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Abstract: Programmable DNA devices represent a transformative frontier in biosensing technology,
offering unprecedented precision, adaptability, and miniaturization. These devices—ranging from
DNA nanostructures and aptamer-based sensors to gene circuits and DNA strand displacement
systems—are engineered to detect, respond, and adapt to specific molecular cues. This review
explores the emerging landscape of DNA-based biosensors across agriculture, healthcare, and
environmental science. We discuss recent advances, current challenges, and future prospects in
creating living, self-regulating systems capable of real-time monitoring and decision-making. The
convergence of DNA nanotechnology, synthetic biology, and bioinformatics may usher in a new era
of intelligent sensing platforms for global sustainability and personalized medicine.
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1. Introduction

In recent years, DNA has taken on a new role far beyond its traditional identity as the genetic
blueprint of life. Scientists are now using it as a powerful tool to build programmable devices—tiny
biological machines that can sense their surroundings and respond accordingly. These
programmable DNA devices are designed to detect specific molecules or environmental signals and
trigger a controlled action, such as producing a protein, changing shape, or releasing a chemical
signal [1,2]. What makes these DNA-based systems particularly exciting is their potential to
revolutionize how we monitor and respond to changes in health, agriculture, and the environment.
Unlike conventional biosensors that often rely on proteins or electronics, DNA devices can be
precisely engineered, are highly adaptable, and can function in complex biological settings. They can
be designed to respond in real-time, making them incredibly useful for rapid diagnostics,
environmental monitoring, and even crop management [3,4]. The idea of using DNA in this way isn't
entirely new, but it has gained serious momentum over the past two decades. Breakthroughs like
DNA origami, where scientists fold strands of DNA into intricate nanostructures, and synthetic gene
circuits, which function like programmable logic gates in cells, have opened the door to a new
generation of smart biological tools [5,6]. With these innovations, DNA is no longer just the code of
life—it's becoming a platform for building responsive, intelligent systems, see Figure 1.

Today, these programmable DNA devices are being explored in a wide range of areas. In
agriculture, they could help detect plant pathogens or nutrient imbalances in soil. In healthcare,
they're enabling fast, low-cost diagnostics that don’t require lab equipment. In environmental
science, researchers are pairing them with environmental DNA (eDNA) to monitor biodiversity or
detect pollutants in water and soil [7,8]. Despite all these promising applications, research in this field
has largely remained siloed. Most studies focus on one specific sector —medicine, agriculture, or the
environment—without considering how these tools could work together across disciplines. But the
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real promise lies in integrating these systems to create a unified platform of living, DNA-powered
sensors that can tackle global challenges in a smarter, more connected way, see Figure 2.
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Figure 1. Growth of DNA Biosensor Publications by Sector (2010-2025).

In this review, we'll take a closer look at the current landscape of programmable DNA devices:
how they work, where they’re being used, what limitations they still face, and what the future might
hold. Our goal is to highlight not just the technical advances, but the broader potential of these
systems to transform how we interact with the living world.
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Figure 2. Timeline of Key DNA Nanotechnology Milestones.

2. Core Technologies Behind Programmable DNA Devices

The ability to design DNA that not only stores information but also senses, computes, and

acts is at the heart of programmable DNA devices. Several foundational technologies make this
possible. Each of these tools harnesses different aspects of DNA’s structure and behavior to create
highly specific and controllable biosensing systems.

2.1. DNA Aptamers

DNA aptamers are short, synthetic strands of DNA (or RNA) that can fold into precise three-
dimensional shapes to bind specific targets, such as proteins, small molecules, or even metal ions [9].
Think of them as the nucleic acid version of antibodies—only easier to produce and modify in the
lab. Because they can be tailored to recognize a wide variety of molecules, aptamers are widely used
in applications like pathogen detection, hormone sensing, and monitoring environmental pollutants.
Their stability, low cost, and ability to function in diverse environments make them ideal for field-
deployable biosensors, including wearable and paper-based formats [10], see Figure 3.
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Figure 3. Comparison of Aptamer vs. Antibody Performance Metrics.

2.2. DNA Strand Displacement Systems

Strand displacement is a clever trick where a single strand of DNA can "invade" a double-
stranded DNA molecule and displace one of the original strands. This dynamic interaction can be
designed to act like a switch or a gate, allowing for the creation of DNA-based logic circuits that
perform calculations or control signal flow [11], see Figure 4.

These systems are now being used to build diagnostic tools that light up in the presence of
specific biomarkers, as well as smart drug delivery platforms that release therapeutic molecules only
under defined conditions [12]. The beauty of strand displacement is that it brings computation into
the realm of molecular biology —with no need for enzymes or electronic components.

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


https://doi.org/10.20944/preprints202505.1697.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 May 2025

Sensitivity of DNA strand displacement vs. PCR/CRISPR

B Limit of Detection (copies/i%iL)

‘N
—

0.1

0.01

DNA Strand CRISPR-Cas qPCR LAMP
Displacement

Figure 4. Sensitivity of DNA Strand Displacement vs. PCR/CRISPR.

2.3. DNA Origami and Nanostructures

DNA origami takes advantage of the predictable base-pairing rules of DNA to fold long strands
into precise 2D or 3D shapes, much like paper origami but at the nanoscale [13]. These structures can
act as molecular scaffolds or delivery vehicles, offering incredible precision when targeting cells or
tissues.

Researchers are using DNA nanostructures in targeted drug delivery, where they can carry
therapeutic agents and release them in response to specific triggers. They're also being explored for
environmental applications, such as detecting toxins in water or serving as nanoscale platforms for
capturing pollutants [14].

2.4. Synthetic Gene Circuits

Synthetic gene circuits are engineered networks of DNA sequences that function like biological
computer programs. They're introduced into living cells—bacterial, plant, or human—and can be
designed to sense internal or external stimuli, process that information, and produce a functional
response [15], see Table 1.

For example, a gene circuit might detect inflammation markers in the body and trigger the
production of anti-inflammatory proteins. Or it could sense nutrient levels in soil and cause a plant
root to express specific transporters. These circuits bring together sensing and actuation in one
seamless system, enabling powerful applications in smart therapeutics, biosustainable agriculture,
and environmental remediation [16].
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Table 1. Summary of Core Programmable DNA Technologies.

Technology Mechanism Key Applications Advantages
Pathogen detection, sensing High specificity,
Aptamers Target-specific binding
hormones stability
Strand Toehold-mediated Enzyme-free
Logic gates, diagnostics
Displacement exchange computation
DNA Origami Nanostructure folding Drug delivery, biosensing Spatial precision
Synthetic Gene Logic-based gene Metabolite sensing, Dynamic in vivo
Circuits regulation therapeutics response

3. Applications in Agriculture

As global food systems face growing pressure from climate change, emerging diseases, and soil
degradation, there is an urgent need for smarter, more responsive agricultural technologies.
Programmable DNA devices offer a promising new toolkit—capable of sensing plant health, soil
conditions, and environmental stressors in real time. By embedding molecular-level intelligence into
crops and farming systems, these technologies could help pave the way toward more sustainable,
resilient agriculture.

3.1. Pathogen Detection in Plants

Early detection of plant pathogens is critical for minimizing crop loss and preventing outbreaks.
Traditional diagnostics, however, often rely on lab-based testing and arrive too late to stop the spread
of infection. This is where aptamer-based and CRISPR-based DNA biosensors come into play.
Aptamers can be engineered to bind specific molecules secreted by pathogens, while CRISPR systems
can detect pathogen DNA or RNA directly at the site of infection [17,18]. These programmable
sensors can be embedded directly into plant tissues—such as roots or leaves— where they act as
sentinels, detecting threats before visible symptoms appear. In some designs, the detection of a
pathogen automatically triggers a response, such as activating a defense gene or releasing a protective
molecule.

This kind of real-time, in vivo monitoring system could significantly reduce the need for broad-
spectrum pesticides and enable precision agriculture at the molecular level.

3.2. Soil and Nutrient Monitoring

Soil health is the foundation of productive agriculture, yet monitoring its chemical
composition—like levels of nitrogen, phosphorus, or heavy metals—is still a major challenge for
many farmers. DNA-based sensors offer an elegant solution. These sensors can be engineered to
recognize specific ions or molecules and provide a measurable signal, such as fluorescence or color
change, in response [19]. For instance, a DNA strand might be designed to fold into a particular shape
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only in the presence of nitrate, acting as a biological switch. Other sensors use strand displacement
reactions or aptamer binding to report the presence of toxic metals like lead or cadmium [20].

Such tools can be integrated into soil probes, seed coatings, or even microbial biosensors living
in the rhizosphere, giving farmers real-time data on soil nutrient levels and potential contaminants.
This opens the door to precision fertilization, reducing both costs and environmental impact.

3.3. Stress-Responsive Crops

Extreme temperatures, drought, and salinity are major threats to global food security, especially
in arid and semi-arid regions. Through synthetic biology, researchers are beginning to design crops
equipped with DNA-based genetic circuits that help them sense and respond to these stresses
automatically. For example, a synthetic circuit might detect rising salt concentrations in soil and
activate genes that protect plant cells from osmotic damage [21]. Others might sense oxidative stress
during drought and trigger the expression of antioxidants or water-conserving proteins.

These systems work much like a thermostat, turning protective mechanisms on or off as needed,
and could be tailored for specific regional climates or soil conditions. While still in the early stages,
this approach has the potential to create crops that can adapt in real time to environmental challenges,
reducing the need for external inputs and boosting long-term resilience [22]. By embedding
intelligence into the biological fabric of crops and soils, programmable DNA devices have the
potential to transform agriculture—from reactive to proactive, precise, and adaptive. As these tools
become more robust and field-ready, they could be key to building a more sustainable and food-
secure future.

4. Applications in Healthcare

Healthcare is rapidly evolving toward a more personalized, responsive, and accessible future—
and programmable DNA devices are at the heart of this transformation. These tools enable sensitive
detection, intelligent drug delivery, and dynamic monitoring of health conditions, all at the molecular
level. From diagnostics that fit in your pocket to implantable gene circuits that act only when needed,
DNA-based technologies are opening the door to a new generation of smart healthcare systems, see
Figure 5.
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Figure 5. Classification of Biosensor Outputs by Type.

4.1. Smart Point-of-Care Diagnostics

One of the most impactful uses of DNA devices in medicine is in rapid, point-of-care diagnostics.
Paper-based tests that integrate DNA sensors—often using aptamers or CRISPR-based detection
tools—are now able to detect viruses like Zika, HIV, and SARS-CoV-2 with high sensitivity and
accuracy, even outside of laboratory settings [23,24]. These sensors are typically designed so that
when they encounter a target—such as a viral RNA sequence or a cancer-specific biomarker—they
produce a visible color change or fluorescence. Some systems even amplify the signal using DNA
strand displacement reactions or isothermal amplification, making the devices both simple and
powerful.

Importantly, many of these platforms are low-cost, portable, and fast, making them ideal for use
in rural clinics, emergency settings, or even at home. They also show promise for detecting
therapeutic drug levels, enabling on-the-spot monitoring for patients on chemotherapy,
anticoagulants, or other critical treatments [25].

4.2. Implantable DNA Devices

Beyond external diagnostics, researchers are designing implantable DNA-based systems that
operate within the body. These typically involve synthetic gene circuits engineered into living cells—
such as probiotic bacteria or human-derived cells—that reside in tissues and act only when certain
disease conditions arise [26]. For example, a synthetic circuit might detect an inflammatory cytokine
associated with Crohn’s disease and trigger the production of an anti-inflammatory protein. Another
system could sense hypoxic conditions in tumors and release therapeutic agents to target cancer cells
[27].
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These DNA devices function like “molecular watchdogs,” constantly scanning the internal
environment and acting only when needed. This minimizes off-target effects and reduces the need
for continuous drug administration. While still under development, implantable gene circuits have
the potential to revolutionize how we treat chronic diseases, infections, and cancer —from reactive
care to responsive, self-regulated therapy.

4.3. Personalized Medicine

Perhaps the most exciting frontier for programmable DNA technology lies in personalized
medicine. Advances in cell-free DNA circuits —meaning systems that operate outside of living cells—
are enabling real-time metabolic monitoring tailored to individual patients [28]. These devices can
analyze specific biomarkers in blood, saliva, or sweat and respond dynamically. For instance, a DNA
sensor might detect elevated glucose levels in a diabetic patient and wirelessly signal a device to
deliver insulin. Others could monitor cancer markers, hormone levels, or immune responses in real
time, helping doctors make data-driven decisions with unprecedented speed and accuracy.

Such technologies bring us closer to a vision of medicine where treatment is no longer “one-size-
fits-all,” but custom-built and constantly updated based on each person’s molecular profile. With
DNA devices acting as the interface between biology and technology, the future of healthcare
becomes more precise, proactive, and personal. By harnessing the power of DNA not just as genetic
material but as an intelligent, programmable tool, these innovations are redefining the landscape of
medicine. As DNA devices continue to evolve, they hold immense promise for transforming
healthcare into a system that is faster, smarter, and deeply personalized.

5. Applications in Environmental Monitoring

As our ecosystems face mounting pressures from climate change, pollution, and biodiversity
loss, the need for sensitive, real-time environmental monitoring has never been more critical.
Programmable DNA devices are emerging as powerful tools for assessing and responding to
these environmental challenges. Whether embedded in soil, suspended in water, or living within
microbial communities, these devices offer a way to “listen in” on the molecular signals of the
environment—and even intervene when necessary.

5.1. eDNA-Driven Sensing Systems

Environmental DNA (eDNA)—traces of genetic material left behind by organisms in soil, water,
or air—has become an essential tool in biodiversity research. But beyond passive sampling,
programmable DNA devices are pushing the boundaries of what eDNA can do. New sensing systems
are being developed that can capture, decode, and analyze eDNA on-site to detect the presence of
specific species, invasive organisms, or even microbial pathogens [29]. These devices often use strand
displacement or CRISPR-based systems to identify DNA sequences of interest with high specificity
and speed. Unlike traditional lab-bound eDNA analysis, these programmable platforms are compact,
field-deployable, and responsive—meaning they could one day provide real-time ecological
surveillance in forests, oceans, or agricultural zones. Moreover, coupling eDNA sensing with signal
amplification or wireless communication opens the door to autonomous, remote sensing networks
[30].

5.2. Living Biosensors in Microbial Consortia

Nature already uses microbes to break down pollutants, cycle nutrients, and maintain ecological
balance. Now, synthetic biology is allowing us to reprogram microbial communities to do these jobs
more precisely and transparently. By embedding DNA logic circuits into bacteria or other microbes,
researchers can create living biosensors that fluoresce, change color, or even self-destruct in the
presence of environmental toxins like heavy metals, pesticides, or industrial waste [31]. These
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engineered microbes can be deployed in soil, rivers, or wastewater treatment facilities to monitor
pollution levels continuously and locally.

Some of these systems are designed to be part of larger microbial consortia, where different
species communicate using synthetic DNA-based signaling molecules. This allows for more robust
and nuanced environmental sensing, as multiple signals can be interpreted simultaneously [32].

5.3. Climate-Responsive Systems

One of the most forward-thinking applications of programmable DNA technology is the
development of climate-responsive synthetic ecosystems. These systems involve engineered
microbes or plants that can sense environmental changes—such as rising CO, levels, temperature
shifts, or nitrogen imbalances —and then modulate their behavior to stabilize the ecosystem.

For example, synthetic microbes could be designed to fix nitrogen more efficiently under
drought conditions, or to activate carbon-sequestering pathways in response to greenhouse gas
fluctuations [33]. DNA-based gene circuits serve as the “decision-making” units in these organisms,
controlling when and how they respond to specific environmental signals, see Table 2 and Figure 6.
While still largely in the experimental phase, these adaptive, DNA-programmed ecological
interventions have the potential to support climate resilience in agricultural soils, forests, wetlands,
and other vulnerable ecosystems [34].

Table 2. Applications of DNA Devices Across Sectors.

Sector Application Area DNA Tool Used Example Function

Agriculture Pathogen detection Aptamers, CRISPR  Early blight detection in tomatoes

Environment eDNA sensing Strand displacement Detecting aquatic invasive species
Point-of-care Aptamers, Cas Detecting SARS-CoV-2, glucose
Healthcare
diagnostics systems levels

Environment Microbial biosensors ~ Synthetic gene circuits Pollutant degradation
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Figure 6. Sector-Wise Deployment Readiness of DNA Devices.

By turning DNA into a platform for sensing, interpreting, and responding to environmental
signals, we are moving toward a future where ecosystems can monitor themselves and even heal in
real-time. These advances not only enhance our ability to protect biodiversity and human health—
but also reflect a shift toward a smarter, more integrated relationship with the natural world.

6. Challenges and Limitations

While programmable DNA devices hold enormous promise across agriculture, healthcare, and
environmental science, several significant challenges still stand in the way of their widespread
adoption. These issues span biological, technical, regulatory, and practical domains—each of which
needs to be addressed to move these tools from proof-of-concept studies to real-world impact.

6.1. Stability and Degradation in Complex Environments

One of the biggest hurdles facing DNA-based systems is their stability outside controlled
laboratory conditions. DNA molecules are inherently fragile and can be degraded by enzymes (like
nucleases), temperature fluctuations, UV radiation, or contaminants in soil, water, and bodily fluids
[35].

In agricultural fields or environmental settings, where conditions are variable and often harsh,
maintaining the functionality of DNA sensors over time is especially difficult. Researchers are
exploring solutions such as chemical modifications, protective coatings, and encapsulation in
nanoparticles to improve resilience, but these approaches are still under active development [36].

6.2. Delivery Mechanisms in Plants and Humans

Getting DNA devices to the right place in a living system —whether it's a human tissue, a plant
root, or a microbial colony—is another complex challenge. In medical applications, delivery often
requires safe and efficient vectors that can enter cells without triggering immune responses or
toxicity. Traditional methods like viral vectors and lipid nanoparticles have shown some success, but
they carry risks and limitations [37]. In plants, delivering synthetic DNA circuits to specific tissues—
such as roots for nutrient sensing or leaves for pathogen detection—remains a technical bottleneck.
Conventional transformation methods (e.g., Agrobacterium-mediated delivery) are not always
effective or scalable for field use [38].
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New methods such as sprayable gene circuits, nanocarriers, or transient expression systems are
emerging, but more work is needed to improve delivery precision, efficiency, and biosafety.

6.3. Regulatory and Safety Concerns

Because many DNA devices involve genetically modified organisms (GMOs) or synthetic
biology, they are subject to strict regulatory scrutiny. This is particularly true for devices used in food
systems, healthcare, or open environments. Public acceptance is another challenge. Concerns around
gene editing, biosafety, and unintended ecological effects often lead to hesitancy in both
policymakers and the public—even when the technology poses minimal risk [39].

Developing transparent, standardized safety protocols and robust bio-containment strategies
(such as kill switches or gene flow barriers) will be essential for building trust and gaining regulatory
approval for these advanced biosensing systems.

6.4. Cost, Reproducibility, and Field Deployment

Finally, while many programmable DNA tools are relatively low-cost at the lab scale, scaling
them up for widespread deployment remains a challenge. Issues such as batch-to-batch variability,
sensitivity to production conditions, and the need for cold-chain storage in some cases can hinder
commercial viability, see Table 3. Deploying these technologies in rural clinics, farms, or conservation
zones often requires rugged, self-powered, and easy-to-use systems—something that’s not always
easy to achieve with current designs [40].

Table 3. Major Challenges in Programmable DNA Devices.

Affected
Challenge Description Suggested Solutions
Application
DNA degradation in vivo Chemical modifications,
Degradation All
and field settings encapsulation
Healthcare,
Delivery Poor cellular or tissue uptake Nanocarriers, spray systems
Agriculture
Healthcare, GMOs and biosafety
Regulatory barriers Containment, policy reform
Agriculture concerns
Variability in device Standardized protocols,
Reproducibility/Cost All
manufacturing scalable platforms

To make programmable DNA devices practical, researchers must focus on improving
manufacturing consistency, simplifying user interfaces, and ensuring that devices can function
without the need for high-end lab infrastructure, see Figure 7.
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Figure 7. Major Challenges Facing Programmable DNA Devices.

In summary, while the field of programmable DNA devices is advancing rapidly, real-world
implementation still faces a number of obstacles. Solving these challenges will require close
collaboration between synthetic biologists, engineers, regulatory bodies, and end-users—and a
sustained commitment to turning brilliant ideas into robust, deployable technologies.

7. Future Directions

The potential of programmable DNA devices is only beginning to unfold. As technology
advances and disciplines continue to converge, these molecular tools are poised to become even more
intelligent, connected, and impactful. Looking ahead, several exciting directions are emerging that
could redefine how we use DNA-based biosensors in science, healthcare, and society.

7.1. Integration with Al and the Internet of Things (IoT)

One of the most promising paths forward is combining programmable DNA devices with
artificial intelligence (AI) and Internet of Things (IoT) networks. In this vision, DNA sensors deployed
in remote fields, clinics, or natural habitats could transmit real-time data wirelessly to cloud
platforms, where Al algorithms analyze trends, predict anomalies, and trigger automated responses
[41], see Figure 8.
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Figure 8. Future Integration Potential — AI, IoT, and DNA Devices.

For example, a network of DNA biosensors in an agricultural field could detect early signs of
fungal infection or soil imbalance and alert farmers through mobile apps. Similarly, wearable DNA
sensors could monitor a patient's health and adjust treatment based on continuous feedback—all
without human intervention. This kind of integration could enable responsive, decentralized
monitoring systems that work smarter the more data they collect.

7.2. Multiplexed, Self-Learning Sensing Systems

Another exciting area of growth is in multiplexed sensing, where a single DNA device can detect
multiple targets at once—from different pathogens and pollutants to multiple biomarkers in a single
drop of blood or soil sample. Future systems may go a step further by incorporating machine learning
components that allow DNA circuits to "learn” from repeated exposures, adapt to noisy
environments, and improve accuracy over time [42]. This concept is still largely theoretical, but it
brings synthetic biology into the realm of adaptive, intelligent sensing—devices that evolve and
optimize like biological systems.

7.3. Cross-Sector Convergence: One Health Approach

We're also entering an era where boundaries between sectors—health, agriculture, and
environment—are becoming increasingly blurred. The “One Health” approach, which recognizes
that human, animal, and environmental health are deeply interconnected, provides a perfect
framework for applying programmable DNA devices across domains [43]. Imagine a single sensing
platform that monitors zoonotic disease risks in wildlife, tracks antibiotic resistance in farm runoff,
and screens for emerging pathogens in human populations. Such cross-sector integration could
dramatically improve disease surveillance, environmental management, and food safety.
Programmable DNA technologies are uniquely suited for this convergence because of their
adaptability, portability, and ability to function in diverse biological contexts.
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7.4. Biocompatible DNA Computing and Wearables

Finally, as DNA-based computation becomes more sophisticated, we may soon see wearable
biosensors powered by DNA logic. These devices would operate without batteries or complex
electronics, instead using molecular signals to compute simple tasks and provide readouts on things
like hydration levels, nutrient deficiencies, or immune activity [44]. Biocompatibility will be key
here—future sensors must function safely in or on the body, without triggering immune responses
or degrading too quickly. Advances in DNA nanomaterials, protective scaffolding, and low-cost
manufacturing are making this vision more realistic than ever.

In all these future directions, one theme stands out: programmable DNA devices are becoming
more integrated, intelligent, and personalized. Whether used to manage crops, monitor ecosystems,
or track human health, these molecular systems offer a glimpse into a future where biology itself is a
programmable platform —and sensing the world becomes as seamless as breathing.

8. Conclusions

Programmable DNA devices are redefining what it means to sense and interact with the
biological world. With their unique ability to combine molecular precision, biological compatibility,
and synthetic programmability, these tools offer powerful new ways to monitor, diagnose, and
respond to challenges across healthcare, agriculture, and the environment. What sets them apart is
not just their sensitivity or customizability, but their potential to operate autonomously, in real-time,
and often directly within living systems. From detecting pathogens in plants and pollutants in soil,
to delivering therapies in the human body or decoding biodiversity through eDNA, DNA-based
devices are quickly transitioning from experimental platforms to real-world solutions.

However, realizing their full potential will require more than just technological advancement. It
demands cross-disciplinary collaboration —between molecular biologists, engineers, environmental
scientists, clinicians, and regulatory experts. We also need open dialogue with policymakers and the
public to ensure these tools are developed and deployed responsibly. As this review has highlighted,
programmable DNA devices are not a distant vision—they are already taking shape across multiple
fields. By continuing to innovate, integrate, and scale these systems, we have the opportunity to build
a future where biology itself becomes a programmable interface — capable of sensing, computing, and
acting for the benefit of both people and the planet.
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