photothermal properties
as well as their ability to penetrate the BBB [142, 143].
Furthermore, GQD refers to a single layer to several lay-
ers (3—10 layers) of zero-dimensional graphene sheets
with transverse sizes less than 100 nm [144]. In addi-
tion to the related properties of graphene materials,
GQDs also have the advantages of a single atomic layer,
small lateral sizes, oxygen-rich surfaces and fluores-
cence characteristics [145], which make them suitable
for loading therapeutic drugs or tracking drug release
pathways [146-148]. However, the application of CNT/
GQD-triggered photobiomodulation in neurocognitive
diseases remains unknown, but due to their excellent
biocompatibility and photothermal properties, CNT/
GQD combined with NIR laser for photobiomodula-
tion will have great potential applications in this field of
research (Additional file 1).

Limitations

Unfortunately, the penetration depth of NIR laser is
restricted to the cerebral cortex or superficial brain areas,
so it fails to modulate deep brain lesions, such as in the
thalamus, which are closely associated with emotional
disorders. Another disadvantage of NIR laser neuro-
modulation is the accidental overheating of brain tissue,
which may cause inherent injury and inhibit neural activ-
ity, producing side effects in addition to normal regula-
tion. Similarly, NIR laser, as a relatively safe physical
therapy, is suitable for patients with cerebral ischemic
diseases (such as ischemic stroke and neonatal hypoxic-
ischemic brain injury) and less used for hemorrhagic
stroke to avoid adverse consequences [149, 150]. Other
studies have shown that high-power near-infrared light
may cause retinal damage, and it is necessary to calcu-
late the damage threshold temperatures and the maxi-
mum permissible exposure dose and time according to
the individual situation [151, 152]. Besides, the applica-
tion of nanoparticles also has some disadvantages. The
biotoxicity of nanomedicine is related to the biological
metabolism of nanoparticles leading to hepatotoxicity or
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nephrotoxicity, their applications are limited in animal
experimental models only.

Future prospective

Owing to effectiveness, direct and accurate on-site
action, non-pharmacologically based therapies such as
the strategies that we reviewed and presented herein are
very innovative and promising for disease treatments.
Indeed, photobiomodulation has been clinically used
as an alternative method for treating brain diseases and
can be classified as 1) transcranial photobiomodulation,
which directly irradiates the head with red light or NIR
laser and 2) an NIR-nanodelivery platform combined
with photosensitive nanoparticles. Experimental data
showed that these two strategies have good therapeu-
tic effects in animals or even in human, and thus, pho-
tobiomodulation may become a novel breakthrough
therapy with great potential for the treatment of cogni-
tive impairment in conditions such as AD, PD and TBL
NIR drug delivery systems are commonly used in treat-
ing brain tumours but are very rarely applied for brain
neuronal diseases. Although drug delivery systems using
nanoparticles to treat cognitive disorders have been
developed, most of them simply take advantage of the
capacity of drug loading and slow release of nanoparti-
cles. If the drugs can be loaded on nanoparticles contain-
ing NIR-responsive materials, the drugs can successfully
escape the immune system and cross the BBB while still
being released in targeted brain regions by artificial oper-
ation. At the same time, drug side effects can be avoided,
and drug bioavailability can be improved. By maximizing
drug bioavailability, the corresponding symptoms of cog-
nitive impairment may be better improved, and the drug
effects can be maintained for a longer period of time.
However, as discussed above, the biocompatibility of
nanoparticles is a big challenge and is an obstacle for its
clinical use but fear assure is that biomaterials are being
developed very fast and this gives a big hope towards
clinical applications.

Conclusion

Cognitive function is an advanced neurological func-
tion, which refers to the ability of our brains to form
judgement and conclusions from information provided.
As a common manifestation of brain diseases, cognitive
dysfunction has a causal relationship with pathological
changes in neurons and neural networks. To improve
cognitive function, direct intervention in targeted ence-
phalic regions or lesion sites may be the most effective
therapeutic strategy. Compared with traditional systemic
administrations of drugs, photobiomodulation is a novel
and noninvasive physical therapy that utilizes the energy
or photothermal effects of light. Photobiomodulation
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attracts much attention due to its benefits, ranging from
safety, flexibility and operability. However, the combined
therapy of photosensitive nanoparticles and lasers, which
can accurately regulate neural activity and improve
cognitive function, is a new direction in drug delivery
development. Presently, it is far from clinical use, but
undoubtedly, ongoing further research will make these
strategies to be clinically available in the foreseeable
future.

Abbreviations

ATP Adenosine triphosphate

ASD Autism spectrum disorder

AD Alzheimer's disease

AB Amyloid-beta protein

Au Gold material

AuNR Gold nanorod

AuNP Gold nanoparticles

AuNS Gold nanostar

APH Acylpeptide hydrolase

BBB Blood brain barrier

CBF Cerebral blood flow

cCco Cytochrome C oxidase

Gt Calcium ion

CBN Carbon based nanomaterial
CNT Carbon nanotubes

cw Continuous wave

DCX Docetaxel

DPPC Dipalmitoyl phosphatidylcholine
DSPE Distearoyl Phosphoethanolamine
EEG Electroencephalogram
GABAergic y-Aminobutyrinergic

GO Graphene oxide

GOD Graphene quantum dots

GFAP Glial fibrillary acidic portein
hNSC Human neural stem cell

Jfem? Joule per square centimeter

LDS Lipid droplets

LED Light emitting diode

LSPR Localized surface plasmon resonance

Lf-GO-Pue Puerarin loaded lactoferrin functionalized graphene sheets
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahy-dropyridine
mw Milliwatt

mW/cm?  Milliwatts per square centimeter
MWM Morris Water Maze

NIR Near-infrared

NMDR N-methyl-D-aspartate receptor
NT Neurotensin

NH2 Amino end group

NPLT Nano pulsed laser

PDA Polydopamine

PDPP Phenyl di-n-pentylphosphinate
PEG Polyethylene glycol

PEI Polyethylenimine

PW Pulse wave

ROS Reactive oxygen species

REV Reverse evaporation

rGONMs  Reduced graphene oxide nanomeshes
SNc Substantia nigra pars compacta
scFv Single chain variable fragment
SPN Semiconductor polymer nanoparticle
Svz Subependymal ventricular zone
TES Transcranial electrical stimulation
TMS Transcranial magnetic stimulation
TBI Traumatic brain injury

TH+ Tyrosine hydroxylase positive

Page 17 of 21

TRPV1 Transient Receptor Potential Vanilloid1
TFH Thin film hydration

Tf Transferrin

ThS Thioflavin-S

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-023-03988-w.

Additional file 1: The supplementary material contains the Copyrights to
the pictures in the body of the review, and the title may be called “Copy-
rights of relevant literature”.

Acknowledgements
We greatly thank translational medical center of the First Affiliated Hospital of
Zhengzhou University for help during this work.

Author contributions

WTP performed the preparation of a draft manuscript. PML and JJY designed
project. WTP, PML, DM and JJY wrote and revised manuscript for final
submission.

Funding

This work was supported by the project funded by the Introducing Talents of
Discipline to Universities of Henan (No.CXJD2019008), Zhongyuan Science
and Technology Innovation Leadership Program (N0.2060299), and Henan
Medical Science and Technology Project (No. LHGJ20200295).

Availability of data and materials
All other data are available from the corresponding authors upon reasonable
request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 23 October 2022 Accepted: 14 February 2023
Published online: 22 February 2023

References

1. Petersen RC, et al. Mild cognitive impairment: a concept in evolution. J
Intern Med. 2014;275:214-28. https://doi.org/10.1111/joim.12190.

2. Nichols E, et al. Global, regional, and national burden of Alzheimer’s
disease and other dementias, 1990-2016: a systematic analysis for the
Global Burden of Disease Study 2016. Lancet Neurol. 2019;18:88-106.
https://doi.org/10.1016/51474-4422(18)30403-4.

3. WuY-T, et al. Dementia in western Europe: epidemiological evidence
and implications for policy making. Lancet Neurol. 2016;15:116-24.
https://doi.org/10.1016/51474-4422(15)00092-7.

4. Chen'S, et al. Near-infrared deep brain stimulation via upconversion
nanoparticle-mediated optogenetics. Science. 2018;359:679-84.
https://doi.org/10.1126/science.aaq144.

5. Barch DM, Ceaser A. Cognition in schizophrenia: core psychological and
neural mechanisms. Trends Cogn Sci. 2012;16:27-34. https://doi.org/10.
1016/j.tics.2011.11.015.

6. Chan D, et al. Induction of specific brain oscillations may restore neural
circuits and be used for the treatment of Alzheimer’s disease. J Intern
Med. 2021;290:993-1009. https://doi.org/10.1111/joim.13329.


https://doi.org/10.1186/s12967-023-03988-w
https://doi.org/10.1186/s12967-023-03988-w
https://doi.org/10.1111/joim.12190
https://doi.org/10.1016/s1474-4422(18)30403-4
https://doi.org/10.1016/s1474-4422(15)00092-7
https://doi.org/10.1126/science.aaq1144
https://doi.org/10.1016/j.tics.2011.11.015
https://doi.org/10.1016/j.tics.2011.11.015
https://doi.org/10.1111/joim.13329

Pan et al. Journal of Translational Medicine

20.

21.

22.

23.

24.

25.

26.

27.

(2023) 21:135

Alam A, Hana Z, Jin Z, Suen KC, Ma D. Surgery, neuroinflammation and
cognitive impairment. EBioMedicine. 2018,37:547-56. https://doi.org/
10.1016/j.ebiom.2018.10.021.

Vizcaychipi MP, et al. The therapeutic potential of atorvastatin in

a mouse model of postoperative cognitive decline. Ann Surg.
2014;259:1235-44. https://doi.org/10.1097/SLA.0000000000000257.
ZhuY, et al. Inflammation disrupts the brain network of executive func-
tion after cardiac surgery. Ann Surg. 2021. https://doi.org/10.1097/SLA.
0000000000005041.

Frohlich F, Riddle J. Conducting double-blind placebo-controlled clini-
cal trials of transcranial alternating current stimulation (tACS). Transl
Psychiatry. 2021;11:284. https://doi.org/10.1038/541398-021-01391-x.
Zhang J, et al. Non-invasive, opsin-free mid-infrared modulation
activates cortical neurons and accelerates associative learning. Nat
Commun. 2021;12:2730. https://doi.org/10.1038/541467-021-23025-y.
Monai H, et al. Calcium imaging reveals glial involvement in transcranial
direct current stimulation-induced plasticity in mouse brain. Nat Com-
mun. 2016;7:11100. https://doi.org/10.1038/ncomms11100.

Woollams AM, Madrid G, Lambon Ralph MA. Using neurostimulation to
understand the impact of pre-morbid individual differences on post-
lesion outcomes. Proc Natl Acad Sci U S A. 2017;114:12279-84. https://
doi.org/10.1073/pnas.1707162114.

Pitzschke A, et al. Red and NIR light dosimetry in the human deep brain.
Phys Med Biol. 2015;60:2921-37. https://doi.org/10.1088/0031-9155/
60/7/2921.

Wu X, et al. Deep-tissue photothermal therapy using laser illumination
at NIR-lla window. Nanomicro Lett. 2020;12:38. https://doi.org/10.1007/
540820-020-0378-6.

Golovynska |, et al. Red and near-infrared light evokes Ca(2+) influx,
endoplasmic reticulum release and membrane depolarization in
neurons and cancer cells. J Photochem Photobiol B. 2021;214:112088.
https://doi.org/10.1016/j jphotobiol.2020.112088.

ZhangY, et al. Recent progress on NIR-Il photothermal therapy. Front
Chem. 2021,9:728066. https://doi.org/10.3389/fchem.2021.728066.

de Freitas LF, Hamblin MR. Proposed mechanisms of photobiomodula-
tion or low-level light therapy. IEEE J Sel Top Quantum Electron. 2016.
https://doi.org/10.1109/JSTQE.2016.2561201.

Zivin JA, et al. Effectiveness and safety of transcranial laser therapy for
acute ischemic stroke. Stroke. 2009;40:1359-64. https://doi.org/10.
1161/STROKEAHA.109.547547.

Salehpour F, et al. Penetration profiles of visible and near-infrared lasers
and light-emitting diode light through the head tissues in animal and
human species: a review of literature. Photobiomodul Photomed Laser
Surg. 2019;37:581-95. https://doi.org/10.1089/photob.2019.4676.
Golovynskyi S, et al. Optical windows for head tissues in near-infrared
and short-wave infrared regions: approaching transcranial light applica-
tions. J Biophotonics. 2018;11:e201800141. https://doi.org/10.1002/jbio.
201800141.

Kim H, Chung K, Lee S, Kim DH, Lee H. Near-infrared light-responsive
nanomaterials for cancer theranostics. Wiley Interdiscip Rev Nanomed
Nanobiotechnol. 2016;8:23-45. https://doi.org/10.1002/wnan.1347.
Esenaliev RO, et al. Nano-pulsed laser therapy is neuroprotective in a rat
model of blast-induced neurotrauma. J Neurotrauma. 2018;35:1510-22.
https://doi.org/10.1089/neu.2017.5249.

Zinchenko E, et al. Pilot study of transcranial photobiomodulation of
lymphatic clearance of beta-amyloid from the mouse brain: break-
through strategies for non-pharmacologic therapy of Alzheimer’s
disease. Biomed Opt Express. 2019;10:4003-17. https://doi.org/10.1364/
BOE.10.004003.

Zhang D, Shen Q, Wu X, Xing D. Photobiomodulation therapy
ameliorates glutamatergic dysfunction in mice with chronic unpre-
dictable mild stress-induced depression. Oxid Med Cell Longev.
2021;2021:6678276. https://doi.org/10.1155/2021/6678276.

Salehpour F, et al. Brain photobiomodulation therapy: a narrative
review. Mol Neurobiol. 2018;55:6601-36. https://doi.org/10.1007/
$12035-017-0852-4.

Chen, De Taboada L, O'Connor M, Delapp S, Zivin JA. Thermal effects
of transcranial near-infrared laser irradiation on rabbit cortex. Neurosci
Lett. 2013;553:99-103. https://doi.org/10.1016/j.neulet.2013.07.049.

28.

29.

30.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 18 of 21

Rojas JC, Gonzalez-Lima F. Neurological and psychological applications
of transcranial lasers and LEDs. Biochem Pharmacol. 2013;86:447-57.
https://doi.org/10.1016/j.bcp.2013.06.012.

Jahan A, Nazari MA, Mahmoudi J, Salehpour F, Salimi MM. Transcranial
near-infrared photobiomodulation could modulate brain electro-
physiological features and attentional performance in healthy young
adults. Lasers Med Sci. 2019;34:1193-200. https://doi.org/10.1007/
$10103-018-02710-3.

Cassano P, et al. Selective photobiomodulation for emotion regulation:
model-based dosimetry study. Neurophotonics. 2019;6:015004. https://
doi.org/10.1117/1.NPh.6.1.015004.

Salehpour F, et al. Therapeutic potential of intranasal photobiomodula-
tion therapy for neurological and neuropsychiatric disorders: a narrative
review. Rev Neurosci. 2020;31:269-86. https://doi.org/10.1515/revne
uro-2019-0063.

Saltmarche AE, Naeser MA, Ho KF, Hamblin MR, Lim L. Significant
improvement in cognition in mild to moderately severe dementia
cases treated with transcranial plus intranasal photobiomodulation:
case series report. Photomed Laser Surg. 2017;35:432-41. https://doi.
0rg/10.1089/pho.2016.4227.

Ma M, et al. Near-infrared target enhanced peripheral clearance of amy-
loid-beta in Alzheimer's disease model. Biomaterials. 2021;276:121065.
https://doi.org/10.1016/j.biomaterials.2021.121065.

Ortega-Martinez S, Palla N, Zhang X, Lipman E, Sisodia SS. Deficits in
enrichment-dependent neurogenesis and enhanced anxiety behaviors
mediated by expression of Alzheimer’s disease-linked Ps1 variants are
rescued by microglial depletion. J Neurosci. 2019;39:6766-80. https://
doi.org/10.1523/JNEUROSCI.0884-19.2019.

Yuan J, et al. Controlled activation of TRPV1 channels on microglia to
boost their autophagy for clearance of alpha-synuclein and enhance
therapy of Parkinson’s disease. Adv Mater. 2022;34:22108435. https://
doi.org/10.1002/adma.202108435.

Zhu G, et al. Phototherapy for cognitive function in patients with
dementia: a systematic review and meta-analysis. Front Aging Neurosci.
2022;14:936489. https://doi.org/10.3389/fnagi.2022.936489.

Chan AS, Lee TL, Yeung MK, Hamblin MR. Photobiomodulation
improves the frontal cognitive function of older adults. Int J Geriatr
Psychiatry. 2019;34:369-77. https://doi.org/10.1002/gps.5039.

Vargas E, et al. Beneficial neurocognitive effects of transcranial laser in
older adults. Lasers Med Sci. 2017;32:1153-62. https://doi.org/10.1007/
s10103-017-2221-y.

Mitrofanis J, Henderson LA. How and why does photobiomodulation
change brain activity? Neural Regen Res. 2020;15:2243-4. https://doi.
0rg/10.4103/1673-5374.284989.

Wang X, Tian F, Soni SS, Gonzalez-Lima F, Liu H. Interplay between
up-regulation of cytochrome-c-oxidase and hemoglobin oxygenation
induced by near-infrared laser. Sci Rep. 2016;6:30540. https://doi.org/10.
1038/srep30540.

Zundorf G, Reiser G. Calcium dysregulation and homeostasis of neural
calcium in the molecular mechanisms of neurodegenerative diseases
provide multiple targets for neuroprotection. Antioxid Redox Signal.
2011;14:1275-88. https://doi.org/10.1089/ars.2010.3359.
Gonzalez-Reyes RE, Nava-Mesa MO, Vargas-Sanchez K, Ariza-Salamanca
D, Mora-Munoz L. Involvement of astrocytes in Alzheimer’s disease
from a neuroinflammatory and oxidative stress perspective. Front Mol
Neurosci. 2017;10:427. https://doi.org/10.3389/fnmol.2017.00427.
Zomorrodi R, Loheswaran G, Pushparaj A, Lim L. Pulsed near infrared
transcranial and intranasal photobiomodulation significantly modulates
neural oscillations: a pilot exploratory study. Sci Rep. 2019;9:6309.
https://doi.org/10.1038/541598-019-42693-x.

Salehpour F, Rasta SH. The potential of transcranial photobiomodula-
tion therapy for treatment of major depressive disorder. Rev Neurosci.
2017;28:441-53. https//doi.org/10.1515/revneuro-2016-0087.

Hamblin MR. Mechanisms and mitochondrial redox signaling in pho-
tobiomodulation. Photochem Photobiol. 2018;94:199-212. https://doi.
org/10.1111/php.12864.

Karu TI. Effects of visible radiation on cultured cells. Photochem Photo-
biol. 1990;52:1089-98. https://doi.org/10.1111/}.1751-1097.1990.tb084
50.x.


https://doi.org/10.1016/j.ebiom.2018.10.021
https://doi.org/10.1016/j.ebiom.2018.10.021
https://doi.org/10.1097/SLA.0000000000000257
https://doi.org/10.1097/SLA.0000000000005041
https://doi.org/10.1097/SLA.0000000000005041
https://doi.org/10.1038/s41398-021-01391-x
https://doi.org/10.1038/s41467-021-23025-y
https://doi.org/10.1038/ncomms11100
https://doi.org/10.1073/pnas.1707162114
https://doi.org/10.1073/pnas.1707162114
https://doi.org/10.1088/0031-9155/60/7/2921
https://doi.org/10.1088/0031-9155/60/7/2921
https://doi.org/10.1007/s40820-020-0378-6
https://doi.org/10.1007/s40820-020-0378-6
https://doi.org/10.1016/j.jphotobiol.2020.112088
https://doi.org/10.3389/fchem.2021.728066
https://doi.org/10.1109/JSTQE.2016.2561201
https://doi.org/10.1161/STROKEAHA.109.547547
https://doi.org/10.1161/STROKEAHA.109.547547
https://doi.org/10.1089/photob.2019.4676
https://doi.org/10.1002/jbio.201800141
https://doi.org/10.1002/jbio.201800141
https://doi.org/10.1002/wnan.1347
https://doi.org/10.1089/neu.2017.5249
https://doi.org/10.1364/BOE.10.004003
https://doi.org/10.1364/BOE.10.004003
https://doi.org/10.1155/2021/6678276
https://doi.org/10.1007/s12035-017-0852-4
https://doi.org/10.1007/s12035-017-0852-4
https://doi.org/10.1016/j.neulet.2013.07.049
https://doi.org/10.1016/j.bcp.2013.06.012
https://doi.org/10.1007/s10103-018-02710-3
https://doi.org/10.1007/s10103-018-02710-3
https://doi.org/10.1117/1.NPh.6.1.015004
https://doi.org/10.1117/1.NPh.6.1.015004
https://doi.org/10.1515/revneuro-2019-0063
https://doi.org/10.1515/revneuro-2019-0063
https://doi.org/10.1089/pho.2016.4227
https://doi.org/10.1089/pho.2016.4227
https://doi.org/10.1016/j.biomaterials.2021.121065
https://doi.org/10.1523/JNEUROSCI.0884-19.2019
https://doi.org/10.1523/JNEUROSCI.0884-19.2019
https://doi.org/10.1002/adma.202108435
https://doi.org/10.1002/adma.202108435
https://doi.org/10.3389/fnagi.2022.936489
https://doi.org/10.1002/gps.5039
https://doi.org/10.1007/s10103-017-2221-y
https://doi.org/10.1007/s10103-017-2221-y
https://doi.org/10.4103/1673-5374.284989
https://doi.org/10.4103/1673-5374.284989
https://doi.org/10.1038/srep30540
https://doi.org/10.1038/srep30540
https://doi.org/10.1089/ars.2010.3359
https://doi.org/10.3389/fnmol.2017.00427
https://doi.org/10.1038/s41598-019-42693-x
https://doi.org/10.1515/revneuro-2016-0087
https://doi.org/10.1111/php.12864
https://doi.org/10.1111/php.12864
https://doi.org/10.1111/j.1751-1097.1990.tb08450.x
https://doi.org/10.1111/j.1751-1097.1990.tb08450.x

Pan et al. Journal of Translational Medicine

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

(2023) 21:135

Karu TI. Cellular and molecular mechanisms of photobiomodula-

tion (low-power laser therapy). IEEE J Sel Top Quantum Electron.
2014;20:143-8. https://doi.org/10.1109/jstqe.2013.2273411.

Johnstone DM, Moro C, Stone J, Benabid AL, Mitrofanis J. Turning

on lights to stop neurodegeneration: the potential of near infrared
light therapy in Alzheimer's and Parkinson’s disease. Front Neurosci.
2015;9:500. https://doi.org/10.3389/fnins.2015.00500.

Levchenko SM, et al. Near-infrared irradiation affects lipid metabolism in
neuronal cells, inducing lipid droplets formation. ACS Chem Neurosci.
2019;10:1517-23. https://doi.org/10.1021/acschemneuro.8b00508.
Passarella S. He-Ne laser irradiation of isolated mitochondria. J Photo-
chem Photobiol B Biol. 1989. https://doi.org/10.1016/1011-1344(89)
80090-9.

Hamblin MR. Photobiomodulation for Alzheimer’s disease: has the light
dawned? Photonics. 2019. https://doi.org/10.3390/photonics6030077.
Golovynska |, et al. Red and near-infrared light induces intracellular
Ca(2+) flux via the activation of glutamate N-methyl-D-aspartate
receptors. J Cell Physiol. 2019. https://doi.org/10.1002/jcp.28257.
Sharma SK, et al. Dose response effects of 810nm laser light on mouse
primary cortical neurons. Lasers Surg Med. 2011;43:851-9. https://doi.
0rg/10.1002/1sm.21100.

Biswas R, et al. Low-level laser therapy with 850nm recovers salivary
function via membrane redistribution of aquaporin 5 by reducing intra-
cellular Ca(2+) overload and ER stress during hyperglycemia. Biochim
Biophys Acta Gen Subj. 1862;1770-1780:2018. https://doi.org/10.1016/j.
bbagen.2018.05.008.

Huang YY, Nagata K, Tedford CE, Hamblin MR. Low-level laser therapy
(810nm) protects primary cortical neurons against excitotoxicity

in vitro. J Biophotonics. 2014;7:656-64. https://doi.org/10.1002/jbio.
201300125.

Moulton MJ, et al. Neuronal ROS-induced glial lipid droplet formation is
altered by loss of Alzheimer's disease-associated genes. Proc Natl Acad
SciUS A.2021. https://doi.org/10.1073/pnas.2112095118.

Liu L, et al. Glial lipid droplets and ROS induced by mitochondrial
defects promote neurodegeneration. Cell. 2015;160:177-90. https://doi.
0rg/10.1016/j.cell.2014.12.019.

Huang YY, Nagata K, Tedford CE, McCarthy T, Hamblin MR. Low-level
laser therapy (LLLT) reduces oxidative stress in primary cortical neurons
in vitro. J Biophotonics. 2013;6:829-38. https://doi.org/10.1002/jbio.
201200157.

Ahmed NA, et al. Effect of three different intensities of infrared laser
energy on the levels of amino acid neurotransmitters in the cortex

and hippocampus of rat brain. Photomed Laser Surg. 2008;26:479-88.
https://doi.org/10.1089/ph0.2007.2190.

Zhang M, Frohlich F. Cell type-specific excitability probed by optoge-
netic stimulation depends on the phase of the alpha oscillation. Brain
Stimul. 2022;15:472-82. https://doi.org/10.1016/j.brs.2022.02.014.

Yang M, Yang Z, Wang P, Sun Z. Current application and future direc-
tions of photobiomodulation in central nervous diseases. Neural Regen
Res. 2021;16:1177-85. https://doi.org/10.4103/1673-5374.300486.
Berman MH, et al. Photobiomodulation with near infrared light helmet
in a pilot, placebo controlled clinical trial in dementia patients testing
memory and cognition. J Neurol Neurosci. 2017. https://doi.org/10.
21767/2171-6625.1000176.

Wang X, et al. Up-regulation of cerebral cytochrome-c-oxidase and
hemodynamics by transcranial infrared laser stimulation: a broad-
band near-infrared spectroscopy study. J Cereb Blood Flow Metab.
2017;37:3789-802. https://doi.org/10.1177/0271678X17691783.
Maksimovich IV. Dementia and cognitive impairment reduction after
laser transcatheter treatment of Alzheimer’s disease. World J Neurosci.
2015;05:189-203. https://doi.org/10.4236/wjns.2015.53021.

Carniglia L, et al. Neuropeptides and microglial activation in inflam-
mation, pain, and neurodegenerative diseases. Mediators Inflamm.
2017;2017:5048616. https://doi.org/10.1155/2017/5048616.

Khuman J, et al. Low-level laser light therapy improves cognitive defi-
cits and inhibits microglial activation after controlled cortical impact

in mice. J Neurotrauma. 2012;29:408-17. https://doi.org/10.1089/neu.
2010.1745.

Nizamutdinov D, et al. Transcranial near infrared light stimulations
improve cognition in patients with dementia. Aging Dis. 2021;12:954—
63. https://doi.org/10.14336/AD.2021.0229.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Page 19 of 21

Wu JH, et al. Effect of low-level laser stimulation on EEG. Evid Based
Complement Alternat Med. 2012;2012:951272. https://doi.org/10.
1155/2012/951272.

Barrett DW, Gonzalez-Lima F. Transcranial infrared laser stimulation
produces beneficial cognitive and emotional effects in humans.
Neuroscience. 2013;230:13-23. https://doi.org/10.1016/j.neuroscien
ce.2012.11.016.

Blanco NJ, Maddox WT, Gonzalez-Lima F. Improving executive func-
tion using transcranial infrared laser stimulation. J Neuropsychol.
2017;11:14-25. https://doi.org/10.1111/jnp.12074.

Blanco NJ, Saucedo CL, Gonzalez-Lima F. Transcranial infrared laser
stimulation improves rule-based, but not information-integration,
category learning in humans. Neurobiol Learn Mem. 2017;139:69-75.
https://doi.org/10.1016/j.nIm.2016.12.016.

Zhang Z, Shen Q, Wu X, Zhang D, Xing D. Activation of PKA/SIRT1
signaling pathway by photobiomodulation therapy reduces Abeta
levels in Alzheimer’s disease models. Aging Cell. 2020;19:e13054.
https://doi.org/10.1111/acel.13054.

Cho GM, et al. Photobiomodulation using a low-level light-emitting
diode improves cognitive dysfunction in the 5XFAD mouse model
of Alzheimer’s disease. J Gerontol A Biol Sci Med Sci. 2020;75:631-9.
https://doi.org/10.1093/gerona/gly240.

Henderson TA, Morries LD. Near-infrared photonic energy penetra-
tion: can infrared phototherapy effectively reach the human brain?
Neuropsychiatr Dis Treat. 2015;11:2191-208. https://doi.org/10.2147/
NDT.S78182.

Xuan W, Huang L, Hamblin MR. Repeated transcranial low-level laser
therapy for traumatic brain injury in mice: biphasic dose response
and long-term treatment outcome. J Biophotonics. 2016;9:1263-72.
https://doi.org/10.1002/jbio.201500336.

Mocciaro E, et al. Non-invasive transcranial nano-pulsed laser therapy
ameliorates cognitive function and prevents aberrant migration

of neural progenitor cells in the hippocampus of rats subjected to
traumatic brain injury. J Neurotrauma. 2020;37:1108-23. https://doi.
org/10.1089/neu.2019.6534.

Naeser MA, et al. Significant improvements in cognitive performance
post-transcranial, red/near-infrared light-emitting diode treatments
in chronic, mild traumatic brain injury: open-protocol study. J Neuro-
trauma. 2014;31:1008-17. https://doi.org/10.1089/neu.2013.3244.
Moro C, et al. Photobiomodulation inside the brain: a novel method
of applying near-infrared light intracranially and its impact on
dopaminergic cell survival in MPTP-treated mice. J Neurosurg.
2014;120:670-83. https://doi.org/10.3171/2013.9.JNS13423.

Suto T, Fukuda M, Ito M, Uehara T, Mikuni M. Multichannel near-infra-
red spectroscopy in depression and schizophrenia: cognitive brain
activation study. Biol Psychiatry. 2004;55:501-11. https://doi.org/10.
1016/j.biopsych.2003.09.008.

Cardoso FDS, Gonzalez-Lima F, Gomes da Silva S. Photobiomodula-
tion for the aging brain. Ageing Res Rev. 2021;70:101415. https://doi.
org/10.1016/j.arr.2021.101415.

Liebert A, et al. Improvements in clinical signs of Parkinson’s

disease using photobiomodulation: a prospective proof-of-

concept study. BMC Neurol. 2021;21:256. https://doi.org/10.1186/
512883-021-02248-y.

Aarsland D, et al. Cognitive decline in Parkinson disease. Nat Rev
Neurol. 2017;13:217-31. https://doi.org/10.1038/nrneurol.2017.27.

Li S, Dong J, Cheng C, Le W. Therapies for Parkinson’s diseases:
alternatives to current pharmacological interventions. J Neural
Transm (Vienna). 2016;123:1279-99. https://doi.org/10.1007/
500702-016-1603-9.

Leisman G, Machado C, Machado Y, Chinchilla-Acosta M. Effects of
low-level laser therapy in autism spectrum disorder. Adv Exp Med
Biol. 2018;1116:111-30. https://doi.org/10.1007/5584_2018_234.
Kim HY, Seo K, Jeon HJ, Lee U, Lee H. Application of functional near-
infrared spectroscopy to the study of brain function in humans and
animal models. Mol Cells. 2017;40:523-32. https://doi.org/10.14348/
molcells.2017.0153.

Zorkina Y, et al. Nano carrier drug delivery systems for the treatment
of neuropsychiatric disorders: advantages and limitations. Molecules.
2020. https://doi.org/10.3390/molecules25225294.


https://doi.org/10.1109/jstqe.2013.2273411
https://doi.org/10.3389/fnins.2015.00500
https://doi.org/10.1021/acschemneuro.8b00508
https://doi.org/10.1016/1011-1344(89)80090-9
https://doi.org/10.1016/1011-1344(89)80090-9
https://doi.org/10.3390/photonics6030077
https://doi.org/10.1002/jcp.28257
https://doi.org/10.1002/lsm.21100
https://doi.org/10.1002/lsm.21100
https://doi.org/10.1016/j.bbagen.2018.05.008
https://doi.org/10.1016/j.bbagen.2018.05.008
https://doi.org/10.1002/jbio.201300125
https://doi.org/10.1002/jbio.201300125
https://doi.org/10.1073/pnas.2112095118
https://doi.org/10.1016/j.cell.2014.12.019
https://doi.org/10.1016/j.cell.2014.12.019
https://doi.org/10.1002/jbio.201200157
https://doi.org/10.1002/jbio.201200157
https://doi.org/10.1089/pho.2007.2190
https://doi.org/10.1016/j.brs.2022.02.014
https://doi.org/10.4103/1673-5374.300486
https://doi.org/10.21767/2171-6625.1000176
https://doi.org/10.21767/2171-6625.1000176
https://doi.org/10.1177/0271678X17691783
https://doi.org/10.4236/wjns.2015.53021
https://doi.org/10.1155/2017/5048616
https://doi.org/10.1089/neu.2010.1745
https://doi.org/10.1089/neu.2010.1745
https://doi.org/10.14336/AD.2021.0229
https://doi.org/10.1155/2012/951272
https://doi.org/10.1155/2012/951272
https://doi.org/10.1016/j.neuroscience.2012.11.016
https://doi.org/10.1016/j.neuroscience.2012.11.016
https://doi.org/10.1111/jnp.12074
https://doi.org/10.1016/j.nlm.2016.12.016
https://doi.org/10.1111/acel.13054
https://doi.org/10.1093/gerona/gly240
https://doi.org/10.2147/NDT.S78182
https://doi.org/10.2147/NDT.S78182
https://doi.org/10.1002/jbio.201500336
https://doi.org/10.1089/neu.2019.6534
https://doi.org/10.1089/neu.2019.6534
https://doi.org/10.1089/neu.2013.3244
https://doi.org/10.3171/2013.9.JNS13423
https://doi.org/10.1016/j.biopsych.2003.09.008
https://doi.org/10.1016/j.biopsych.2003.09.008
https://doi.org/10.1016/j.arr.2021.101415
https://doi.org/10.1016/j.arr.2021.101415
https://doi.org/10.1186/s12883-021-02248-y
https://doi.org/10.1186/s12883-021-02248-y
https://doi.org/10.1038/nrneurol.2017.27
https://doi.org/10.1007/s00702-016-1603-9
https://doi.org/10.1007/s00702-016-1603-9
https://doi.org/10.1007/5584_2018_234
https://doi.org/10.14348/molcells.2017.0153
https://doi.org/10.14348/molcells.2017.0153
https://doi.org/10.3390/molecules25225294

Pan et al. Journal of Translational Medicine

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

(2023) 21:135

Jain KK. Nanobiotechnology-based strategies for crossing the blood-
brain barrier. Nanomedicine (Lond). 2012;7:1225-33. https://doi.org/
10.2217/nnm.12.86.

SagarV, Nair M. Near-infrared biophotonics-based nanodrug release
systems and their potential application for neuro-disorders. Expert
Opin Drug Deliv. 2018;15:137-52. https://doi.org/10.1080/17425247.
2017.1297794.

Mura S, Nicolas J, Couvreur P. Stimuli-responsive nanocarriers for
drug delivery. Nat Mater. 2013;12:991-1003. https://doi.org/10.1038/
nmat3776.

Karimi M, et al. Smart micro/nanoparticles in stimulus-responsive
drug/gene delivery systems. Chem Soc Rev. 2016;45:1457-501.
https://doi.org/10.1039/c5cs00798d.

Agrahari V. The exciting potential of nanotherapy in brain-tumor tar-
geted drug delivery approaches. Neural Regen Res. 2017;12:197-200.
https://doi.org/10.4103/1673-5374.200796.

Bansal A, Zhang Y. Photocontrolled nanoparticle delivery systems for
biomedical applications. Acc Chem Res. 2014;47:3052-60. https://doi.
org/10.1021/ar500217w.

Bao Z, Liu X, LiuY, Liu H, Zhao K. Near-infrared light-responsive
inorganic nanomaterials for photothermal therapy. Asian J Pharm Sci.
2016;11:349-64. https://doi.org/10.1016/j.ajps.2015.11.123.

Liu B, et al. Functional nanomaterials for near-infrared-triggered can-
cer therapy. Biomater Sci. 2016;4:890-909. https://doi.org/10.1039/
c6bm00076b.

Paviolo C, Stoddart PR. Gold nanoparticles for modulating neuronal
behavior. Nanomaterials (Basel). 2017. https://doi.org/10.3390/nano’
040092.

Mahor A, et al. Carbon-based nanomaterials for delivery of biologi-
cals and therapeutics: a cutting-edge technology. C. 2021. https://
doi.org/10.3390/c7010019.

Yang Y, et al. Semiconducting polymer nanoparticles as theranostic
system for near-infrared-ll fluorescence imaging and photothermal
therapy under safe laser fluence. ACS Nano. 2020;14:2509-21. https://
doi.org/10.1021/acsnano.0c00043.

Cheon YA, Bae JH, Chung BG. Reduced graphene oxide nanosheet for
chemo-photothermal therapy. Langmuir. 2016,32:2731-6. https://doi.
0rg/10.1021/acs.langmuir.6b00315.

Croissant JG, Guardado-Alvarez TM. Photocracking silica: tuning the
plasmonic photothermal degradation of mesoporous silica encapsu-
lating gold nanoparticles for cargo release. Inorganics. 2019. https://
doi.org/10.3390/inorganics7060072.

Alvarez YD, Pellegrotti JV, Stefani FD. In use of nanoparticles in neuro-
science neuromethods Ch. Chapter 16. 2018. p. 269-291
Sanchez-Lopez E, et al. Memantine loaded PLGA PEGylated nano-
particles for Alzheimer’s disease: in vitro and in vivo characteriza-
tion. J Nanobiotechnology. 2018;16:32. https://doi.org/10.1186/
$12951-018-0356-z.

Wen G, et al. Effective Phototheranostics of brain tumor assisted by
near-infrared-Il light-responsive semiconducting polymer nanoparti-
cles. ACS Appl Mater Interfaces. 2020;12:33492-9. https://doi.org/10.
1021/acsami.0c08562.

LiuW, Dong X, LiuY, Sun Y. Photoresponsive materials for intensi-
fied modulation of Alzheimer's amyloid-beta protein aggregation:

a review. Acta Biomater. 2021;123:93-109. https://doi.org/10.1016/j.
actbio.2021.01.018.

Wang P, et al. Au/Ag nanobox-based near-infrared surface-enhanced
Raman scattering for hydrogen sulfide sensing. ACS Appl Bio Mater.
2019;2:417-23. https://doi.org/10.1021/acsabm.8b00634.

Lee JW, Jung H, Cho HH, Lee JH, Nam Y. Gold nanostar-mediated neu-
ral activity control using plasmonic photothermal effects. Biomateri-
als. 2018;153:59-69. https://doi.org/10.1016/j.biomaterials.2017.10.
041.

Liu D, et al. Using near-infrared enhanced thermozyme and scFv dual-
conjugated Au nanorods for detection and targeted photothermal
treatment of Alzheimer’s disease. Theranostics. 2019;9:2268-81. https://
doi.org/10.7150/thno.30649.

Ge K, et al. Gold nanorods with spatial separation of ceo2 deposition
for plasmonic-enhanced antioxidant stress and photothermal therapy
of Alzheimer's disease. ACS Appl Mater Interfaces. 2022;14:3662-74.
https://doi.org/10.1021/acsami.1c17861.

108.

109.

110.

111,

113.

115.

116.

119.

120.

121.

124.

126.

127.

128.

129.

Page 20 of 21

Yang C, Park S. Nanomaterials-assisted thermally induced neuromodu-
lation. Biomed Eng Lett. 2021;11:163-70. https://doi.org/10.1007/
$13534-021-00193-w.

Liu J, et al. Antibody-conjugated gold nanoparticles as nanotransduc-
ers for second near-infrared photo-stimulation of neurons in rats. Nano
Converg. 2022;9:13. https://doi.org/10.1186/540580-022-00304-y.

Large DE, Abdelmessih RG, Fink EA, Auguste DT. Liposome composition
in drug delivery design, synthesis, characterization, and clinical applica-
tion. Adv Drug Deliv Rev. 2021;176:113851. https://doi.org/10.1016/j.
addr.2021.113851.

Lee Y, Thompson DH. Stimuli-responsive liposomes for drug delivery.
Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2017. https://doi.org/
10.1002/wnan.1450.

Movahedi F, Hu RG, Becker DL, Xu C. Stimuli-responsive liposomes for
the delivery of nucleic acid therapeutics. Nanomedicine. 2015;11:1575-
84. https://doi.org/10.1016/j.nan0.2015.03.006.

Amstad E, et al. Triggered release from liposomes through magnetic
actuation of iron oxide nanoparticle containing membranes. Nano Lett.
2011;11:1664-70. https://doi.org/10.1021/n12001499.

Miranda D, Lovell JF. Mechanisms of light-induced liposome permea-
bilization. Bioeng TransI Med. 2016;1:267-76. https://doi.org/10.1002/
btm2.10032.

Mathiyazhakan M, Wiraja C, Xu C. A concise review of gold nano-
particles-based photo-responsive liposomes for controlled drug
delivery. Nanomicro Lett. 2018;10:10. https://doi.org/10.1007/
s40820-017-0166-0.

Wu G, et al. Remotely triggered liposome release by near-infrared light
absorption via hollow gold nanoshells. J Am Chem Soc. 2008;130:8175-
7. https://doi.org/10.1021/ja802656d.

Mathiyazhakan M, et al. In situ synthesis of gold nanostars within
liposomes for controlled drug release and photoacoustic imag-

ing. Sci China Mater. 2016;59:892-900. https://doi.org/10.1007/
s40843-016-5101-3.

Sonkar R, et al. Gold liposomes for brain-targeted drug delivery: Formu-
lation and brain distribution kinetics. Mater Sci Eng C Mater Biol Appl.
2021;120:111652. https://doi.org/10.1016/j.msec.2020.111652.

Chang K, et al. Highly stable conjugated polymer dots as multifunc-
tional agents for photoacoustic imaging-guided photothermal therapy.
ACS Appl Mater Interfaces. 2018;10:7012-21. https://doi.org/10.1021/
acsami.8b00759.

Lyu, et al. Intraparticle molecular orbital engineering of semiconduct-
ing polymer nanoparticles as amplified theranostics for in vivo photoa-
coustic imaging and photothermal therapy. ACS Nano. 2016;10:4472—
81. https://doi.org/10.1021/acsnano.6b00168.

Li J, Pu K. Semiconducting polymer nanomaterials as near-infrared pho-
toactivatable protherapeutics for cancer. Acc Chem Res. 2020;53:752—
62. https://doi.org/10.1021/acs.accounts.9b00569.

Tortiglione C, Antognazza MR, et al. Semiconducting polymers are light
nanotransducers in eyeless animals. Sci Adv. 2017;3: e1601699.

Li J, Pu K. Development of organic semiconducting materials for deep-
tissue optical imaging, phototherapy and photoactivation. Chem Soc
Rev. 2019;48:38-71. https://doi.org/10.1039/c8cs00001h.

Geng J, et al. Biocompatible conjugated polymer nanoparticles for
efficient photothermal tumor therapy. Small. 2015;11:1603-10. https://
doi.org/10.1002/smll.201402092.

Yang K, et al. In vitro and in vivo near-infrared photothermal therapy

of cancer using polypyrrole organic nanoparticles. Adv Mater.
2012;24:5586-92. https://doi.org/10.1002/adma.201202625.

Gholami Derami H, et al. Reversible photothermal modulation of elec-
trical activity of excitable cells using polydopamine nanoparticles. Adv
Mater. 2021;33:2008809. https://doi.org/10.1002/adma.202008809.
Wu X, et al. Tether-free photothermal deep-brain stimulation

in freely behaving mice via wide-field illumination in the near-
infrared-Il window. Nat Biomed Eng. 2022. https://doi.org/10.1038/
s41551-022-00862-w.

Li B, et al. Photothermal modulation of depression-related ion channel
function through conjugated polymer nanoparticles. Adv Funct Mater.
2021. https://doi.org/10.1002/adfm.202010757.

Qi W, et al. Light-controlled precise delivery of NIR-responsive semicon-
ducting polymer nanoparticles with promoted vascular permeability.


https://doi.org/10.2217/nnm.12.86
https://doi.org/10.2217/nnm.12.86
https://doi.org/10.1080/17425247.2017.1297794
https://doi.org/10.1080/17425247.2017.1297794
https://doi.org/10.1038/nmat3776
https://doi.org/10.1038/nmat3776
https://doi.org/10.1039/c5cs00798d
https://doi.org/10.4103/1673-5374.200796
https://doi.org/10.1021/ar500217w
https://doi.org/10.1021/ar500217w
https://doi.org/10.1016/j.ajps.2015.11.123
https://doi.org/10.1039/c6bm00076b
https://doi.org/10.1039/c6bm00076b
https://doi.org/10.3390/nano7040092
https://doi.org/10.3390/nano7040092
https://doi.org/10.3390/c7010019
https://doi.org/10.3390/c7010019
https://doi.org/10.1021/acsnano.0c00043
https://doi.org/10.1021/acsnano.0c00043
https://doi.org/10.1021/acs.langmuir.6b00315
https://doi.org/10.1021/acs.langmuir.6b00315
https://doi.org/10.3390/inorganics7060072
https://doi.org/10.3390/inorganics7060072
https://doi.org/10.1186/s12951-018-0356-z
https://doi.org/10.1186/s12951-018-0356-z
https://doi.org/10.1021/acsami.0c08562
https://doi.org/10.1021/acsami.0c08562
https://doi.org/10.1016/j.actbio.2021.01.018
https://doi.org/10.1016/j.actbio.2021.01.018
https://doi.org/10.1021/acsabm.8b00634
https://doi.org/10.1016/j.biomaterials.2017.10.041
https://doi.org/10.1016/j.biomaterials.2017.10.041
https://doi.org/10.7150/thno.30649
https://doi.org/10.7150/thno.30649
https://doi.org/10.1021/acsami.1c17861
https://doi.org/10.1007/s13534-021-00193-w
https://doi.org/10.1007/s13534-021-00193-w
https://doi.org/10.1186/s40580-022-00304-y
https://doi.org/10.1016/j.addr.2021.113851
https://doi.org/10.1016/j.addr.2021.113851
https://doi.org/10.1002/wnan.1450
https://doi.org/10.1002/wnan.1450
https://doi.org/10.1016/j.nano.2015.03.006
https://doi.org/10.1021/nl2001499
https://doi.org/10.1002/btm2.10032
https://doi.org/10.1002/btm2.10032
https://doi.org/10.1007/s40820-017-0166-0
https://doi.org/10.1007/s40820-017-0166-0
https://doi.org/10.1021/ja802656d
https://doi.org/10.1007/s40843-016-5101-3
https://doi.org/10.1007/s40843-016-5101-3
https://doi.org/10.1016/j.msec.2020.111652
https://doi.org/10.1021/acsami.8b00759
https://doi.org/10.1021/acsami.8b00759
https://doi.org/10.1021/acsnano.6b00168
https://doi.org/10.1021/acs.accounts.9b00569
https://doi.org/10.1039/c8cs00001h
https://doi.org/10.1002/smll.201402092
https://doi.org/10.1002/smll.201402092
https://doi.org/10.1002/adma.201202625
https://doi.org/10.1002/adma.202008809
https://doi.org/10.1038/s41551-022-00862-w
https://doi.org/10.1038/s41551-022-00862-w
https://doi.org/10.1002/adfm.202010757

Pan et al. Journal of Translational Medicine

130.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

145.

146.

147.

149.

(2023) 21:135

Adv Healthc Mater. 2021;10:e2100569. https://doi.org/10.1002/adhm.
202100569.

Jiang Y, et al. Neural stimulation in vitro and in vivo by photoacoustic
nanotransducers. Matter. 2021,4:654-74. https://doi.org/10.1016/j.matt.
2020.11.019.

Maiti D, Tong X, Mou X, Yang K. Carbon-based nanomaterials for
biomedical applications: a recent study. Front Pharmacol. 2018;9:1401.
https://doi.org/10.3389/fphar.2018.01401.

Akhavan O, Ghaderi E, Shirazian SA. Near infrared laser stimulation of
human neural stem cells into neurons on graphene nanomesh semi-
conductors. Colloids Surf B Biointerfaces. 2015;126:313-21. https://doi.
0rg/10.1016/j.colsurfb.2014.12.027.

Li M, Yang X, Ren J, Qu K, Qu X. Using graphene oxide high near-infra-
red absorbance for photothermal treatment of Alzheimer’s disease. Adv
Mater. 2012;24:1722-8. https://doi.org/10.1002/adma.201104864.
Zhang M, et al. Graphene oxide based theranostic platform for
T1-weighted magnetic resonance imaging and drug delivery. ACS Appl
Mater Interfaces. 2013;5:13325-32. https://doi.org/10.1021/am404292e.
Yang K, Feng L, Shi X, Liu Z. Nano-graphene in biomedicine: theranostic
applications. Chem Soc Rev. 2013;42:530-47. https://doi.org/10.1039/
c2cs35342c.

Pattnaik S, Swain K, Lin Z. Graphene and graphene-based nano-
composites: biomedical applications and biosafety. ] Mater Chem B.
2016;4:7813-31. https://doi.org/10.1039/c6tb02086k.

Sun X, et al. Nano-graphene oxide for cellular imaging and drug
delivery. Nano Res. 2008;1:203-12. https://doi.org/10.1007/
$12274-008-8021-8.

Robinson JT, et al. Ultrasmall reduced graphene oxide with high
near-infrared absorbance for photothermal therapy. J Am Chem Soc.
2011;133:6825-31. https://doi.org/10.1021/ja2010175.

Xiong S, et al. Targeted graphene oxide for drug delivery as a therapeu-
tic nanoplatform against Parkinson’s disease. Biomater Sci. 2021;9:1705—
15. https://doi.org/10.1039/d0bm01765e.

Hsieh TY, et al. Neurotensin-conjugated reduced graphene oxide with
multi-stage near-infrared-triggered synergic targeted neuron gene
transfection in vitro and in vivo for neurodegenerative disease therapy.
Adv Healthc Mater. 2016;5:3016-26. https://doi.org/10.1002/adhm.
201600647.

Bramini M, et al. Interfacing graphene-based materials with neural cells.
Front Syst Neurosci. 2018;12:12. https://doi.org/10.3389/fnsys.2018.
00012.

QinY, et al. Near-infrared light remote-controlled intracellular anti-
cancer drug delivery using thermo/pH sensitive nanovehicle. Acta
Biomater. 2015;17:201-9. https://doi.org/10.1016/j.actbio.2015.01.026.
Li R, et al. Folate and iron difunctionalized multiwall carbon nano-
tubes as dual-targeted drug nanocarrier to cancer cells. Carbon.
2011;49:1797-805. https://doi.org/10.1016/j.carbon.2011.01.003.

Song L, Shi J, Lu J, Lu C. Structure observation of graphene quantum
dots by single-layered formation in layered confinement space. Chem
Sci. 2015;6:4846-50. https://doi.org/10.1039/c5s5c01416f.

Kumawat MK, Thakur M, Gurung RB, Srivastava R. Graphene quantum
dots for cell proliferation, nucleus imaging, and photoluminescent
sensing applications. Sci Rep. 2017;7:15858. https://doi.org/10.1038/
$41598-017-16025-w.

ChengYJ, et al. Enzyme-induced and tumor-targeted drug delivery
system based on multifunctional mesoporous silica nanoparticles. ACS
Appl Mater Interfaces. 2015;7:9078-87. https://doi.org/10.1021/acsami.
5b00752.

Pistone A, et al. Tunable doxorubicin release from polymer-gated mul-
tiwalled carbon nanotubes. Int J Pharm. 2016;515:30-6. https://doi.org/
10.1016/jijpharm.2016.10.010.

Tian Z, et al. Metal-organic framework/graphene quantum dot nano-
particles used for synergistic chemo- and photothermal therapy. ACS
Omega. 2017;2:1249-58. https://doi.org/10.1021/acsomega.6b00385.
Yang L, et al. Effects of prenatal photobiomodulation treatment on neo-
natal hypoxic ischemia in rat offspring. Theranostics. 2021;11:1269-94.
https://doi.org/10.7150/thno.49672.

de Jesus Fonseca EG, et al. Study of transcranial therapy 904 nm in
experimental model of stroke. Lasers Med Sci. 2019;34:1619-25. https://
doi.org/10.1007/510103-019-02758-9.

Page 21 of 21

151. Lund DJ, Edsall P, Stuck BE. Spectral dependence of retinal thermal
injury. J Laser Appl. 2008,20:76-82. https://doi.org/10.2351/1.2900534.

152. Wang J, et al. Retinal safety of near-infrared lasers in cataract surgery. J
Biomed Opt. 2012;17:95001-95001. https://doi.org/10.1117/1.JBO.17.9.
095001.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1002/adhm.202100569
https://doi.org/10.1002/adhm.202100569
https://doi.org/10.1016/j.matt.2020.11.019
https://doi.org/10.1016/j.matt.2020.11.019
https://doi.org/10.3389/fphar.2018.01401
https://doi.org/10.1016/j.colsurfb.2014.12.027
https://doi.org/10.1016/j.colsurfb.2014.12.027
https://doi.org/10.1002/adma.201104864
https://doi.org/10.1021/am404292e
https://doi.org/10.1039/c2cs35342c
https://doi.org/10.1039/c2cs35342c
https://doi.org/10.1039/c6tb02086k
https://doi.org/10.1007/s12274-008-8021-8
https://doi.org/10.1007/s12274-008-8021-8
https://doi.org/10.1021/ja2010175
https://doi.org/10.1039/d0bm01765e
https://doi.org/10.1002/adhm.201600647
https://doi.org/10.1002/adhm.201600647
https://doi.org/10.3389/fnsys.2018.00012
https://doi.org/10.3389/fnsys.2018.00012
https://doi.org/10.1016/j.actbio.2015.01.026
https://doi.org/10.1016/j.carbon.2011.01.003
https://doi.org/10.1039/c5sc01416f
https://doi.org/10.1038/s41598-017-16025-w
https://doi.org/10.1038/s41598-017-16025-w
https://doi.org/10.1021/acsami.5b00752
https://doi.org/10.1021/acsami.5b00752
https://doi.org/10.1016/j.ijpharm.2016.10.010
https://doi.org/10.1016/j.ijpharm.2016.10.010
https://doi.org/10.1021/acsomega.6b00385
https://doi.org/10.7150/thno.49672
https://doi.org/10.1007/s10103-019-02758-9
https://doi.org/10.1007/s10103-019-02758-9
https://doi.org/10.2351/1.2900534
https://doi.org/10.1117/1.JBO.17.9.095001
https://doi.org/10.1117/1.JBO.17.9.095001

	Advances in photobiomodulation for cognitive improvement by near-infrared derived multiple strategies
	Abstract 
	Introduction
	NIR Light Triggered Photobiomodulation
	Cerebral regulatory mechanisms of photobiomodulation
	Modulation of intracellular molecules
	Cytochrome C oxidase
	Intracellular calcium ions (Ca.2+)
	ROS

	Neuronal networks

	Photobiomodulation promoting cognition
	Transcranial photobiomodulation
	Modulation in healthy human brain
	Modulation in cognitive dysfunction
	Alzheimer’s disease 
	Traumatic brain injury 

	Other applications

	Photosensitive nanoparticles in photobiomodulation
	Gold-based nanomaterials
	Au nanomaterials 
	Au composite nanomaterials 

	Polymer semiconductor materials
	Carbon-based nanomaterials
	GO 
	CNT and GQD 



	Limitations
	Future prospective
	Conclusion
	Acknowledgements
	References


