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Abstract

Recent advances in experimental model systems have improved our ability to study car-
diovascular development, function, and disease with high spatial and temporal resolution.
The zebrafish (Danio rerio) has emerged as a powerful vertebrate model for cardiovascular
research due to its transparency, genetic tractability, and conserved cardiac physiology, sim-
ilar to humans. These features allow real-time in vivo imaging, the functional assessment
of cardiac performance, and the tracking of signaling pathways that are fundamental in
cardiovascular development and disease. Recent advances in nanotechnology and optoge-
netics have introduced complementary tools for probing and manipulating cardiovascular
systems with high spatial and temporal precision. Nanoparticle-based platforms enable
the tunable delivery of drugs, nucleic acids, and imaging agents, while optogenetic sys-
tems allow the light-mediated control of gene expression, signaling pathways, and cardiac
electrophysiology. In this review, we summarize recent progress in the application of
nanoparticle-based technologies and the emerging optogenetic tools in zebrafish cardio-
vascular research, including the optical control of cardiac signaling and electrophysiology.
We briefly discuss emerging complementary efforts toward nanoparticle and optogenetic
approaches, how to overcome key technical limitations, such as light penetration and gene
delivery, and how to facilitate the development of fully optical platforms for cardiovascular
disease modeling and drug screening.

Keywords: zebrafish; nanoparticle; optogenetics

1. Introduction
Cardiovascular diseases (CVDs) remain one of the leading causes of mortality world-

wide. According to the American Heart Association, in the United States, CVD accounts
for 915,973 deaths, or 1 death every 34 s [1,2]. These disorders encompass a broad spectrum
of pathologies, including hypertension, stroke, myocardial infarction, arterial stiffness,
and vascular dysfunction [3]. Despite advances in diagnosis and treatment, the complex
molecular and biomechanical mechanisms underlying CVD progression remain incom-
pletely understood, underscoring the need for physiologically relevant and experimentally
tractable model systems.

In recent years, the zebrafish (Danio rerio) has emerged as a powerful vertebrate
model for studying cardiovascular development, function, and disease. Zebrafish offer
several distinct advantages, including optical transparency during early development,
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rapid embryogenesis, a conserved cardiac structure, and genetic manipulation [4]. These
features enable real-time imaging, the quantitative assessment of cardiac physiology, and
the interrogation of conserved signaling pathways that govern cardiovascular development
and disease.

Concurrently, nanoparticle-based approaches and optogenetic tools have become
increasingly popular techniques as advanced technologies for probing cardiovascular
mechanisms and manipulating cellular behavior [5–9]. Nanoparticles enable the targeted
delivery of nucleic acids and imaging agents, while optogenetic systems provide a precise
spatiotemporal control of gene expression, signaling pathways, and cellular activity [5,10].
By facilitating these technologies into the zebrafish model, we can investigate cardiovascular
disease mechanisms at both the genetic and tissue levels, thereby enhancing mechanistic
insight and enabling the development of more targeted therapeutic strategies [6].

Furthermore, the zebrafish offers a range of experimentally accessible methods for
delivering nanoparticles and optogenetic agents across different developmental stages,
enabling flexible integration into cardiovascular research workflows. During early em-
bryogenesis, microinjection at the one-cell stage or into specific anatomical sites, such as
the yolk sac, pericardial space, or circulation, provides precise control over dosage and
location [11]. These techniques are commonly employed in nanoparticle biodistribution
studies, toxicity evaluations, and nucleic acid delivery, including the introduction of opto-
genetic constructs via plasmid DNA or mRNA to produce either transient or widespread
expression [12]. In larval and adult zebrafish, intravascular or intramyocardial microin-
jections facilitate the direct delivery of nanoparticles, lipid carriers, or genetic material
into the cardiovascular system under physiological flow conditions, enabling studies on
circulation, vascular targeting, and cardiac function [13]. Additionally, bath immersion
offers a straightforward, scalable method for systemic exposure to nanoparticles or small
molecules, supporting the high-throughput screening of cardiovascular effects and toxicity,
though with less tissue specificity [11,14]. Genetic techniques, such as transient expression
via injected nucleic acids and the use of transgenic lines, enable the stable or cell-specific
expression of optogenetic actuators in cardiac and vascular tissues [7,15].

This review summarizes recent and emerging approaches in the use of zebrafish
models to study cardiovascular disease, emphasizing the integration of biological rele-
vance with emerging technological innovations. We focus specifically on the application of
nanoparticle-based technologies and optogenetic tools in zebrafish, highlighting how these
approaches are accelerating the discovery of disease mechanisms and facilitating transla-
tional progress toward novel cardiovascular therapies. We further provide a comparative
overview of the key advantages and limitations of the major nanoparticle and optogenetic
strategies discussed in Table 1, underscoring both their current capabilities and remaining
technical challenges.

Table 1. Comparative summary of nanoparticle-based and optogenetic approaches used in zebrafish
cardiovascular research. The table highlights key advantages and limitations of commonly used
nanoparticle platforms, optogenetic tools, and nanoparticle-enabled optogenetic strategies.

Platform Key Advantages Key Limitations

PLGA polymeric NPs Tunable degradation; sustained release; strong
clinical precedent

Limited intrinsic targeting; uptake
reduced by PEGylation

PEGylated NPs Extended circulation; murine-like
pharmacokinetics

Reduced cellular uptake; “stealth” limits
myocardial internalization

Chitosan NPs High nucleic acid loading; efficient
endosomal escape

Cationic toxicity; non-specific uptake;
mitochondrial stress
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Table 1. Cont.

Platform Key Advantages Key Limitations

Lipid-based NPs (liposomes, LNPs) High biocompatibility; efficient
mRNA delivery

Short-lived expression; leakage
under flow

Surface-functionalized NPs Ligand-directed cardiac/endothelial targeting Ligand density optimization is complex

Biomimetic membrane-coated NPs Superior injury-site specificity;
immune evasion

Complex fabrication;
reproducibility challenges

Stimuli-responsive NPs Disease-activated release; high spatial precision Dependence on pathological thresholds

Carbon-based NPs Sensitive models for inflammation and toxicity Intrinsic cardiotoxicity

Iron oxide / inorganic NPs Dual imaging–functional readouts ROS imbalance at higher doses

Protein-based optogenetic systems
(LOV/iLID, signaling control)

Precise spatiotemporal control of signaling
pathways; reversible and cell-specific

Requires genetic expression; limited by
light penetration.

Opsin-based optogenetics (ion
channels, optical pacing)

Direct, strong physiological readout; suited for
electrophysiology; works well in

zebrafish larvae

Requires strong opsin expression; limited
light penetration and off

target stimulation.

Nanoparticle-enabled Optogenetics
Potential for cardiac targeting via ligands;

enables combined
imaging + actuation strategies

Low delivery efficiency

Upconversion NPs (optogenetics) Can enable remote activation without direct
blue light exposure at the target region

Requires careful alignment of UCNP
emission with opsin absorption

2. Nanoparticle-Mediated Delivery of Therapeutics and Gene Editors in
Zebrafish Cardiovascular Models
2.1. Polymeric Nanoparticles as Tunable Cardiovascular Delivery Platforms

Polymeric nanoparticles are among the most widely used nanocarriers in zebrafish
cardiovascular research due to their biocompatibility, structural versatility, and capac-
ity for controlled drug release. Commonly used systems include poly(lactic-co-glycolic
acid) (PLGA), chitosan, and polyethylene glycol (PEG)-based nanoparticles [16–18]. PLGA
is particularly attractive for zebrafish cardiomyocyte studies because of its predictable
hydrolytic degradation into lactic and glycolic acids, which are naturally metabolized
through the tricarboxylic acid cycle and exhibit minimal cardiac toxicity. This favorable
biodegradation profile has supported regulatory approval by both the FDA and EMA
for clinical applications, including drug delivery and intravascular devices, facilitating
translational relevance from zebrafish models to mammalian systems. Importantly, the
physicochemical properties of PLGA nanoparticles, such as particle size, surface charge,
polymer composition, and degradation rate, can be precisely tailored, enabling the sus-
tained and controlled delivery of cardiovascular therapeutics. In zebrafish cardiomyocytes,
adjusting particle size and surface charge affects how particles penetrate the heart tissue,
enter cells, and are cleared. Modifying the lactic-to-glycolic acid ratio provides precise
control over the rate at which these particles degrade and release drugs [19]. For example,
PLGA nanoparticles were designed to carry an NICD plasmid and tested as a non-viral
gene delivery method in developing zebrafish [19]. Toxicity assessments revealed that
PLGA at doses up to 50 µg/mL did not significantly impact survival or cause major defor-
mities compared to controls, suggesting good biocompatibility [19]. NICD-loaded PLGA
nanoparticles conjugated with Tie2/Tie1 antibodies were injected into 48 hpf larvae via the
bloodstream [19]. They circulated, targeted the endocardium, and activated Notch-related
genes. This activation improved cardiac function, shown by increased ejection fraction
and cardiac output, confirming safe and effective in vivo plasmid delivery in the zebrafish
model [19]. These features support the sustained and targeted delivery of cardiovascular
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treatments, including growth factors, small molecules, nucleic acids, and gene-editing
cargos, during development, injury, and regeneration.

2.2. Chitosan Nanoparticles for Gene and siRNA Delivery

Chitosan nanoparticles function as effective vehicles for nucleic acid delivery in
zebrafish models of cardiomyocyte disease due to their strong cationic properties and
favorable interactions with cardiac cells [20,21]. Protonated amino groups on chitosan elec-
trostatically bind negatively charged DNA and RNA, forming stable nano-polyplexes that
protect nucleic acids from enzymatic degradation in physiological environments [21]. The
strong electrostatic interactions of chitosan nanoparticles allow them to effectively compete
with serum proteins in zebrafish plasma, preserving cargo integrity and enhancing my-
ocardial bioavailability. This delivery strategy was demonstrated in vivo in zebrafish using
chitosan nanoparticles encapsulating dre-miR-155 mimics [22]. Following intraperitoneal
administration, these nanoparticles achieved efficient tissue-level overexpression, signifi-
cantly reduced viral burden, and improved survival during viral hemorrhagic septicemia
virus (VHSV) infection. The functional data demonstrate that miR-155 delivery is efficient,
leading to immune gene modulation, improved survival, and lower viral loads, directly
supporting the histological findings shown in (Figure 1). Despite achieving effective sys-
temic gene regulation, H&E staining reveals that the gill architecture remains intact without
signs of inflammation or structural damage [22]. Overall, these results demonstrate that
chitosan nanoparticles enable effective nucleic acid delivery and functional gene regulation
in zebrafish cardiovascular-relevant tissues while preserving tissue biocompatibility and
safety. Additionally, chitosan nanoparticles promote cellular uptake and facilitate endoso-
mal escape through the proton-sponge effect, which is essential for successful cytoplasmic
release and gene silencing [23]. These properties make chitosan-based systems particularly
useful for delivering siRNA and gene-regulatory molecules to cardiovascular tissues in
zebrafish. However, excessive surface positive charge can cause issues such as non-specific
cellular uptake, unintended interactions with intracellular membranes, and off-target ac-
cumulation, including possible mitochondrial association [24]. These effects may lead to
mitochondrial membrane disruption, oxidative stress, and cytotoxicity. Moreover, highly
cationic surfaces are linked to increased immunogenicity and inflammation, especially at
higher doses or with long-term exposure. To mitigate these concerns, strategies like surface
modification with neutral or hydrophilic polymers (PEGylation), partial charge shielding,
charge-tunable formulations, and careful dose optimization are used to balance transfec-
tion efficiency with biocompatibility [25]. Adding targeting ligands or stimuli-responsive
components can further reduce non-specific uptake and improve delivery specificity.

 

Figure 1. Histological evaluation of zebrafish gill tissue following chitosan nanoparticle and miR-155-
CNP administration. Representative hematoxylin and eosin (H&E)-stained longitudinal sections of
adult zebrafish gill filaments at 48 h post-administration. (A) Control (H2O-injected) fish displaying
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normal gill morphology, including epithelial cells (ECs), primary lamellae (PL), secondary lamellae
(SL), and mucous cells (MCs). (B) Chitosan nanoparticle (CNP)-injected fish showing preserved
lamellar structure without observable pathological alterations. (C) miR-155-loaded chitosan nanopar-
ticle (miR-155-CNP)-injected fish, demonstrating intact epithelial organization and normal secondary
lamellar architecture comparable to control. No evidence of epithelial lifting, lamellar fusion, edema,
or inflammatory infiltration was observed. Scale bars = 50 µm [22].

2.3. Nanoparticle-Mediated Gene Editing and Cardiovascular Regulation

Nanoparticles serve as powerful vectors for gene modulation and genome editing
in the zebrafish cardiovascular disease model, including the delivery of CRISPR/Cas9
components and siRNA constructs that influence pathways involved in hypertension,
vascular stiffness, and cardiac hypertrophy [26–28]. For example, CRISPR-Cas9-mediated
gene knockouts in zebrafish were generated by microinjecting sgRNA and Cas9 mRNA
into one-cell embryos, achieving 60–100% indel efficiency, as confirmed by PCR, T7EI assay,
and sequencing, and enabling the establishment of stable homozygous mutant lines [29].
Crossing these mutants with Tg(fli1a:eGFP) reporter fish revealed markedly reduced vessel
length, density, and branching by live imaging [29]. Also, these vascular and metabolic
perturbations directly alter cardiomyocyte mechanical load, calcium handling, and hyper-
trophic signaling, making gene-targeted nanoparticle delivery a valuable tool for dissecting
the mechanisms of cardiomyocyte disease [30–32]. For example, the nanoparticle-mediated
targeting of disease-associated genes such as PCSK9, ANGPTL3, and TTR directly influ-
ences lipid metabolism and vascular stiffness [26]. The delivery of CRISPR/Cas9 target
angiotensinogen (AGT) in macrophages and endothelial cells sustained reductions in both
systolic and diastolic blood pressure, directly linking nanoparticle-based gene editing
to hypertension management [27,28]. Furthermore, the CRISPR-mediated disruption of
G6PD and GPER1improves arterial elasticity, decreases vascular stiffness, and normalizes
vascular tone, which are key factors in hypertension-related vascular remodeling [28].
The nanoparticle-assisted targeting of PCSK9 and APOC3 further reduces lipid accumu-
lation, macrophage infiltration, and vascular inflammation, consequently alleviating the
hemodynamic stress that contributes to cardiac hypertrophy [28].

2.4. Lipid-Based Nanoparticles for Cardiovascular Therapeutics and Toxicity Models

Lipid-based nanoparticles, such as liposomes, solid lipid nanoparticles (SLNs), and
mRNA lipid nanoparticles (LNPs), are routinely used to deliver chemotherapeutics, an-
tioxidants, or RNA molecules into zebrafish cardiovascular tissues [33–35]. Their lipid
bilayer or lipid matrix closely mimics biological membranes, enabling the efficient en-
capsulation and intracellular delivery of hydrophobic drugs, siRNA, and mRNA while
protecting cargos from enzymatic degradation [33]. In zebrafish research, liposomal for-
mulations of doxorubicin serve as a primary tool for modeling chemotherapy-induced
cardiomyopathy, enabling researchers to observe heart wall thinning and contractile failure
in transgenic reporter lines such as cmlc2:GFP or tg(flk1:mCherry) [33]. In addition, LNPs
deliver modified mRNA into the myocardium, resulting in robust luciferase and eGFP ex-
pression in heart tissue 24 h after intramyocardial administration [34]. Additionally, when
microinjected post-fertilization into regions such as the hindbrain ventricle, trunk, caudal
vein, or pericardial cavity, LNP-encapsulated mRNA induced strong, tissue-specific GFP
expression in the brain, skeletal muscle, blood vessels, and heart [36]. Conversely, naked
mRNA showed minimal expression. The embryos maintained high survival rates with no
indications of toxicity. These results demonstrate that LNPs enable efficient, targeted, and
safe mRNA delivery in zebrafish. Furthermore, solid lipid nanoparticles (SLNs) enhance
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the bioavailability and reduce the systemic toxicity of chemotherapeutic and antioxidant
compounds, such as doxorubicin, paclitaxel, and methotrexate [35].

3. Targeting Cardiovascular Tissues via Surface-Engineered Nanoparticles
3.1. Surface Modification and Targeted Cardiovascular Nanoparticles

Beyond core composition, surface engineering is a key determinant of nanoparticle
behavior in the zebrafish cardiovascular system, where rapid circulation, a developing
immune environment, and endothelial barriers strongly influence myocardial delivery [37].
PLGA nanoparticles can be functionalized with PEG to improve colloidal stability and
prolong circulation time, while reactive groups, such as maleimide, enable the conjuga-
tion of targeting ligands [17]. For instance, PLGA–PEG–maleimide formulations allow
the attachment of targeting peptides such as S2P, conferring cardiac or endothelial speci-
ficity and improving localization within cardiovascular tissues [18]. PEGylation also
minimizes nonspecific protein adsorption and reduces uptake by innate immune cells,
such as macrophages and neutrophils, which are readily visualized in transgenic zebrafish
lines [17]. For example, silica nanoparticles (SiNPs) encapsulating RhB, with or without
PEG surface modification, were prepared and microinjected into 2-day-old transgenic
zebrafish to evaluate vascular toxicity [38]. In Tg(mpo:GFP) zebrafish, unmodified SiNPs
significantly increased neutrophil recruitment, signaling systemic inflammation, while
PEG-modified SiNPs greatly lessened this inflammatory response [38]. In Tg(fli-1:EGFP)
fish, SiNPs hindered sub-intestinal vessel (SIV) growth and caused endothelial damage,
but PEGylation notably lowered the rate of angiogenesis inhibition [38]. Complementary
in vitro tests on endothelial cells revealed that PEG modification decreased ROS production,
mitochondrial damage, apoptosis, and the expression of pro-inflammatory cytokines. These
surface-engineered platforms offer a flexible approach to improving targeting efficiency
while minimizing off-target effects in zebrafish cardiovascular models.

3.2. Hemodynamics-Dependent Nanoparticle Transport and Cardiovascular Toxicity

The zebrafish circulatory system provides a physiologically relevant platform for
studying nanoparticle transport under realistic hemodynamic conditions [39–41]. Exposure
to metal, polymer, and carbon-based nanoparticles induced characteristic cardiovascular
phenotypes, including pericardial edema, bradycardia, cardiac arrhythmias, and reduc-
tions in stroke volume, ejection fraction, and cardiac output, making these parameters
sensitive indicators of cardiotoxicity [39]. These functional impairments are often accompa-
nied by vascular leakage and increased endothelial permeability, reflecting compromised
vascular integrity and the dose-dependent disruption of cardiac rhythm and contractile
performance [42]. Importantly, zebrafish models enable a direct investigation of how
hemodynamic factors influence nanoparticle transport, margination, and vascular inter-
action [40,41]. Blood flow within zebrafish vasculature generates heterogeneous shear
stress profiles, including low, oscillatory, and high shear, similar to those observed in
human arteries, bifurcations, and stenotic regions [40]. Low and disturbed shear stress
promotes nanoparticle margination toward the vessel wall and enhances endothelial up-
take, whereas high shear stress reduces residence time and cellular interaction, directly
linking hemodynamics to nanoparticle distribution and targeting efficiency [41]. Com-
putational and experimental studies using a hybrid nanoparticle, such as the Ag/Al2O3

system under stenotic flow conditions, further demonstrate that shear-dependent changes
in velocity profiles and residence times lead to preferential accumulation in low-shear and
disturbed-flow regions [41]. Comparing low (LSS), oscillatory (OSS), and high shear stress
(HSS) conditions shows that LSS and OSS significantly boost endothelial NP uptake [41].
This increase is partly driven by higher ROS production, decreased glycocalyx integrity,
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increased membrane fluidity, and the upregulation of clathrin- and caveolin-mediated en-
docytosis pathways [41]. Conversely, HSS reduces NP internalization because of its shorter
contact time with endothelial cells. Zebrafish imaging further reveals that nanoparticles
tend to accumulate more in low-velocity venous regions rather than in high-flow arterial
vessels, connecting flow dynamics with vascular distribution and potential toxicity [41].
Together, these findings highlight the importance of hemodynamic context in the design of
nanoparticles for cardiovascular targeting and safety assessment.

3.3. Biomimetic Nanoparticles for Targeting Injured Myocardium and Inflamed Vasculature

Biomimetic nanoparticles, including cell-membrane-coated particles or peptide-
functionalized carriers, are designed to mimic natural biological interactions and thereby
enhance the repair of injured zebrafish myocardium or the treatment of inflamed endo-
cardium [43–45]. Cell membrane-coated nanoparticles retain native adhesion proteins such
as P-selectin ligands, enabling selective binding to damaged endothelium, atherosclerotic
plaques, and thrombotic sites while simultaneously evading immune clearance [43]. This
targeting strategy was experimentally validated using platelet–thylakoid hybrid membrane-
coated polydopamine nanomotors that preserve platelet membrane proteins, including
CD47 and glycoprotein receptors [46]. In zebrafish, these nanoparticles were introduced
by cardiac microinjection (5 nL per larva) or by direct soaking (100 µg·mL−1) at 72 h post-
fertilization, enabling systemic vascular exposure without invasive surgery [46]. Following
arachidonic acid-induced thrombosis, treated zebrafish exhibited a marked reduction in
caudal vein thrombus area, restored erythrocyte flow, and significantly lower ROS levels
than untreated controls, demonstrating the effective suppression of early thrombus for-
mation through platelet inhibition and the modulation of oxidative stress (Figure 2) [46].
Another application of nanoparticles involves incorporating or mimicking natural cell-
surface components, specifically by targeting the CD47–SIRPα signaling pathway, an
endogenous cell–cell recognition pathway used by healthy cells to regulate immune inter-
actions [43,44]. By mimicking native CD47 ligands, nanoparticles selectively accumulate in
inflamed tissues characterized by high macrophage activity, conditions that closely resem-
ble injured myocardium and inflamed vasculature [44]. Furthermore, mesoporous silica
nanoparticles coated with human ventricular cardiomyocyte membranes maintain native
membrane proteins, including cadherins and homing receptors, which facilitate ligand–
receptor recognition with cardiac cells [45]. As a result, these biomimetic nanoparticles
showed significantly increased uptake by cardiomyocytes (~92%) compared to uncoated
nanoparticles (~37%), while reducing uptake by non-cardiac cell types, such as lung and
liver cell lines [45]. In parallel, peptide-functionalized biomimetic carriers target markers
overexpressed during zebrafish cardiac repair, such as collagen types (col1a1a) and icam1,
resulting in superior localization to the injured apex [47]. These carriers achieve signifi-
cantly higher payload accumulation than non-biomimetic variants, a process that can be
tracked in real time across the optically transparent larval stages.
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Figure 2. PSr@PT biomimetic nanomotors inhibit thrombosis and oxidative stress in zebrafish.
(A) Experimental schematic showing PSr@PT nanoparticle delivery by cardiac microinjection or
direct soaking (100 µg mL−1) for 2 h, followed by arachidonic acid (AA, 100 µM)-induced thrombosis
and staining with O-dianisidine and DCFH-DA. (B) O-dianisidine staining of zebrafish larvae
demonstrates that arachidonic acid (AA) induces pronounced thrombus formation in the caudal
vasculature (blue arrows), while red blood cells (RBCs) within the heart are indicated by blue circles.
Administration of PSr@PT nanoparticles significantly reduces AA-induced caudal venous thrombus
formation compared to untreated controls. (C) DCFH-DA fluorescence images showing reduced
ROS levels in PSr@PT-treated larvae compared to blank controls. Scale bars: 500 µm, 200 µm, and
50 µm [46].

4. Zebrafish as a Platform for Studying Nanoparticle Responsiveness and
Cardiovascular Imaging
4.1. PEGylation-Dependent Circulation Dynamics in Zebrafish Vasculature

PEGylation has been shown to significantly influence nanoparticle circulation and
clearance in the zebrafish cardiovascular system [48]. For example, fluorescent nanoparti-
cles with varying surface chemistries, including PEGylated and non-PEGylated liposomes,
were injected into 2 dpf zebrafish embryos via IV to assess circulation time and cellular
uptake through automated image analysis [48]. Circulation was tracked by monitoring
fluorescence in the caudal artery over 72 h and normalized to the whole-embryo signal.
PEGylated nanoparticles, especially 100 nm liposomes, showed extended vascular circula-
tion, detectable for up to 72 h, while non-PEGylated liposomes were cleared within hours
(Figure 3) [48]. Further analysis with transgenic reporter lines indicated that rapid clear-
ance was associated with higher uptake by macrophages and endothelial cells, whereas
PEGylation decreased cellular uptake and prolonged circulation [48]. PEG surface coatings
markedly reduce uptake by immune and endothelial cells, which directly correlate with ex-
tended vascular circulation times and improved stability. Notably, the circulation behavior
of PEGylated nanoparticles in zebrafish closely resembles that in murine models, confirm-
ing the translational relevance of zebrafish for studying nanoparticle pharmacokinetics
and biodistribution [47,48]. By reducing protein adsorption and cellular internalization,
PEGylation slows nanoparticle clearance and extends exposure within the vasculature [48].
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Figure 3. PEGylation-dependent nanoparticle circulation in zebrafish vasculature. Manual analysis
of nanoparticle circulation was performed in 48 h post-fertilization zebrafish embryos. (A) Transmis-
sion image of the whole embryo, with the rectangular inset indicating the caudal region selected for
imaging. (B–E) Fluorescent images of embryos injected with 100 nm PEGylated liposomes acquired
at (B) 5 min, (C) 1 h, (D) 4 h, and (E) 24 h post-injection. Major vascular structures, including the
caudal artery and caudal vein (arrowheads), are identified. Rectangular regions used for fluores-
cence quantification were positioned on the caudal artery and between intersegmental vessels. A
progressive reduction in arterial fluorescence is observed at 4 and 24 h. Fluorescence intensity values
were normalized to the total nanoparticle signal in the whole embryo. Scale bars: 500 µm (A) and
200 µm (B–E) [48].

4.2. Stimuli-Responsive Nanoparticles for Disease-Specific Cardiovascular Targeting

Stimuli-responsive nanoparticles offer a sophisticated layer of precision by releasing
therapeutic payloads in response to disease-specific microenvironmental cues. In the con-
text of zebrafish cardiomyocyte injury, these cues include localized acidosis (pH), elevated
reactive oxygen species (ROS), and altered shear stress within the narrowed or regenerating
endocardial lumen [33–35]. These nanoparticle-based drug delivery systems (NP-NDDSs)
are engineered to sense pathological conditions and enable spatiotemporal control of thera-
peutic release [49]. For example, folate-functionalized chitosan/rGO/NiO nanocomposites
serve as pH-sensitive drug carriers and have been tested for biocompatibility in zebrafish
embryos [50]. They release doxorubicin at pH 5.5, simulating diseased tissue conditions,
with approximately 98% release, whereas release is minimal at pH 7.4 [50]. As a result,
folate enhances cellular uptake and cytotoxicity by targeting specific receptors. In vivo
safety was evaluated by microinjecting 10 nL of suspension into embryos and monitoring
them for 72 h [50]. Free NiO caused mild effects but incorporating it into the CS/rGO
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matrix improved biocompatibility, resulting in over 90% hatching rates and no signifi-
cant issues [50]. In zebrafish models of cryoinjury or genetic cardiomyopathy, ischemic
myocardium and inflamed vasculature exhibit distinct physicochemical features, such
as acidosis, excessive ROS production, hypoxia, and altered shear stress, making them
ideal targets for stimulus-responsive delivery strategies [51]. By responding selectively
to these cues, stimuli-responsive nanocarriers are preferentially accumulated in inflamed
myocardium and activated vasculature, where they can modulate immune responses,
including neutrophil phenotypic switching, macrophage polarization, and lymphocyte
balance [49]. This target release mechanism overcomes key limitations of conventional
systemic anti-inflammatory therapies by reducing off-target exposure and enhancing ther-
apeutic efficacy [49]. Consequently, stimuli-responsive nanoparticles represent a highly
relevant and forward-looking platform for modeling human cardiovascular disease and
testing precision nanomedicine strategies in zebrafish models.

4.3. Carbon-Based Nanomaterials as Models of Vascular Inflammation and Fibrotic Remodeling

Carbon-based nanomaterials, including graphene oxide (GO) and carbon nanotubes
(CNTs), have been widely employed in zebrafish models to interrogate mechanisms of
cardiomyocyte disease, particularly those driven by vascular inflammation, oxidative stress,
and fibrotic remodeling [52–54]. In zebrafish larvae, GO nanoparticles accumulate within
cardiovascular tissues, including the heart and tail vasculature, enabling direct interaction
with endothelial cells and circulating immune cells (Figure 4) [52,55]. To be specific, GO was
used to model cardiovascular inflammation and fibrotic-like changes in zebrafish embryos
by exposing fertilized eggs (from 5 to 120 h post-fertilization) to increasing GO concen-
trations (0.1–1 mg/mL) [55]. A dose-dependent toxicity was evident, including higher
mortality rates, delayed hatching, increased heart rate, and notable morphological issues
such as pericardial edema, cardiac looping defects (evidenced by increased SV–BA distance),
and shorter body length [55]. In transgenic Tg(fli1a:EGFP) larvae, GO disrupted blood
vessel development, leading to irregular intersegmental vessel branching and impaired
angiogenesis. Additionally, GO exposure caused apoptosis, reduced hemoglobinization,
and indicated compromised hematopoiesis and vascular function [55]. This accumulation
is associated with pronounced oxidative stress, as evidenced by the increased expression
of antioxidant markers such as total superoxide dismutase (T-SOD) and inducible nitric
oxide synthase (iNOS), reflecting the disruption of vascular redox homeostasis [52]. At
higher concentrations, GO exposure causes pericardial edema, altered blood flow velocity,
compromised endothelial barriers, and the activation of apoptosis-related genes, a hallmark
feature of endothelial injury and early fibrotic remodeling [52]. These pathological effects
are closely linked to ROS production, oxidative DNA damage, and apoptosis in vascu-
lar tissues, confirming that the inherent reactivity of carbon nanomaterials makes them
useful tools for studying vascular inflammation and fibrosis-related cardiovascular toxic-
ity [54]. Similarly, CNT exposure in zebrafish embryo results in pericardial edema, vascular
hyperemia, and compromised endothelial barriers [53]. Molecular analyses reveal dose-
dependent increases in oxidative stress markers, including 8-hydroxy-2′-deoxyguanosine
(8-OHdG) and nucleolar stress marker NOP10, indicating oxidative DNA damage and
cellular stress response [53]. Notably, CNT-based nanomaterials caused more severe ef-
fects than GO, likely due to their tubular geometry, smaller size, and enhanced cellular
penetration, leading to increased ROS production and inflammatory signaling [53].
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Figure 4. Graphene oxide-induced developmental and cardiovascular toxicity. Overview of the
developmental and cardiovascular toxicity induced by graphene oxide (GO) in zebrafish embryos.
Exposure to GO leads to several adverse effects, including reduced hatching rates, increased mortality,
cardiac malformations, impaired cardiac looping, altered heart rate, disrupted globin expression,
endothelial dysfunction, cardiovascular defects, and apoptosis [55].

4.4. Iron Oxide and Redox-Active Nanoparticles for Oxidative Stress Assessment

Iron oxide nanoparticles (FeNPs) possess superparamagnetic properties, making them
effective MRI contrast agents for the non-invasive visualization of vascular structures in
zebrafish models of cardiomyocyte disease [56]. In addition to imaging capability, FeNPs ex-
hibit significant redox activity, demonstrating high free-radical-scavenging capacity across
various oxidative stress tests, including DPPH, ABTS, nitric oxide, hydrogen peroxide, and
FRAP, with approximately 90% inhibition at assessing FeNP-induced oxidative effects, as
nanoparticle accumulation, oxidative stress responses, toxicity, morphology, behavior, and
survival can be evaluated concurrently [57]. For example, green-synthesized iron oxide
(ferric) nanoparticles (FeNPs), derived from Madhuca indica, were characterized and tested
for antioxidant ability and in vivo toxicity using zebrafish embryos [57]. Antioxidant tests
(DPPH, FRAP, ABTS, H2O2, and NO) showed strong redox activity, with about 90–94%
radical scavenging at 50 µg/mL, indicating effective ROS-neutralizing ability [57]. Also, at
lower concentrations (5–10 µg/mL), all embryos survived and hatched normally, show-
ing good biocompatibility [57]. Higher doses (≥40 µg/mL), however, greatly decreased
hatching and survival rates and caused dose-dependent toxicity, consistent with oxidative
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stress [57]. These results show that redox-active FeNPs have strong antioxidant effects at
controlled doses but may induce oxidative stress-related developmental toxicity at higher
levels in zebrafish. Importantly, FeNPs, along with other inorganic nanoparticles such
as gold and silver, can modulate reactive oxygen species (ROS) levels via surface redox
reactions. These ROS-mediated processes are closely linked to endothelial dysfunction
and inflammatory signaling, including the activation of NF-κB and MAPK pathways,
thereby connecting nanoparticle exposure to vascular inflammation and cardiovascular
pathology [58]. Altogether, redox-active nanoparticles serve not only as imaging agents
but also as functional tools for probing oxidative stress-driven mechanisms underlying
cardiovascular disease in zebrafish models [56].

4.5. Nanoparticles as Imaging Agents in Zebrafish Cardiovascular Models

Zebrafish embryos offer unique advantages for nanoparticle-based cardiovascular
imaging due to their optical transparency and rapid development [48]. These features allow
the real-time, non-invasive imaging of nanoparticle circulation through the beating heart,
microvasculature, and developing tissues, which is not feasible in mammalian models. For
example, fluorescent silica nanoparticles were used as vascular imaging agents in transgenic
zebrafish embryos to evaluate real-time cardiovascular distribution and biocompatibil-
ity [59]. The nanoparticles were injected intravenously, and high-resolution fluorescence
microscopy enabled the tracking of blood flow dynamics, endothelial interactions, and tis-
sue accumulation within the transparent zebrafish vasculature [59]. The particles produced
strong, stable fluorescence signals that allowed the visualization of subintestinal vessels
and microvascular networks without significantly affecting survival or causing major de-
velopmental abnormalities at controlled doses [59]. Zebrafish share conserved genetic and
physiological pathways with humans, including Notch, VEGF, renin–angiotensin signaling,
inflammatory cascades, and oxidative stress responses [60–62]. Inorganic nanoparticles,
such as gold, silver, iron oxide, quantum dots, and silica particles, possess unique optical
and magnetic properties that facilitate imaging of vascular structures, tracking nanoparticle
biodistribution, and evaluating oxidative stress or inflammatory responses [56–58]. In
fact, gold and silver nanoparticles exhibit strong surface plasmon resonance, enabling
the high-contrast optical imaging of blood vessels and real-time tracking of nanoparticle
distribution in vivo [56].

5. Optogenetic Control of Cardiac Function in Zebrafish Models
Optogenetic tools have gained significant popularity in cellular manipulation through

the use of light-sensitive proteins. Zebrafish represent an ideal vertebrate model for whole-
heart in vivo optogenetic studies [10]. Due to their visible transparency, zebrafish larvae,
and, to an extent, adult zebrafish, offer a unique advantage for optogenetic applications [63].
This characteristic facilitates efficient optical access for genetic and pharmacological manip-
ulation while enabling the real-time visualization of cardiovascular processes in vivo [60].
The ability to directly observe cardiac morphology, contractility, and electrical activity
under physiological conditions makes zebrafish particularly well-suited for optogenetics of
heart function. In addition to optical accessibility, zebrafish possess a highly manipulable
genome, allowing for the targeted introduction of optogenetic tools and signaling con-
structs. These features collectively support the precise, spatiotemporal control of cellular
activity and reinforce the utility of zebrafish as a powerful model for optogenetic studies in
cardiovascular research [64].
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5.1. Protein-Based Optogenetic Systems for Spatiotemporal Signaling Control

Protein-based optogenetic systems enable the precise, single-cell, real-time modulation
of protein function with precise spatiotemporal resolution [65], making them suitable for
in vivo studies [15]. In the cardiovascular field, optogenetic tools can be applied to both ac-
tivate and silence cardiac activity, providing bidirectional control over cardiac activity [66].
Originally developed for neuroscience applications, optogenetics has rapidly expanded
into cardiovascular research, where it is now applied to study and modulate cardiac physi-
ology and disease [67,68]. Among these systems, light-inducible dimerization platforms
such as iLID are widely used. iLid is based on the AsLOV2 domain, which undergoes a
conformational change upon light exposure to expose a peptide motif, thereby enabling
reversible protein–protein interactions [65,69,70]. Importantly, the AsLOV2 photoreceptor
can also be engineered to regulate cellular activity through mechanisms beyond protein
recruitment, including the direct control of ion channel gating [71,72]. In zebrafish embryos,
an LOV2-based optogenetic strategy has successfully been applied to achieve the precise
spatiotemporal control of intracellular signaling, highlighting the suitability of protein-
based optogenetic systems such as iLID for probing dynamic signaling processes in intact
tissues [73]. In zebrafish, the microinjection of RNA or DNA into fertilized eggs provides a
reliable strategy for the widespread expression of optogenetic constructs [64], while molec-
ular cloning approaches enable the pathway-specific optogenetic control of intracellular
signaling [74,75]. Recently, the zHORSE optogenetic zebrafish strain has been developed to
allow a spatiotemporal and single-cell level of gene expression during development [69].

5.2. Opsin-Based Optogenetic Modulation of Cardiac Electrophysiology

In contrast to protein-based optogenetic systems, opsin-based tools directly modu-
late membrane excitability through light-gated ion channels [76]. This microbial-derived
photoreceptor enables the light-dependent control of ion flux across the plasma mem-
brane, allowing the precise optical manipulation of cardiac electrophysiology [75]. Opsins
have been adapted to regulate cardiac electrical activity by controlling Na+, K+, and Ca2+

conductance, which together govern action potential initiation and propagation in car-
diomyocytes [77–80]. Because cardiac rhythm depends on tightly regulated electrical
timing, the optogenetic modulation of ion flux provides a powerful means to either stimu-
late or silence cardiac activity [8]. In addition to direct ion channel control, opsin-based
strategies have been developed to modulate cardiac function through GPCR signaling
pathways; GPCRs are known to hyperpolarize cells by increasing K+ efflux. Tagging signal-
ing proteins like GPCRs with rhodopsins enables optogenetic manipulation in zebrafish
cardiomyocytes [81]. For example, rhodopsin-based GPCR actuators have been used to
optically activate inhibitory Gi signaling in cardiomyocytes, allowing for the rapid and
reversible modulation of pacemaking and temporal precision that complements optoge-
netic approaches [82]. Most recently, the use of the zebrafish expression of Gi/o-coupled
rhodopsin in cardiomyocytes allowed the light-dependent activation of inhibitory Gi/o sig-
naling, which engages inward-rectifier K+ channels and induces transient cardiac arrest [81]
(Figure 5). Blue-light-induced K+ gated channels (BLINK1, BLINK2) engineered using
LOV-Jα photoreceptor modules have been used to induce hyperpolarization in cardiomy-
ocytes [69,71]. Calcium signaling, another key regulator for cardiac contractility, has also
been targeted using optogenetic approaches. In zebrafish, early in vivo studies established
that the optogenetic manipulation of cardiomyocytes excitability directly alters excitation,
highlighting the feasibility of the optical control of calcium-dependent cardiac function [83].
LOV2-based systems have been developed to regulate the subcellular localization of Ca2+

channel inhibitors such as the Ras-like GTPase REM [84]. Similarly, optically dimerized
negative regulators of Ca2+ channels (opto-RGK) enable the reversible modulation of Ca2+
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influx, restoring channel activity under dark conditions (Figure 6) [67,85]. Although these
Ca2+ regulatory systems were characterized in stem cell-derived cardiomyocytes, their
modular design and reliance on conserved cardiomyocyte signaling pathways make them
directly compatible with zebrafish cardiomyocytes [83].

Figure 5. GPCR-based optogenetic control of cardiac pacemaking in zebrafish. Light-activated
GPCR opsins expressed in zebrafish cardiomyocytes enable optical activation of inhibitory Gi/o
signaling. Illumination triggers downstream potassium channel activity, leading to membrane
hyperpolarization and reversible suppression of cardiac electrical activity. Created in BioRender.
Avila, V. (2026) https://BioRender.com/r2o839u.

Figure 6. Engineered optoRGK for optical regulation of Ca2+ channel activity. In this system, the RGK
(yellow) protein Rem inhibits voltage-gated Ca2+ channels by associating with the Cav β subunit
(red) at the plasma membrane under dark conditions. Blue light stimulation (470 nm) induces
photodimerization-mediated sequestration of Rem away from the channel complex, thereby relieving
channel inhibition and restoring Ca2+ influx. This approach enables reversible and precise optical
control of calcium signaling [86].

5.3. Optical Pacemakers and Antiarrhythmic Applications

Optogenetic strategies are increasingly explored as alternatives to conventional elec-
trical approaches for controlling cardiac rhythm and terminating arrhythmia. Electro-
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physiological disorders associated with ischemic heart disease, myocarditis, myocardial
infarction, genetic abnormalities, and congenital defects often result in arrhythmias [75,80].
In cardiomyocytes, voltage-gated ion channels mediate depolarization and repolarization
events that generate action potentials [79], and the optogenetic control of these channels
provides a novel means of rhythm modulation. The optogenetic pacing of the heart has
been achieved using embryonic cardiomyocytes, a specific expression of light-gated ion
channels, which has enabled the location and control of pacemaker cells [83]. Subsequently,
ligand-gated systems such as the vertebrate cation channel zTrpa1b paired with photo-
activatable compounds have enabled the high-conductance, millisecond-scale pacing of
zebrafish cardiomyocytes in vivo, offering tunable and precise rhythm modulation [87].
Notably, the optogenetic depolarization of light-gated channels has been shown to termi-
nate ventricular tachycardia with high efficiency [86], highlighting the potential of optical
pacemakers as refined, pain-free antiarrhythmic therapies. Compared with electrical pace-
makers, optical pacing offers superior spatial precision and cell-type specificity, reducing
the off-target stimulation of skeletal muscle, diaphragm, and vocal cords that commonly
accompanies electrical defibrillation [80]. By enabling the selective depolarization or hy-
perpolarization of cardiomyocytes, optogenetic actuators may overcome key limitations of
existing therapeutic strategies for cardiac rhythm control [88].

5.4. Optical Vagal Stimulation for Heart Regeneration

Following myocardial infarction, large numbers of cardiomyocytes are lost, and, be-
cause adult mammalian cardiomyocytes exhibit minimal regenerative capacity, injured
myocardium is typically repaired by fibrotic scar tissue rather than functional muscle
replacement [89–91]. In contrast, zebrafish retain robust regenerative capacity, highlighting
that cardiac regeneration is biologically feasible. Vagus nerve stimulation has been success-
fully applied as a neuromodulator strategy to reduce heart rate and promote myocardial
repair after injury in the mammalian system [92,93]. Increasing evidence suggests that
parasympathetic activation also influences cardiomyocyte biology and the post-injury
process [94]. More recently, optogenetic approaches have enabled the cell-type selec-
tive stimulation of the cardiac vagus nerve, including targeted activation at the level of
vagal ganglia, providing a precise neuro-cardiac communication without off-target stimula-
tion [93]. Notably, optogenetic vagal activation has been reported to increase cardiomyocyte
proliferation markers, improve ventricular remodeling, and enhance regenerative repair
following myocardial infarction [95]. Nevertheless, zebrafish optical accessibility and re-
generative capacity support their use as a tractable vertebrate model to implement vagal
activation with the help of optogenetic tools and offer opportunities to bridge neuromodu-
lation and regenerative biology [90,96].

6. Nanoparticle-Enabled Optogenetics: A Synergistic Approach
Nanotechnology and optogenetics can complement one another by addressing tech-

nical limitations inherent to each other’s approaches. While optogenetics enables the
precise spatiotemporal control of genetically modified cells using light [97], its broader
application is limited by light penetration into deep tissues and the challenge associated
with target gene delivery [98]. Lanthanide-doped upconversion nanoparticles (UCNPs)
act as optical transducers, capable of converting tissue penetrant near-infrared (NIR) light
into visible wavelengths, capable of activating opsins [67]. When NIR light is applied
externally, UCNPs emit blue or green light locally within cardiac tissue, enabling wireless
and non-invasive optogenetic stimulation without implanted optical fibers or invasive
surgery [99–102] (Figure 7). Following near-infrared light exposure, zebrafish larvae with
surface-localized upconversion nanoparticles exhibited increased ion influx, whereas con-
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trol larvae showed minimal response [103]. This demonstrates that nanoparticle localization
enables the optical modulation of ion channel activity in vivo (Figure 8). However, these
approaches remain largely proof-of-concept and face important limitations. Additionally,
zebrafish provide a particularly suitable platform for exploring and refining nanoparticle
and optogenetic complementary approaches, given their optical transparency, external
development, and compatibility with embryo microinjection, nanoparticle delivery, and
bath-based exposure methods. In addition to optical transduction, nanoparticles can also
function as non-viral carriers for delivering optogenetic genes to cardiomyocytes, reducing
reliance on viral vectors and enabling delivery efficiency, cardiac targeting, and functional
outcomes [104,105].

Figure 7. Schematic of UCNP-assisted optogenetic stimulation. UCNPs convert NIR light into blue emis-
sion that activates ChR2 channels, inducing Na+ and Ca2+ influx and membrane depolarization [104].

 

Figure 8. Fluorescence images of zebrafish larvae demonstrating site-specific localization of upcon-
version nanoparticles and near-infrared (NIR)-mediated activation of optogenetic channels. NIR
illumination induces localized calcium signaling only in larvae treated with surface-localized nanopar-
ticles, whereas control conditions show minimal response. This illustrates nanoparticle-enabled
optical transduction as a proof-of-concept strategy for remote modulation of ion channel activity
in vivo [103].
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7. Perspective and Outlook
The integration of nanoparticle-based technologies with optogenetic tools has posi-

tioned zebrafish as a uniquely powerful platform for cardiovascular research. By enabling
the simultaneous control and visualization of molecular signaling, electrophysiology, and
tissue-level function, these approaches bridge mechanistic discovery and translational inno-
vation. Continued advances in biomimetic nanocarriers, stimulus-responsive systems, and
non-invasive optogenetic strategies are expected to further expand the utility of zebrafish
models in precision cardiovascular studies.
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53. Yiğit, A.; Yıldırım, S.; Köktürk, M.; Nazli, D.; Kiliçlioğlu, M.; Ozhan, G.; Celikkiran, B.; Alak, G.; Atamanalp, M.; Menges, N.
Toxicological Assessment of Melamine-Functionalized Graphene Oxide and Carbon Nanotubes Using Zebrafish Models. J. Appl.
Toxicol. 2025, 46, 1258–1274. [CrossRef] [PubMed]

54. Manjunatha, B.; Park, S.H.; Kim, K.; Kundapur, R.R.; Lee, S.J. Pristine graphene induces cardiovascular defects in zebrafish (Danio
rerio) embryogenesis. Environ. Pollut. 2018, 243, 246–254. [CrossRef]

55. Bangeppagari, M.; Park, S.H.; Kundapur, R.R.; Lee, S.J. Graphene oxide induces cardiovascular defects in developing zebrafish
(Danio rerio) embryo model: In-vivo toxicity assessment. Sci. Total Environ. 2019, 673, 810–820. [CrossRef]

56. Ma, X.; Luan, Z.; Li, J. Inorganic Nanoparticles-Based Systems in Biomedical Applications of Stem Cells: Opportunities and
Challenges. Int. J. Nanomed. 2023, 18, 143–182. [CrossRef]

57. Behera, A.; Ranjith, N.; Balasubramani, S.; Ryntathiang, I.; Jothinathan, M.K.D. Evaluating the Toxicity Profile of Green-
Synthesized Ferric Nanoparticles Using Madhuca indica in a Zebrafish Model. Biomed. Mater. Devices 2025, 4, 2097–2111.
[CrossRef]

58. Mauricio, M.D.; Guerra-Ojeda, S.; Marchio, P.; Valles, S.L.; Aldasoro, M.; Escribano-Lopez, I.; Herance, J.R.; Rocha, M.; Vila,
J.M.; Victor, V.M. Nanoparticles in Medicine: A Focus on Vascular Oxidative Stress. Oxid. Med. Cell Longev. 2018, 2018, 6231482.
[CrossRef]

59. Kocere, A.; Resseguier, J.; Wohlmann, J.; Skjeldal, F.M.; Khan, S.; Speth, M.; Dal, N.K.; Ng, M.Y.W.; Alonso-Rodriguez, N.;
Scarpa, E.; et al. Real-time imaging of polymersome nanoparticles in zebrafish embryos engrafted with melanoma cancer cells:
Localization, toxicity and treatment analysis. EBioMedicine 2020, 58, 102902. [CrossRef]

60. González-Rosa, J.M. Zebrafish Models of Cardiac Disease: From Fortuitous Mutants to Precision Medicine. Circ. Res. 2022, 130,
1803–1826. [CrossRef]

61. Angom, R.S.; Singh, M.; Muhammad, H.; Varanasi, S.M.; Mukhopadhyay, D. Zebrafish as a Versatile Model for Cardiovascular
Research: Peering into the Heart of the Matter. Cells 2025, 14, 531. [CrossRef]

62. Xiao, C.; Hou, J.; Wang, F.; Song, Y.; Zheng, J.; Luo, L.; Wang, J.; Ding, W.; Zhu, X.; Xiong, J.W. Endothelial Brg1 fine-tunes Notch
signaling during zebrafish heart regeneration. NPJ Regen. Med. 2023, 8, 21. [CrossRef] [PubMed]

63. Kari, G.; Rodeck, U.; Dicker, A.P. Zebrafish: An emerging model system for human disease and drug discovery. Clin. Pharmacol.
Ther. 2007, 82, 70–80. [CrossRef] [PubMed]

64. Shoji, W. Optogenetics on Zebrafish. Adv. Exp. Med. Biol. 2021, 1293, 335–343. [CrossRef] [PubMed]
65. Fenelon, K.D.; Krause, J.; Koromila, T. Opticool: Cutting-edge transgenic optical tools. PLoS Genet. 2024, 20, e1011208. [CrossRef]

https://doi.org/10.3390/biomedicines14030596

https://doi.org/10.1002/smsc.202400498
https://doi.org/10.1039/C9NH00291J
https://doi.org/10.1002/advs.202306388
https://www.ncbi.nlm.nih.gov/pubmed/38477522
https://doi.org/10.3390/biomimetics10030141
https://www.ncbi.nlm.nih.gov/pubmed/40136795
https://doi.org/10.1002/adma.202511733
https://doi.org/10.3390/pharmaceutics15071849
https://doi.org/10.1002/smll.201906719
https://doi.org/10.3389/fcvm.2025.1657300
https://doi.org/10.2147/IJN.S489418
https://doi.org/10.1021/acsnano.5c00700
https://www.ncbi.nlm.nih.gov/pubmed/40249331
https://doi.org/10.1016/j.ecoenv.2020.110608
https://www.ncbi.nlm.nih.gov/pubmed/32305822
https://doi.org/10.1002/jat.4953
https://www.ncbi.nlm.nih.gov/pubmed/41074713
https://doi.org/10.1016/j.envpol.2018.08.058
https://doi.org/10.1016/j.scitotenv.2019.04.082
https://doi.org/10.2147/IJN.S384343
https://doi.org/10.1007/s44174-025-00348-8
https://doi.org/10.1155/2018/6231482
https://doi.org/10.1016/j.ebiom.2020.102902
https://doi.org/10.1161/CIRCRESAHA.122.320396
https://doi.org/10.3390/cells14070531
https://doi.org/10.1038/s41536-023-00293-4
https://www.ncbi.nlm.nih.gov/pubmed/37029137
https://doi.org/10.1038/sj.clpt.6100223
https://www.ncbi.nlm.nih.gov/pubmed/17495877
https://doi.org/10.1007/978-981-15-8763-4_21
https://www.ncbi.nlm.nih.gov/pubmed/33398824
https://doi.org/10.1371/journal.pgen.1011208
https://doi.org/10.3390/biomedicines14030596


Biomedicines 2026, 14, 596 20 of 21

66. Schwarzová, B.; Stüdemann, T.; Sönmez, M.; Rössinger, J.; Pan, B.; Eschenhagen, T.; Stenzig, J.; Wiegert, J.S.; Christ, T.; Weinberger,
F. Modulating cardiac physiology in engineered heart tissue with the bidirectional optogenetic tool BiPOLES. Pflug. Arch. 2023,
475, 1463–1477. [CrossRef]

67. Rao, P.; Wang, L.; Cheng, Y.; Wang, X.; Li, H.; Zheng, G.; Li, Z.; Jiang, C.; Zhou, Q.; Huang, C. Near-infrared light driven
tissue-penetrating cardiac optogenetics via upconversion nanoparticles in vivo. Biomed. Opt. Express 2020, 11, 1401–1416.
[CrossRef]

68. Sung, Y.-L.; Wang, T.-W.; Lin, T.-T.; Lin, S.-F. Optogenetics in cardiology: Methodology and future applications. Int. J. Arrhythm.
2022, 23, 9. [CrossRef]

69. Bernal Sierra, Y.A.B.; Rost, B.R.; Pofahl, M.; Fernandes, A.M.; Kopton, R.A.; Moser, S.; Holtkamp, D.; Masala, N.; Beed, P.; Tukker,
J.J.; et al. Potassium channel-based optogenetic silencing. Nat. Commun. 2018, 9, 4611. [CrossRef]

70. Cui, M.; Lee, S.; Ban, S.H.; Ryu, J.R.; Shen, M.; Yang, S.H.; Kim, J.Y.; Choi, S.K.; Han, J.; Kim, Y.; et al. A single-component,
light-assisted uncaging switch for endoproteolytic release. Nat. Chem. Biol. 2024, 20, 353–364. [CrossRef]

71. Alberio, L.; Locarno, A.; Saponaro, A.; Romano, E.; Bercier, V.; Albadri, S.; Simeoni, F.; Moleri, S.; Pelucchi, S.; Porro, A.; et al. A
light-gated potassium channel for sustained neuronal inhibition. Nat. Methods 2018, 15, 969–976. [CrossRef]

72. Cosentino, C.; Alberio, L.; Gazzarrini, S.; Aquila, M.; Romano, E.; Cermenati, S.; Zuccolini, P.; Petersen, J.; Beltrame, M.; Van Etten,
J.L.; et al. Optogenetics. Engineering of a light-gated potassium channel. Science 2015, 348, 707–710. [CrossRef] [PubMed]

73. D’Acunzo, P.; Strappazzon, F.; Caruana, I.; Meneghetti, G.; Di Rita, A.; Simula, L.; Weber, G.; Del Bufalo, F.; Dalla Valle, L.;
Campello, S.; et al. Reversible induction of mitophagy by an optogenetic bimodular system. Nat. Commun. 2019, 10, 1533.
[CrossRef] [PubMed]

74. Govorunova, E.G.; Gou, Y.; Sineshchekov, O.A.; Li, H.; Lu, X.; Wang, Y.; Brown, L.S.; St-Pierre, F.; Xue, M.; Spudich, J.L. Kalium
channelrhodopsins are natural light-gated potassium channels that mediate optogenetic inhibition. Nat. Neurosci. 2022, 25,
967–974. [CrossRef] [PubMed]

75. Madrid, M.K.; Brennan, J.A.; Yin, R.T.; Knight, H.S.; Efimov, I.R. Advances in Implantable Optogenetic Technology for Cardiovas-
cular Research and Medicine. Front. Physiol. 2021, 12, 720190. [CrossRef]

76. Leemann, S.; Schneider-Warme, F.; Kleinlogel, S. Cardiac optogenetics: Shining light on signaling pathways. Pflug. Arch. 2023,
475, 1421–1437. [CrossRef]

77. Friedman, J.M. How the discovery of microbial opsins led to the development of optogenetics. Cell 2021, 184, 5687–5689.
[CrossRef]

78. Ferenczi, E.A.; Tan, X.; Huang, C.L. Principles of Optogenetic Methods and Their Application to Cardiac Experimental Systems.
Front. Physiol. 2019, 10, 1096. [CrossRef]

79. Portero, V.; Deng, S.; Boink, G.J.J.; Zhang, G.Q.; de Vries, A.; Pijnappels, D.A. Optoelectronic control of cardiac rhythm: Toward
shock-free ambulatory cardioversion of atrial fibrillation. J. Intern. Med. 2024, 295, 126–145. [CrossRef]

80. Boyle, P.M.; Karathanos, T.V.; Trayanova, N.A. Cardiac Optogenetics: 2018. JACC Clin. Electrophysiol. 2018, 4, 155–167. [CrossRef]
81. Hagio, H.; Koyama, W.; Hosaka, S.; Song, A.D.; Narantsatsral, J.; Matsuda, K.; Sugihara, T.; Shimizu, T.; Koyanagi, M.; Terakita,

A.; et al. Optogenetic manipulation of Gq- and Gi/o-coupled receptor signaling in neurons and heart muscle cells. eLife 2023,
12, e83974. [CrossRef] [PubMed]
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