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Abstract

The convergence of biology, computation and artificial intelligence is creating new
paradigms for understanding and developing intelligent computational systems. Biological
computing extends conventional computational thinking by using biological molecules, cells,
biochemical reactions and living systems as computational substrates, while synthetic
intelligence explores artificial systems capable of exhibiting adaptive, self-organising and
intelligence-like behaviours inspired by biological processes. This paper examines emerging
models of computation derived from living systems, including DNA computing, molecular
computation, cellular computing, neural computation, membrane computing, synthetic gene
circuits, organoid-based computation and biohybrid systems. It analyses how biological
characteristics such as parallelism, self-organisation, adaptation, evolution, robustness and
energy efficiency can inspire alternative approaches to computation. Particular attention is
given to the relationship between biological computing and artificial intelligence, including
neuromorphic architectures, evolutionary computation, reservoir computing, embodied
intelligence and adaptive learning systems. The paper proposes a Biological Computing and
Synthetic Intelligence Framework integrating biological substrates, computational
abstractions, learning mechanisms, sensing, feedback and intelligent decision-making.
Potential applications across healthcare, drug discovery, environmental monitoring, robotics,
advanced manufacturing and autonomous systems are discussed. The study also examines
major challenges involving reproducibility, scalability, biological variability, ethical
considerations, interpretability, computational reliability and integration with conventional
digital infrastructure. The paper argues that biological computing should not necessarily be
viewed as a replacement for silicon-based computing but as a complementary paradigm
capable of addressing specific classes of complex, adaptive and highly parallel computational
problems. The convergence of synthetic biology and artificial intelligence could ultimately
lead to computational systems that learn, adapt, self-organise and interact with their
environments in ways more closely resembling living organisms.
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1. Introduction

Computing has traditionally been associated with electronic hardware, binary logic and
deterministic algorithms.

Modern computers are extraordinarily powerful, but they remain fundamentally dependent
on:

« Digital circuits.

« Transistors.

e Memory architectures.

o Sequential or massively parallel processors.

o Software-defined algorithms.

Living organisms demonstrate another form of information processing.

Cells continuously:

e Sense their environment.

e Process biochemical signals.

« Store information.

o Adapt to changing conditions.

o Communicate with neighbouring cells.

e Repair damage.

e Reproduce.

o Optimise energy use.

This raises an important question:

Can computational systems be designed using principles derived from living systems?
Biological computing seeks to answer this question by treating biological processes as
computational mechanisms.

Synthetic intelligence extends the idea further by asking whether artificial systems can
exhibit characteristics associated with biological intelligence, including:

e Adaptation.

e Learning.

o Self-organisation.

o Emergence.

« Evolution.

e Environmental interaction.

The resulting research domain sits at the intersection of:
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Biology + Computer Science + Artificial Intelligence + Synthetic Biology + Engineering

2. From Conventional Computing to Biological Computing
Conventional computing generally follows:

Input — Algorithm — Processing — Output
Biological computation often operates differently:

Stimulus — Biological Interaction — Distributed Processing — Emergent Response
This distinction is fundamental.

Biological systems do not necessarily contain a central processor responsible for all
decisions.

Instead, intelligence can emerge from interactions among many components.

3. What Is Biological Computing?

Biological computing refers broadly to computational processes implemented using
biological molecules, cells or biological mechanisms.

Major areas include:

« DNA computing.

« Molecular computation.

e Cellular computing.

e Membrane computing.

o Biochemical computation.

o Neural computation.

e Living-cell computation.

The computational substrate therefore differs from conventional electronic systems.

4. Biological Information Processing
Living systems process information at multiple scales.

Molecular Level
DNA, RNA and proteins encode and process information.

Cellular Level
Cells respond to chemical and environmental signals.

Tissue Level
Cells communicate and collectively coordinate behaviour.

AJAMRI Volume 7, Issue 1, January-February 2025 137



http://www.ajamri.com/

@;ﬁ) American Journal of Advanced Multidisciplinary

= Research and Innovation (AJAMRI)
AJAMRI

E-ISSN: XXXX-XXXX e Website: www.ajamri.com e Email: editor@ajamri.com

Organism Level
Nervous systems integrate information and generate adaptive responses.
This hierarchical organisation provides inspiration for new computational architectures.

5. DNA Computing
DNA molecules can encode information using nucleotide sequences.
The four primary bases are:

e Adenine.
e Thymine.
o Cytosine.
e Guanine.

The ability of DNA strands to interact through complementary base pairing provides a
mechanism for molecular information processing.

6. DNA as an Information Medium

Traditional computing represents information using binary states.
DNA provides an alternative information representation.
Conceptually:

Digital Data — DNA Encoding — Molecular Operations — DNA Output
This can create extremely high information density.

7. DNA Computing and Parallelism

A major advantage of molecular computation is the potential for massive parallelism.

A large number of molecular interactions can occur simultaneously.

This creates opportunities for computational problems involving:

o Combinatorial search.

« Pattern matching.

« Molecular recognition.

However, translating theoretical parallelism into practical computational systems remains
challenging.

8. Molecular Computing
Molecular computing uses molecular interactions to perform computational functions.
Potential components include:

« DNA.

e RNA.

e Proteins.
e Enzymes.

e Synthetic molecules.
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Molecular computing is particularly interesting for applications where computation needs to
occur close to biological processes.

9. Cellular Computing

Cells naturally perform complex information-processing operations.

Synthetic biology can modify cells to create programmable computational behaviour.
For example:

Chemical Signal — Gene Circuit — Cellular Response
This allows cells to function as biological information-processing systems.

10. Synthetic Gene Circuits

Synthetic gene circuits are engineered genetic systems designed to produce predictable
behaviours.

They can implement:

e Logic operations.

e Switches.

e Oscillators.

o Feedback loops.

e Memory-like functions.

These systems demonstrate how biological components can be programmed.

11. Biological Logic Gates
Synthetic biology can implement logic-like operations.
For example:

Input A + Input B — Cellular Output

A cell can be engineered to respond only when particular molecular conditions are
simultaneously satisfied.

This resembles an AND gate.

12. Biological Memory

Cells can be engineered to retain information about previous events.
This creates biological memory mechanisms.

Such systems may be useful for:

« Disease detection.

e Environmental sensing.

« Biological recording.

e Long-term cellular monitoring.
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13. Membrane Computing

Membrane computing is inspired by the organisation of biological cells.

It models computational processes using:

o Compartments.

e Rules.

e Objects.

« Parallel interactions.

The approach demonstrates how biological organisation can inspire computational models.

14. Neural Computation

The human brain represents perhaps the most influential biological model for artificial
intelligence.

Neural systems demonstrate:

e Massive parallelism.

o Distributed processing.

e Learning.

o Adaptation.

o Hierarchical representation.

Artificial neural networks draw inspiration from these principles.

15. Beyond Conventional Neural Networks

Modern Al systems are increasingly exploring architectures that more closely reflect
biological information processing.

Examples include:

e Spiking neural networks.

e Neuromorphic computing.

e Reservoir computing.

e Event-driven architectures.

These approaches attempt to reduce the gap between biological and artificial computation.

16. Neuromorphic Computing

Neuromorphic computing designs hardware inspired by neural systems.

Instead of processing information through conventional sequential operations, neuromorphic
systems can use:

e Spikes.

o Distributed processing.

e Local learning.

« Event-driven communication.

This can potentially reduce energy consumption for certain Al workloads.
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17. Spiking Neural Networks

Spiking neural networks represent information through discrete neural events or spikes.

A simplified representation is:

Input Spike — Neuronal Integration — Output Spike

This differs from conventional neural networks that generally operate using continuous

numerical activations.

18. Reservoir Computing

Reservoir computing uses a complex dynamical system to transform input signals into high-

dimensional states.
The system can then learn mappings from these states to desired outputs.
Biological neural networks provide inspiration for such architectures.

19. Evolutionary Computation

Evolution provides another computational paradigm.
Biological evolution involves:

e Variation.

e Selection.

e Reproduction.

o Adaptation.

Evolutionary algorithms translate these principles into computational optimisation.

20. Artificial Evolution
A simplified evolutionary process is:

Population — Variation — Evaluation — Selection — New Population
Repeated iterations can produce increasingly effective solutions.
Applications include:

« Engineering optimisation.

e Scheduling.

e Robotics.

e Machine learning.

21. Self-Organisation

Living systems often develop organised structures without a central controller.
Examples include:

« Ant colonies.

« Bird flocks.

e Cellular organisation.
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o Neural networks.
Computational systems can use similar principles to create decentralised intelligence.

22. Swarm Intelligence

Swarm intelligence uses collective behaviour to solve computational problems.
Individual agents follow relatively simple rules.

Yet collective behaviour can generate sophisticated outcomes.

This principle is relevant to:

o Multi-agent systems.

« Robotics.

e Optimisation.

« Distributed control.

23. Synthetic Intelligence

Synthetic intelligence can be understood as the development of artificial systems capable of
adaptive, autonomous and intelligence-like behaviour without necessarily replicating
biological intelligence exactly.

It focuses on:

e Adaptation.

e Learning.

o Self-organisation.

« Environmental interaction.

o Emergent behaviour.

24. Biological versus Synthetic Intelligence

Characteristic Biological Intelligence Synthetic Intelligence
Substrate Living systems Artificial systems
Adaptation Natural Engineered
Learning Biological mechanisms Algorithms/hardware
Energy use Highly efficient Often computationally intensive
Organisation Distributed Designed/distributed
Evolution Natural selection Evolutionary algorithms/design

25. Embodied Intelligence
Intelligence is not necessarily confined to computation.
Living organisms interact continuously with their physical environment.
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Embodied intelligence therefore integrates:

Perception + Computation + Action
This is increasingly important in robotics and autonomous systems.

26. Biohybrid Systems

Biohybrid systems combine biological components with engineered systems.
Examples may include:

e Living cells integrated with sensors.

o Biological actuators.

o Neural tissue integrated with electronics.

« Engineered organisms connected to computational systems.

Such systems represent an emerging boundary between biology and engineering.

27. Organoid-Based Computing

Brain organoids and other three-dimensional biological models have generated interest as
potential computational substrates.

The idea is not simply to reproduce a human brain.

Instead, researchers investigate whether biological neural networks can provide:

e Adaptive computation.

e Learning.

« Pattern recognition.

This remains an experimental research area.

28. Biological Computing for Healthcare

Biological computing can support healthcare by enabling computation directly within
biological environments.

Potential applications include:

« Disease detection.

« Biosensing.

e Molecular diagnostics.

e Drug discovery.

o Personalised medicine.

29. Molecular Disease Detection
Engineered molecular systems can potentially identify combinations of biological markers.
For example:

Biomarker A + Biomarker B — Molecular Logic — Diagnostic Signal
This could provide highly specific biological sensing.
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30. Drug Discovery

Biological computation can contribute to drug discovery through:

e Molecular modelling.

« Protein interaction analysis.

e High-throughput screening.

e Al-guided molecular design.

The convergence of biological and digital computation can accelerate candidate
identification.

31. Personalised Medicine
Biological computing could potentially process patient-specific molecular information.
A future architecture may involve:

Patient Biomarkers — Biological/Digital Computation — Al Analysis — Personalised
Intervention

32. Environmental Biosensing

Living cells can be engineered to respond to environmental conditions.

Potential targets include:

e Heavy metals.

e Toxic chemicals.

o Pathogens.

« Nutrient concentrations.

e Environmental pollutants.

33. Living Sensors
A living sensor could convert a biological interaction into a measurable output.
For example:

Pollutant — Cellular Response — Fluorescent Signal — Digital Detection
This creates a bridge between biological sensing and computational analysis.

34. Environmental Monitoring

Biological computing could complement conventional environmental sensors.
Potential applications include:

o Water-quality monitoring.

e Soil analysis.

« Pollution detection.

o Ecosystem monitoring.

AJAMRI Volume 7, Issue 1, January-February 2025 144



http://www.ajamri.com/

@) American Journal of Advanced Multidisciplinary

= Research and Innovation (AJAMRI)
AJAMRI

E-ISSN: XXXX-XXXX e Website: www.ajamri.com e Email: editor@ajamri.com

35. Sustainable Computing

Biological systems perform sophisticated information processing using relatively limited
energy.

This has motivated research into computational architectures that mimic biological
efficiency.

Potential advantages include:

e Low-power computation.

e Massive parallelism.

e Local processing.

o Adaptive behaviour.

36. Energy-Efficient Al

The growth of Al has created increasing demand for computing resources.

Biologically inspired architectures may provide alternative approaches to reducing
computational energy requirements.

Potential strategies include:

o Event-driven computation.

e Neuromorphic hardware.

e Approximate computing.

e Local learning.

37. Biological Computing and Edge Intelligence

Biological or bio-inspired computation could be valuable at the edge where devices need to
operate with limited energy.

A potential architecture is:

Local Sensor — Biological/Bio-Inspired Processing — Local Decision
This reduces dependence on centralised computing.

38. Adaptive Robotics

Biological organisms continuously adapt to their environments.
Robotic systems inspired by these mechanisms could:

e Learn from interaction.

e Adapt to uncertainty.

e Recover from damage.

o Coordinate collectively.

39. Evolutionary Robotics
Evolutionary algorithms can optimise robot:
e Morphology.
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o Control strategies.

« Navigation.

e Behaviour.

This enables robots to discover solutions rather than relying entirely on manually designed
rules.

40. Self-Healing Systems

Biological organisms have natural repair mechanisms.

This principle can inspire computational and engineered systems capable of detecting and
responding to failures.

For example:

Fault — Detection — Reconfiguration — Recovery

41. Distributed Intelligence

Biological intelligence is often distributed.

This provides an alternative to architectures in which one central processor controls
everything.

Distributed biological-inspired systems can provide:

« Fault tolerance.

« Scalability.

o Local adaptation.

e Robustness.

42. Proposed Biological Computing and Synthetic Intelligence Framework
The proposed framework contains eight layers:

Layer 1 — Biological Substrate
DNA, proteins, cells, neural tissue or biological processes.

Layer 2 — Biological Encoding
Information is represented through molecular or cellular states.

Layer 3 — Computational Mechanisms
Logic, molecular interaction, neural dynamics or evolutionary processes.

Layer 4 — Sensing
Biological systems interact with environmental or digital inputs.

Layer 5 — Learning and Adaptation
The system changes its behaviour according to feedback.
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Layer 6 — Al Integration
Machine learning interprets biological outputs.

Layer 7 — Decision and Control
Computational results influence actions.

Layer 8 — Feedback
Actions modify the environment and provide new information.

43. Framework Architecture
Environment

!

Biological / Bio-Inspired Sensors

!

Molecular or Cellular Computation
l
Signal Acquisition
l
Al / Machine Learning

!

Adaptive Decision

!

Physical or Biological Action

!
Feedback

!

Continuous Adaptation

44. Biological Computing and Al Convergence
The most important emerging opportunity lies in combining biological computation with
artificial intelligence.

Biological systems provide:

o Adaptability.

o Parallelism.

e Self-organisation.

Al provides:

o Statistical learning.

« Pattern recognition.

e Optimisation.

e Prediction.
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Together:

Biological Adaptation + Artificial Learning — Hybrid Intelligence
45. Data Challenges

Biological computation generates complex data.

Challenges include:

« Biological variability.

e Measurement noise.

e Temporal dynamics.

e High-dimensional data.

« Reproducibility.

Al can potentially help identify patterns within these datasets.

46. Reliability and Reproducibility

Electronic computers typically provide highly deterministic outputs.
Biological systems are inherently variable.

Factors such as:

e Temperature.

o Cellular state.

e Genetic variation.

« Molecular concentration.

can affect computational behaviour.

Therefore, biological computing requires new reliability models.

47. Scalability

Laboratory-scale demonstrations do not automatically translate into large-scale computational
systems.

Scalability challenges involve:

« Biological control.

e Manufacturing.

« Data interfaces.

e Replication.

o Standardisation.

48. Integration with Digital Computing

Biological computing is unlikely to replace conventional computing entirely.
Instead, hybrid architectures may emerge.

For example:
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Silicon Processor

)
Biological Computing Module

!

Al Accelerator
This allows each technology to perform the tasks for which it is best suited.

49. Ethical Considerations

Biological computing raises important ethical questions.

These include:

e Use of engineered living organisms.

Biological data privacy.

Environmental release.

Dual-use research.

e Human-derived biological systems.

Governance should therefore develop alongside technical innovation.

50. Safety and Biosafety

Systems involving engineered biological components require appropriate:

« Containment.

« Monitoring.

e Risk assessment.

e Regulatory oversight.

The greater the autonomy of biological systems, the more important safety mechanisms
become.

51. Intellectual Property

Biological computing can involve:

e Genetic designs.

« Engineered organisms.

o Computational architectures.

o Biological datasets.

This creates complex intellectual-property questions concerning biological and computational
inventions.

52. Research Questions

How can biological mechanisms inspire fundamentally new computational architectures?
What advantages do molecular computing systems offer over conventional computing?
How can synthetic biology be used to construct programmable biological computers?

wn e
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4. How can biological computation contribute to energy-efficient Al?
5. What role can neuromorphic systems play in synthetic intelligence?
6. How can biological and artificial intelligence be integrated?
7. What are the scalability limitations of biological computing?
8. How can biological variability be managed in computational systems?
9. What ethical and biosafety frameworks are required?

10. How can hybrid biological-digital computing systems be developed?

53. Future Research Directions
Future research should explore:
o DNA-based computing.

e Cellular computers.

e Organoid intelligence.

« Biohybrid robotics.

e Neuromorphic systems.

e Molecular Al.

e Biological memory.

e Synthetic neural networks.
« Evolutionary hardware.

« Self-organising computing.
e Living-machine interfaces.

54. Strategic Recommendations

Researchers and organisations should:

Identify computational problems suitable for biological substrates.
Develop standardised biological computing interfaces.

Combine biological systems with conventional digital infrastructure.
Invest in Al-based interpretation of biological signals.

Develop reproducibility and reliability standards.

Establish strong biosafety frameworks.

Develop interdisciplinary research teams.

Evaluate energy and environmental implications.

Create scalable manufacturing approaches.

10 Develop ethical governance before large-scale deployment.

© N wNRE

55. Discussion

Biological computing challenges the assumption that computation must occur exclusively
within electronic circuits.

Living systems demonstrate that complex information processing can emerge from relatively
simple interacting components.

AJAMRI Volume 7, Issue 1, January-February 2025 150



http://www.ajamri.com/

@;ﬁ) American Journal of Advanced Multidisciplinary

= Research and Innovation (AJAMRI)
AJAMRI

E-ISSN: XXXX-XXXX e Website: www.ajamri.com e Email: editor@ajamri.com

A cell can sense, integrate information, respond and adapt without possessing anything
analogous to a conventional computer processor.

This suggests an alternative computational principle:

Intelligence can emerge from interactions rather than centralised control.

This principle has major implications for future Al and autonomous systems.

56. From Algorithms to Living Computational Systems
Traditional computer science often begins with an algorithm.
Biological computing can begin with a process.

Instead of:

Algorithm — Hardware — Output
the architecture can become:

Biological Dynamics — Emergent Computation — Adaptive Output
This creates a fundamentally different approach to system design.

57. Towards Synthetic Intelligence
The long-term objective of synthetic intelligence may not be to replicate human cognition

exactly.

Instead, researchers may develop systems possessing selected characteristics of living
intelligence:

o Adaptability.

e Resilience.

o Self-organisation.

e Learning.

e Environmental awareness.

« Evolution.

Such systems could operate in environments where rigid algorithms perform poorly.

58. Conclusion

Biological computing and synthetic intelligence represent an emerging convergence between
biology, computer science, synthetic biology and artificial intelligence.

DNA, molecular interactions, cellular processes, neural systems and evolutionary
mechanisms demonstrate that computation can occur through biological processes that are
highly parallel, adaptive and distributed.

These principles can inspire new forms of computing, including molecular computers,
synthetic gene circuits, neuromorphic systems, evolutionary algorithms, organoid-based
computation and biohybrid systems.
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Healthcare, environmental monitoring, drug discovery, robotics and sustainable computing
are among the areas where these approaches may eventually generate significant value.
However, biological computing faces substantial challenges involving scalability,
reproducibility, biological variability, reliability, integration and ethical governance. These
challenges mean that biological computation should currently be viewed as a complementary
paradigm rather than a wholesale replacement for conventional digital computing.

The most promising future may therefore be hybrid intelligence, combining biological
adaptability with artificial intelligence and digital computational infrastructure.

Such systems could move beyond conventional programmed behaviour towards
computational architectures capable of learning, adapting, self-organising and responding
dynamically to their environments.

Ultimately, biological computing provides a powerful conceptual shift: rather than asking
how machines can imitate biological outputs, researchers can ask how the fundamental
principles by which living systems process information can be transformed into entirely new
models of computation and intelligence.
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