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ABSTRACT: Optogenetics is an interdisciplinary field that blends genomics and optical technology 
to regulate gene expression and biological processes. It offers advantages such as precise control 
over timing and placement, low invasiveness, and excellent efficiency. This procedure is enabled by 
photosensory proteins that have been genetically engineered to change form when exposed to light. As 
a result, optogenetic technologies provide important insights into a variety of biological mechanisms, 
ranging from subcellular and cellular processes to brain circuitry and behavioural patterns. This review 
will discuss the evolution of optogenetics and recent advances in its application in oral and maxillofacial 
studies. We will also look at how optogenetics has affected preclinical studies. While the scope of 
optogenetic techniques grows, obstacles remain in their application to oral and dental research.
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RESUMEN: La optogenética es un campo interdisciplinario que integra la genómica y la tecnología óptica 
para regular la expresión génica y diversos procesos biológicos. Esta técnica ofrece ventajas como el 
control preciso del momento y la localización de la activación, baja invasividad y una elevada eficiencia. 
El procedimiento se basa en proteínas fotosensibles que han sido modificadas genéticamente para 
cambiar su conformación al ser expuestas a la luz. Como resultado, las tecnologías optogenéticas han 
permitido avances significativos en la comprensión de múltiples mecanismos biológicos, que abarcan 
desde procesos subcelulares y celulares hasta circuitos neuronales y patrones conductuales. Esta revisión 
aborda la evolución de la optogenética y los avances recientes en su aplicación en estudios del sistema 
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estomatognático, específicamente en el ámbito oral y maxilofacial. Asimismo, se analiza el impacto de 
esta tecnología en investigaciones preclínicas. Aunque el alcance de las técnicas optogenéticas continúa 
ampliándose, persisten desafíos importantes para su implementación en el campo de la investigación 
odontológica y oral.

PALABRAS CLAVE: Optogenética; Genes; Cavidad oral; Maxilofacial.

INTRODUCTION 

A rapidly developing field called optogene-
tics incorporates genetics and optical technologies 
to regulate and stimulate cells in biological tissues, 
animal peripheral nerves, and other physiological 
processes (1).

This technique has numerous major 
benefits, including remarkable timing precision, 
spatial accuracy, and the capacity to target speci-
fic locations with minimal invasiveness, all achie-
ved by light-based stimulation (2). These features 
make optogenetics a viable tool for studying oral 
behaviours and bacterial activities. Optogenetic 
approaches recently gained popularity in both 
basic scientific research (3-5) and preliminary 
clinical trials (6, 7).

MAIN TEXT
 
HISTORY OF OPTOGENETICS

The discovery of opsins and the bacterial 
rhodopsin proteins (BR) they encode marked the 
beginning of optogenetics, and the technology 
depends on the sufficiency and specificity of opsin 
expression.Oesterhelt and Stoeckenius discove-
red BR, a purple-red retinol-containing molecule 
present in bacterial cell membranes that serves 
as a photoreceptor (8). Halorhodopsin (eNpHR), a 
protein that regulates chloride ion transport, was 
identified by Matsuno and Macerata in 1977. A 
discovering of channelrhodopsin (ChR), a protein 

abundantly produced in nerve cells that influences 
their physiological activity, was a big step forward 
in optogenetic technology. Today, ChR is regarded 
as an important instrument for light-based neuro-
nal regulation (9).

When exposed to light, bacterial opsins give 
extraordinary spatiotemporal precision, allowing 
accurate regulation of molecular processes in cells 
and organisms. Microbial opsins are now divided 
into four categories: sensory rhodopsins (such as 
histidine kinase rhodopsins), ion pumps (such as 
eNpHR), proton pumps (such as archaerhodop-
sin-3 (Arch)), and ion channels (such as ChR) (10).

OPTOGENETICS' FUNDAMENTALS

Irradiation with specific light wavelengths 
can alter the structure of photosensitive channel 
proteins found in cell wall membranes. The voltage 
across the cell membrane changes when photo-
sensitive channel proteins become activated, either 
activating or inhibiting neurones (11). In some 
cases, it is better to suppress neural signalling 
rather than activate it. Light activates the NpHR, a 
chloride pump, causing neurones to hyperpolarise 
and suppress spikes in response to yellow light. 
Light-activated proton pumps, such as Arch, are 
employed to hyperpolariseneurones and inhibit 
signalling. Various wavelengths of light activate 
different photosensitive channels (Figure 1), Hence, 
the selection of light-dependent channels is the 
main technological distinction of optogenetics 
science (12).
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Figure 1. Various wavelengths of light activate different photosen-
sitive channels.

AN OPTOGENETIC SWITCHING SYSTEM 

Optogenetics is an innovative technique that 
allows for precise spatiotemporal modulation of 
gene expression to promote regeneration in speci-
fic cells. This is accomplished by light-induced 
transgenic expression approaches. One example 
of this system is a red/far-red light-controlled 
gene switch that has been tested in vitro with 
several mammalian cells. Subsequent in vivo tests 
with a chicken embryo model confirmed the ability 
to induce localised angiogenesis (13).

The "switch-on" optogenetic system: To 
regulate VEGF expression, the initial step is to 
transfect target cells, such as human umbilical vein 
endothelial cells (HUVECs). The cyanobacterium 
Spirulina's chromophore, phycocyanobilin B (PCB), 
isomerises when exposed to red light (around 660 
nm). The intracellularly generated phytochromobi-
lin (PhyB), which is associated with this chromo-
phore, operates along with a split transcription 
factor consisting of the U1 and U2 subunits. The 
isomerisation of PhyB causes a conformational 
shift that activates the transcription factor.

This functioning PhyB-U1-U2 complex 
attaches to a specific operator region (CR) on the DNA 
strand via a distinct element (DE). The complex's 
attachment to the CR activates RNA polymerase 
II, which then initiates the gene of interest's (GOI) 
transcription among a response vector (RV). Genes 
such as human vascular endothelial growth factor 
(VEGF), which promotes angiogenesis and aids in 
wound healing, were used in these investigations. 
This optogenetic approach is appropriate for oral 
applications because VEGF in saliva has been 
demonstrated to promote healing following tooth 
extraction (13).

The "switch-off" system: When subjec-
ted to far-red light with wavelength740 nm, the 
PhyB-U1-U2 complex disintegrates, inhibiting GOI 
production in the RV (14). Initially, tissue targets 
were designed using optogenetic technology in a 
chicken chorio-allantoic membrane (CAM) experi-
ment. In this study, Chinese hamster ovary cells 
(CHO-K1, ATCC CCL 61) were transfected with 
a red light-controlled system that uses human 
VEGF to trigger growth. The cells were then mixed 
with a PEG-based hydrogel and attached to the 
CAM. When exposed to 660-nm red light, chicken 
embryo CAMs exhibited considerably higher levels 
of VEGF-mediated angiogenesis than the control 
group, which remained in the off state (14).

An eye-catching feature of this techni-
que is the capacity to control gene expression 
spatiotemporally utilising an optogenetic switch, 
which allows for the simultaneous regulation of 
numerous target genes within a single cell via on 
and off systems. This is accomplished by using 
various excitation wavelengths in a multichroma-
tic method. Three optogenetic gene expression 
systems were applied to a single CHO-K1 cell 
in an initial demonstration study. The genes of 
interest (GOIs) were UVB-induced proangiogenic 
angiopoietin 1 (Ang1, 311 nm), red light-induced 



ODOVTOS-International Journal of Dental Sciences Abd-elmonsif & Gamal: Optogenetics Era in Oral and Maxillofacial Field 

ODOVTOS-Int. J. Dent. Sc. No. 28 (1), 2026: 59-68. ISSN: 2215-3411. 63ODOVTOS-Int. J. Dent. Sc. No. 28 (1), 2026: 59-68. ISSN: 2215-3411. 62

production alkaline phosphatase (SEAP, 660 nm), 
which is required for forming of oral hard tissues 
like alveolar bone, and blue light-induced firefly 
luciferase (FLuc, 465 nm).Evidently, cells went 
through preconditioning in a UVB environment to 
reduce cytotoxicity (15).

RESEARCH ON OPTOGENETICS IN ORAL AND 
MAXILLOFACIAL FIELDS

In oral and craniofacial study evidence, light-
sensitive channels have been successfully used to 
influence neurones, assisting in the investigation 
of the causes of various disorders and behaviours. 
Optogenetics has been applied to many regions 
in oral and maxillofacial studies throughout the 
pastdecade, including the following:

APPLYING OPTOGENETICS TO DIFFERENTIATE 
CELLS

Derived from migratory neural crest cells, 
human dental pulp stem cells (hDPSCs) are in 
fact ectoderm-derived mesenchymal stem cells 
capable of forming mineralised particles. Their 
capacity to differentiate has generated significant 
interest in therapy using stem cells and tissue 
engineering (17).

Recent study has demonstrated that hDPSCs 
have an immunophenotype comparable to bone 
marrow mesenchymal stem cells (BMSCs), making 
them interesting applicants for the development of 
human nerve cells (18).

Because hDPSCs are easily available and 
can be harvested from wisdomor third molars, their 
differentiation potential has generated significant 
interest. Optogenetics has been used to control 
neurogenic development in DPSCs. A previous 
investigation used a lentivirus encoding human 
ChR2 (hChR2) (H134R) to transfect hDPSCs, which 
were then exposed to blue light at 470 nm.Blue 
light activation of ChR2 caused depolarisation and 

morphological alterations in hDPSCs, converting 
the cell bodies from fusiform to neuron-like forms. 
Although what exactly happens is unknown, the 
results of this experiment indicate that differentia-
ting hDPSCs could be a viable strategy for produ-
cing brain cells (4).

As a potential transplantation therapy for 
neurological disorders, this approach demands 
further investigation.

The transcription factor Lhx8, which is 
crucial for the growth and maturation of craniofa-
cial components like bones and teeth, was exami-
ned by Huang and colleagues in a different study. 
A UV-inducible optogenetics device was used to 
inject Lhx8 into BMSCs. Lhx8 promotes cell proli-
feration, according to in vitro studies on hDPSCs, 
and its overexpression in hDPSCs reduced osteo-
genesis (19). UV-pulse-induced Lhx8 expression 
in BMSCs with polylactic-co-glycolic acid (PLGA) 
scaffolds dramatically improved bone production 
in vivo in a rat calvaria bone shortage model (20). 
These findings highlight the potential for optoge-
netic-driven restorative techniques in hard tissues, 
including the periodontium.

USING OPTOGENETICS TO CONTROL OROFACIAL 
MOVEMENT 

Because of its precise regulatory capabi-
lities, optogenetics has the potential to outper-
form traditional electrical stimulation methods 
for neurocontrol. Furthermore, Optogenetics are 
able to modify muscle cells to affect orofacial 
function.The facial nerve innervates most face 
muscles save the masticatory muscles and the 
levatorpalpebraesuperioris. In mice, facial neuro-
pathy causes a decrease in whisker pad activity 
and movement. A recent study discovered that 24 
hours after facial nerve transection, transgenic 
mice could produce significant denervation of the 
whisker pad muscles with optogenetic stimulation 
of the face nerves. Researchers used blue light 
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(460 nm, 8 mW) to depolarise facial neurones 
and directly excite muscle cells, therefore activa-
ting the optogenetic sensor ChR2.The sensitivity, 
amplitude, and speed of whisker pad muscle 
movements improved over time, and the muscles 
fatigued less after 48 hours of denervation (3). As 
a result, optogenetics is a more effective regula-
tory tool than traditional electrical stimulation for 
regulating cells and assisting muscle repair after 
nerve injury or motor neurone degeneration in 
many neuromuscular systems (21). Furthermore, 
optogenetics can generate orofacial movements 
by influencing neuronal activity in the brain. For 
this reason, red light has been studied since it can 
enter brain tissue more efficiently than blue light 
(21-22). In a study by Mercer Lindsay et al. (22), a 
novel ChR2 mutant, red-activatableChR (ReaChR), 
was utilised to investigate how activating neurones 
in the orofacial motor cortex influences movement.
Given its ability to regulate orofacial motions, 
optogenetics has great promise for healing orofa-
cial strained muscles and facial muscular paralysis.

CONTROLLING EATING AND DRINKING
WITH OPTOGENETICS

Optogenetics has the benefit of directly 
manipulating certain parts of the brain, allowing 
researchers to isolate and study characteristics 
such as eating and drinking habits more precisely. 
The anterior peri-locus coeruleus regulates thirst 
and eating patterns, with glutamatergic neurones 
in this region acting as important convergence 
points for hunger and thirst signals. A subpopula-
tion of excitatory neurones that emit prodynorphin 
in the anterior peri-locus coeruleus is engaged 
in the neurological mechanism. A recent study 
reinforced this by exposing the opsin ChR2 to blue 
light, which activated glutamatergic neurones in 
the anterior peri-locus coeruleus and resulted 
in decreased food intake.On the contrary, using 
532 nm light (7-14 mW) to activate the optoge-

netic inhibitory channel protein archaerhodopsin 
(Arch) enhanced the intake of food, demonstrating 
the difference between excitatory and inhibitory 
stimulation on eating behaviour (23). Further-
more, optogenetic techniques have been emplo-
yed to stimulate nociceptin/orphanin FQ neurones, 
resulting in an increase in conductivity of K+ and 
outward voltages when exposed to blue light at 
470 nm.Irradiation activated ChR2, resulting in 
hyperpolarisation and decreased neuronal activity, 
showing that activating the hypothalamic arcuate 
nucleus enhances eating behaviour. In contrast, 
activating the ventral tegmental region had the 
opposite effect, lowering food intake (24).

MANAGING LICKING USING OPTOGENETICS

Licking behaviours include the coordinated 
expansion of the jaw and tongue accomplish speci-
fic targets. These motions necessitate precise and 
consistent muscle coordination, which somewhat 
is regulated by brainstem nuclei. According to 
optogenetics studies, stimulating individual neuro-
nes in specific brain regions can impact licking 
behaviour. By activating the light-sensitive channel 
ChR2, Esmaeili et al. (5) discovered that stimu-
lating neurones in the tongue-jaw motor cortex 
with 473 nm blue light (mean power 8-10 mW) 
improved early licking. Unlike studies that concen-
trate on cell activation, another study triggered 
inhibitory neurones expressing ChR2 to deactivate 
one side of the primary tongue-jaw motor cortex, 
which led to increased ipsilateral promote licking 
and decreased spout licking on the other side (25).

Researchers also used optogenetically activa-
ting the lateral superior colliculus and indirect stria-
tal projection neurones to track changes in licking 
movement. They found that while the contralate-
ral lateral superior colliculus was stimulated, the 
ipsilateral lateral superior colliculus was inhibited 
by selective stimulation of light-sensitive proteins. 
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This study could shed light on the mechanisms 
underlying ipsiversive licking and suggests the 
presence of thalamic competition (26).

MAXILLOFACIAL PRECLINICAL RESEARCHES

MAXILLOFACIAL CELLULITIS 

Maxillofacial cellulitis is an extremely serious 
infection that affects the tissues of the perimandi-
bular fascial area. It is among the most hazardous 
illnesses that affect the craniofacial area. It has the 
ability to expand to the submandibular, submental, 
and sublingual compartments at the same time, 
increasing the risk of respiratory tract compro-
mise or systemic poisoning in extreme cases (27). 
Pseudomonas aeruginosa, a well-known gram-
negative bacteria, is the leading cause of maxillo-
facial cellulitis (28). Because of their chemical 
diffusion properties, small molecule inducers that 
alter bacterial pathogenicity might occasionally 
have unintended consequences (29). In contrast, 
light provides a non-invasive, non-toxic option with 
excellent spatiotemporal precision (30).

The use of optogenetics to control P. aerugi-
nosa virulence has opened up new avenues for 
treating maxillofacial cellulitis (6). Cyclic adeno-
sine monophosphate (cAMP) is a key secondary 
messenger in P. aeruginosa, regulating activities 
like carbon metabolism, type IV pili formation, 
and virulence (31). A bacterial photoactivateda-
denylate cyclase (bPAC) gene was introduced into 
the bacteria in response to this knowledge. Light 
can alter intracellular cAMP levels by activating 
bPAC, which transforms adenosine triphosphate 
(ATP) into cAMP when exposed to blue light at 
470 nm.After optogenetic stimulation of bPAC, 
cAMP levels surged by 6.6 times before rever-
ting to baseline when the light was removed. This 
reversible alteration indicated that blue light can 
modulate bacterial motility and cytotoxicity (6).

Beyond that, targeting the Gac/Rsm pathway 
in P. aeruginosa improved treatment efficacy. 
GacS, a protein involved in the Gac/Rsmsignalling 
cascade, controls virulence factors. By introdu-
cing the YGS24 light-dependent fusion protein 
into P. aeruginosa, optogenetic techniques were 
used to recombine GacS and control the Gac/
Rsm cascade. Using 470 nm blue light at 120 μW/
cm², these light-dependent proteins can impact 
bacterial virulence, opening up new therapeutic 
prospects (30).

TRIGEMINAL NEURALGIA

Trigeminal neuralgia is a prevalent source of 
severe pain in the facial regions, and while there 
are several therapies available, they rarely provide 
long-term relief. A long-term treatment for atypical 
trigeminal neuralgia is currently lacking (32). One 
of the most difficult hurdles in creating new medici-
nes is identifying the exact brain regions involved in 
the ailment, which is required to select prospective 
therapeutic targets. Recent research have combi-
ned optogenetics and behavioural measurements to 
investigate the brain areas important for regulating 
behaviour after trigeminal neuralgia (33). These 
strategies allow for the stimulation or reduction 
of trigeminal neuralgia by altering neurones in the 
pain transportation system. The "Ignition Theory" 
proposes that trigeminal neuralgia is caused by 
anomalies in the afferent neurones of the trigemi-
nal root or ganglion (34).

Using blue light optogenetic triggers to reach 
peripheral sensory neurones in the trigeminal and 
dorsal root ganglions had been shown to cause 
chronic face pain and trigeminal nerve injury (35). 
Calcitonin gene-related peptide (CGRP), a neuro-
peptide found in trigeminal neuralgia, is believed to 
play an important role in disease development [36]. 
Researchers discovered that activating eNpHR with 
593 nm yellow light boosted GABAergic inhibition 
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and lowered CGRP synthesis, hence alleviating 
trigeminal neuralgia symptoms. However, activa-
ting ChR2 with 473 nm blue light produced hyper-
sensitivity, as is typical of the disease (7).

Moreover, studies demonstrated that α-CGRP 
treatment helped reduce pain after optogenetic 
stimulation of M1 in a rat model, suggesting that 
central modulation mechanisms are not dependent 
on peripheral pain control (37). In addition to these 
findings, In order to treat trigeminal neuralgia, 
some researchers have employed blue light at 470 
nm for achieving circuit-specific neuromodulation 
in the primary motor cortex layer V. This approach 
offers benefits such as fewer side effects, better 
treatment outcomes, and precise control, making 
the concept of an "optical scalpel" a promising 
option. An important advantage of optogenetics 
is that it does not require invasive procedures 
like craniotomy, making it a safer alternative for 
patients (38).

LIMITATIONS OF OPTOGENETICS

Despite its capabilities, optogenetics is still 
underutilised in preclinical research and clini-
cal practice due to a number of difficulties. These 
hurdles include hazards connected with genetic 
transfection, difficulties in establishing cell-specific 
expression, and intrinsic limits in optogenetic techni-
ques itself. One major obstacle that restricts the 
therapeutic potential of optogenetics is the difficul-
ties of penetration of light in the deeper layers of 

tissue. To solve this, the creation of excitation light 
that can penetrate deeper into tissues is a viable 
answer. Recent improvements in red-shifted actua-
tors have enabled the use of longer near-infrared 
(NIR) wavelengths for stimulation, creating new 
opportunities for research. NIR-responsive proteins 
may see more use in the future, particularly in the 
oral and craniofacial areas, due to their benefits 
over traditional NIR light.These include minimised 
scattered light, decreased tissue absorption, and 
reduced autofluorescence (39). Although optoge-
netics has not yet been used to cure disorders in 
oral and maxillofacial research, it has the potential 
to address issues such dry sockets, xerostomia, 
burning mouth syndrome, and taste loss caused by 
COVID-19 (40). In the future, optogenetic approa-
ches may also be used to regenerate craniomaxi-
llofacial and periodontal tissues.

CONCLUSIONS 

Because of its particular capabilities, optoge-
netics can shed light on oral and craniofacial 
operations and pathologies. While there have been 
tremendous advances in optogenetics and related 
technologies over the last decade, more study is 
required before these methods may be routinely 
used in therapeutic settings. Scientists are working 
to increase the effectiveness and safety of optoge-
netic techniques so that they can be used to treat a 
variety of clinical problems. Opogenetics, a promi-
sing and rising discipline, holds significant potential 
for stimulating tissue regeneration in the oral cavity.
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ABBREVIATIONS LIST:  Arch: archaerhodopsin-3; 
ATP: Adenosine triphosphate; BMSCs: Bone ma-
rrow mesenchymal stem cells; bPAC: Bacterial 
photoactivatedadenylate cyclase; BR: Bacterior-
hodopsin; CAM: Chorio-allantoic membrane; cAMP: 
Cyclic adenosine monophosphate; CGRP: Calcito-
nin gene-related peptide; CHO-K10: Chinese ham-
ster ovary cells; ChR: Channel rhodopsin; CR: Cer-
tain operator region; DE: Distinct element; eNpHR: 
Mediates halorhodopsin's; GOI: Gene of interest; 
hDPSCs: Human dental pulp stem cells; HUVEC:  
Primary endothelial cells of human umbilical ve-
ins; NIR: Near infrared; PCB: The chromophore 
phycocyanobilin B; PhyB: Phytochromobilin; PLGA: 
Polylactic-co-glycolic acid; ReaChR: Red-activata-
bleChR; RV: Response vector; VEGF: Vascular en-
dothelial growth factor.
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