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Abstract

RNA-based/associated biosensors represent a rapidly expanding area of research, providing highly
sensitive tools for detecting and monitoring RNA in diverse biological contexts. These sensors offer
the ability to track RNA localization, modifications, and interactions in real-time, making them
particularly well-suited for developmental biology research. Despite their demonstrated utility in
fields such as diagnostics, synthetic biology and environmental science, the application of RNA
biosensors in developmental biology has only begun to emerge within the past decade. This gap is
notable given the potential of these tools to address key questions about spatiotemporal RNA
regulation and cellular signaling during development. This perspective review presents a selection
of RNA biosensors, including fluorescent RNA aptamers, CRISPR-Cas-based systems, riboswitches,
and catalytic RNA sensors, which have gained attraction in other scientific disciplines. These tools
can be used not only to study intrinsic RNA biology, such as RNA expression, splicing, and
localization, but also to detect the effects of extrinsic physical and chemical factors, including pH,
temperature, redox state, and mechanical stress, on RNA behavior during developmental processes.
These examples illustrate how RNA biosensors could be adapted to study developmental
mechanisms in model organisms, enabling investigations into RNA dynamics and their role in
shaping developmental processes. By revisiting these underutilized tools, this review highlights
their relevance for advancing the understanding of molecular mechanisms in developmental
biology studies.

Keywords: RNA biosensors; developmental biology; aptamers; catalytic RNA; riboswitch; CRISPR-
Cas-based sensors

1. Introduction

The field of developmental biology seeks to unravel the complex molecular mechanisms
governing organismal growth, differentiation, and morphogenesis. Central to these processes is the
dynamic regulation of RNA molecules, which serve as key mediators of gene expression, cellular
signaling, and functional adaptation during development (Barta and Jantsch, 2017, Morris and
Mattick, 2014; Rosa et al., 2021). The ability to track and analyze RNA dynamics in real-time has
become increasingly important for understanding how spatiotemporal gene expression patterns
shape developmental outcomes. However, traditional approaches for studying RNA function, such
as in situ hybridization, RN A sequencing, and immunostaining, often provide only static or endpoint
measurements, limiting their utility in capturing the full complexity of RNA-mediated processes. To
overcome these challenges, RNA biosensors have emerged as powerful tools with the potential to
revolutionize research in developmental biology.

RNA biosensors are highly specialized molecular tools designed to detect, monitor, and analyze
RNA in live cells and organisms (Halstead et al., 2015; Su and Hammond, 2020). These sensors
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employ a range of mechanisms, including fluorescent aptamers, CRISPR-Cas-based systems,
riboswitches, and catalytic RNA elements, to provide real-time, sequence-specific, and context-
dependent insights into RNA localization, modifications, and interactions. In addition to tracking
intrinsic aspects of RNA biology during development (such as expression, localization, splicing and
stability), RN A-based biosensors can also be engineered to study extrinsic physical and chemical
factors (e.g., temperature, pH, redox state, mechanical stress) that influence RNA behavior and
developmental outcomes (Figure 1). While these technologies have been extensively explored in
fields such as synthetic biology, diagnostics, and environmental monitoring (Jones et al., 2019;
Mikaeeli Kangarshahi et al., 2024; Palchetti and Mascini, 2008), they have seen comparatively fewer
applications in developmental biology to date. This gap is particularly notable given the growing
recognition that RNA dynamics play a pivotal role in cellular differentiation, tissue patterning, and
morphogenetic signaling.
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Figure 1. Overview of RNA biosensor targets during development. Venn diagram categorizing RNA
biosensors based on whether they detect intrinsic RNA biology processes (e.g., expression, localization, splicing)
or extrinsic developmental cues (e.g., pH, temperature, ROS). Sensors in the overlapping region can be adapted

to detect either type of signal, depending on design and application context.

By integrating RNA biosensors into developmental biology research, scientists can gain
unprecedented insights into how RNA molecules influence cell fate decisions, regulatory networks,
and the orchestration of developmental transitions, as well as how internal and external factors affect
RNA behavior during development. The adaptability and specificity of these biosensors make them
invaluable tools for addressing fundamental questions about gene regulation, RNA-protein
interactions, and cellular signaling cascades during embryogenesis and organogenesis. One of the
key challenges is the need for optimized biosensor designs that are compatible with in vivo
developmental systems, such as model organisms and organoid cultures. Moreover, considerations
regarding biosensor sensitivity, specificity, and minimal perturbation of endogenous biological
processes must be carefully addressed to ensure their effective application in developmental
research. By highlighting the potential of RNA biosensors and their broad applicability in
developmental biology, this review aims to bridge the gap between these emerging technologies and
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their transformative impact on studying RNA dynamics in living systems. In the following sections,
we provide an overview of commonly used RNA biosensors, categorizing them by their mechanisms
of action and applications (summarized in Figure 2). We discuss their strengths and limitations, as
well as their potential for advancing developmental biology research (also summarized in Figure 3
and Table 1). By revisiting and adapting these tools, we emphasize the necessity of incorporating
RNA biosensors into developmental biology studies to gain deeper insights into the molecular and
cellular mechanisms that drive organismal development.

Table 1. RNA-based biosensors, their mechanisms, unique attributes, and potential applications in

developmental biology research.
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Figure 2. Classification of RNA biosensors by function, mechanism, delivery, and cellular context. Radial
diagrams illustrating four complementary classifications of RNA biosensors: (1) functional input class, reflecting
the type of biological signal each sensor detects; (2) detection mechanism, representing the molecular basis by
which sensors operate; (3) delivery and accessibility, categorizing how sensors are introduced and applied in
experimental systems; and (4) cellular compatibility, describing the biological environments in which each
sensor is functional. Some RNA biosensors, such as CRISPR-based sensors, have diverse capabilities and

therefore appear in multiple classifications and sections to reflect their multifunctionality.
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Figure 3. Linking RNA biosensors to fundamental challenges in developmental biology. Radial diagram
linking RNA biosensors to seven fundamental questions/challenges in developmental biology. Each colored
sector represents a core question, with biosensors placed according to their relevance. Some biosensors appear

in multiple sectors, reflecting their broad applicability in the field.
2. Fluorescent-Based Sensors

2.1. Fluorescent RNA Aptamers

The real-time monitoring of intracellular RNA dynamics in living cells has been challenging. To
address this matter, scientists have used specific aptamers, which are known as synthetic nucleic acid
oligos (typically less than 100 nucleotides) selected during a process so called systematic evolution of
ligands by exponential enrichment (SELEX). These aptamers bind to specific molecules with high
affinity (Wu and Kwon, 2016). In this case, the target molecules are fluorophores in their inactive
state. Upon binding to the aptamer, the fluorophore stabilizes, and the aptamer-target complex lights
up and emits high-intensity fluorescence. Since the sequence of fluorescent RNA aptamers is
determined during the SELEX process, they can be utilized by transfecting cells with plasmids
encoding aptamer-tagged RNA, followed by the addition of the target small molecule to enable
fluorescence (Shui et al.,, 2012). Fluorescent RNA aptamers are among the most commonly used
biosensors in RNA research. They are named after vegetables and fruits (e.g. Spinach, Broccoli,
Mango, and Pepper) because their fluorescence properties resemble those of naturally occurring
colors (Zhou and Zhang, 2022). There are specific fluorophores used for each fluorescent RNA
aptamers such as DFHBI for Spinach or TO1-Biotin for Mango, enabling real-time visualization of
RNA in live cells (Neubacher and Hennig, 2019). Broccoli offers improved fluorescence stability and
has less cytotoxicity compared to Spinach, while Mango and Pepper provide distinct spectral
properties and enhanced fluorescence brightness. These aptamers are widely used for studying RNA
localization, dynamics, and real-time expression patterns in living systems, making them essential
tools in cell biology and synthetic biology (Zhou and Zhang, 2022). To enhance their utility in
developmental biology studies, these fluorescent RNA aptamers can be engineered to specifically
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bind developmental RNAs. Furthermore, incorporating fluorophores with distinct spectral
properties enables multiplex high-resolution imaging (Sunbul et al., 2021), allowing simultaneous
tracking of multiple RNAs involved in different developmental pathways. A notable example is a
recently developed genetically encoded sensor based on a fluorogenic allosteric aptamer (FaApt),
which enables sensitive imaging of the localization and dynamics of RNA targets in live cells during
zebrafish embryonic development (Peng et al., 2023).

2.2. Fluorescence-Quenching RNA Aptamers

Due to the limited number of fluorophore-binding RNA aptamers, fluorescence-quenching RNA
aptamers were developed. These platforms consist of a quencher-binding aptamer that functions
independently of the fluorophore structure and facilitates multiplex RNA monitoring in living
systems. When an RNA aptamer specifically binds to a quencher molecule (e.g., dinitroaniline), the
fluorescent response is either enhanced or suppressed by modulating the fluorophore-quencher
interaction. For instance, if the quencher is directly conjugated to fluorophore molecules, it forms a
non-fluorescent molecular complex. When the aptamer binds to the quencher, it dissociates from the
fluorophore, leading to an increase in fluorescence. Recent advances in fluorescence-quenching RNA
aptamer technologies have expanded their potential for developmental biology applications. For
instance, the RhoBAST:SpyRho system offers enhanced brightness and stability for tracking RNA
localization during embryogenesis (Englert et al., 2023), while the Squash:DFQL-1T complex enables
in vivo RNA imaging in mammalian models and could be applied to monitor gene expression during
tissue differentiation (Chen et al., 2025).

Alternatively, some designs rely on aptamer conformational changes induced by external
environmental factors, such as pH or ionic concentrations, which alter binding affinity for the
quencher and result in fluorescence modulation (Arora et al., 2015). These aptamers are not primarily
used to probe RNA biology itself (such as splicing or localization), but rather to sense biochemical
and physiological signals that may affect or accompany developmental processes. Their high
sensitivity and reversibility make them suitable for monitoring intracellular and environmental
changes (e.g., pH or ions), or tracking metabolite levels in living cells (X. Liu et al., 2022; Wang et al.,
2013). They have been applied in studies of metabolism, cell stress responses, and environmental
sensing, all of which can intersect with developmental outcomes. These aptamers can be modified to
detect specific molecular flux, such as neurotransmitters (Moraldo et al.,, 2022), that influence
developmental processes. When used alongside other RNA sensors, coupling them with multi-
channel imaging systems enables simultaneous monitoring of extrinsic factors and genetic programs
driving development in species with high environmental sensitivity (Kudtak and Wieczerzak, 2020).

2.3. Molecular Beacon Biosensors

Molecular beacons (MBs) are hairpin-shaped RNA or DNA probes designed to fluoresce when
hybridized to a specific target RNA sequence (Bidar et al., 2021). Their hairpin structure keeps the
fluorophore and quencher at close proximity, suppressing fluorescence until the target RNA binds,
separating the two and restoring fluorescence. These biosensors are highly sensitive and specific,
making them ideal for applications such as real-time PCR, in situ hybridization, and RNA
quantification in diagnostics and molecular biology (Bidar et al., 2021; Kuang et al., 2017). Molecular
beacons can be customized to detect lineage-specific RNAs (Wile et al., 2014) or co-expressed
developmental regulators as established for tracking endogenous maternal mRNAs in live Drosophila
melanogaster egg chambers (Catrina et al, 2019). Furthermore, MB-based sensors have been
engineered for chronological visualization of cell proliferation (Murata et al., 2021) and
differentiation in developing mammalian tissues (Kang et al., 2011). Addition of photo-stable
fluorescent dyes can improve their performance during long-term developmental studies (Nesterova
et al., 2009).
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2.4. FRET-Based RNA Sensors

Forster resonance energy transfer (FRET)-based RNA sensors utilize energy transfer between
two fluorescent molecules working as a donor-acceptor pair, which are attached to RNA to detect
conformational changes or interactions (Tomescu et al., 2014). It is worth noting that the acceptor
exhibits fluorescence activity only when the donor is in close proximity typically within the range of
1 - 10 nm (Verma et al.,, 2023). When the RNA undergoes conformational changes, the distance
between the donor-acceptor fluorophore pair shifts, altering the FRET signal (Trachman et al., 2020).
These sensors are powerful tools for studying biomolecular interactions at extremely short distances,
typically below 100 nm, making them more advantageous than conventional methods (Verma et al.,
2023). They are primarily used in structural biology to study RNA folding, ribozyme activity, and
RNA-protein interactions, providing real-time insights into dynamic molecular processes (Pitchiaya
et al.,, 2014). FRET-based sensors can be adapted to detect conformational changes in RNAs that
mediate developmental processes or evolve structural roles across species. Probes can be fine-tuned
to monitor the dynamics of RNA-protein interactions critical for developmental transitions. These
applications fall within the category of intrinsic RNA biology. However, in a different context, FRET
sensors can also be engineered to detect extrinsic biophysical cues, such as mechanical forces, by
linking donor-acceptor pairs to mechanically responsive RNA structures or associated molecules.
Such sensors can also be engineered with donor-acceptor pairs optimized for deep-tissue imaging
(Trachman et al., 2020), as developed for mechanical measurements in embryonic tissues (Loffet et
al., 2023). For example, FRET-based approaches have been repurposed to study external factors such
as mechanical tension in embryonic patterning in frogs (Eroshkin et al., 2024) and zygotic genome
activation in evolutionary diverged ascidians (Wei et al., 2024), using custom-engineered RNA-FRET
hybrids. It is important to note that these represent conceptually distinct applications of FRET
technology: one focused on RNA-level biology, and the other on sensing biophysical influences on
developmental processes.

3. Enzymatic and Electrochemical Sensors

3.1. Catalytic RNA Biosensors

Catalytic RNA biosensors, or ribozymes, are natural or artificially engineered RNA molecules
which are able to catalyze biochemical reactions, such as self-cleavage or substrate cleavage, in
response to specific ligands (Li et al., 2023). These biosensors are used for detecting small molecules
such as ATP, GTP, or environmental pollutants (Frommer et al., 2015). By coupling ribozyme activity
to a detectable signal (e.g., fluorescence or color change), they provide a versatile biosensing platform
for both fundamental research and practical applications in environmental studies. In developmental
biology research, catalytic ribozymes can be modified not only to sense specific metabolites (Winkler
et al., 2004) or track the distribution of target molecules in tissues (Osman et al., 2024) but also to
efficiently manipulate gene expression in a spatiotemporal manner, as recently demonstrated in C.
elegans (Fang et al, 2023) and D. melanogaster (Nyberg et al., 2024). For instance, enhanced
hammerhead ribozymes (EhhRzs), originally optimized for therapeutic nRNA cleavage, represent a
promising class of catalytic RNA biosensors that could be adapted for spatiotemporal gene regulation
or transcript imaging in developmental biology models due to their high turnover efficiency under
physiological conditions (Myers and Sullivan, 2025). Another interesting example is the massively
parallel engineering of ribozyme-based RNA devices in mammalian cells, which produced highly
responsive ligand-activated ribozyme switches; these could be adapted for developmental biology to
enable precise, spatiotemporal control of gene expression or dynamic reporting of molecular cues in
embryos and developing tissues (Xiang et al., 2019). In zebrafish, the RiboFlip system uses a
recombinase-activated hammerhead ribozyme to conditionally knock down gene expression with
spatiotemporal precision and fluorescent cell labeling (Juan et al., 2025). Furthermore, progresses in
ribozyme-guided genetic manipulation techniques can promote their application in developmental
studies, as shown in a ribozyme-guide RNA-ribozyme (RGR) method established in plant models
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(Gao et al., 2015). Other modifications, such as enhancing the speed of their catalytic reactions while
maintaining specificity may also provide real-time insights into tissue patterning and regeneration.
Moreover, ribozymes can be coupled with modular detection systems, such as split reporters, which
is discussed in Section 3.2 (see below).

3.2. Split RNA Aptamers and Ribozymes

Split RNA aptamers and ribozymes consist of two RNA fragments that become functional only
when a target RNA bridges them (Debiais et al., 2020; Gambill et al., 2023). This bridging restores the
structure of the aptamer or ribozyme, activating fluorescence or catalytic activity. These biosensors
are highly specific and are used for detecting rare RNA sequences, monitoring alternative splicing
events, and studying RNA-protein interactions (Debiais et al., 2020). A recent example of a split
ribozyme is the platform developed in Arabidopsis and Nicotiana, which enables RNA-triggered
fluorescent reporting of gene expression in plant tissues during development (Gambill et al., 2023).
While fully ligand-responsive split aptamer—ribozyme systems have yet to be applied in vivo, such
designs could build on these modular architectures to enable spatiotemporal biosensing in
developmental models. Split aptamers and ribozymes can be engineered to detect alternative splicing
events that generate developmental isoforms (Furukawa et al, 2016; Gambill et al., 2023).
Incorporating switches that activate only in response to lineage-specific RNAs ensures high
specificity (Schmidt and Smolke, 2021). Additionally, these biosensors can be integrated into
synthetic gene circuits to dynamically monitor RNA regulation such as morphogenesis (Alam et al.,
2017).

3.3. Electrochemical RNA Sensors

Typically, electrochemical RNA biosensors consist of electrodes functionalized with
oligonucleotide probes, including either single-stranded DNA or RNA, that are complementary to
the sequence of target RNA molecules. The hybridization of target RNAs with probe molecules
generates an electrical signal, which can be measured using electrochemical techniques such as
voltammetry, amperometry, and impedance spectroscopy. Regardless of the electrochemical
approach used, the generated signal is highly dependent on several factors, including the
electroactivity of the target and probe molecules, the ionic strength of the sample, and the presence
of redox reporters such as methylene blue, and ferrocene (Islam et al., 2017; Kang et al., 2009). These
sensors are portable and highly sensitive, making them ideal for point-of-care diagnostics (Hashem
et al., 2022). Common applications include detecting miRNAs or RNA biomarkers associated with
cancers and infectious diseases in clinical samples (Mikaeeli Kangarshahi et al, 2024).
Electrochemical sensors can be adapted for developmental biology research by designing probes that
detect specific RNA types for instance miRNA (Hamidi-Asl et al., 2013), or RNA modifications such
as m6A or adenosine-to-inosine editing (Campuzano et al., 2019). RNA-based electrochemical assays
provide a precise real-time and label-free alternative to fluorescence methods, enabling accurate
intracellular sensing in living organisms (Ino et al., 2018). Integrating nano-biointerfaces can improve
sensitivity, making these biosensors suitable for small sample sizes like single cells or early embryos.
A recent study demonstrated the use of an electrochemical aptamer-based sensor to directly and
continuously monitor ATP release from astrocytes in a three-dimensional culture system,
highlighting the potential of such platforms for real-time molecular sensing in physiologically
relevant environments (Santos-Cancel et al., 2019).

3.4. Field-Effect Transistor (FET)-Based RNA Biosensors:

FET-based RNA biosensors leverage the properties of semiconductor-based transistors to detect
RNA molecules through changes in electrical conductivity upon RNA binding (Panahi and Ghafar-
Zadeh, 2023). These FET biosensors are typically consist of two conductive terminals (a source and a
drain electrode) that allows current flow through the transistor, a semiconducting channel (usually

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2290.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 June 2025 d0i:10.20944/preprints202506.2290.v1

9 of 27

composed of nanomaterials such as graphene, and silicone) that serves as highly sensitive
transducing surfaces, and a gate electrode that modulates the electrical response upon probe-target
interactions (Sung and Koo, 2021; Tian et al., 2018). RNA detection occurs when complementary
probes on the FET surface hybridize with target RNA, altering the charge distribution in the
semiconductor channel. This results in a change in gate conductance or the change in source-drain
current, which correlates with the concentration of the target RNA. FET biosensors are known for
their label-free detection, rapid response, high sensitivity, and potential for miniaturization, making
them ideal for diagnostics and real-time RNA quantification in small samples (Zhang et al., 2024). To
adapt FET-based biosensors for developmental biology research, probes can be designed to target or
activate developmentally relevant RNAs, such as transcripts involved in developmental
morphogenesis like genes encoding bone morphogenetic proteins (BMPs) (Wang et al., 2017). Their
integration with microfluidics would allow these sensors to analyze RNA from single cells or small
tissue samples, which is particularly useful in early developmental stages. Such a method has
recently been proposed for studies of neural tissue development (Buentello et al., 2024). Furthermore,
increasing specificity through multiplexed arrays can enable simultaneous detection of multiple
RNAs involved in organ-specific developmental pathways (Sadeghzade et al.,, 2024), which has
potentials for investigations of gene regulatory networks across species.

4. Environmental and Metabolite-Responsive Sensors

4.1. Riboswitch Biosensors

Riboswitch biosensors are naturally occurring, or engineered RNA elements that regulate gene
expression in response to binding small molecules such as S-adenosylmethionine (SAM), flavin
mononucleotide (FMN), or cyclic-di-GMP to their aptamer aptamer domain (Sherwood and Henkin,
2016). Upon ligand binding, the riboswitch undergoes a conformational change that either activates
or represses a downstream reporter gene expression which results in the change of fluorescence,
color, as well as enzymatic activity (Wu et al., 2023). Engineered riboswitches are increasingly used
in synthetic biology to design cells that can sense and respond to specific metabolites (Hallberg et al.,
2017). They are particularly useful in metabolic pathway studies, microbial engineering, and
environmental monitoring, where they provide insights into the cellular regulation of key
biochemical compounds. Riboswitches can be engineered (e.g., combined with CRISPR guided
methods) to detect metabolites or ions critical for developmental checkpoints and function across all
kingdoms of life, not just bacterial species (Galizi and Jaramillo, 2019). For instance, small molecule-
inducible riboswitches have been engineered to enable reversible, dose-dependent control of gene
expression in mammalian systems, including in vivo applications in mice, suggesting their potential
utility for temporal regulation in developmental biology studies (Rovira et al., 2023). Interestingly, a
recent study engineered splice-modulating riboswitches to control exon skipping in a
developmentally relevant gene, enabling chemically inducible isoform switching in mammalian cells
and offering a novel approach for regulating gene expression through alternative splicing (Bruckhoff
et al., 2025). Furthermore, the multicolor riboswitch-based platforms for RNA imaging RNA in live
cells have already been established in mammals (Braselmann et al., 2018). Coupling these biosensors
with light-activated switches allows precise spatiotemporal control over biosensor activity (L. Zhang
et al, 2023), enabling detailed studies of metabolic regulation during embryogenesis and
organogenesis (R. Zheng et al., 2024).

4.2. RNA Thermometers

RNA thermometers are natural RNA molecules that undergo conformational changes in
response to temperature fluctuations (Narberhaus et al., 2006). These structural changes can expose
or hide ribosome binding sites, modulating translation in a temperature-dependent manner. As a
result, they can regulate the expression of a fluorescent or luminescent reporter, as well as an enzyme
molecule that produces a color change. RNA thermometers are commonly found in bacteria, where
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they regulate stress responses, such as heat shock protein expression, and contribute to in
pathogenesis during infections (Sharma et al., 2022). They are used in microbiology to study how
organisms adapt to thermal stress and environmental changes. It is important to note that RNA
thermometers are designed to detect extrinsic physical signals, in this case, temperature, rather than
intrinsic RNA processing events. RNA thermometers can be optimized to monitor temperature-
sensitive developmental processes and underlying mechanisms of -adaptation and acclimatization to
temperature in animals (Somero, 2018) and plants (Thomas et al., 2022). Engineering them to respond
to small temperature fluctuations increases their utility for studying phenotypic plasticity in diverse
environmental conditions, such as those affecting embryos of aquatic species (Salinas and
Jayasundara, 2022).

4.3. RNA Sensors for Reactive Oxygen Species (ROS)

RNA sensors for reactive oxygen species (ROS) detect oxidative molecules, such as hydrogen
peroxide or superoxide, which are indicators of cellular stress (Buchser et al., 2023). These biosensors
are engineered RNA molecules, which interact with ROS and undergo either oxidation-induced
conformational changes, or modifications that can alter their folding, stability, interactions with
proteins, as well as base-pairing and subsequent translation disruption. These alterations can activate
reporters (e.g. fluorescence, colorimetric, electrochemical signals) upon exposure to ROS, providing
a quantitative measure of oxidative stress levels. They are applied in studies of diseases like cancer,
neurodegeneration, and aging, where oxidative damage plays a significant role (Khodarev, 2019).
These sensors are primarily used to detect extrinsic biochemical conditions, specifically oxidative
stress, rather than intrinsic RNA functions such as splicing or localization. ROS sensors can be
improved to detect specific types of oxidative stress linked to developmental events (Terzi et al.,
2021), as recently shown in immune cells during inflammation (Aich et al., 2024). Incorporating self-
calibrating mechanisms ensures precise quantification of ROS levels (Murphy et al., 2022), which can
be instrumental during tissue repair or organ formation. These sensors can also be integrated with
genetic circuits that activate stress response genes for real-time feedback (Huang et al., 2024).

4.4. tRNA-Based Biosensors

Transfer RNA (tRNA)-based biosensors utilize modified tRNA molecules or tRNA-derived
fragments to detect specific biological targets including amino acids, metabolites, ions, and cellular
stress markers (Gupta and Laxman, 2020; Sun et al., 2020). By coupling tRNA activity with a reporting
system, such as fluorescent aptamers or riboswitches, to induce a fluorescent, colorimetric, or
electrochemical signal, these biosensors provide insights into translation and metabolic regulation
under various conditions, particularly in studies of nutrient availability and stress responses (Manna
et al, 2021). tRNA-based biosensors can be adapted to detect amino acids, metabolites, or
environmental changes that influence translation during developmental processes. These sensors can
be engineered to include fluorescent or enzymatic reporters that activate upon interaction with
specific metabolites, such as methionine or tryptophan, which are essential for protein synthesis
during early development. Modifications to the tRNA-binding domain can enable the detection of
species-specific codon usage or translational regulation mechanisms (Jiang et al., 2023). In additon,
these biosensors can be fine-tuned to monitor dynamic translation rates in differentiating cells or
tissues (Lateef et al., 2022), revealing how translation regulation affects gene expression patterns over
developmental timelines.

5. Sequence-Specific Detection Sensors

5.1. CRISPR-Cas13/ and -Cas12a RNA Sensors

CRISPR-based RNA sensors are important molecular systems that function based on the
clustered regularly interspaced short palindromic repeats (CRISPR) concept for specific RNA
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detection. Unlike the well-known CRISPR-Cas9 that works for DNA editing in genome, both Cas13
and Casl2a proteins have a programmable nature to detect specific RNA sequences (Aman et al.,
2020). Casl13 is an RNA-guided endonuclease that recognizes target RNAs and activates collateral
cleavage of nearby reporter molecules, generating fluorescent, colorimetric, or electrochemical
signals. However, Casl2a, primarily a DNA-targeting CRISPR enzyme, can be adapted for RNA
detection by designing RN A-specific guide RNAs (Wani et al., 2024). These biosensors are pivotal in
diagnostics, especially for detecting viral RNAs (e.g., SARS-CoV-2, Zika virus) and other disease-
specific biomarkers. Their high sensitivity, specificity, and rapid detection capabilities make them
widely adoptable for point-of-care diagnostics and pathogen surveillance. CRISPR-Cas sensors can
be tailored to detect transient RNAs involved in early developmental processes. Introducing switches
that link target RNA detection to reporter activation (e.g., fluorescent and luminescent signals)
ensures real-time monitoring (Yang et al., 2019). Furthermore, programmable guide RNAs can also
target isoforms or transcripts that mark specific cell fates (Gupta et al.,, 2022). A recent example of
their application is the development of a system that combines the programmable RNA-targeting
CRISPR-Csm complex with multiplexed guide RNAs for direct and efficient visualization of single
RNA molecules during neuronal development (Xia et al., 2025).

5.2. Toehold Switches

Toehold switches are synthetic RNA elements that regulate translation in response to the
presence of a specific RNA trigger (Zhao et al., 2021). The RNA molecules form a hairpin structure
that blocks ribosome access until a complementary RNA sequence binds to the “toehold” region,
unwinding the hairpin and initiating translation. Toehold switches are highly modular and
programmable, making them suitable for diagnostic applications, such as pathogen detection and
biomarker sensing (Yarra et al., 2023). Their versatility also allows their use in constructing synthetic
gene circuits for precise control of gene expression in synthetic biology. Toehold switches can be re-
engineered to detect maternal RNAs or early zygotic transcripts unique to developmental pathways
(McNerney et al., 2019), to design programmable in situ amplification for multiplexed imaging of
mRNA expression during development (Choi et al., 2010), and to sense and regulate developmental
genes (R. Liu et al., 2022). Another interesting example is a study demonstrating a synthetic toehold
switch engineered for microRNA detection in different mammalian cell types at various cellular
states (5. Wang et al,, 2019). Adding feedback loops that regulate protein synthesis upon RNA
detection can provide dynamic insights into post-transcriptional regulation during development
(Weldemichael et al., 2022). Furthermore, these biosensors can be integrated into synthetic gene
networks for in vivo validation (Falgenhauer et al., 2022).

5.3. RNA Aptamer-Based Sensors for Post-Transcriptional Modifications

RNA aptamer-based sensors can detect post-transcriptional modifications such as methylation
(e.g. N6-methyladenosine m6A, 5-methylcytosine M5C), pseudouridylation, and inosine editing ,
which can alter RNA functionality (Han et al., 2024; Liu et al., 2024; Q. Zhang et al., 2023b). These
sensors use engineered RNA aptamers that selectively bind to modified RNA bases, often coupled
with a fluorescent, colorimetric, or electrochemical reporter to signal the presence of modifications
(Q. Zhang et al., 2023b). They are commonly used to study epitranscriptomic regulation in real-time,
providing insights into how RNA modifications influence translation, stability, and cellular
signaling. These sensors are particularly valuable in exploring disease-related RNA modifications,
such as those linked to cancer or neurological disorders (Liu et al., 2024). In developmental biology,
RNA aptamer-based sensors can be adapted to investigate how RNA modifications regulate
developmental processes. For example, sensors specific to m6A could be used to study its role in
controlling RNA decay or translation during embryogenesis (Vong et al., 2021). Another recent
example involves a novel fluorescent light-up aptamer (FLAP) system designed to detect the process
of m6A RNA demethylation in living cells during tissue development (Zhou et al., 2025).
Enhancements such as integrating dual reporters for live imaging or combining with CRISPR systems
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for RNA modification mapping can expand their utility (Han et al., 2024). In addition, delivery
methods like microinjection for embryos or tissue-specific promoters for in vivo expression can make
these biosensors suitable for developmental models. Tracking modification patterns across species
can also provide insights into evolutionary adaptations of regulatory mechanisms.

6. Structural and Inter-Cellular Communication Sensors

6.1. Circular RNA Sensors

Circular RNA (CircRNA) sensors utilize unique engineered non-coding RNAs that form into a
closed-loop structure, making them resistant to degradation and enabling them to function as long-
lasting biosensing platforms for detecting, and analyzing circRNA expression in real-time (Ji et al.,
2021; Zhao et al., 2023). These sensors often contain aptamer sequences that bind specific targets,
generating a fluorescent or electrochemical signal. Moreover, they can be integrated with colorimetric
and CRISPR-based detection systems (Litke and Jaffrey, 2019; Zhao et al., 2023). They are particularly
valuable for long-term monitoring of RNA expression in live cells, especially in challenging
environments where linear RNA sensors may degrade. CircRNA sensors can be customized with
binding motifs that detect conserved RNAs critical for lineage specification (Dodbele et al., 2021; Zhao
et al,, 2023). During mammalian tissue development, for instance, circRNA-based constructs have
been engineered to both monitor and manipulate cellular functions (Litke and Jaffrey, 2023, 2019;
Zhao et al., 2023). Their inherent stability makes them ideal for tracking developmental transcripts
over prolonged timeframes. Furthermore, adding modular reporters tailored to specific model
organisms enhances their versatility (Zhou et al., 2024).

6.2. MS2 System

The MS2 system is an RNA-based biosensor platform uses MS2 bacteriophage coat proteins that
specifically bind to RNA stem-loop structures, tagging RNA molecules for visualization (Tutucci et
al., 2017). These coat proteins can be fused with fluorescent, colorimetric, and electrochemical
reporter tags enabling researchers to track RNA localization, movement, and interactions in live cells
(Cawte et al., 2020; Chen et al., 2019). The MS2 system is a staple tool in RNA biology, particularly
for studying RNA transport, stability, and translation dynamics in eukaryotic cells. It can also be
combined with synthetic promoters that activate exclusively in specific developmental stages
(Lefebvre and Lécuyer, 2018). This system enables precise monitoring of RNA transport and
localization, addressing key developmental biology questions such as the wavelike spatial and
temporal regulation of gene expression during embryogenesis(Mau et al., 2023). Another potential
application is the creation of live MS2 reporters to enable imaging-based modeling of gene regulatory
networks that drive developmental patterning (Keenan et al., 2022). Recent examples of MS2-based
systems for tracking RNA targets during embryonic development have been established in
invertebrate models such as C. elegans (Hu et al., 2023) and Drosophila (Beadle et al., 2024), as well
as in a vertebrate model, zebrafish (Eck et al., 2024). Similar approaches have been implemented to
study tissue development in mammalian cells (Pichon et al., 2020) and in the plant model Arabidopsis
thaliana (Hani et al., 2021).

6.3. Exosomal RNA Sensors

Exosomal RNA sensors are designed to detect RNA molecules encapsulated within exosomes,
which are small extracellular vesicles involved in cell-to-cell communication and carry various
biomolecules such as proteins, lipids, and nucleic acids (e.g.,, mRNA, microRNA, IncRNA, circRNA)
(L. Zheng et al., 2024). These sensors typically use hybridization techniques to bind target RNA
molecules, utilizing fluorescent electrochemical, colorimetric, and CRISPR-based transducing
platforms (Yin et al., 2023). They are widely used in cancer diagnostics to study how tumor cells
communicate and transfer genetic material through exosomes, as well as to understand the role of
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exosomal RNAs in disease progression (Yin et al., 2023). Exosomal RNA sensors can be tailored to
detect RNAs that are selectively packaged into extracellular vesicles during developmental or stress-
related processes (Wong et al., 2024). These sensors can include RNA aptamers that hybridize with
conserved developmental RNAs, such as miRNAs involved in intercellular signaling (Pavani et al.,
2022). Fluorescent or electrochemical reporters can be integrated for sensitive detection of RNA
content in exosomes derived from developing tissues. Furthermore, engineering sensors to detect
lineage-specific RNA markers in exosomes could provide real-time insights into cell-to-cell
communication during embryogenesis (Moros et al., 2021). It is important to note that exosomal RNA
sensors are primarily used to monitor extracellular RNA involved in intercellular communication,
rather than intracellular RNA processing or regulation. These biosensors are particularly impactful
in developmental biology research by enabling the study of how exosomal RNAs mediate
developmental signaling across species and environmental contexts.

6.4. miRNA Sensors

MicroRNAs (miRNAs) are short non-coding RNAs (approximately 18-25 nucleotides) that play
an important role in post-transcriptional gene regulation by targeting mRNAs for degradation or
translational repression (Huang et al., 2017). MicroRNA (miRNA) sensors are designed to detect
specific miRNAs using complementary RNA or single-stranded DNA sequences, which hybridize
with target miRNA molecules. These biosensors can be integrated with fluorescence, electrochemical,
colorimetric, and CRISPR-based transducing platforms, providing highly sensitive detection of
miRNA levels in real-time (Wang et al., 2022; Zhang et al., 2019; Zhong and Sczepanski, 2019). miRNA
sensors are extensively used in cancer diagnostics to study miRNA dysregulation, which is often
linked to tumor development, progression, and metastasis. They also provide a non-invasive tools to
monitor miRNAs as biomarkers in liquid biopsies (Yu et al., 2024). Furthermore, miRNA sensors can
be engineered to detect miRNAs that regulate cell-type specific developmental transitions (X. W.
Wang et al., 2019). Enhancements in their sensitivity, such as tandem binding sites, ensures accurate
detection of low-abundance miRNAs (Huang et al., 2017). Moreover, multiplexed biosensing
platforms allow for the simultaneous tracking of miRNA networks, which indicates their roles in
coordinating complex developmental processes. Recent studies have applied miRNA sensors with
quantifiable readouts in developmental models (Song et al., 2020). In Ciona embryos, a CRISPR-based
miRNA sensor (MICR-ON) was developed in which miRNA-dependent activation of a guide RNA
triggers RFP expression, enabling real-time visualization of endogenous miRNA activity during
embryogenesis (Wang et al., 2021). In Arabidopsis, transgenic fluorescent miRNA sensor lines have
enabled spatiotemporal visualization of miRNA activity during zygotic and somatic embryogenesis
(Wojcik, 2020). In zebrafish, fluorescent and luminescent miRNA sensors have been used to track
miRNAs during development and tissue regeneration (Fan et al., 2024; Liu et al., 2020; Moro et al.,
2019; Sheng et al., 2022). In human iPSCs, genetically encoded endoribonuclease-mediated miRNA
sensors provided real-time detection of cell-state—specific miRNAs and guided sequential
differentiation toward the hematopoietic lineage (Wang et al., 2024).

6.5. LncRNA Sensors

LncRNA sensors are biosensors designed to detect long non-coding RNAs (IncRNAs), a class of
RNA molecules over 200 nucleotides in length that play critical regulatory roles in gene expression,
chromatin organization, and developmental processes. These sensors typically rely on sequence-
specific hybridization or aptamer-based detection systems that recognize unique IncRNA sequences
(Fasciano et al., 2023; Yao et al., 2025; Q. Zhang et al., 2023a). They can be coupled with fluorescent,
electrochemical, colorimetric, and CRISPR-based signaling platforms to non-invasively quantify and
visualize IncRNAs in cells and tissues in real time. In developmental biology research, IncRNA
sensors can be modified to target lineage-specific or developmentally regulated IncRNAs (Srinivas et
al., 2023). For instance, incorporating sequence motifs specific to IncRNAs involved in
embryogenesis, such as those influencing Hox gene clusters, can enhance their relevance. To improve
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their functionality in developmental systems, these sensors can be coupled with multiplex platforms
to detect multiple IncRNAs simultaneously (Srinivas et al., 2023). Furthermore, using advanced
delivery systems such as nanoparticle carriers can facilitate efficient introduction into embryos or
specific tissues in model organisms like zebrafish (Sarfraz et al., 2023). Enhanced sensitivity and
spatial resolution would allow researchers to track IncRNA dynamics during critical developmental

transitions.

7. Limitations and Challenges

While RNA-based biosensors offer immense potential for advancing developmental biology,
their practical implementation in living, developing organisms presents several challenges. These
limitations arise from factors such as sensor biocompatibility, delivery efficiency, temporal stability,
spatial resolution, and target specificity within the dynamic and complex embryonic environment
(see Table 2).

Table 2. Key limitations and challenges in the application of RNA biosensors in developmental biology
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Sensor delivery and expression: One of the primary challenges is the efficient delivery of RNA
biosensors into embryonic tissues. Unlike cultured cells, developing embryos are often protected by
extra-embryonic structures or membranes, making microinjection or electroporation technically
demanding. Genetically encoded sensors, such as fluorescent aptamers, toehold switches, or
riboswitches, require integration into the genome or stable mRNA delivery, which can trigger innate
immune responses or induce developmental perturbations if not tightly controlled (Galizi and
Jaramillo, 2019; Hallberg et al.,, 2017; Micura and Hobartner, 2020; Yoo et al., 2020). For non-
genetically encoded sensors (e.g., molecular beacons, electrochemical sensors), ensuring stable
localization and uptake without toxicity remains a hurdle.

Intracellular stability and degradation: Many RNA-based biosensors are susceptible to
nuclease-mediated degradation (Su and Hammond, 2020; Zhang et al., 2021), especially in early
embryos where RNA turnover is high (Barckmann and Simonelig, 2013). Engineering chemically
modified RNAs or incorporating protective structural elements (e.g., pseudoknots, locked nucleic
acids) can mitigate this (Kornienko et al., 2024; Larkey et al., 2020; Napoletano et al., 2024), but these
modifications may alter sensor kinetics or affinity which requires further validation investigations.

Signal fidelity and background noise: In vivo environments are biochemically complex, and
background fluorescence, redox fluctuations, and ion concentration changes can interfere with sensor
readout. This is especially problematic for FRET sensors, aptamer-based fluorescent reporters, and
quenching-based sensors, where high signal-to-noise ratios are essential for real-time imaging
(Alkhamis et al., 2023; Chu et al., 2024; Du et al., 2022). Photobleaching and autofluorescence in live
embryos may further complicate long-term imaging with these sensors.
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Tissue-specific accessibility and resolution: Different embryonic tissues exhibit variable
permeability, autofluorescence, and metabolic activity, influencing sensor performance. Deep-tissue
detection remains a particular challenge for optical sensors like fluorescent aptamers or MS2 systems
(Chen et al., 2023; Lu et al., 2023; Markey et al., 2021; Saw and Song, 2025). Engineering sensors
compatible with infrared or near-infrared fluorophores or using biosensors with electrochemical or
bioluminescent readouts may help circumvent these limitations (Braselmann et al., 2020; Markey et
al., 2021).

Target specificity and modularity: Some biosensors (e.g., riboswitches, ribozymes, CRISPR-
based systems) offer programmable specificity, but their in vivo activation may be context-dependent
(Boussebayle et al., 2019; Chau et al., 2020; Dykstra et al., 2022; Qian et al., 2022). For example,
CRISPR-Cas13-based sensors may suffer from off-target cleavage or require precise timing to avoid
unintended developmental effects (Abudayyeh et al., 2017). Fine-tuning specificity while minimizing
background activity is an ongoing engineering challenge.

8. Conclusion and Future Directions

The integration of RNA biosensors into developmental biology holds great promise, and
ongoing efforts continue to explore and expand their potential in this field (see Figure 4). To bridge
this gap, a multidisciplinary effort is required to refine these tools for in vivo applications and adapt
them to the unique challenges of studying dynamic developmental processes. One of the most critical
steps forward is the development of biosensors with enhanced sensitivity, specificity, and stability in
living systems. Current RNA biosensors must be optimized to function within complex embryonic
environments, where fluctuating molecular conditions can interfere with signal fidelity. Advances in
nanotechnology, molecular engineering, and bioinformatics will be essential for improving sensor
design and ensuring their robustness in long-term studies. Moreover, scaling up the use of RNA
biosensors in model organisms requires tailored genetic engineering strategies. This includes
integrating biosensor expression directly into transgenic animal models and refining gene-editing
techniques such as CRISPR-based activation or inhibition systems. These approaches will allow for
precise spatiotemporal tracking of RNA species without disrupting normal developmental processes.
Another important future direction is the expansion of RNA biosensor applications beyond simple
detection. While existing sensors effectively track RNA localization and modifications, they should
be evolved into functional tools that manipulate RNA activity in real-time, providing a means to
dissect causative relationships between RNA regulation and developmental outcomes. The
development of dual-function biosensors, capable of both sensing and modulating RNA pathways,
could revolutionize how researchers investigate RNA’s role in cell fate determination, tissue
organization, and morphogenesis. Importantly, both biosensors that monitor intrinsic RNA biology
(such as expression, splicing, or localization) and those that detect extrinsic factors (such as pH, ROS,
or mechanical stress) offer complementary insights into developmental processes and should be
advanced in parallel. For these innovations to become mainstream in developmental biology,
collaboration between bioengineers, computational biologists, and developmental researchers is
essential. Efforts should be made to standardize protocols, create open-source databases for RNA
biosensor applications, and develop computational models to predict RNA behavior in vivo.
Furthermore, incorporating artificial intelligence and machine learning into RNA biosensor analysis
could improve real-time data interpretation, allowing for more accurate and automated insights into
developmental processes. Ultimately, the widespread adoption of RNA biosensors in developmental
biology will require not only technological advancements but also a shift in research paradigms. As
these tools become more refined and accessible, they have the potential to unlock new dimensions of
RNA regulation, leading to groundbreaking discoveries in embryology and regenerative medicine.
By taking these strategic steps, the field can harness RNA biosensors as powerful instruments for
deciphering the molecular blueprint of life itself.
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Figure 4. Anticipated suitability of RNA-based biosensors in developmental biology research based on literature
trends and practical considerations. The X-axis (“ease of use”) reflects the relative technical complexity of
implementing each sensor in developmental biology contexts, based on a qualitative assessment of existing
literature and practical considerations. The Y-axis (“stage of research”) represents the extent of exploration of
each sensor in the existing developmental biology literature. These placements are not based on direct
comparative analysis, as no such study has been conducted in any field. Rather, they represent a qualitative
synthesis of the available literature. This figure is intended as a conceptual framework to guide interpretation,

rather than a quantitative evaluation.
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