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“Either one does not dream, or one does so interestingly. One should learn to spend one's waking life 

in the same way: not at all, or interestingly.”  

 

Friedrich Nietzsche, The Gay Science 
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Foreword 

 

“La géométrie n'est pas vraie, elle est avantageuse.”  
“Geometry is not true, it is advantageous.” 

 

Henri Poincaré, La science et l’hypothèse 

 

 

Biology has operated a natural evolution during the 20th century. Since the foundations of 
enzymology, through Jacques Monod and the advent of molecular biology and cybernetics, finally 
enriched by the holistic views of systems biology and quantitative biotechnologies of the 90’s, this 
path finally resolved in the beginning of this century in a modern formulation: synthetic biology. It is 
constituted as an interdisciplinary approach focusing on the flow of matter, information and energy 
in living systems. Successor of molecular biology and genetic engineering, synthetic biology is 
synonymous to the paradigm shift in life sciences, effectively captured in the expression 
"understanding by building". The famous "What I cannot create, I do not understand" by Feynman, 
or to quote Stéphane Leduc, to analysis, succeeds "synthesis". This later unlikely visionary, proposed 
in 1912 that "Biology is a science like any other, (...) it must be successively descriptive, analytical and 
synthetic". This transition was evident with for instance the advent of synthetic chemistry. The 
interconnection between engineering (building) and science (understanding) is at the origin of 
predictive models in synthetic biology, enabling to fully exploit the nanoscale at which biological 
systems operate, fortified by billion years of optimization. Although synthetic biology applies 
engineering principles to living organisms (standardization, automation, in silico design...), the 
peculiarity of this discipline lies in its substrate, still widely misunderstood and untamed. For this 
reason it is perhaps one of the most ambitious modern scientific and human adventures, since 
synthetic biology seeks to understand and design off-balance systems, deconstruct emerging 
phenomena, read and rewrite the evolutionary history of life and its origins. 
 
Living organisms can be regarded as nanomachines, which are themselves composed of the most 
effective nanocircuits to manipulate information, matter and energy at the molecular level. With the 
latter consideration and a biomedical perspective in mind, comes immediately an idea: exploiting 
living systems to treat. Medical practice has always used biological knowledge to move towards an 
ever more efficient practice, and as such synthetic biology as a new discipline finds its place: getting 
the most localized, fast, accurate, and intelligent medical procedure. Specifically, medical diagnosis is 
an exciting technological field of research that focuses on the most efficient modalities of extraction 
of physiological information to make it intelligible and meaningful on a clinical plan. In this sense, 
synthetic biology appears as a wonderful tool to probe patient's biology at the molecular level and 
interface it with clinical practice. In this thesis, I thus explored the potential synergy between this 
new discipline and emerging diagnostic technologies. 
 
Finally, in a global perspective, synthetic biology is a new approach to tackle life sciences. It is a 
discipline that concentrates a large number of open scientific questions of the 20th century, and 
whose progress does not only provide an increased understanding of nature, but also new 
technological tools applicable to the living, including Humans and their health. The last decade has 
witnessed the rapid development of synthetic biology to full maturity. Fully grasping the 
biotechnology shift that is happening is, I believe, of the utmost importance to ensure the best 
biomedical progress as well as effective and fertile clinical translation. 
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Engineering next-generation diagnostics through 

synthetic biology 

 

 

Abstract 
Synthetic biology is an interdisciplinary field that uses engineering principles to systematically 
design and build devices, systems and biological organisms with specified functionalities via 
methodological assembly of catalogued and standardized biological building blocks. Although 
initially developed and used by fundamental researchers, the constant refinement of the synthetic 
biology tool box is on its way to translate to biomedical research, medicine and clinical practice. In 
the post-genomic time period, systems biology and now synthetic biology based approaches to 
medicine provide new ways to probe and understand molecular mechanisms of diseases and 
support biomarker discovery for the prediction and monitoring of various pathologies. A 
particularly tantalizing application of synthetic biology is to develop novel versatile programmable 
and smart diagnostic approaches closely interconnected with therapy. Here we discuss how this 
methodology can be employed to engineer next generation diagnostics, thus improving patient 
care and addressing global health issues, and we explore the technology readiness to answer the 
medical need arising from healthcare evolution. 
 
 
Keywords: Synthetic biology, bioengineering, biomarkers, medical diagnosis, in vitro diagnostics, 

molecular diagnostics, personalized medicine, translational medicine, healthcare, biosensor 
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Introduction 

Diagnosis of diseases remains a major technological problem of medical sciences, coping with 

medical evolution, clinicians’ information overload, financial imperatives, health facility resources 

and capacity, as well as geographic and economic misdistribution1. Moreover, longer life expectancy 

and an increasing number of risk factors lead to a global increase in infectious, metabolic, cancer and 

cardiovascular diseases. In this context, many pathologies thus require early diagnosis and systematic 

screening of populations at risk, using non-invasive methods in resource-limited settings2.  

Consequently the last decade witnessed important efforts to identify predictive biomarkers of these 

diseases, and to their discovery succeeded the need for their robust detection. These molecular 

signatures can be of various biochemical natures ranging from genetic and epigenetic markers to 

changes in complex evolution of proteome, genome or metabolome. Since individual biomarkers are 

limited in providing optimal diagnostic sensitivity and specificity, they cannot accurately account for 

complex molecular pathophenotypes and testing for multiple biomarkers at once can thus save time 

and resources while improving diagnostic accuracy3. Thus far, most diagnostic tools are either non-

portable, high maintenance and costly devices, or molecular devices that are restricted to the 

detection of single molecules with mostly low sensitivity and specificity. Thus, the demand for 

versatile, simple, robust, multiplexed, portable and cost-effective diagnostics is constantly increasing.  

 

The ever-increasing understanding of biological systems, as well as medical care evolution towards 

personalized solutions to diagnosis and therapy thus place evolving imperatives on medical 

bioanalytical technologies4. Convergence of precision medicine, diagnosis and therapy has led to the 

development of personalized medicine, companion diagnosis, and theranostic. So far, centralization 

of conventional in vitro diagnostics in clinical laboratories was required in order to match modern 

medical standards, achieve specific, sensitive, multiplexed or high-throughput measurements, and 

generate results with high robustness and reliability. However, this organization of diagnosis is time 

and resource-consuming and requires experienced personnel and bulky equipment. Most standard 

detection methods such as nucleic acid amplification, immunoassays or chromatography for 

example, are labor intensive and expensive. In comparison, recent technological advances in 

biosensors and related technologies such as microfluidics, lab-on-a-chip, microfabrication, and 

nanomaterials have been proposed to develop portable point-of-care diagnostics matching 

conventional standards concerning diagnostic accuracy, resource requirements, and rapidity5 6. Such 

requirements have motivated the development of new assay formats, such as micrototal analysis 
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systems (µTAS) and microfluidic paper based analytical devices (µPADs) that can provide qualitative 

or quantitative analytical information7.  

However, other clinical solutions to decentralize diagnostics from the biochemistry lab to the patient 

are likely to emerge. This would benefiting the individual as well as society, increasing convenience, 

improving therapies and reducing healthcare costs, while also benefiting regions with poor 

infrastructure. Consequently, the last decade showed increasing interest for the development of 

innovative diagnostic technologies, promising a new era of fast, versatile, easy-to-use, cost-effective 

and reliable point-of-care diagnostic tests8 9 6. However, despite the clinical need, translation of new 

biodiagnostic technologies from research laboratories to the clinics has remained limited. The 

explosion of biosensor approaches integrated with information technologies and biology/electronic 

interfaces are likely to provide new solution for close patient monitoring. Thus, methods to engineer 

integrated, sensitive, selective, fast and low-cost diagnostic biosystems are of tremendous 

importance.  

We envision that the future clinical practice is likely to be organized around new uses of diagnostic 

systems, either: (i) by the practitioner, (ii) under the direct supervision of a practitioner, (iii) directly 

by the patient. To achieve highest medical service, such diagnostic devices would enable to perform 

autonomous biodetection of pathological biomarkers, with high sensitivity, selectivity, robustness, 

rapidity, ease of operation, possibility of direct analysis of samples in complex matrices without 

preliminary sample treatment, and, last but not least, cost effectiveness. Moreover, to achieve 

highest value, future diagnostic devices would be implantable and passive, wirelessly connected to 

the clinician, while providing label free, near real time measurements new types of parameters and 

improved signal processing capabilities. The engineering of such stand-alone expert biosensing 

devise at different scale for medical decision support, remains a critical challenge, with the biggest 

challenge to overcome being system integration. 

 

We propose that these new capabilities can be brought by the emerging field of synthetic biology, 

benefiting from a constantly increasing capability to systematically inform and interface biology. 

Synthetic biology can serve the engineering of a novel generation of diagnostics with enhanced 

performance to augment clinicians’ ability to monitor pathophysiological parameters. While this 

approach has so far yielded proves of concepts and a few real world applications, important efforts 

are slowly announcing the transition into clinical sensing applications.   

 

The last decades can be regarded as the descriptive phase of molecular biology and functional 

genomic research that later permitted the advent of synthetic biology10 11 12 13. Synthetic biology 
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applies engineering principles to biology, and as such has become a science of designing biological 

parts, devices, systems and organisms in a systematic and rational manner to create predictable, 

useful and novel biological functions. Systematically defining, cataloguing, engineering and 

standardizing modular biomolecular components based on always increasing amount of data, in easy 

accessible databases provide well-characterized and novel standard biological parts enabling 

hierarchical abstraction of biological functions14 15 16, that can be assembled at systems level to 

provide new biological systems with user-defined functionalities (Figure 1). Combined with major 

technological improvements, synthetic devices and systems can be easily designed and simulated in 

silico, synthesized, transferred, and assembled in complex systems. Synthetic biology thus provides a 

method for systematic and rational assembly of synthetic parts into on-purpose systems, and as such 

can be defined as the science of structuring biological matter to achieve control on biological energy 

and information processing. For instance, the recent advances in synthetic genomics (i.e. writing and 

reading information stored in nucleic acid polymers) have permitted to gain control on living 

organisms with unprecedented precision. Although most synthetic biology labs do not focus their 

efforts on biomedical applications, fundamental advances in the design of new molecular devices 

prove useful for the future of biomedical synthetic biology and enhance translation into the clinics17. 

Maturation of the field and technological development enhances our ability to study and control bio-

synthetic systems to be used for health applications18 19. It is now slowly transitioning into the clinics 

and has already yielded successful biomedical applications, for example useful drugs20 21, high value 

synthetic medical biomaterials22, or "smart" cell for therapeutic purposes23 24 25 26 27. Although 

applications in the medical field remain limited as synthetic biology faces challenges toward human 

clinical applications28 24, the research landscape is moving, as direct and effective application are 

becoming realities (Figure 2). Yet promising, biotechnologies attempting to bridge the gap between 

research and patient clinical care are still burdened with issues of reproducibility and 

standardization. However, we suspect that these issues can be addressed with the synthetic biology 

method to allow safe, robust and reliable clinical applications (Figure 3). We envision that medical 

diagnosis is a promising field to prove translational success of synthetic biology, and as such is 

already under extensive investigation. 
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Figure 1: Synthetic biology: general framework that incorporates top-down and bottom-up 

perspectives in the synthetic biology design process.  

The increasing knowledge of biological systems, their deconstruction, and the design of synthetic systems 

across different levels of complexity, is an iterative process that incorporates both top-down and bottom-up 

design considerations. The study of biological systems enables the accumulation of increasing amount of data 

that feed a “bioengineering toolbox” with standardized elements such as chassis, compartments, circuits, 

devices, modules and parts. Systematic engineering methods and mathematical tools constitute the conceptual 

framework by witch synthetic biology operates. First, a design objective is formulated, taking into accounts 

functional constraints and specifications in terms of systems performance. Then, a synthetic biological system 

is designed by composing with well-characterized components with known properties, either ab initio (bottom-

up) and/or combined with a larger biological context (top-down) and modeled in silico to identify potential 

modes of failures. The synthetic system is then constructed experimentally (implemented) and performance of 

the system is assessed. If the system fails to meet performance requirements, this new information can be 

used to refine the design and iterate the design process. This process constantly improves understanding of 

biology and reduces the number of iterations necessary to achieve a specific design objective. Knowledge 

based design infuses each levels of the abstract hierarchical scale of synthetic systems, which are in that sense 

parallel to “natural” biological systems. 
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Biosensing is indeed a mature application area of synthetic biology. IUPAC nomenclature defines a 

biosensor has “a device that uses specific biochemical reactions mediated by isolated enzymes, 

immunosystems, tissues, organelles or whole cells to detect chemical compounds” 29. Applied to 

medical diagnosis, these devices combine biological molecules as the recognition and transducing 

elements to provide quantitative or semiquantitative analytical data corresponding to the 

concentration of a specific biomarker. Interestingly, biological systems are able to integrate various 

kinds of clinically relevant physical and chemical signals (nucleic acid, protein or lipid ligands, 

osmolarity, pH, temperature). This ability of biological systems to assess molecular pathophysiology 

by biorecognition of biomarker patterns is of great interest for the generation of diagnostic assays. 

Moreover, evolution has generated a vast natural repertoire that can be mined to retrieve useful 

biological functions, and synthetic biology provides tools and methods for their efficient re-

engineering. In addition, biological systems have interesting characteristics for diagnostics, such as 

the ability to provide physiologically functional measurements, ability to perform ultrasensitive and 

specific response to input stimuli30, and integration of complex signal processing abilities. They are 

also autonomous, auto-replicative and self-powered, miniaturizable, amenable for high throughput 

and can function in many different types of harsh environments. Additionally, biological systems are 

efficient problem-solving systems that use sensor and signal processing modules to analyze their 

environment relatively to their own state and compute phenotypic responses31. Indeed, the idea to 

engineer living organisms or their components as problem solving entities is not new32 33, and 

molecular computers performing biological computation have been proposed for different 

purposes34 35 36. Synthetic biosensors systems have an inherent modular architecture that provides 

high composability, in which 3 modules are exchangeable: sensor, processor, and reporter. The signal 

sensing event of biosensors can thus be associated to a computation process that can be engineered 

to integrate “compiled” medical knowledge in the form of a decision algorithm and computational 

versions of diagnosis using biological components have been proposed37 38 39. 

 

The diagnostic process attempts to classify patient conditions into distinct clinical categories that 

support medical decisions regarding treatment and prognosis40. Medical diagnosis can thus be 

regarded as a logical problem, or an elementary computational process leading to medical decision 

making, considering attributes like symptoms or disease applied to patients formalized by Boolean 

functions41. In other words, the patient’s pathophysiological state is a function of molecular patterns. 

Considering in vitro diagnosis, this process formally implies: (i) medical knowledge: the relationship 

that exists between symptoms and disease that informs a decision algorithm (ii) the identification 

and molecular biosensing of biomarkers, (iii) a human readable signal corresponding to the final 

medical diagnosis. Since medical diagnosis identifies with the process of making decisions about the  
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Figure 2: Synthetic biology to generate tools for medical diagnosis. The vast array of interdisciplinary 

methods and substrates that can be manipulated via synthetic biology enables the engineering of biological 
systems to develop diagnostic devices with increased design space. The capabilities offered by synthetic 
biology are likely to answer the medical need while solving issues arising from legal and socio-economical 
context. 

 

 

state of human physiology, and biological systems can be used to implement the logical operations of 

medical diagnosis, it is possible to exploit the capabilities of biological systems for diagnostic 

applications, and synthetic biology enables the full integration into operational diagnostic devices 

(Figure 4).  

 
Moreover, contrarily to conventional diagnosis in which pathological symptoms must appear in 

patients prior to clinical diagnosis, recent approaches have been proposed to improve this process. 

By nature biologically interfaceable, synthetic biological systems offers the possibility to develop 

implantable devices sensing pathological stimuli in situ, and immediately offering a therapeutic 

response (“sense-act-treat”, or theranostics ex vivo, or prosthetic circuits in vivo). This approach 

could prove extremely valuable in many clinical situations where therapeutic benefit is linked to the 

delay in analytical methods, clinical information management and interpretations, and effective 

patient care. 
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Diagnostic applications have thus recently attracted great interest from synthetic biologists. Here, we 

envision that synthetic biology most imminent medical impact is in the revolution of diagnostics, and 

its relation to personalized medicine and therapy through point-of-care and companion diagnostics. 

The aim of this review is (i) to demonstrate the importance of present and future synthetic biology 

approaches to medical diagnosis (ii) to map the landscape of novel biodiagnostic strategies and 

technologies emerging from synthetic biology (iii) to propose future orientations that could 

accommodate medical, socio-economical, industrial and legal requirements. 

 
 

I. Synthetic biology for exploring pathophysiology and 
discovery of new molecular targets 

 
A considerable need exists for improving understanding of diseases, and discovery of biomarkers for 

differential diagnosis, prognosis and monitoring of therapeutic interventions. Different strategies 

have thus been pursued to get insights on molecular pathophysiology, to unveil mechanisms and 

potential therapeutic targets, but also to discover predictive biomarkers of pathology development. 

As Richard Feynman said, “What I cannot create, I do not understand” (i.e. analysis-by-synthesis)42. In 

other words, the more we understand the complex behavior of biology, the more chance we will be 

able to engineer new diagnostic devices. In that perspective, synthetic biology represents a powerful 

approach towards new models and tools to explore and pathophenotypes. The rational and 

systematic reverse engineering of biosynthetic pathways, biological parts, synthetic genes and 

networks constitute valuable resources for the multi-level screening of disease mechanisms. It allows 

the iterative design and in vivo implementation of quantitative and dynamic models to test molecular 

hypotheses, and to perturb and probe biological networks topologies43 44. 

For instance, Yagi et al. recently shed new insights on breast cancer pathogenesis and approaches to 

diagnosis using a synthetic biology strategy to reconstitute G protein-regulated networks in breast 

cancer cells. They stably expressed an engineered Gαi-coupled GPCR, which had gained the ability to 

respond to a synthetic agonist, enabling them to probe the signaling pathways downstream of 

specific G proteins45. 

Synthetic biology recently also enabled the systematic synthesis of whole pathogens such as SARS or 

Influenza viruses46 47 or their components through complex DNA-gene synthesis and whole genome 

assembly techniques48 49. This methodology offered fast access with low efforts to address 

pathogenicity mechanisms and provided new diagnostic targets. Novel immunoassays, as well as 

DNA arrays were developed for known or potential pathogens and newly described infectious 
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agents50 51 52. For example, gene synthesis has recently been translated to clinical diagnosis with the 

discovery of Merkel Cell Polyomavirus (MCV) and its association with Merkel cell carcinoma, a rare 

human skin cancer53. Systematic gene synthesis also enables synthetic codon sequence optimization 

of genes, and enhanced production of multi-epitope and chimeric antigens. Synthetic biology enables 

simplified screening and improved diagnostic performance via standardized and robust antigens, 

thus reducing assay variability and achieving high levels of sensitivity and specificity in serologic 

immunoassays of infectious agents54 or autoimmune diseases55. These strategies have been used to 

mimic specific epitopes from pathogens in many diagnostic systems. For example, a synthetic protein 

combining four different immunodominant epitopes from Borrelia burgdorfi generated an improved 

serological tests for the diagnosis and monitoring of Lyme disease56. In the same way they provide 

more sensitive methods for detecting patient antibodies in diagnostic immunoassays, peptide 

synthesis through multi-epitope and chimeric genes can be valuable for the direct identification of 

new autoantigens57. A method relying on synthetic representation of the proteome using phage 

display combined with high-throughput sequencing permitted to identify novel autoantigens in 

neurological syndromes58. These synthetic approaches have also recently yielded comprehensive 

insights in human viral immunology. Xu et al. recently developed a high-throughput method to 

exhaustively explore the human virome relying on massively parallel DNA sequencing of a 

bacteriophage library displaying proteome-wide peptides from all human viruses59. 

While clinical management of complex diseases is increasingly relying on biomarkers, our ability to 

discover relevant ones remains limited by our dependence on endogenous molecules. The lack of 

specific, predictive or robust biomarkers still limits the diagnosis of many pathologies. Thus, recent 

attention has been given to the engineering of disease specific synthetic biomarkers. These 

exogenous agents are administered in the circulatory system where they record molecular events 

associated with pathological states. As such, they enable the non-invasive monitoring of non-classical 

parameters by producing new molecular signatures that can then be retrieved in clinical samples 

such as blood or urine. Several teams recently developed protease-sensitive biomarkers that respond 

to pathological enzymatic activities at diseases sites, and release reporters in circulation that are 

then concentrated in hosts’ urine to be measured. The potential for early disease stage detection and 

monitoring compared to classical blood biomarkers has been reported with murine models of liver 

fibrosis, cancer and solid tumors, or cardiovascular diseases60 61 62 63. These preliminary studies are 

important steps toward use of injectable synthetic biomarkers in the clinics, and could be generalized 

in a multiplex diagnostic platform and tailored for the diagnosis of various diseases. 

 



 16 

 

 

 

Figure 3: General framework for the conception of diagnostic devices, from bioengineering 

considerations to clinical use. 
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II. Synthetic biology for the development of new 
diagnostic devices 

 
The framework considering biological entities as systems of interacting components capable of input 

detection, information processing, executing logical operations, and producing an output14, has led 

to the engineering of “intelligent” systems for biodetection purposes and as such be used for 

diagnostics applications. Such systems can be developed from the top-down perspective using 

modular biological parts assembled in vivo to generate useful synthetic phenotypes, or be assembled 

ex-vivo from a bottom-up perspectives for the monitoring of specific biomarkers (Figure 5, 6). 

A. Top-down engineering of biological sensor systems in vivo: 
 
The engineering of cell-based biosensing system has arisen as a major focus in the field of synthetic 

biology64, and proved to be useful as a versatile and widely applicable method for detection and 

characterization of a wide range of analytes in biomedical analysis65 66 10 67 68. These systems are 

capable of producing dose-dependent detectable signals in response to the presence of specific 

analytes in a given clinical sample. However, the first generation of cell-based biosensors mostly 

relied on cell native sensor modules without extra signal processing abilities, and thus can only 

detect isolated signals with low signal to noise ratio and poor robustness when used in complex 

matrices69. 

 

Consequently, synthetic biology efforts have focused on streamlining the construction of robust cell-

based biosensors for biomedical applications. A wide range of modules have emerged through 

genetic engineering, and enhanced these systems in terms of modulation of sensitivity, specificity 

and dynamic range, near-real-time signal processing, multi-input (multiplexing) and logic operations, 

or toward the integration of orthogonal biological and electronic components70 71 72 73 74. Cell based 

biosensors capable of multiplexing detection enable to classify complex conditions specified by 

combination of several signals, such as for example the cancerogenesis or the onset of chronic 

diseases. Many proofs of concept have highlighted the great advantage of in vivo integration of 

medical algorithm using biological logic circuits, in order to customize cell sensing and signaling into 

decision making systems, to be used for various clinical applications. In this way, sensor/reporter 

modules can be interfaced with fine signal processing such as digital logic and memory (see section 

4) carried out in vivo by synthetic gene networks. This strategy enhances sensing specificity and 

accuracy of the output response (See section 4). In addition, engineering frameworks exist for the 

optimization of cell-based biosensors, such as directed evolution through MAGE or phage assisted 

continuous evolution. Even though synthetic gene circuits have been used for a decade to construct  
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Figure 4: Synthetic biology enables system integration of diagnostic assays in biological devices. 
Biological systems have evolved powerful molecular modules to sense and process biological signals and inform 
their phenotypes accordingly. Synthetic biology enables the re-engineering and composable assembly of such 
devices to develop novel, integrated diagnostic devices with user-defined specifications.  
 

cells that respond to biological signals in a programmable fashion70 75 76, current commercially 

available or proof of concept cell biosensors have so far been mostly used in contexts irrelevant of 

medical applications77. In this perspective, we suspect that synthetic biology methods will enable a 

new era of robust, stand-alone and integrated smart biosensing devices for medical diagnosis.  

 
These diagnostic devices reside within a chassis, or host cell, which supplies necessary resources for 

full functionality. The engineering of cell-based biosensor devices have been conducted in different 

cellular chassis, either plant78, algae79, mammal80 32, yeast81, or a wide spectra of bacteria species82. 

Cell-based biosensors have been widely investigated for environmental and medical diagnosis 

because they enable cheap and simple large-scale field screening and measurements. However, they 

have other properties that make then interesting as diagnostic devices. They are relatively easy and 

inexpensive to prepare and store through cell culture, require low-cost reagents, and have evolved 

increased stability compared to biochemical probes (DNA, proteins) when exposed to perturbation 

(temperature, pH, ionic strength...). Moreover, cell-based assays are non-destructive, and provide 

more comprehensive and complex functional and physiological information than classical analytical 

methods, such as bioavailability65 76. They can provide insights into the pathogenic mechanisms, 

potentially giving estimation of clinical risks associated with specific molecular events83 84. Because of 
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the auto-replication of biological systems and self-powering a cell-based diagnostics system could be 

portable, and have reduced production costs compatible with systematic screening and widespread 

deployment. Last but not least, cell-based sensor systems can be implanted directly in vivo, thus 

permitting noninvasive detection of conditions in live cells or organisms over time, which can be 

particularly powerful for diagnostic applications. 

Additionally, cell-based biosensors can be further integrated into high density devices to perform 

high through-put analyses and are amenable for miniaturization and incorporation into portable, 

µTAS devices85 86 87 88 86 87 88 89 (Figure 7). In fact, micro-engineering, bioelectronics and microfluidic 

strategies (see section 5) enable the use of population of engineered cells, where a “cell-based chip” 

provides solid and fluidic support for long term maintenance and reagent/sample manipulation, 

acting simultaneously as a sensor, a processor analyzing complex data, and an output device that 

translates the detection of diseases into information intelligible to humans. For example, cell-based 

biosensors have been integrated “on-chip” with microelectrode arrays, photodiodes, field effect 

transistors, impedance or potentiometric sensors90. 

Commonly used reporter modules rely on colorimetric, fluorescent, or luminescent readouts, but can 

also be further interfaced electronic transducers such as acoustic detection, surface plasmon 

resonance, and electrochemical methods. Their choice mostly depends on assay specifications, in 

terms of sensitivities or technical resources. Importantly, colorimetric outputs are human readable, a 

property of interest for integration into low-cost, easy-to-use point of care devices, while 

luminescent signals offer ultrahigh sensitivities and wide dynamic range of detections. However, 

instead of measuring traditional end point signals, other biosensing frameworks exists, and can be 

achieved thanks to properties inherent to biological systems, where information processing 

capabilities of genetic networks in vivo can be exploited (see section 4). It is thus possible to define 

different modes of readout, such as linear, frequency, or threshold, or multivalued modes of 

detection. For example, a riboregulated transcriptional cascade counter that uses multiple regulatory 

layers, enables a cell-based biosensor to give an output that is the function of the number of 

successive time delayed input signal events. These “counting” systems could offer new modalities of 

biosensing where the output is the exact sum of signal triggers in time and not concentrations91 92. 

Other authors have developed frequency-modulated cell-based biosensors, and suggested that 

oscillatory sensors could confer a number of advantages over traditional ones. Cell based biosensors 

relying on optical reporter can for example be improved by frequency measurement, which is less 

sensitive to environmental factors compared to bulk intensity measurements that require 

normalization and calibration93 94.  
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Synthetic biology is thus advancing the design of genetically programmed cell-based biosensors by 

increasing the diversity of readout modes that can be implemented, the nature and complexity of 

molecular biomarker patterns that can be detected and processed. 

 

Microbial systems 

The first microbial systems designed for the detection of various molecular cues such as organic 

chemicals, heavy metals, drugs, or toxics were developed early and proved useful in many 

applications, such as the MicroTox (Modern Water) and BioTox (Aboatox) assays. In some cases they 

could operate in complex matrixes such as human serum95 and urine96 measuring biomarkers of toxic 

exposure, or in vivo where it was shown that exposure to antibiotics could be measured in situ in the 

rat gut, as well as other mammalian body fluids and tissues97 98 99 and on the field to assay complex 

foods100 or soil samples101. 

 

The microbial sensor module determines selectivity and sensitivity of detection of pathological 

signals, and is traditionally derived from bacterial sensory systems such as transcriptional regulators-

inducible promoters from stress responses or degradation pathways. For this reason, natural systems 

used in first generation biosensors often lacked suitable selectivity/sensitivity required for 

biomedical applications, which motivated the increasing development of orthogonal sensing parts 

and devices through synthetic biology75. The engineering of orthogonal sensing modules allowed 

more flexibility for tailoring detection specificities, sensitivity, and transfer functions. For example, 

the rational engineering of RNA riboswitches102 103, or periplasmic binding protein104 105 106 enabled 

detection various small molecules ligands such as the drug theophylline107, metal ions, nucleic acids, 

and proteins108 109 or extracellular biomarkers such as glucose, trinitrotoluene, L-lactate respectively. 

A growing repertoire of orthogonal synthetic parts dedicated to the engineering of biosensing 

systems is constantly emerging, such as ncRNAs110 111, two-components systems, and intracellular 

protein transcriptional regulator-promoter pairs112 113. Additionally, Synthetic biology provided 

methods for the proper assembly of complex genetic circuits to achieve reduction of expression 

noise and improve the signal-to-noise ratio, through the fine tuning of promoter strength114 115 to the 

integration of multiplexed inputs in single or multiple cell consortia74. 

Synthetic biology enables the straightforward engineering of gene networks that can be integrated in 

microbial cell to develop biological filters and amplifiers to enhance biosensing selectivity and 

sensitivity and to develop logic gated multi-input bacterial sensors. For example, we precedently 

developed a bacterial biosensor system we called Bactosensor, as an aid to diagnosis associated 

medical decision (Courbet et al.116) (Figure 6: case 1). This approach offers interesting advantages 
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that we believe could have consequences in medical practice. Bactosensors could provide simple use, 

cost-effectiveness, high sensibility and specificity, multiplexing and built in memory capacity, as well 

as embedding medical algorithms, while needing no clinical sample preparation72. Additionally, we 

proposed that encapsulation of bacteria in stable hydrogels could provide a disposable and portable 

format. We showed that bactosensors could operate in urine and serum, and demonstrated that 

their use could be of interest in the non-invasive screening for glycosuria and diabetes in urine 

samples. Although the use of bacterial biosensors in clinical samples had already been described97 117 

95 96 99 100, the robustness and reliability of living biosensors toward effective use in the clinic had not 

been addressed. Assaying complex “real world” samples is challenging because of the matrix effects 

of chemical mixtures on biosensor’s behavior. In our study, we thus proposed a systematic method 

to evaluate the operational robustness of bacterial biosensors for the clinics and optimization of 

biosensing, signal processing and readout synthetic modules. 

 

However, classical approaches do not enable cell-based devices to sense all species of clinical 

relevance, such as protein biomarkers (albuminuria, antibodies, antigens…) which do not naturally 

enter bacterial cells. Cell based devices that interface robustly with host physiology necessitate the 

engineering of cell-surface sensors modules. Interestingly, bacteria are able to sense and respond to 

extracellular analytes via “two-component” systems, which constitute precious elements to 

implement new biosensing frameworks in prokaryotes. These receptors are intrinsically modular, and 

have already been successfully re-engineered for different biodetection purposes118. Moreover, 

programmable bacterial cells with alternative sensory modules such as  mechanical, electrical and 

chemical systems to detect external stimuli via ion channel, or magnetosome for example, could be 

exploited for a variety of diagnostic applications119 120. 

 

Synthetic biology efforts also permitted to further advance the engineering of new microbial 

biosensor systems, through optimization of chassis121. Chassis can be engineered to behave 

appropriately in the desired environment, for example, a microorganism designed to operate in 

particularly physicochemical stress in harsh environments such as human serum. Moreover, a 

particular task or device may operate differently across chassis, and most laboratory strains of 

microorganism would not fit requirements for clinical applications. A promising solution is to develop 

synthetic streamlined chassis48 with minimal functions required for its operation in clinical media. 

Most approaches made use of Escherichia coli, which still remains the model platform of choice for 

synthetic biology for its ease of use, vast biological knowledge and engineering experience. However, 

one drawback of using E coli as a chassis is the limited repertoire of clinically relevant promoters to 

sense biomarkers. Bacillus subtilis is a promising  and adaptable alternative chassis for synthetic 
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biology122 71 and could be of great interest for biosensing purposes as the number of parts and 

devices available increase, considering it offers interesting characteristics like genome 

minimalisation, assembly of genome-scale heterologous DNA fragments, a wide range two-

component and quorum-sensing systems, and the ability to sporulate after what it can be simply 

harvested and dried for long term storage and distribution. B subtilis is a promising chassis to 

develop bactosensors for its ability to engineer synthetic membrane receptors connected to 

orthogonal signal pathways to drive signal processing of pathological signals. In addition, 

biotechnological domestication of new chassis through synthetic biology, for example 

pseudomonas123, is likely to promote the emergence of new, robust microbial platforms with 

interesting physiological and stress-endurance characteristics for biosensing in clinical conditions. 
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Figure 5: General considerations on constraints and architecture of synthetic biosensors for 
medical diagnosis. Biosensing devices conditionally generating a readable signal upon presence of specific 

patterns of pathological biomarkers can be synthesized using natural or synthetic components such as 
engineered cells, or biochemical reaction network. Such systems can be developed from the top-down 
perspective using modular biological parts assembled in vivo to generate useful synthetic phenotypes, or be 
assembled ex-vivo from a bottom-up perspectives. In order to obtain translational success, important 
constraints are to take into consideration in early design phases. 

 

 

As a well-understood process, freeze drying of bacterial cells has been proposed as a convenient way 

for the long term storage and distribution of most bacterial species for biosensor assays. However, it 

adds an extra level of complexity and expense to the manufacturing process. In that regard, the 

properties of spores make their use interesting for the development of cell-based diagnostics. 

Sporulation enables stable storage format, handling and shipment of biosensors with extended shelf-

life124. Spores can be integrated in miniaturized portable devices where spore germination, 
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incubation with clinical samples, and signal detection are all integrated.  For example, Date et al. 

have developed a µTAS device for the detection of arsenite and zinc using engineered B subtilis 

spores. Germination of spores and quantitative response to the analyte could be obtained at room 

temperature in 2.5–3 h with detection limits of 1×10−7 M for arsenite and 1×10−6 M for zinc in 

serum samples125. In another study, properties of spores themselves have been used to develop a 

real time biosensor, or label-free exponential signal-amplification system126. The authors showed 

that this technique could be used to detect bacterial contamination in platelet concentrates with 

kinetics of the order of minutes.  

 
Like formation of spores, immobilization of cells has received much attention.  We propose that this 

strategy could improve the analytical performance, handling, storage and preservation of microbial 

biosensors without the need of continuous cultivation, and to make them suitable for integration 

into deployable and “ready to use” devices for unskilled personnel127. Different strategies have been 

proposed as a way to obtain stable microbial biosensors encapsulation, covalent binding, adsorption, 

and cross-linking on various substrates. Although interesting formats have been proposed like paper 

strips128 we suspect that the encapsulation of bactosensors in hydrogel beads increase robustness 

and preserve viability and response characteristics of sensing cells under the harsh environmental 

conditions they are exposed to by protecting them, prevent their spread, and enable multiplexed 

biosensing as well as the combination of algorithmic operations in different population of beads at 

the same time.  

 

Microbial cells thus offer a rich playground to engineer novel diagnostic tools, and we believe new 

biomedical technologies allowing novel usages are likely to emerge. For example, as natural 

commensal microbiome flora, prokaryotes could be used in the form of diagnostics probiotics to 

monitor for example gut pathologies in situ. A recent study showed that bacteria could be 

engineered to detect and record biological signals inside the mammalian gut in a programmable 

way19. More recently, Danino et al. engineered a probiotic E. coli strain as an orally administered 

diagnostics to noninvasively monitor liver cancerogenesis129. Their microbial diagnostic platform was 

capable of recording signals arising from metastasis in vivo and generated an output signal 

measurable in the urine, for extended periods of time without deleterious health effects in mice. 

 

Alternatively, other approaches to diagnostics development using engineered microbial cells are 

emerging. It has been recently demonstrated that microbial cells could be engineered to generate 

synthetic tunable multiscale nanomaterials (such as gold-particle patterning to create nanowires and 
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nanorods) that can be conjugated with target ligands and drug molecules for diagnostic 

applications130. 

 

Eukaryotic and prosthetic systems 

Eukaryotic systems are physiologically closer to humans with a similar metabolism, and compared to 

prokaryotes benefit from a more sophisticated genome, proteome and cellular organization that 

increase the available bioengineering space. The extrapolation of biosensing measurements could 

thus be more informative, and of greater relevance for certain detection agendas. Although more 

complex and recent, the toolbox of biological parts and devices that operate in eukaryotic and more 

specifically mammalian cells is rapidly expanding131 132.  

 

Similarly to microbes, natural eukaryotic, or systematically prokaryote derived133 nucleic acid and 

protein-based sensor modules were developed to detect diverse ligands such as small molecules: 

vitamins and metabolites134 135 136 137, gazes like acetaldehydes and nitric oxide138 139, pH140 or 

hypoxia141 or combinations of such input signals. Some recent mammalian biosensing systems made 

use of RNA-based sensors to detect clinically relevant biomarkers142. RNA aptamers are interesting as 

sensing modules because they can be easily engineered de novo to target either small molecules, 

proteins, or other RNAs inside live cells, through various selection strategies143. For example, RNA 

aptamers could detect increased levels of intracellular protein inputs in the NF-κB- and Wnt-signaling 

pathways144 by linking detection events to alternative splicing of an output gene.  

 

Auslander et al. recently reported a mammalian cell-based biosensor capable of precise profiling of 

allergies in human whole-blood samples145 (Figure 6: Case 2). This histamine sensor device consisted 

of a synthetic histamine-responsive signaling cascade in which the G protein coupled receptor HRH2 

senses extracellular histamine levels and then triggers Gs-protein-mediated intracellular signaling 

and activation of a reporter gene. By exposing human patient’s whole-blood samples to an array of 

allergens, basophil cells undergo an allergen-specific release of histamine which replicates the 

specific allergic reaction in the body. The serum is then isolated, and analyzed by designer cells that 

precisely score the allergen-triggered release of histamine, thereby integrating histamine levels with 

interesting sensitivity and dynamic range of response. This strategy proved very interesting, when 

current in vivo and in vitro diagnostic methods to determine the molecular etiology of allergic 

syndromes suffer from lack of reproducibility, patient discomfort, bulky experimentation, low 

dynamic range and poor correlation with clinical symptoms. This study emphasizes the interest of 
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such devices as it provides non-invasive, personalized allergy profiles, and pioneers the use of 

engineered cell-based biosensors for novel diagnostic methodologies.  

 

Engineering of eukaryotic systems also enable the intracellular diagnostics approach, which involves 

genetically encoded noninvasive detection of combinations of small molecules, nucleic acids, and 

proteins in live cells over time. This strategy could allow the measurement of intracellular molecular 

and genomic markers, while taking into consideration the cellular context. For example, Instead of 

probing the chemical nature of a cell’s genome, this new approaches can account for cell and 

genome and epigenome topology and regulatory organization in situ, which is known to be of 

functional physiological and pathological relevance146 147. For instance, instead of measuring 

averaged signals of a cell population in the steady state, in vivo intracellular synthetic gene networks 

can give access to time and space resolution, while enabling the monitoring of the cell’s gene-

phenotype relationship, which is a fundamental challenge in human health.  

 
Taking these considerations further, clinical synthetic biology has long been interested in the promise 

that engineering of mammalian cell-based biosensing devices could enable diagnosis of pathological 

states conjugated to therapeutic modulation of human physiology. Synthetic biologists are thus 

trying to develop and integrate in vivo synthetic gene networks that directly link the detection of 

molecular disease signals to targeted therapeutic activities, a strategy also known as prosthetic 

network.  Prosthetic networks act as intracellular molecular prosthesis that sense, monitor and score 

disease-associated biomarkers and coordinate an adjusted diagnosis, and timely preventive or 

therapeutic responses for increased efficacy and safety. In the form of implantable devices, they 

could act as self-powered, autonomous sense-and-control circuits that trigger pharmacological 

systemic or in situ responses to restore deficient phenotypes. This recent strategy that has yet to 

prove applicable in the clinics, could offer potential applications in the long-term surveillance and 

intervention of cancerogenesis, but also infectious or chronic diseases, such as gout and diabetes. 

 

The potential of medical prosthetic networks was demonstrated in a pioneering example reported by 

Kemmer et al.148 Gout is associated with non-regulated, pathological levels of uric acid. The authors 

showed they could engineer a synthetic mammalian genetic circuit to sense, and maintain uric acid 

homeostasis in the bloodstream of mice. In their design, a modified Deinococcus radiodurans-derived 

protein that senses uric acid levels triggers a dose-dependent de-repression of a secretion-

engineered aspergillus flavus urate oxidase that eliminates uric acid. The authors also showed they 

could insulate the circuit in transgenic cells by immunoprotective microencapsulation. Implantation 

of these designer cells could treat animals by reducing the levels of uric acid to subpathological 
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levels. Similar proves of concept have been demonstrated for metabolic diseases such as Diabetes149, 

or diet induced obesity150. 

However, precise discrimination between clinical states is essential for such autonomous decision-

making devices. Again, combination of multiple context-specific promoters has proved more efficient 

than single input approaches that suffer from linear responses and limited control of specificity and 

efficacy. In cancerology, more and more routine diagnoses are based on molecular signatures rather 

than anatomical anomalies. Nissim et al. thus engineered the mammalian two-hybrid system to act 

as an autonomous logical AND gate that integrates as inputs signals arising from cancer-related 

promoters and expresses a killer (or reporter) gene specifically in cancer cell lines. This approach 

provided increased response tunability and revealed a digital-like response of input amplification 

following a sharp activation threshold, providing robustness, minimizing input noise and false-

positive identification of cell states151. In another key study, using the gene expression levels that 

clinicians commonly used to diagnose prostate cancer, Shapiro's group designed a computational 

DNA network that proceed to five yes/no molecular sensing events in vivo in order to detect 

biomarkers of prostate cancer. Briefly, this biomolecular computer was condiationally responsive to 

the presence of five positive biomarkers to generate a therapeutic output38. In another example of 

intracellular prosthetic diagnostics, a platform that integrates logic and sensing could detect 

pathogenic patterns of miRNAs in vivo152. The authors generated a classifier system through 

straightforward engineering of nucleic acid hybridization reactions, which could assess whether the 

transient expression profile of six endogenous miRNAs matched a specific profile characteristic of 

cervical cancer. This genetic logic circuit could identify cancerous cells and triggers apoptosis in 

response. This approach could be in principle extended to the detection of complex molecular 

pathophenotype and connected to in vivo therapeutic actions. Synthetic gene network built using 

CRISPR-Cas9 technology in mammalian cells, also showed capable of integrating cellular 

pathophysiological information from two cancer specific promoters. Using these cancerous triggers 

as inputs, the system could then activate an output gene following a AND boolean operation. When 

using a luciferase output, the authors could detect bladder cancer cells or induce cell death using 

functional apoptotic genes as outputs153. These studies brought promising proves of concept toward 

the clinical use of custom, personalized designer theranostic cells, which could be further engineered 

to produce different responses, such as the in situ production of imaging agents to aid the diagnostic 

of tumors and metastases, associated with an anticancer action. 

However, physiologically relevant cues are often extracellular, and thus there require tools to sense 

various ligands and complex environment composed of cytokines, hormones, various proteins, 

pathogens, hypoxia, inflammation, or pH, while keeping high orthogonality in sensing components to 
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avoid modes of failure and interface robustly with the patient host. The engineering of such novel 

mammalian sensor systems can be achieved through different strategies: redirecting the output of 

natural receptors, or engineer existing transmembrane sensor proteins to recognize small molecule 

inputs or user specified antigens (reviewed in 154). While the first approach in this direction showed 

successful demonstration to detect endogenous molecules via the rewiring of Notch, GPCRs or RTK 

signaling to elicit novel responses, diagnostic applications may require receptors that detect 

biomarkers for which there are no endogenous receptors154. To address this need, some authors 

recently developed a technology they termed Modular Extracellular Sensor Architecture (MESA). It 

consists in a fully orthogonal architecture where independent, tunable protein receptor modules 

undergo ligand binding-induced dimerization, which further results in proteolytic trans-cleavage of 

the intracellular part, releasing a transcription factor previously sequestered at the plasma 

membrane. They developed a systematic platform for conditional transmembrane ligand detection 

that produces outputs in the form of either transcriptional regulation or reconstitution of enzymatic 

activity, and enable straightforward engineering for the detection of user defined ligands134. Another 

interesting extracellular receptor that has received attention as a recognition element are G-protein 

coupled receptors (GPCRs). GPCRs represent the largest family of membrane receptors, are highly 

modular and their customization could benefit from a large range of natural binding repertoire 

ranging from small molecules to peptides and glycoproteins biomarkers. Moreover GPCR in cell-

based biosensing can be connected to various cellular processes to be used as the sensor readout. 

For example, directed evolution of GPCRs permitted to obtain receptors with novel specificities for 

small molecules155. This strategy has been employed in mice with good success and could be 

interesting for novel diagnostic or analytical purposes156. In addition, the engineering of novel 

immune receptors, with the same modularity, diversity and selectivity as antibodies thus capable of 

sensing a wide range of disease-associated antigens, such as protein biomarkers of cancer, infections 

or cardiovascular risk, was achieved with chimeric antigen receptors (CARs). CARS are designed with 

single-chain antibodies (scFvs) that are fused to cytoplasmic regions of intracellular signaling 

elements (the CD3 zeta chain), which linkage leads to a novel modular input/output sensor that 

activates upon binding the target. These synthetic receptors also enabled the tailored re-

programming of T cells to respond to defined ligands, and proved clinically extremely promising for 

cancer immunotherapy157 158 159. These synthetic receptors could open the way for novel cell-based 

biosensors for diagnostic applications. 

While various eukaryotic chassis have been engineered into cell-based biosensors, mammalian cells 

have dominated synthetic biology medical proves of concepts. However, the yeast Saccharomyces 

cerevisiae also constitutes a potentially interesting chassis for biosensor development81, and can be 
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stored and distributed in a “dry active” state.  As a model organism, many genetic engineering tools 

are available. Extracellular yeast mating peptide sensing systems are G-protein coupled receptors, 

Ste2 and Ste3, initiate an intracellular signaling pathway, and could be good target for the 

engineering of new biosensing devices. To date, S. cerevisiae remains an underexploited but 

promising platform for biosensor development.  

 

Viral systems 
 
The ability of viruses, and more specifically bacteriophages to specifically infect, and lyse their 

bacterial host has been exploited for many decades to reveal and identify bacterial species. Phage-

based diagnostics have been recently further investigated as an emergent technology for the clinical 

diagnosis of infectious bacterial diseases, and synthetic biology approaches have already played a 

major role in the engineering of phage based technologies for the detection of human pathogens160 

161. 

 

Near-real-time microbial diagnostics remain of critical interest in the clinics, where timely detection 

of pathogens and delivery of species specific evidence based therapy is a life-threatening issue162. 

Microbial diagnostics currently suffer from well-recognized shortcomings, since they requires an 

enrichment step during which pathogens are amplified over incubation times ranging from 10 to 48 

h, or even more than 10 days for certain pathogens like Mycobacterium tuberculosis. Moreover, 

standard techniques such as microscopy lack sensitivity, nucleic-acid amplification tests such as PCR 

offer molecular specificity but have complex sample preparation and poor reliability (inhibition, false 

positives…), and immunoassays although highly sensitive, are labor intensive and challenging to 

implement multiplexed detection. To date, bacterial culture isolation remains the standard for 

species identification and confirmation. Consequently, there is a greater emphasis on the direct 

detection of pathogens from clinical specimens, without the need for tedious and slow isolation of 

pure bacterial cultures. Phage-based diagnostics can be regarded as a versatile, widely applicable and 

valuable solution to timely microbial diagnostics, and synthetic biology has already shown its 

potential to dramatically improve this technology (Figure 6: Case 3).  

Natural phages can be engineered to deliver genetic information into specific bacterial species, thus 

exploiting their metabolism for the production of readable molecular signals (fluorescent, or 

luminescent proteins..)160. Synthetic viruses can be rationally designed163 or modified via directed 

evolution164 and chemical and genetic modification can be used to generate numerous 

functionalities165  and cell target specificity166.Different phage-based assays formats and detection 

methods have been investigated: phage amplification with bacterial lysis167 168, Phage/DNA 
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amplification followed by quantitative PCR (qPCR) to identify phage DNA amplification169 170, dot blot 

assay171, phage-integrated colorimetric, fluorescent, and bioluminescent reporter genes172 173 174 175 

176 177 178 179, phage/protein amplification detection with phage-specific antibodies180. More recent 

developments include quantum dot reporting, electrochemical and optoelectronic methods (for 

extensive review see181), or innovative biophysics methods182. Diagnostic sensitivities as low as 10 

cells/mL with a response time of 1 hour in a clinical sample matrix have been described, and a 

number of proof of concept and commercial products showed a very good response time and 

sensitivity in medical context181. The utilization of cocktails of phages or the assembly of phage-

derived recognition proteins has been proposed to specifically detect desired bacterial spectra. The 

advantage compared to other detection method like hybridization based assays, is that it doesn’t 

require an enrichment step and sample pretreatment to achieve maximum specificity and sensitivity, 

and provides discrimination between living cells and dead cells. In addition, the wide bacterial 

selectivity range, host specificity, ease of use, straightforward production and extremely low reagent 

cost, seem to make phages ideal candidates to exploit as bacterial detectors in a variety of culture, 

food, water, clinical and environmental matrices183 . Phage diagnosis can also give information about 

the genetic nature of the host, and thus can be used for antibiotic susceptibility testing184. For 

example, identification of M. tuberculosis by culture on solid or liquid media takes more than 10 

days, requires specialized and costly equipment, and technical expertise and show poor sensitivity 

for identification. Mycobacteriophage amplification technology or reporter mycobacteriophage 

technology allows M. tuberculosis detection in less than 48 hours, along with providing antibiotic 

susceptibility testing185. As another example, blood culture tests such as KeyPath™, allows for 

simultaneous identification of S. aureus and differentiation between MSSA and MRSA180. Phage-

based platforms are also currently clinically used for the detection of Yersinia pestis, Bacillus 

anthracis160.  

However, few prototypes have been fully translated from laboratory to the clinics and have been 

successfully commercialized. Key bioengineering advances provided by synthetic biology are required 

for full maturation of this technological field to achieve enrichment free, sensitive, specific, 

straightforward phage based diagnostic tests. High throughput and genetic engineering tools, 

libraries of robust and reliable devices and parts such as reporter genes, sensitive sensors and 

synthetic gene circuits may enabled the engineering of the huge natural phage “repertoire” chassis 

(over 1032) at a much more higher pace than achieved so far186 187. 

Viral synthetic devices have also been shown to be useful for the rapid typing and monitoring of 

specific eukaryotic cell phenotypes. Until now, they have been extensively used for therapeutic 

purposes and virus-mediated delivery of effector genes and payloads188. Similarly, prosthetic decision 
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making circuits embedding diagnostic algorithms can be delivered via viral vectors in vivo into 

mammalian cells, injecting molecular computers probing the internal state of a cell. As previously 

discussed, such payloads supported by synthetic gene circuits can then sense, score, monitor and 

store disease-relevant molecular information. For example it could contain cancer specific 

promoters189 190, and an actuating device transmitting the cell’s pathological state to human readable 

information.  

These design principles have also extensively been investigated for in vivo imaging diagnostic 

strategies191 192. It was applied for example for different imaging modalities: insertion of key genes in 

melanogenesis in a vaccinia virus vector allowed improved MRI and optoacoustic imaging, in a tumor 

specific manner193. Another method for non-invasive optical imaging of tumors in vivo was 

successfully developed and uses engineered viruses that carry genes and probes to allow deep tissue 

molecular imaging194 or further encodes enzymes (β-gal and glucuronidase) that can be monitored in 

the serum of tumor-bearing mice195 as well as in the blood of humans with cancer194.  

Another interesting field of virus engineering research enabled by synthetic biology is the 

engineering of synthetic viral nanoparticles and their genome-free counterparts, virus-like particles. 

A broad range of genetic and chemical engineering methods have been developed to exploit virus 

nanoparticules as biomedical imaging diagnostics reagents, and the inclusion of peptide ligands on 

the particle surface permitted the improvement of current in vitro diagnostic assays based on the 

conventional enzyme linked immunosorbent assay165. In such assays, the viral nanoparticle helps 

guiding the antibodies to achieve maximum capture of the biomarkers. In addition, high densities of 

antibodies on the surfaces of the nanoparticles lead to greater binding of biomarkers, which 

enhances detection sensitivities. For example, some authors showed that by combining viral 

nanoparticles, which are engineered to have dual affinity for troponin antibodies and nickel, they 

could detect troponin levels in human serum samples that are seven orders of magnitude lower than 

those detectable using conventional enzyme linked immunosorbent assays, exhibiting properties that 

could prove valuable in the early detection of the protein marker troponin I in patients with a higher 

risk of acute myocardial infarction196 197. Other viral nanoparticles could perform similar highly 

sensitive diagnostic assays and could be implemented for a variety of biomarkers. 

While phage based diagnostics technologies are maturing and transitioning to clinical microbiology, it 

is very likely that the further engineering of eukaryotic viruses will lead synthetic biologists to major 

medical developments toward the clinic165. Viral nanotechnologies for diagnostic have now come of 

age and we believe that it will not be long before novel assays reach a prominent role in the clinic. 
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B. Bottom-up engineering of biological sensors systems ex vivo 

Following the advances in the construction of programmable biosensing circuits in living organisms, 

ex vivo synthetic circuits assembled in minimal systems from the bottom-up constitute a viable 

platform for designing, understanding, and exploiting dynamic biochemical circuitry for biodetection 

and thus diagnostic purposes. Cell-based biosensing systems often rely on intracellular passive 

diffusion of analytes, or kinetics of transcriptional and translational processes that result in slow 

sensor responses. In addition, non-orthogonal gene networks constitute a load in engineered cells 

that can interact with chassis components and result in unpredictable and noisy response profiles. 

On the contrary, bottom-up synthetic systems that rely on nucleic acid, protein, or metabolites have 

temporal dynamics in the order of seconds or minutes. Released from unwieldy complexity, context 

dependencies, and unpredictability that burden the use of living systems, ex vivo systems allow 

researchers to directly access and manipulate modular biomolecular parts with unprecedented 

control and design space (figure 6). Advances in such bio-inspired functional systems198 include 

diverse capabilities including: biosensing, algorithmics, memory, and various biological 

functionalities. Progress in this field demonstrated that cell-free synthetic biology is an promising 

field for the fundamental understanding of native biological systems but most importantly the 

engineering novel biotechnological tools for the clinics199 200.  

Nucleic acid based systems 

Nucleic acids are versatile molecules capable of information processing and storage. They are 

governed by simple, predictable and programmable rules driven by watson-crick base-pairing 

interactions and strand displacement that enable their straightforward nanoscale synthesis and 

engineering with important design space201. The past decades witnessed the development of 

complex in vitro nucleic acid circuits and devices highlighting the potential of using nucleobases and 

their polymers as building blocks to generate useful architectures202 203 204. Nucleic acid based in vitro 

systems have made numerous contributions to biodiagnostic as well as biotechnology research, with 

the best example probably being the development of polymerase chain reaction. As signal detection, 

amplification and transduction depend on the programmability of waston-crick base pairing, nucleic 

acid circuits can be tuned and adapted to various applications compared to other biomolecular signal 

amplification reactions. Moreover, novel methods to select and amplify sequence-specific nucleic 

acids with specific recognition sites (aptamers) for low-molecular-weight analytes, macromolecules 

or whole cells and development of catalytic nucleic acids (DNAzymes or ribozymes) are promising 

and likely to provide new analytical tools205. Meanwhile, the field of DNA computing and molecular 

programming has taken an increasing importance for analytical applications206. The modularity of 
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nucleic acids, as well as their capacity to directly interact with a wide range of analytes, especially 

other nucleic acid biomarkers, enables the implementation of decision making circuits that are 

programmable functions between selected inputs and outputs, which are relevant to diagnostic 

applications204. A variety of sensing systems relying on nucleic acid devices have been developed 

during the past decade, with particular interest for riboswitches, apatmers, and catalytic nucleic acids 

(DNAzymes and ribozymes) coupled to more complex nucleic acid reaction networks.  

 

Aptamers are synthetic single-stranded nucleic acids that selectively bind to a broad range of specific 

targets ranging from proteins to peptides, amino acids, drugs, metal ions, and even whole cells, and 

benefit from systematic and robust methods for their obtention through a combinatorial directed 

evolution method called SELEX207. They have demonstrated great promise in diagnostic biosensor 

development during the last decade, since they possess unique characteristics compared to 

antibodies or other biomimetic receptors, comparable or even better affinity, easy and cost-effective 

synthesis with high reproducibility and purity, simple and straightforward de novo design, 

engineering and chemical modification208 209. Aptamers are thus powerful alternatives to antibodies 

or other biomimetic receptors for the development of diagnostics210. They proved their value as 

diagnostic tools in several diagnostic applications and assay formats such as biomarker detection 

from cancer clinical testing to detection of infectious microorganisms and viruses (reviewed in211). 

For example, the possibility of using aptamers as an alternative molecular recognition element in 

ELISA has received great interest, which gave rise to an ELISA-derived assay called enzyme-linked 

apta-sorbent assay (ELASA)212
. Taking the versatility of aptamers further, recent stuides proposed to 

develop intelligent aptasensors that embed boolean logic. For instance, Zhou et al. engineered 

biocomputing systems with aptamer-based biochemical sensing controlling a self-powered biofuel 

cell that process the information. This proof-of-concept could detect patterns of thrombin and 

lysozyme inputs and generate an electrochemical output following a NAND truth table213. Even 

though these logic biosensors were shown to operate effectively in complex physiological sample, 

they still require significant engineering efforts prior to a potential practical application. Moreover, 

while most diagnostics are still under the supremacy of immunoassays, further studies are needed to 

evaluate clinical robustness of aptasensors in clinical sample matrices and to provide new sensing 

formats (Reviewed in214). 

Similarly, the discovery of natural riboswitches has inspired application to ligand detection, exploiting 

the ability of RNA to recognize molecular targets and harnessing the ligand-dependent structural 

rearrangement of RNA to generate a measurable signal215 216 217. Riboswitches are RNA aptameric 

elements in RNA devices that control gene expression, refolding, or allosteric ribozyme activities in 
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cis in response to a broad range of specific ligands218 . Riboswitches are integrated into RNA, and are 

mostly constituted of an internal ribosome entry site accessible for the ribosome only in the 

presence of a specific ligand, while it is inhibited in its absence. Because synthetic riboswitches make 

it possible to regulate any gene or RNA enzyme with an arbitrary molecule, they function as 

biosensors, in which the output is easily detectable protein expression or enzymatic activity that 

reflects the concentration of the corresponding ligand219. Rational design strategies for constructing 

novel riboswitches that work in cell-free translation systems have been described, and their 

systematic engineering for different biosensing targets, such as FMN, tetracycline and 

sulforhodamine B have been demonstrated220. In another approach, Olea et al. described a general 

analytical method for the detection of target ligands based on self-replicating aptazymes. These 

“autocatalytic aptazymes” are constituted of an aptamer domain linked to the catalytic domain of a 

self-replicating RNA enzyme221. Ligand-dependent self-replication of RNA proceeds in a self-sustained 

manner, undergoing isothermal and protein free exponential amplification. The rate of exponential 

amplification is a function of the concentration of the ligand, thus enabling quantitative ligand 

detection. 

Catalytic nucleic acids, or DNAzymes, that can also be employed diagnostic reagents, and were 

extensively used as amplifying labels for optical and electrochemical sensing platforms. A vast 

repertoire of synthetic catalytic nucleic acids were recently engineered, such as metal-ion-dependent 

DNAzymes, apatmer inducible DNAzymes and cofactor-dependent DNAzymes that catalyzes cleavage 

or ligation of oligonucleotides or mimic native enzymatic functionalities. Furthermore, DNAzyme 

have been employed to trigger catalytic cascades and thus used for amplified autonomous sensing 

and DNA logic gate cascades and computing circuits. For instance, a method for the nanomolar 

detection of histidine was reported, using a L-histidine-dependent RNA-cleavage DNAzyme222, or a 

HRP-mimicking DNAzyme cascade was engineered for the amplified apatmer mediated detection of 

PDGF223. DNAzymes also provided a colorimetric method to detect telomerase activity as a cancer 

specific cellular biomarker224 225. 

Other strategies recently developed, rely on the binding of single stranded DNA signals to a partially 

double-stranded complex by a single-stranded domain called a toehold, and then release the 

originally bound strand after branch migration has occurred. In this way, an output signal can be 

activated upon the arrival of an input signal, and the reaction rate can be controlled by the length 

and nature of the toehold. This concept permitted the development of many DNA strand 

displacement circuits’ strategies, resulting in a wide range of applications for in vitro biomedical 

diagnostics226 227. For example, Chen et al. have recently developed a toehold exchange mechanism 

working with double-stranded nucleic acids, which they show can be used as a novel programmable 
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diagnostic device to detect single nucleotide polymorphism. They demonstrate that conditionally 

fluorescent DNA probes are capable of detecting variations of a single base in a target dsDNA, 

reliably over a wide range of conditions228. They then successfully apply this principle to diagnose 

individual point mutations in Rifampicine bacterial antibiotic resistance genes in E coli. This 

technology could prove interesting to screen extended genetic regions and multiplex SNP detection. 

 

Moreover, toehold mediated strand displacement mechanism permitted to develop novel enzyme 

free nucleic acid amplification circuits for different diagnostic detection strategies, such as entropy-

driven catalysis (EDC) circuits, seesaw gates, catalytic hairpin assembly (CHA) reactions and 

hybridization chain reactions (HCR)229. In such circuits, single-stranded nucleic acid inputs produce 

refolding of kinetically trapped substrates via exposed toeholds and strand exchange reactions, thus 

enabling conditional molecular interactions. Outputs of EDC, CHA and HCR are constituted of 

independent ssDNA, multiple duplexes and concatemers of increasing length respectively, and they 

can thus easily be coupled to different analytical modalities, with signal transduction characteristic 

that are suitable for diagnostics especially when the concentrations of input molecules are low. They 

include transduction to fluorescent, luminescent, electrochemical, enzymatic activity via DNAzymes, 

and colorimetric signals230. Researchers have already been able to use in vitro DNA circuits to amplify 

signals and detect RNA, proteins and small molecule analytes using different reporting methods 

combined in a plug-and-play way231. This methods have provided new paradigms for the design of 

enzyme-free biosensors for point-of-care diagnostics230. CHA and HCR have been developed and 

adapted into novel diagnostic tools, where they showed improvement in sequence-specific detection 

of amplicons generated by enzymatic amplification232. For example, CHA demonstrated improved 

signal-to-background ratio, while providing several hundred-fold amplification within a few hours 

detecting less than 10 copies/μl of a target sequence. Compared to conventional enzyme based 

amplification reactions, CHA provided high sequence specificity and false-positive signals arising from 

non-specific binding to templates was greatly suppressed. In another example, a non-nucleic acid 

small molecule analyte, lead, could be detected with sensitivities of 10−100 pM, which was 4 orders 

of magnitude better than the previously reported biosensors without amplification. In another study, 

CHA amplification reduced by more than 2 orders of magnitude the detection limit for thrombin 

aptamers to 20 pM, a sensitivity comparable to conventional ELISA. These nucleic acid circuits 

showed also capable of improving conventional immuno-assays methods. Immuno-HCR strategies 

notably increased the sensitivity of carcinoembryonic antigen detection cytokines and chemokines, 

as well as performing multiplex analysis229. HCR reactions can also be used for a detection of protein 

biomarkers233, as well as an imaging tool, and proved extremely useful to enhance signals from in situ 

hybridization and for imaging mRNA expression in vivo234 235. These methods demonstrated high 
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sensitivity and specificity but also great versatility and could be readily programmed and adapted to 

different applications. In addition, some nonenzymatic or enzymatic cascades could stand as 

potential alternatives for polymerase chain reaction in terms of sensitivity. However, the timeframe 

in which these amplifier circuits generated an output is situated between 2 and 50h229, a delay that 

could still prevent usage in specific diagnostic set-ups. All these strategies can be coupled to develop 

complex biosensing modalities. For example, extensive efforts were directed to apply the enzymatic 

and nonenzymatic nucleic acid cascades for amplified sensing and gated detection of nucleic acids 

and aptamer substrate complexes. Analytical advantages of cascaded amplification and sensing 

include: isothermal conditions, no requirement in terms of special instrumentation, generation of 

human readable colorimetric signals, and increased versatility. They could thus be amenable for or 

point-of-care diagnosis or extended diagnostic modalities.  

Integrating medical algorithms into DNA circuits for disease diagnosis has been achieved to tackle 

different real world pathologies, such as infectious diseases, cancer, or metabolic disorders. In order 

to be applied to medical diagnosis, clinically relevant biomarkers can be detected as inputs to nucleic 

acid circuits via riboswitches or aptamers that translate the recognition to DNA/RNA conformational 

change, which triggers a computation process following a diagnostic algorithm. Nucleic acid circuits 

originated from efforts to develop nucleic acid computation, and besides signal amplification they 

have other properties that prove useful in diagnostic assays. Nucleic acid circuits are particularly 

capable of implementing decision making algorithms by including logic gates, thresholding and 

bandpass elements, and as such be useful for background suppression and noise reduction, to 

provide novel diagnostic devices. For example, autonomous molecular computers have been 

engineered to distinguish pathological states, by integrating the detection of disease biomarkers such 

as mRNAs, miRNAs, proteins, and small molecules into a programmable detection algorithm236. In 

addition, the advantage of nucleic acid circuits is that they can be scaled up and extended to 

encompass basically any diagnostic agendas226, as highly complex sensing and computing circuit can 

be needed to assess complex pathophenotypes and achieve quantitative discrimination between 

healthy and disease states with high resolution. Such autonomous complex circuits with the 

capability to recognize patterns of molecular events, make decisions and respond to the environment 

have already been successfully developed, for example by mimicking neural network computation 

with considerable power237. 

Cell types, both healthy and diseased, can be classified by inventories of their cell-surface markers 

using aptamers and nucleic acid circuits238. In a recent approach, You et al. developed DNA 

nanorobots for programmable analysis of multiple surface markers to enable the phenotype profiling 

on whole cells. They engineered a device combining structure-switching DNA aptamers with toehold-
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mediated strand displacement reactions to perform autonomous Boolean logic-based analysis of 

multiple cancer cell-surface markers with production of a diagnostic signal, associated with a 

targeted therapeutic effect239. In a similar approach, Rudchenko et al. engineered a molecular 

automata capable of scanning lymphocyte surfaces using a combination of antibodies and DNA 

circuits to assess the presence or absence of cell surface markers on living human cells240. 

 

Nucleic acid diagnostic devices have proved capable of operating in solution but also on solid 

surfaces such as paper241 242. The use of transcriptionally generated RNA circuits along with post 

translational components as transducers might further simplify the production of nucleic acid circuits 

for point-of-care applications: instead of producing, purifying and storing multiple kinetically trapped 

nucleic acid substrates, double-stranded transcription templates could be used to generate these 

circuits in situ. For example, Pardee et al. recently developed toehold RNA switches integrated on 

paper-based biosensors that provide an alternate and versatile platform format for synthetic 

biologists (Figure 6: Case 4). This format enables the safe deployment of synthetic gene circuits 

beyond the laboratory. In this approach, they propose that commercially available cell-free systems 

freeze dried on paper could enable the inexpensive, sterile, and abiotic distribution of synthetic 

biology DNA-based biosensing technologies for the clinic. They demonstrate this technology with the 

detection of clinically relevant small-molecule and nucleic acids, rapid prototyping of complex gene 

circuits, and programmable in vitro diagnostics, including glucose sensors and strain-specific Ebola 

virus sensors243.  

 

Moreover, synthetic nucleic acids can be also used as probes in higher order structure constituted of 

amplifying probes. For example, branched DNA assays, in which alkaline phosphatase labeled 

nucleotides bind branched DNA structures (bDNA) generating a chemiluminescent signal, have 

shown to increase the specificity of conventional assays, such as the VERSANT assay (Siemens 

healthcare, USA). The more accurate, automated, highly sensitive and broad dynamic range of bDNA 

assays, have proved them useful for the diagnosis, prognosis, monitoring of viral load, and effect of 

HIV, HCV and HBV antiviral therapy, when variability associated with the PCR assay made it less 

useful for monitoring patients on antiretroviral therapy244 245. 

 

Similarly, other architectures using synthetic nucleic acids probes have been described, such as DNA 

hydrogels biosensors: ssDNA sensing devices made of hybrid DNA-hydrogel respond to stimuli by 

altering shape and swelling properties after toehold-mediated DNA displacement reaction. This 

strategy has been implemented for the detection of various chemicals or proteins246 247. Algorithmic 

control on assembly and operation of DNA nanostructures and machineries248, have also yielded 
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synthetic molecular machinery from DNA, or “nanomachines” that can be activated by interactions 

with specific molecular signals or by changes in their environment249. For example DNA origamis 

were proposed to be assembled into logic-controlled “Sense-Act-Treat” nanomachines capable of 

autonomous in situ diagnosis and therapy delivery250 251, or stand-alone biocomputers capable of in 

vitro diagnosis252. In the first example, switchable DNA nanocapsule closed by DNA strands hybridized 

to aptamer sequences could open upon recognition of certain cell surface proteins. More recently, 

following an ex vivo prototyping phase, this approach was successfully transitioned DNA origami 

robots operating in living cockroaches and is now being evaluated for patient use in a clinical trial253. 

Orthogonal nucleic acid chemistries have also been proposed as new tools for diagnostics 

development. Novel synthetic nucleobases and their genetic polymers, known as XNA (xenonucleic 

acids) increase the chemical and structural diversity of nucleic acids, and open up the way for 

increased affinity and stability against enzymatic cleavage, expanded functionality such as enzymatic 

activity, and improved synthesis and selection procedures254 255. For example, selection experiments 

against two human target proteins, VEGF and IFN-γ yielded XNA aptamers that bind with affinities 

that are >100-fold improved over those of aptamers containing only natural bases256. Other authors 

developed nanomolar to subnanomolar affinities to clinically relevant protein targets including PDGF 

and pro-inflammatory cytokine IL-6257, or small molecules  such as camptothecin258. Recent studies 

also demonstrated the advantage of using XNAs detection probes in biological fluids, particularly 

because they permit to achieve significant improvement in stability by providing resistance to 

nucleases. For example, expanded nucleic acids aptamers showed promising properties as probes for 

in vivo tumor imaging. These authors developed a novel locked nucleic acid (LNA)/DNA chimeric 

aptamer probe that showed a great improvement in performance and serum stability compared to 

conventional aptamers259. These strategies showed that chemically expanded genetic alphabets can 

yield aptamers with greatly augmented affinities and stability, suggesting the potential of synthetic 

XNAs as a powerful tool for creating novel, highly functional nucleic acids. Orthogonal nuclease-

resistant version of nucleic acids amplification reactions systems and probes, for example based on L-

RNA molecules, were also described to have gained increased robustness221. It constitutes an 

alternative approach that has been applied for example to the autocatalytic aptazymes to construct 

enzyme entirely from non-natural L-ribonucleotides221. The mirror-image enzyme behaves identically 

as the D-RNA, but has gained complete resistance to ribonucleases. 

Future advances in synthetic biology methodologies for the synthesis, characterization and evolution 

of synthetically augmented genetic polymers should help resolve numerous arising clinical questions, 

as well as providing fully programmable substrates for diagnostic and molecular computing. XNAs 

technology is also likely to provide a growing bioengineering toolbox of biochemical encoding and 
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manipulation of biological information, while also enabling to fully exploit their expanded range of 

physicochemical properties, orthogonality, and biostability. Additionally, In vivo circuits operation 

could further benefit from the use of orthogonal nucleic acid chemistries or even expanded nucleic 

acid alphabets. 

 

Protein based systems 

Proteins are versatile and modular tools that operate naturally as near real time effectors, and have 

been widely used in many biomedical applications. At the molecular level, many biological response 

functions are allosterically regulated protein activities that couple an input to an output function. 

Compared to nucleic acids that have limited diversity, and gene circuits that are inherently slow, the 

kinetic properties as well as the possibility to implement almost all biological functions: sensing, 

catalysis, signal processing, memory, among others, define polypeptides as powerful substrate for 

synthetic biology260. Post-translational tools defined as amino acids and their polymers offer a vast 

engineering playground for synthetic biologists261 198. Thus, protein based biosensors provide 

attractive tools for the real time monitoring and control of molecular events in complex biological 

environments. However, their rational and systematic bottom-up engineering is often more delicate 

and error-prone than with nucleic acids. Although protein based strategies remain hindered by the 

difficulty to tailor signal transducers and receptors that can be readily compiled into defined 

diagnostic circuits, a true engineering approach for the design of protein sensors and circuit devices 

with standard functional and structural protein modules that sense, process, and amplify specific 

molecular signal of clinical interest, is recently emerging262. 

Protein–ligand interactions are part of almost every biological process and have tremendous 

importance in diagnostics. However, current protein based sensors are still largely based on single 

probes often isolated from naturally occurring proteins. Many synthetic biology approaches have 

thus tried to manipulate protein interfaces to enhance diagnostics performances and have enabled 

the development of new probes with improved capabilities in regard to straightforward integration 

in on-purpose formats, coupling of effector functions, robustness in biological samples, and 

specificity and sensitivity, among others.  

Antibodies have been the long lasting paradigm of binding proteins with desired specificities and high 

affinities, but they have intrinsic limitations related to their molecular properties: large, bivalent, 

multidomain protein, dependence on disulphide bonds and complex glycosylation pattern, poor heat 

stability, and are difficult and expensive to manufacture. In recent years, engineered versions of 

antibodies and even orthogonal binding schemes have entered successfully translated towards 
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clinical application. In addition, new synthetic approaches for further improvements are likely to 

accelerate translation of novel protein probes and sensors. For example, the ability to conditionally 

direct antibodies could prove extremely useful. In a recent study, Gunnoo et al. showed that they 

could engineer antibodies displaying gated binding through site-specific, chemical phosphorylation of 

a recognition domain263. This gated binding could perform Boolean logic operations, such as 

induction in an enzyme-AND-antigen conditional manner. In this case the simultaneous expression of 

a cell surface antigen and secreted enzyme were used to conditionally generate binding function. 

This strategy permits to generate antibodies active only in the presence of specific biomarker inputs 

of different nature to enhance diagnostic precision. 

Immunodetection can also be engineered to integrate environment cues, or also provide 

straightforward manipulation of sensor binding characteristics by the user. For example, pH gated 

antibodies have been recently developed by Strauch et al.264. They described a strategy to design pH-

dependent protein interfaces and showed that they could design a protein that binds antibodies in a 

pH dependent way. This could prove extremely interesting for antibody affinity purification and 

certain diagnostic formats. This approach demonstrated how protein engineering can increase 

versatility and efficiency off conventional diagnostic reagents. Alternatively, manipulation of 

synthetic antibody genes could allow for the creation of new immunoglobulin devices for novel 

detection frameworks, such as multi-specific antibodies, that are already moving towards diagnostic 

applications265. 

Directed evolution of proteins as enabled by synthetic biology, is a powerful and versatile 

bioengineering tool and solution for selecting proteins with desired functionalities266. Site-directed 

mutagenesis creates libraries of rationally designed protein variants that can be screened, to allow 

quick understanding of protein structure and its effects on function while looking for enhanced 

forms, all in one experiment. It has been extensively used, either alone or in combination with other 

methodologies such as computational design, to generate useful probes and diagnostic reagents267. 

For instance, a recent study presented a method they called antibody diagnostics via evolution of 

peptides (ADEPt) to evolve diagnostically efficient peptides for de novo discovery and detection of 

serum antibody biomarkers without knowledge of disease pathophysiology. As pathological 

antibodies repertoire are known to change in diverse diseases, this methods  has proven useful to 

create diagnostics for early disease detection, stratification, and therapeutic monitoring, and enabled  

effective identification of a critical environmental agent involved in celiac disease268. 

Meanwhile, a new generation of sensor proteins has been described, derived from small and robust 

non-immunoglobulin scaffolds that can be engineered with defined binding functions using the 
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methods of combinatorial protein design, and assembled with modular composability. As shape 

complementarity is an important part of molecular recognition, the capacity to precisely tune the 

shape of a binding scaffold to match a target of interest enables the generation of high-affinity 

protein based diagnostics269. Many protein scaffolds have been proposed and consolidated as smaller 

sets capable of multiple targeting and operation in different settings as diagnostic reagents, such as 

engineered affibodies, adnectins, anticalins, or DARPins270. They combine the binding properties of 

antibodies with improved properties such as small size, high stability, absence of cysteines, high yield 

bacterial expression and the possibility of building higher order and multispecific constructs.  

Also described as interesting post-translational strategies for controlling the flow of information in 

biochemical reaction networks, synthetic protein scaffolds are particularly attractive because of the 

modular nature of the design, and permit spatial organization of enzymes, and have thus been 

employed to create orthogonal interaction domains for assembly of synthetic metabolons. They have 

been shown to improve biochemical reactions in multi-enzyme complexes though substrate 

channeling271 and programmable fine-tuning of enzymatic reaction and yields272. 

Instead of relying on natural antibody production and associated tedious methods, manipulation of 

biomolecular recognition between ligands and proteins can also be performed in silico. 

Computational design of proteins has successfully been extended to new folds, new catalysts273 274, 

on existing scaffolds275, and even non-natural reactions276 with defined specificities and affinities277 

278. Computational design of proteins enables the systematic engineering of binding sites, protein 

structure and function279. A decade ago, Looger et al. presented the first structure-based 

computational method to redesign protein ligand-binding specificities. Multiple soluble proteins 

receptors binding a number of small-molecule ligands with high selectivity and affinity, such as 

trinitrotoluene , L-lactate, serotonin, and the nerve agent pinacolylmethylphosphonic acid have been 

reportedly built in the periplasmic binding protein protein106. These de novo engineered receptors 

can then be used as biosensors for their new ligands although the systematicity and reliability of the 

method has been questioned280. More recently, Tinberg et al. demonstrated an approach for 

designing de novo proteins that bind small molecules and use it to create specific binders for 

digoxigenin281. The method relies on the design of highly energetically favorable, defined interactions 

with the ligand in customizable protein scaffolds. The binding-fitness was further mapped using and 

library selections and deep sequencing, and enabled to optimize affinity to a picomolar level, 

comparable to conventional antibodies. Moreover, the selectivity for digoxigenin over the related 

steroids digitoxigenin, progesterone and b-oestradiol, could be rationally programmed by 

manipulation of rational design of hydrogen-bonding interactions. The authors also found that these 

synthetic sensors had increased stability for extended periods at ambient temperatures, and could 
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be expressed at high levels in bacteria, properties that provide a more robust and  cost-effective 

alternative compared to antibodies. Thus, these computational methods should enable the 

development of a new generation of biosensors and diagnostics for the detection of small molecule 

compounds. The computational design of protein-protein interaction, although suffering from 

shortcomings in current approaches, is now transitioning to reality, and recent successes show we 

could soon be capable of modulating, reengineering and designing on demand protein–protein 

interaction networks282. 

Protein switches are used in natural biological signal transduction systems, and enable cells to sense, 

integrate and respond to a variety of molecular signals. Consequently, the re-engineering of tailored 

protein switches could enable real time, in situ detection of clinically relevant inputs. Recent progress 

in constructing protein-based switches is likely to define a new generation of molecular diagnostics. 

For instance, the engineering of ligand binding protein sensor switches has led to many interesting 

devices. Protein switches and sensors can be built from simple, modular components, yet display 

highly complex signal-processing behavior283. Enzymes are of particular interest, as they can 

implement detection, signal processing and amplification and are amenable to modular engineering. 

Engineering of synthetic allosteric control in proteins, orthogonal protein building blocks, control of 

switchable protein-protein interactions or designing switchable enzyme are thus major fields of 

investigation284. In cells, kinases and phosphatases are inactive by default and get switched by 

specific signal to be processed. Modular autoinhibition is a natural occurring form of enzymatic 

regulation in which autoinhibitory domains conformationally inhibits the activity of another domain 

within the same molecule. Covalent modifications such as phosphorylation are then capable of 

relieving inhibition and confer a switch like behavior to enzymatic activity. For example, Dueber et al. 

in pioneering work285 286 287,  explored how modular domains can be assembled to build switches with 

nonlinear input/output function. They integrated the autoinhibitory interaction module of the yeast 

kinase N-WASP with several domain-peptide interactions from unrelated signaling proteins: Src 

homology 3 (SH3) and PDZ peptide-ligand interactions. These authors managed to fuse constitutively 

interacting domain–peptide pairs to generate a N-WASP protein responsive to peptide ligands, 

where different combinations of input modules could produce logic gated behaviors (AND, OR) and 

ultrasensitive, near-digital switching dynamics with signal amplification. The same domain fusion 

strategy was later also successfully applied to re-engineer guanine nucleotide exchange factors288. 

Modular protein switches can also be engineered with orthogonal regulation processes. The 

synthetic coupling of overlapping protein domains, or domain fusion, so that small ligand, peptide or 

protein binding partners can then regulate allosteric activity of a enzymatic switch, have generated 

useful devices. For instance, ligand-sensing domains have been fused with dihydrofolate reductase,  
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β-lactamase289 290 289 and Src, p38, and focal adhesion kinase291 292 generating estrogen analogs,  

maltose or rapamycin inducible versions of these proteins respectively. Sallee et al. developed a 

method to systematically construct two-domain fusion proteins using naturally occurring sequence 

overlaps between interacting domains, which displayed mutually exclusive binding properties to 

ligands293. Although still suffering from lack of standardized protocols, issues with folding 

unpredictability and dynamics and relying on empirical optimization289, the coupling with screening 

strategies enable to fully exploit this approach, and in the future new tools could enable the 

straightforward engineering of such sensor systems. 

Mutually exclusive binding interactions have also been used to develop protein sensors where ligand 

interacting fluorescent or bioluminescent modules modulate the efficiency of resonance energy 

transfer294 295
. Recently, an interesting and innovative approach was described by Griss et al., in 

which semisynthetic bioluminescent protein sensors with a new mechanism could be used for 

inexpensive point-of-care biosensors for companion diagnostics295 (Figure 6: Case 5). This technology 

also known as LUCIDs (Luciferase Based Indicators of Drugs) permitted precise quantification of 

specific drugs in patients serum by spotting drops of clinical sample on a paper format and recording 

the signal using a basic digital camera. LUCIDs have a modular design and consist of 3 basic blocks: a 

protein-based receptor, a luciferase and a synthetic part containing a fluorophore and a specific 

ligand. Upon ligand binding to the receptor module, the fluorophore is maintained in close contact 

with the luciferase permitting efficient bioluminescent resonance energy transfer. A competing 

specific analyte can displace the binding and hence abolish BRET efficiency. By measuring the ratio of 

light emitted from the luciferase and the synthetic fluorophore, one can quantify the concentration 

of the target analyte, in such a way that it doesn’t dependent on sensor concentration and signal 

intensity. These modular devices were integrated on paper format to generate portable devices, and 

engineered for the detection of a wide range of drugs: Methotrexate, Tacrolimus, Sirolimus, 

Cyclosporin, Topiramate, and Digoxin. They proved efficient and accurate with human samples, and 

promising for the development of new generations of portable companion diagnostic assays.  

Similar sensors systems were developed that relied on complementation of luciferase fragments or 

on domain insertion within the luciferase structure permitting the monitoring of molecular 

physiology within living cells296. In another strategy, a β-lactamase fused to its inhibitor protein, and 

connected via a linker to a ligand receptor module, permitted to detect specific molecular cues via 

measurement of enzymatic activity297 298. Additionally, Stein et al. recently reported a strategy for the 

construction of modular protein biosensors based on synthetic autoinhibited proteases whose 

activity can be modulated by specific proteolysis, ligand binding, or protein–protein interactions. 

They demonstrated that such protease-based ligand receptors and signal transducers could be 
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assembled into different types of integrated signal sensing and amplification circuits. They relied on 

structure-guided design and directed protein evolution to create signal transducers and also 

demonstrated the modular design of an allosterically regulated protease receptor following 

recombination with an affinity clamp peptide receptor. They engineered high functional plasticity in 

protein switches, not previously observed in naturally occurring receptor systems.  

De novo design of synthetic protein networks can also mimic some of the basic logic functions of the 

more complex in biological networks, and integrate biosensing and signal processing capabilities299. 

Enzymes can also enable the construction of biochemical circuits where they are used to implement 

a “metabolic logic”, in which the inputs and the outputs are enzyme substrates and products300 301 302. 

Such biomolecular logic systems for bioanalytical purposes can be designed to operate in a digital 

way, and process multiple biochemical information at once in cascades of biochemical reactions, to 

generate a final output in the form of a yes/no response, thus leading to high-fidelity decision making 

compared with traditional sensing devices operating in parallel. Biochemical reaction networks can 

thus be seen as the most direct and kinetically favorable way of coupling of the signal sensing with 

biochemical reporters. In such systems, biomarkers are biochemical entities that can interact and be 

processed by the enzyme network to generate a final colorimetric, fluorescent, luminescent or 

electrochemical output. The timely detection of complex patterns of multiple biomarkers with such 

biochemical systems could positively impact diagnosis and treatment of diseases303. This approach is 

fundamentally new regarding the sensor design and operation and careful attention to the 

biocomputing substrates and interface with other systems and electronic transducers have been 

explored. Enzyme-based reaction networks have further been interfaced with signal-responsive 

materials and electrodes and immobilization schemes have been reported for that purpose304 305 306 

307 308. A few examples of biochemical reaction networks of coupled enzymes implementing Boolean 

logic functions have been described as proof of concept to provide medical diagnostic solutions309. 

For example, biochemical reaction networks could detect complex patterns of pathophysiological 

biomarkers from liver, brain, hemorrhagic shock, oxidative stress, or abdominal trauma injury310 311 

312 313 314, or release a drug upon sensing and integrating pathological stimuli in a complex molecular 

algorithm315 316 317. Moreover, in order to increase confidence level of such biosensors318, the scaling 

up and concatenation of enzymatic boolean logic gates (e.g., AND, OR, XOR, NAND, NOR, etc.)  in 

networks, information storage, or threshold filers have been implemented319 320. Although such de 

novo strategies for the construction of tailored reaction networks still lack general robustness  due to 

the small repertoire of enzyme and orthogonal functionality as well as the complexity and lack of 

knowledge on enzyme dynamics, extensive theoretical analysis has suggested ways of coping with 

noise and uncertainty in biochemical reaction networks321 322 323, and computational tools for 
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automated design, analysis and model checking are more and more efficient and promising324 325 326 

327. Coupling protein- and nucleic acid-based devices can be achieved, and could generate useful 

devices in biological circuit engineering for diagnostic applications. 

Similarly with nucleic acids, the genetic code expansion for synthesis of proteins containing non-

canonical amino acids is a rapidly growing field in synthetic biology328 329. Synthetic amino acids could 

enhance stability, activity330, and provide extended functionalities and overall operability of protein 

based diagnostic reagents. Already around 100 distinct non-canonical amino acids using orthogonal 

translation systems have been established, and enabled straightforward in vivo or in vitro production 

with synthetic post-translational modifications. This high control from synthetic genes to orthogonal 

post-translational machineries enables the fine design of novel protein probes with user defined 

properties. For instance, photocaged phospho-aminoacids have provided access to time-resolved in 

vivo measurements331, and new possibilities in site-specific fluorescent labeling provided enhanced 

new protein probes. In another example, Wang et al. described a method relying on combination of 

unnatural amino acid mutagenesis and selective chemical modification that offered the possibility of 

integrating multiple designer fluorescent labels on polypeptides. This study described the first 

modular method to introduce multiple probes into proteins at any genetically controlled pair of sites 

in proteins at physiological temperature, pressure and pH332. This preliminary work suggests that 

further expansion and applications are possible. 

The increasing ability to rationally control synthetic genes and the sequence-structure relationships 

enable to use proteins as potential nanomaterials with a variety of sizes and shapes and 

functionalities. Protein devices and assemblies can now be engineered into highly homogeneous and 

precisely patterned nanostructures333, and offer advantages over traditional nanomaterials such as 

carbon nanotubes, silicon or metallic particles for their low cost and straightforward production, 

increased biocompatibility, functionalization and interfaceability334. The design of protein self-

assembling nanostructures and protein nanomaterial has thus emerged as promising reagents with 

applications in medical diagnosis. Example involve protein nanowires, nanotubes, nanocapsules, 

nanopores, or hydrogels, that could show promising capabilities in biosensor design335 336 337 338.  

Although highly amenable for incorporation into integrated devices, protein based biosensors could 

have potential disadvantages regarding the storage capabilities, transport and shelf life. Translating 

these approaches towards mammalian cells and prokaryotes may open new avenues in protein-

based biosensing and biocomputing for medical diagnosis. Moreover, direct coupling of biosensing 

and therapeutic activity in engineered proteins is paving the way for extremely interesting clinical 

applications, such as the recent synthetic glucose-responsive insulin339. Extensive research efforts 
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have so far yielded useful protein based sensor systems, but systematic methods for the engineering 

of novel devices will require further advances. Moreover, before the promises of synthetic biology 

approaches can be fully realized, the total connection between amino acid sequence and protein 

structure and function still remains to be elucidated. 

Higher order functional assemblies & synthetic cell-like systems 

Living, emergent systems rely on regulatory processes as a central feature of their biological 

instructions. As we have seen, numerous strategies exploited a variety of their sensing mechanisms 

involving biochemical pathways, nucleic acids or proteins for the design of biomolecular logic gates in 

vitro or in living cells that can be further organized in biocomputing systems to develop intelligent 

diagnostics. 

In vitro reaction networks can thus be designed for the sensing, processing and reporting of 

biomarkers, by exploiting biological species and their molecular functions. However, it is also possible 

to exploit the more complex architecture of living systems, which can be reassembled via bottom-up 

design in nonliving, on purpose systems340 341 342. Although most reviewed diagnostic systems rely on 

simple architecture of few components, higher functional assembly of synthetic building blocks are 

possible, mimicking the natural architecture of living cells and giving access to complex features of 

living organisms. 

A key feature of biological systems is compartmentalization of information. Complex systems have 

evolved ways to cope with complexity of higher order architectures through the use of 

compartments. This strategy allows parallel chemical reactions and higher-level functions to be 

performed efficiently and simultaneously without loss of information content. New kinds of 

biotechnological supports arising from advances of synthetic biology and nanoscience give the 

opportunity to approach, interface, engineer, and assemble components and systems at the small 

working scale of biology, leading to the emergence of new strategies to diagnostics. The collusion of 

synthetic biology and nanomaterials will be key to realizing full potential343. Attempting to assemble 

synthetic parts in compartments approaching biological-scale functional density, such systems could 

prove capable of assuming near-cell like behavior344, efficient transduction of information and energy 

that permit complex molecular detection, signal processing, and biochemical actuation, while being 

autonomous and self-powered. 

From the bioengineering perspective, this strategy has been extensively used in natural cells, where 

the host provides the compartment, building blocks and infrastructure to allow for the execution of 

instructions supported by the synthetic systems, but also mostly production, expression,  
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Figure 6: Case studies: recent synthetic biology research strategies to provide novel diagnostic 
tools. Case 1: next-generation bacterial biosensors for medical diagnosis detecting biomarkers in human 

clinical samples with a robust, programmable, and reliable behavior for clinical use (adapted from Courbet et 
al.

116
). Case 2: mammalian cell-based biosensors that score the allergen-triggered release of histamine from 

whole-blood-derived human basophils. A synthetic signaling cascade engineered within the allergy profiler 
rewires histamine input to the production of reporter protein, thereby integrating histamine levels in whole-
blood samples (Adapted from Ausländer et al.

145
). Case 3: Engineering bacteriophages as near-realtime 

microbial diagnostics by using them to transform target specific viable bacteria into factories for detectable 
molecules (adapted from Lu et al.

187
). Case 4: Toehold RNA switches biosensors, in vitro paper-based platform 

that provides an alternate, versatile venue for synthetic biologists to operate and a medium for the safe 
deployment of engineered gene circuits beyond the lab. Commercially available cell-free systems are freeze 
dried onto paper, enabling the inexpensive, sterile, and abiotic distribution of synthetic-biology-based 
technologies for the clinic (adapted from Pardee et al.

243
). Case 5: Semisynthetic bioluminescent protein 

sensors approach proposed as an entirely new mechanism for inexpensive point-of-care biosensors.  That 
permit quantification of specific drugs in patients samples by spotting minimal volumes on paper and recording 
the signal using a simple point-and-shoot camera (adapted from Griss et al.

295
). 

 

maintenance and amplification. In the bottom-up design approach, however, compartmentalization 

only supports the user defined function without further energetic, metabolic, evolutionary, and 

regulatory cost, hence increasing the design space. The construction of fully multipurpose, 

conditional biosensing devices from biological components requires dealing with natural complexity 

emerging from biological systems. Tackling such challenges would thus require considering the 

design and engineering of organized, encapsulated systems from rationally assembled 

components345. These concepts have stressed the need for compartmentalization in bottom-up 

synthetic biology. Encapsulating complexity is an interesting framework for the conception of 

integrated systems with the ability to sense and transduce signals from their clinical environment 

and the ability to generate new biosensing devices with unprecedented control on re-

programmability and versatility. These would be multicomponent, compartmentalized, non-

replicating systems. This approach will necessarily require full expertise in design, engineering, and 

characterization of membrane systems and the modeling of complex systems. These approaches 

have been often captured under the concept of synthetic minimal cells, which potential for 

biosensing and biocomputing has been widely emphasized346 347 348 349.  

At the moment, synthetic vesicle-based systems of submicrometer scale, operating as high density 

intelligent biochemical sensor/effector systems have been proposed to perform diagnostic processes 

in physiological environments. Combining sensing and effector functionality at the nanoscale, they 

generate a conditional response that depends on environmental factors such as biomarker 

concentrations, pH or temperature at the target site350. They are basically composed of a carrier 

platform and a payload embedding circuitry for sensing, processing signal and reporting. Such 

stimuli-responsive hybrid nanostructured particles in a range of sizes from nanometers to a few 

micrometers include liposomes, polymerosomes, core-shell structures, nanogels, and more complex 
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architectures. The controlled assembly of synthetic polymer structures in vesicles is now possible 

with an unprecedented precision and modularity351.  

Synthetic vesicles have been extensively used for therapeutic strategies as drug nanocarriers, and 

proved efficient and successful in the treatment of diverse pathologies. Alternatively, they have also 

progressed toward analytical application as biosensors for bioanalysis for their ability to carry 

complex diagnostic reagents and electrochemical, fluorescent or chemiluminescent probes. Synthetic 

vesicles can also integrate synthetic biological parts such as engineered transmembrane and pore 

proteins, enzymes, nucleic acids or metabolites to integrate stimuli responsive behaviors352. 

Encapsulation of hydrophilic compounds in their aqueous cavities and the insertion of fragile 

hydrophobic compounds in membranes offer protection and stabilization from harsh physiological 

conditions and allowed to act in situ353. Synthetic vesicles are known to enhance biochemical 

reactions, as thermodynamics of synthetic reactions are known to be favored by 

compartmentalization in picoscale volumes354, stabilize enzymatic processes, and provide signal 

amplification. The ability to functionalize vesicle surface to perform recognition functions, and 

targeting, selective transport and sensing is another important aspect of their use in bioanalysis355. 

Moreover, their small scale provides the opportunity to take advantage of patterns or multimodal 

molecular factors of the microenvironment in situ. Moreover, compartmentalize processes in 

different segregated spatial localizations can then be put under interactions with one another and 

create more complex biochemical networks356.  

As the first described synthetic compartment, liposomes have been used for a wide spectrum of 

sensing modalities with a wide range of analytes. Many liposome-based assays have been reported 

such as liposome immunoassay (LIA), liposome immunolysis assay (LILA), liposome immunosorbent 

assay (LISA), flow-injection liposome immunoanalysis (FILIA), and cytolysin-mediated liposome 

immunoassay (CyMLIA), as well as chromatic polydiacetylene liposome based assays357 358, providing 

low detection limits for analytes including hormones, viruses, bacteria, DNA/RNA segments, 

pesticides, tumor markers, proteins, antibodies and some drugs359 360 (reviewed in361). Liposomes 

with engineered biological pores have also been extensively used for nanopore-based biosensing 

applications. Rational modifications by directed evolution or biochemistry have been carried out to 

reengineer mutant channels for desired biodetection purposes. For example, α-hemolysin, MspA or 

FhuA, and more recently phi29 derived synthetic nanopores have been engineered for sensing a wide 

range of analytes, from metal ions to organic molecules to DNA, RNA and peptides362. Further efforts 

have been conducted to associate these architectures into point-of-care formats.  
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However, liposomes often suffer from poor lipidic membrane stability that could hinder their use. For 

that reason, important efforts have been conducted to engineer devices such as orthogonal 

polymeric vesicles with enhanced membrane properties for diagnostic, to protect reagents but allow 

them to interact in situ363. Polymeric vesicles structures similar to lipid vesicles can be engineered 

using synthetic block copolymers and stand as interesting candidates to develop orthogonal 

nanosystems for medical applications364 365. They are more stable, more versatile, and less 

immunogenic than liposomes. Control over block copolymer chemistry enables tunable design of 

polymersome material properties. Optimization efforts allow scientists to design smart 

compartments encapsulating sensing and biocomputing biochemical networks made of nucleic acids, 

enzymes, and metabolites, and control on size, encapsulation of species, membrane properties and 

permeability to enhance sensing sensitivity and specificity, and allow insertion of membrane 

proteins366. Recent advances are shifting these active nanosystems systems towards smart-complex 

synthetic parts and polymer assemblies, like multi-compartement cascade reaction367. 

Crucial to innovation in medical diagnosis is the development of new platforms that combine 

multifunctional compounds with stable, safe and implantable devices for close to patient strategies. 

As discussed before, theranostic strategies could decrease health burden of many pathologies by 

enabling the simultaneous detection and treatment of pathological events through interactions 

manipulated at the molecular level, by that mean achieving less side effects and timely delivering of 

therapy. Along with in vitro assays, synthetic vesicles based systems have been proposed to work as 

intelligent nanocarriers for theranostic. While surface functionalization enables selective targeting, 

theranostic nanocarriers could improve disease diagnostic and treatment because of their ability to 

execute conditional biological functions at targeted diseased sites368. Additionally, targeted 

nanodelivery systems would greatly beneficiate in situ imaging diagnosis369. Such injectable systems 

can process pathological signals and release in situ specific signals and/or drugs based on analysis of 

multiple signals. Several types of injectable diagnostics based on vesicle systems have been 

proposed, such as liposomes and synthetic polymeric systems. For instance, polymersomes have 

proven as excellent non-invasive intelligent fluorescent probes carrier for diagnostic imaging370. 

Another recent study obtained success in developing a platform based on polymeric artificial 

organelles to target specific cells for subcellular delivery of drugs, enzymes, nucleotides, and 

diagnostic agents371.  

Synthetic nanobiological assemblies have been exploited to construct new diagnostic assays with 

increased specificity and sensitivity. Assays relying on conventional assemblies can display important 

sensitivities for single molecular targets, whereas the engineering of multimodal nanoplatforms for 

sensing, imaging of biomarkers can prove capable of multiplexing input detection for a more 
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efficiently discrimination between complex disease phenotypes372. Self-assembled nucleic acids 

nanostructures can provide templates for the spatial, ordered patterning of enzymes to develop high 

sensing efficiency and sensitivity of biocatalytic cascades for nanoscale devices. Such approaches 

have been used to develop for example glucose, ethanol or cocaine biosensing devices373 374 375 376 377. 

Synthetic bionanoparticles can also perform Boolean logic operations using two proteolytic inputs 

associated with unique aspects of tumorigenesis378
. Konry et al. also reported the integration of 

microarray sensor technology with algorithmic capability for the gated screening of proteins and DNA 

markers in a biological sample. The system they developed performed simple Boolean logic 

operations by coupling multiple molecular recognition inputs like IL-8 and specific genes to a 

fluorescence signal output379. Similarly, Janssen et al. recently developed synthetic antibodies for 

molecular diagnostics that are peptide DNA conjugates, enabling the control of antibody activity in a 

DNA based logic gated behavior380. In another study, hybrid biochemical reaction networks exploiting 

enzymes and oligonucleotides with a computing functionality were applied to the identification of 

bacteria exhibiting multi-drug resistance. This approach enabled the identification of the NDM-1-

encoding gene and concurrently to screen, by a tailor-designed biomolecular logical gate, two genetic 

fragments encoding the active sites bound to carbapenem381. A vast array of literature has covered 

the field of information-processing systems at the nanoscale to yield “smart” signal-responsive 

hybrid systems with built-in boolean logic382 316 383. 

Synthetic biopolymers have also been designed to act as biochemical stimuli responsive devices. In 

this approach, interaction of responsive polymers with molecular signals relies on the conjugation of 

polymers with biological molecules such as nucleic acids, enzymes, antibodies, and other proteins, or 

de novo molecularly imprinted polymers (reviewed in384) to yield diagnostic information or 

therapeutic activity in vitro or in situ upon systemic administration385. In this perspective, nanogels 

are likely to yield interesting diagnostic devices. Of polymeric nature, they can be tailored with a 

broad range of chemical modifications and entrap a large scope of biological molecules (nucleic 

acids, proteins and drugs). For instance, multi-functional core-shell nanogels combining magnetic 

regulation with biochemical sensing have been demonstrated386. Another approach relies on 

peptide-based or viral inspired self-assemblies for the design of hollow or solid peptidic 

nanostructures. For instance, Naskar et al demonstrated how multivesicular structures built from 

self-assembling peptides, could display calcium ions sensitivity. Such intelligent stimuli responsive 

behavior could enable approaches of medically relevant biodetection387
. Expanding peptide-based 

nanostructures by exploiting rationally engineered peptide functions, receptor or enzymatic activity, 

is likely to lead to novel nanomaterials with complex sensing functionalities. Finally, synthetic biology 

could provide interesting approach for the integration, the production and functionalization of 
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metallic nanopaticles such as quantum dots or gold, which are of outstanding importance as 

diagnostic reagents. Synthetic biology is likely to provide ways to exploit new sensing and reporting 

mechanisms to create new tools by providing a biological interface to use metallic nanoparticles388. 

Similarly, the engineering of so called “biofuel cells” have received much attention to develop 

autonomous, self-powered biodetection devices. Biofuel cells emerged from the effort to engineer 

an interface between electronics and biology, which could benefit bioanalysis389 390 391 392. They 

display properties that defines them as robust in vivo power sources for bioelectronics, and could 

greatly benefit the development of implantable diagnostics, such as glucose biosensors, or more 

complex “smart” devices392 393 394. For example, Zhou et al. developed aptamer biosensors based on 

biofuel cells, where power release was triggered by biochemical signals processed according to the 

boolean logic operations, to generate self-powered medical diagnostics “programmed” into a 

biocomputing system213. Other advances have showed the coupling of a self-powered diagnostic 

operation with logic-activated drug release395. Combined with synthetic biology methods, such 

approaches could reveal valuable in producing novel tools. 

Although still in its infancy, the opportunity to construct de novo increasingly complex processes and 

systems is emerging from the convergence of synthetic biology with new experimental and 

computational tools396. The ability to control the bottom-up design, synthesis and construction of 

synthetic systems by the direct assembly of synthetic nanoscale parts increases, likely to yield cell-

like complexity and capabilities for tailored biodetection. We propose that new approaches 

exploiting synthetic compartments encapsulating biosensing, biocomputing and diagnostic reagents 

are likely to generate innovative medical devices in the future, and hold enormous potential as 

nanostructured biomaterials for future in vivo drug delivery and diagnostic imaging applications397. 

For some of such systems, clinical trials are in progress, but extensive clinical evidence of significant 

patient benefit will be further required398. The power of such systems can be realized with synthetic 

biology and bioengineering to generate functional devices for the clinics. Additionally, these 

approaches are likely to enhance our understanding and explore new ways of interfacing biological 

systems. 

 

 

 

 



 53 

C. Engineering synthetic biological systems to support signal 

processing for medical diagnosis 

Information processing occurs naturally across hierarchical levels ranging from molecules to cells, 

tissues, organisms and even ecosystems. Computation on biological signals thus ubiquitously takes 

place in biological systems18. Biological information is collected by sensing and signaling units, further 

processed and analyzed by organic matter, metabolites, proteins and gene circuits, and translated 

into specific molecular responses. Although biological processes are by nature noisy and use 

unreliable molecular devices interacting with analog and digital molecular signals, they manage to 

solve tasks precisely, in real time and energy-efficiently399. While trading a simple for a more complex 

design would be counterproductive, modular device oriented methodology with layered, 

standardized interface between sensing and reporter components can speed up the design, provide 

programmability and increase versatility and capabilities of engineered biosensing systems. The 

rationale behind such transmission devices, or signal processors, is to achieve signal integration from 

various sources, gain amplification, noise filtering, or logic operations400 and to connect various input 

sensors to reporting platforms for output multiplexing. Synthetic biology enables the construction of 

tailored signal processing by means of modular plug-and-play, and thus the reprogramming of 

natural information processing systems either in vivo or in vitro, into autonomous nanomedical 

devices that evaluate diagnostic rules in situ.  

 

In the context of diagnostics, biological circuitry needs to be easily reprogramed to integrate varying 

clinical constraints, different medical agendas and a vast range of pathologies. Moreover, it needs to 

support the improvement in system robustness and overall medical service. Additionally, time scale 

of biological processes is to take into account to engineer clinically compliant signal processing 

systems for appropriate diagnostic devices, as transcriptional and translational circuits dynamics 

occur over timescales of minutes to hours while biochemical processes occur in seconds or less260. 

Noise propagation in synthetic systems is also to take into account to obtain reliable behavior, which 

is dependent on systems dynamics and scale of processing circuits. Consequently, keeping faster and 

simpler systems would have fewer mode of failure and overall great chances of clinical success. 

The need for novel health monitoring systems has progressively opened a new domain that results 

from the fusion of sensors and signal processing in synthetic biological systems. Properties such as 

ultra-low-power information processing capacities399, self-powering, compactness from micro to 

nanoscale, data storage, real-time signal processing and multi-sensor communication are all 

important advantage for synthetic biological systems to implement integrated medical diagnostic 
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devices. These properties enable the pre-processing and aggregating of low-level sensor 

physiological information to yield output signals intelligible by physicians, patients or researchers 

concerning diagnostically relevant events or biomarker patterns. Hence, we believe that the signal 

processing capabilities of synthetic systems can meet the challenge of developing portable 

autonomous health monitoring devices that can offer pragmatic solutions to achieve highest clinical 

impact, for developing countries or point of care, personalized medicine. 

Critical parameters in the analytical performance of quantitative biosensensing systems for diagnosis 

are the sensitivity (e.g. lowest analyte concentration that triggers a detectable response) and the 

dynamic range (DNAR, e.g. range of analyte concentrations where analyte concentration can be 

estimated based on the output signal), while optimizing the signal to noise ratio (response fold 

change). Quantitative systems provide analog signals which transfer function are ideally standardized 

response curve with wide DNR and low noise. Engineering biological analog detection can be 

performed using for example negative feedback loops. However, other qualitative or discrete, near-

digital detection modalities are possible and can prove extremely valuable in specific context. For 

example, molecular ultrasensitive switches can provide digital behavior, providing an input detection 

threshold at which small changes in input biomarker concentration lead to large changes in output 

signal. Strategies involving positive feedback can be used to obtain digitization of signals. Cellular 

systems can also display fold-change detection, a response whose entire shape, including amplitude 

and duration, depends only on fold changes in input and not on absolute levels401. A wide class of 

mechanisms has shown to display this response, which could prove useful for biodetection. Another 

property to consider when designing signal processing devices for diagnostic application is 

robustness, that is, the ability of a system to tolerate exogenous perturbations while limiting modes 

of failure in biodetection. Achieving modulation of transfer function of synthetic systems is thus of 

particular importance for the clinics (Figure 5).  

Crosstalk between biological and synthetic circuitry must be in most cases prevented, while some 

signals need to be combined, added or compared to enable decision making. This requires 

computation processes to be implemented in synthetic devices. Biological information can be 

transformed through digital or analog processing or through a hybrid combination of both. A digital 

mode of operation has the advantage to enable the implementation of Boolean logic based decision 

making circuits. In that perspective, synthetic biology attempts to apply the digital paradigm of 

electronic engineering to develop algorithmic processes with biological components. Many examples 

of synthetic biological signal processing have been achieved using on digital information. Although 

more difficult, the rational design of analog based processing is appearing as extremely valuable to 

exploit the computational power of biology, as it could cope with more complex operations and 
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larger sets of variable in smaller circuits, and is closer to the natural mechanism of biological 

systems402. Moreover, analog computation could for example enable pathological signal 

normalization, for instance directly computing ratios with physiological standard biomarkers like 

creatinine or albumin. We propose that an efficient and accurate signal processing approach to 

synthetic biological networks would integrate both analog and digital processing to achieve 

versatility, efficiency and reliability. Recent devices have been recently engineered in that direction, 

to perform analog to digital or digital to analog processing403 404 405 406 407. 

 

The aim of synthetic biology is to achieve systematical on purpose re-programation and tuning of 

these analytical characteristic for different biodetection agendas using modular signal processing 

circuit design. An increasing number of strategies have been developed for tuning the responses of 

biological systems. We believe it is on the way to enable the tuning of biological systems’ transfer 

function the same way electrical signal processing is achieved.  

Synthetic circuits operating in vivo 
 
The first successful design and implementation of synthetic gene processing circuits were 

demonstrated with the genetic toggle switch and the repressilator408 409. They proved that 

bioengineering-based methodology could enable the integration of user-defined information 

processing and computing capabilities in living cells. Following these studies, synthetic biologists 

have successfully established a repertoire of genetic components to engineer complex signal 

processing genetic circuits in living cells with a vast range of functionality, such as switches, 

oscillators, timers, memory, filters, logic gates, cell-cell communicators, or buffers410 411. Since, 

synthetic gene networks have been extensively used to reprogram cells for useful task such as 

decision making for cell-based biosensors70. Increasingly complex designer signal processing 

networks have been built in cellular systems to perform input-triggered genetic instructions with 

precision, robustness and computational logic. Moreover, the demonstration of the ability to 

rationally tune in vivo biological transfer functions in transcriptional, post transcriptional, and post-

translational levels of regulation has been extensively described (review in412). 

 

For future medical and diagnostic agendas, complex processing circuits operating robustly in living 

cells may require new types of orthogonal parts with increase in orthogonality to host physiology, 

that offer control on dynamic range, digital or analog signal modes, low crosstalk, and design 

versatility. Next-generation gene networks for biodetection could as such comprise tunable filters 

and noise controllers, analog-to-digital and digital-to-analog converters, or even adaptive learning 

networks411. Moreover, the systematic design and quantification of genetic parts in context413 is 
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leading to a new era of well-characterized regulatory synthetic genetic devices, such as bicistronic 

RBS414, ribozyme parts insulators415, and synthetic terminators416. Parts mining and computational 

design, and directed evolution are further expanding the number of regulators that can be used 

together within one cell417. 

Indeed, complexity of signal processing circuits in vivo is often limited to a few logic operations, 

because of unpredictable biochemical crosstalk occurring in the confined volume of the cell and the 

limited number of available parts, the size of signal processing circuits and composability has remain 

limited. Developing design strategy for the successful layering of orthogonal high performance parts 

or logic gates into large, integrated circuits in single cells remains a challenge. In a recent study, 

Moonet al. managed to overcome this challenge by applying part mining and directed evolution to 

build a set of orthogonal transcriptional AND gates in Escherichia coli that could then be 

concatenated into complex programs, such as 4-input AND gate that consists of 3 circuits that 

integrate 4 inducible systems, thus requiring 11 regulatory proteins. Optimizing, and refining the 

performance of individual gates was sufficient to predict the behavior of a complete program418.  

New design concepts have recently taken a new step with the development of digital recombinase 

based circuits. For example, in our previous work (Courbet et al.116) we found that promoters of 

clinical interest and control circuits that coordinate simple signal transduction showed inherent noisy 

and unpredictable responses with limited control over specificity and efficacy in host cells when 

operating in complex media. In fact, a known barrier to predictability in design is context419. Synthetic 

gene circuits are often easily perturbed and their behavior altered by the environment they are 

exposed to420 and the host they are integrated into. Heterologous pathways have not had the 

advantage of long periods of co-evolution with other cellular substrates. Thus, their function often 

suffers from uncontrolled/unpredicted interactions with the surrounding cellular context and 

environment. Lack of robustness has limited the utility of engineered gene circuits for further 

medical applications and hinders advances in synthetic biology. In our recent work, we proposed that 

context sensitivity can be reduced by incorporating synthetic genetic tools precedently developed, 

while keeping few components for fewer modes of failure and increased safety and likelihood of 

approval of cell-based biosensors in medical setting421. In order to buffer matrix effects and 

nonspecific environmental interferences, overcome variable part performance across changing 

complex media422, and enables predictable and standardized translational coupling, we incorporated 

in our design (i) Expression Operating Unit (EOU)414, (ii) a ribozyme insulator part, RiboJ415 (iii) Digital 

gene switches and integrase logic gates406. Digitalizing along with amplifying and multiplexing input 

signals improves fidelity, sensitivity, mediate sharp response profiles and ensure robust biochemical 

processes. Bonnet et al. recently designed a new type of logic gates architectures which recapitulate 
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all conventional logic functions using integrases Bxb1 and TP901406 407. These integrase logic gates 

enable truly digital and discrete response, compared to previous systems that produces intermediate 

expression levels151 152 36. This property makes them highly relevant for medical applications, and 

particularly in diagnosis as it is often threshold based. This system also embeds a built in memory 

capacity which enables the recording of weak or transients signals while giving a constant amplified 

output. Compared to transcriptional switches19, this “true memory” has non-existent metabolic cost 

and is stably written in either chromosomic or plasmidic DNA, and could be addressed after extended 

periods of time and lysis of the bactosensor in clinical samples. These signal processing devices based 

on an engineered modular genetic logic gate have the advantage of high composability to be 

recombined for the programming of various medical algorithms. We suspect that these 

characteristics will be important to enable robust detection and computation in the context of 

intracellular and environmental fluctuations.  

Taking synthetic parts improvement further, recombinases based systems have intrinsic properties 

that offer tremendous interest to develop cell-based biosensors: increase in scalability to larger 

networks by reducing their molecular payload, prevent cross-talk with off-target contrary to other 

DNA-binding proteins, and control on genetic circuit in time-dependent fashion423. Recently, Yang et 

al. extended the programmable memory capacity in a living cell to beyond 1 byte of information 

using 11 orthogonal integrases. A high number of events can thus be sensed, recorded and recalled 

at a later stage of the computation, thus increasing memory capacity could enable new type of 

biosensing to be performed in cells92. 

Moreover, expanding the repertoire of available orthogonal genetic parts remains a challenge, 

particularly since digital logic requires many parts and will hinder the scalability of circuit design.  

Analogue circuits constitute an attractive alternative as they can compute high order non-boolean 

functions such as amplification, addition, multiplication and integration, and could be regarded as a 

promising way for future designs for in vivo computations systems applied to diagnosis. Along with 

digital circuits, synthetic analog gene circuits have been engineered to execute complex 

computational functions in living cells have been recently examined theoretically and 

experimentally18 and have recently demonstrated their value424 425 426 427. Daniel et al. were capable 

of implementing analog circuits to straightforwardly compute arithmetic functions without 

necessitating layered digital logic gates. They demonstrated a wide dynamic range relying on positive 

feedback loops, which could perform or log-domain sensing, power law and addition or division of 

input molecular signals. Analog computation recently enabled the recording of sums of molecular 

events over a time period. Interestingly, ratiometric calculations are useful in diagnostic systems, 

because they enable the normalization of diagnostic threshold, comparisons between biomarker 
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levels and complex decisions. This approach could provide wide dynamic range biosensors for 

quantitative measurements of biomarkers along with a binary, digital readout approach. Farzadfard 

et al. demonstrated that genomic DNA could be used as a rewritable and flexible substrate to 

memorize analog information, such as the magnitude of an input signal, as a proportion of cells in a 

population. This platform could enable long-term cellular recorders for diagnostic applications76. 

Even though signal processing in vivo was first implemented with the use of synthetic gene circuits, 

fast kinetic events in biology are increasingly supported by protein-based signal processing systems. 

Beyond nucleic acid as a substrate for information in such circuits, protein-based synthetic systems 

have the potential to enable modular and efficient computation through post-translational 

mechanisms154. Information processing can be supported by protein-protein interaction such as 

binding combined with activation or inhibition of catalytic activity like phosphorylation or proteolysis. 

Recently, intein splicing has received attention to construct synthetic protein circuits, as they support 

their own catalysis and subsequent excision followed by intein tagged protein fusion and function 

recovery. Interestingly, this event can be activated by small molecule ligands or protein scaffolds, and 

allows for spatial control, implementation of Boolean logic, or signal amplification via synthetic 

cascading428 429 430. Protease degradation has also been described as a tool to engineer control signal 

processing in synthetic protein circuits431. For example, Prindle et al. used protein degradation as a 

tool for rapid and tunable post-translational spatial and temporal control on gene expression432. 

MAPK networks have also been successfully rationally engineered for synthetic cascading to generate 

modular, insulated, ultrasensitive and tunable signaling433. Other approaches have made use of 

chimeric regulatory proteins in synthetic signaling, exploiting for example two-component systems of 

bacteria, to achieve novel customized signaling434. Moreover, due to the fact that genetic circuits and 

proteins operate on different time scales, developing hybrid synthetic networks could prove 

valuable. For example, the output of protein-based information process could then be stored in 

recombinase-based memory register, or integrated via CRISPR-Cas9 or inteins splicing protein such as 

TALEs or ZFN435 436 437 438 439. 

Although cellular context can be assumed disruptive, it may also play supportive roles in the 

functioning of synthetic circuits and provide relative robustness, performance and maintenance that 

can be valuable and exploited in specific contexts. However, while the engineering of orthogonal 

biological parts and signal processing frameworks in vivo have proven valuable for synthetic 

biologists, potential discrepancies remain, such as high context and chassis dependency.  
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Synthetic circuits operating ex vivo 

In cell-free systems, synthetic parts are exempt of adaptation and evolution and as a result can 

benefit from relatively more tunable and reproducible behavior. Efforts to reproduce the response 

capabilities of cellular circuits from the bottom-up approach have been reported with the assembly 

of synthetic biochemical reaction networks18. These synthetic systems involving biocatalytic reactions 

can be utilized for information processing or biocomputing. Extensive research has been conducted 

on ex vivo systems, greatly motivated by applications in biodiagnostic. Advances in biomolecular 

computing systems mimicking electronic substrates, has resulted in the development of novel 

synthetic biological signal processing framework. For example different biomolecular tools, including 

proteins/enzymes, and nucleic acids have been used to implement layered Boolean logic gates. While 

further scaling up the complexity of biochemical information processing systems had remained a 

challenge, recent results showed promises in that direction.  

As we have precedently seen, nucleic acids are modular chemical building blocks with structural, 

mechanical and catalytic capabilities. Nucleic acid enzyme-based or enzyme-free computation 

systems, aptamers, ribozymes, circuits, origamis, and gels offer a wide repertoire for the design of 

biological signal sensors and processors400.  DNA has been extensively and successfully used in vitro 

to implement networked logic operations, with an important scaling up in number of logic gates. 

Nucleic acids are capable of both carrying information and performing computations on that 

information. Circuits relying on nucleic acids as a substrate have few possible interactions and points 

of control making their quantitative design, simulation and description manageable. For example, 

Kim et al. showed how a synthetic nucleic acid circuit could be systematically designed to perform 

pulse generation, adaptation, and fold-change detection. This study demonstrated the 

programmability and ability of such circuits to obtain predictive dynamical systems in a cell-free 

environment for biosensing applications440. Chen et al. also reported a DNA-based architecture for 

implementing in vitro computational programs using the formalism of DNA reaction networks as a 

universal ’programming language’ to implement any function that can be mathematically expressed. 

In this study, the formalization allows complex signal processing of intrinsically analogue biological 

and chemical inputs, and not only Boolean logic441.  

Proteins have also been used to make Boolean logic gates in vitro. During the last decade, numerous 

studies have pioneered the engineering of enzyme-based logic gates concatenated in information 

processing systems442. Biochemical reaction networks can implement multi-signal Boolean logic or 

arithmetic operations such as addition or substraction443 444 445. Biomolecular circuits are also capable 

of implementing dynamic behaviors including pulsing, adaptation and fold-change detection446. 
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Novel cell-free biosensing concepts have capitalized on the idea of integrating multiple molecular 

inputs processed biochemically before transducing their output on “smart-material” interfaces such 

as functionalized electrodes or metallic nanoparticles, to give a hybrid bio/electronic signal 

processing. For instance, signal-responsive electrodes for signal readout have been coupled with 

biochemical logic gates316 447 448. Moreover, taking technology further, future approaches could tend 

toward the full integration of biochemical and electronic processing449. 
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III. Enabling Technologies 
 
In order to demonstrate true value in a global health perspective, we envision that novel synthetic 

biological systems for diagnosis would require technological support for effective clinical use and 

increased clinical compliance, as well as industrial scalability. Recently, the development of a vast 

range of satellite technologies synergistic with synthetic biology methods, showed great promise for 

the integration of medically applied synthetic systems into medical formats. Moreover, new 

technologies are constantly enlarging the bioengineering space, redefining the limits of biomedical 

synthetic biology. 

For example, biotechnological innovation redefined nucleic acids writing and reading capabilities, 

with now the $0.1/base and US$1000/genome almost a reality, which then greatly influenced the 

synthetic biology field. While DNA synthesis evolution has enabled the genome scale engineering of 

biology to develop novel devices450 451, sequencing nucleic acids covers a vast analytical and 

diagnostic landscape and it is a dynamic and promising area of research. Sequencing technologies 

now find application in medical diagnostics and pharmacogenomics and thus contribute to 

personalized medicine revolution. Moreover, cheap, portable and reliable sequencing equipment 

could be used to monitor and interface synthetic biological devices relying on nucleic acids, such as 

whole cell biosensor or biochemical reaction networks recording medical information in DNA.  

 

However, new technological formats may be required to fully embrace possibilities offered by 

synthetic systems for new diagnostic modalities, in order to detect disease biomarkers from readily 

accessible bodily fluids with point-of-care devices that are inexpensive, noninvasive, accurate but do 

not require trained medical personnel (Figure 7).  

Miniaturization is a way to achieve cost effective, scalable, and to easily implement synthetic biology 

approaches. The development of miniaturized point-of-care diagnostic tests may be enabled by chip-

based technologies based on microfluidics such as µTAS (Micro-total analysis systems) and µPADs 

(Microfluidic Paper-Based Analytical Devices)452 7. Microfluidics enables the manipulation of sub-

picovolumes of diagnostic reagents and samples in microscale channels, where the microscale 

permits rapid detection by reducing the diffusion, mass and heat transport times and provides quasi-

equilibrium state for the biochemical processes453. For instance, bridging of synthetic biology with 

droplet microfluidics has received tremendous attention to perform high-throughput sensitive 

assays. Manipulation and measurement of microscale diagnostic systems in droplets can be 

supported at kilohertz speeds while compartmentalization increases assay sensitivity and decreases 

the time required to reach detection thresholds454. For instance, cell-based biosensing systems have  
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Figure 7: Considerations on clinical formats for integration of synthetic biology devices for the 
clinics. Here we compare potential formats that could accommodate synthetic biological components to 

develop novel diagnostics, in terms of analytical capabilites. (+), (++), (+++) represent increasing advantages, (-) 
respents a clear disadvantage. 

 

been largely integrated into microfluidic devices such as μTAS to facilitate their on-site application125 

455. Alternatively, we previously discussed the interest and promise of integrating synthetic systems 

on paper to develop novel diagnostic devices, such as freeze-dried synthetic gene networks243. 

Coupling synthetic biology and microencapsulation technologies could also generate innovative cell-

based biomedical applications, such as in vitro diagnostic formats or smart implantable 

theranostics456. Cell-based biosensors encapsulation and immobilization have been subject to 

promising technological evolutions enabling sealing of engineered prokaryotic or eukaryotic cells into 

portable, easy to handle formats, which provide suitable extracellular environment, semi-permeable 

and biocompatible microcapsule without the need of culture facilities. Microencapsulation can also 

be used to develop cell microarrays suitable for simultaneous measurement of a large number of 

samples. Various polymeric materials can be engineered at the nanoscale with control on biophysical 

properties and spatial patterning to enhance robustness and reliability of encapsulated synthetic 

cellular systems457. New nanofabrication technologies and synthetic biology approaches are likely to 

lead to new prospects for developing devices with tailored functionalities127.  

While nanobiotechnology has already been revolutioning medical diagnostics, it is now having a 

profound impact on applied synthetic biology capabilities458 459 343. Nanoscale biomaterials offer 

many avenues for progress such as molecular-scale bioelectronic interfaces that can be constructed 

using nanostructures, such as grapheme nanowires and nanotubes, and have capabilities defining 

them as excellent candidates for novel biosensors of high sensitivity, such as field effect enzymatic 

detection460.  Nanobioelectronics is an emerging interdisciplinary technological field dealing with the 

interface between synthetic biology and nanomaterials and could enable enhanced integration and 

interrogation of biological systems. For example, the engineering of nanoelectronic/biological 

interfaces have the potential to produce breakthroughs in biodetection. Nanodevices can be 

engineered as ultrasensitive sensors with fine spatial resolution, and be integrated in live single or 

array of cells to probe complex physiological events461. Nanoscale field effect transistors can be 

coupled with biological components to develop novel probes and sensing modalities, and even 

interface living tissues and organs (neurologic or cardiac diagnostic devices for instance).  For 
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example, integrated sensory capability of the nano-bioelectronic scaffolds can enable real-time 

monitoring of the local electrical and pH changes of neural and cardiac smooth muscle tissue462 463. 

Nanobioelectronics enables to build sophisticated, smart nanodevices with multifunctional 

capabilities, and promise a vast range of biomedical applications from in vitro diagnostics to 

implatable theranostics and novel synthetic systems for hybrid information processing463 464. We 

suspect that several biomedical applications will result from this novel generation of biosensors for 

diagnostics. 

Synthetic biological systems are currently engineered through iterative process of specification, 

design, and assembly. This method would often greatly benefit from stronger formalization of 

specification, architecture, and constraints. Synthetic biology, as a fusion with computer science has 

promised computational design of biological systems and laboratory automation for their systematic 

management465. Computer assisted automated design has been extensively used to enhance the 

design process. While still in its infancy, it would increase the predictability and reproducibility of 

experiments and lead to breakthroughs in the construction of new biological systems. This field of 

research is thus very likely to bring the next synthetic biology revolution466. For example, 

programming languages developed for synthetic biology provide standardized support for design and 

specification of parts and their properties, and their assembly into devices using rule-based 

constraints467 468. Bioinformatic tools have also been developed for the in silico design of ribosome-

binding sites, RNA based devices, protein switches or strong promoters that are insulated from 

contextual effects that enhance the robustness of translational applications, as well as automation of 

construction of genetic constructs and synthetic gene circuits469 470 471, de novo design of proteins472 

biochemical pathways473 325 474, or minimal systems475. The bottom-up engineering of synthetic 

systems will greatly benefits from in silico modeling for system prediction, model checking, sensitivity 

analysis, robustness assessment for bottom-up design of synthetic devices327. 

Finally, the engineering of complex biological functions is now converging with the bottom-up 

construction of minimal systems/organisms through synthetic genomics. Synthetic genomics couples 

chemical synthesis of DNA with computational design, allowing the construction of novel genetic 

materials. For instance, the design and assembly of whole chromosomes, complex gene networks, 

and even whole genomes is now a reality. In the field of biosensing, it could for example confer the 

possibility of rapidly generating and tailoring cell-based biosensors. Moreover, optogenetic tools476, 

DNA nanotechnologies205, integrase based devices, genome editing tools such as ZFN, TALENs477 and 

more recently the CRISPR/Cas9 system478 allow ever finer and more precise engineering of 

genomes479. 
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IV. Technology readiness, research agendas and future 

clinical challenges 

We propose that synthetic biology could be seen as a methodology to interface medical biology with 

clinicians. However, clinicians, medical biologists and health professional’s expertise and implication 

will remain of outstanding importance. Moreover, novel bioengineering methods that we have 

discussed here and their associated application in the clinics are intended to be an aid for the 

clinician. Benefits may be gained from these more precise and reliable diagnostic tools, increasing 

readability and portability for resource poor settings, simplifying decision rules for clinicians, and 

thus reducing human error480 (Figure 8). While the field of mobile health and point-of-care is rapidly 

growing and likely to become wide spread reality through the use for example of connected devices 

such as smartphones481 482, new supports may be required to achieve full potential, and synthetic 

biological systems stand as promising alternatives. 

Indeed, diagnostics yield a great deal of information, which clinicians have to analyze and evaluate 

comprehensively in a short time. A few decades ago, computer sciences were first proposed to 

augment human reasoning in medicine483 and permitted to enhance medical care by improving 

decision-making capabilities of diagnostic systems and clinicians484 485. For example, computer-aided 

detection and diagnosis is a procedure in medicine that assists doctors in the interpretation of 

imaging techniques. Similarly, new diagnostic possibilities permitted by synthetic biology could 

improve clinician’s ability to assess pathological states and monitor diseases and their prognosis. 

Diagnosis strategies fall into the definition of computing, and synthetic biology provides a modular 

substrate for computation and interfacing. We suspect that the advances of synthetic biology could 

provide new expert biosensing diagnostic systems for the clinics as their effective use relies on 

bioengineering solutions ensuring robust and reliable behavior. Even Though computational versions 

of diagnosis using biological components have been proposed to date no biological computing 

system embedding a diagnostic algorithm following medical knowledge has been approved as a 

medical problem solving systems for clinical practice. There is still a long way to go until synthetic-

biology-based biomedical devices become a wide spread clinical reality. 

While the development of synthetic biosensors has increased in recent years, improvements in 

diagnostic accuracy, limits of detection, faster responses and miniaturization for improved medical 

service are yet to be demonstrated in clinical setting. Additionally, while most of the potentially 

clinically relevant bioanalytical platforms discussed here were implemented in “clean” environments, 

their operation and optimization in “real” biological samples, such as serum, urine, or saliva, is 

required. 



 65 

 

Figure 8: What can synthetic biology bring to medical diagnosis? Synthetic biology can be seen as a 

biotechnology enabling to interface patient’s biology with health professionals for improved healthcare. 

 

While proving extremely valuable in certain circumstances, and benefitting from constant 

refinement, increase in robustness and standardization, synthetic cell-based biosensors pose intrinsic 

limitations such as the evolutionary barrier486 69 or regulation issues that hinder the translation into 

the clinics. At the moment, biosafety and regulatory concerns of self-replicating genetically 

engineered cells forbid their use out of a controlled in vitro context487, and pose biohazard and risks 

of escape into open ecosystems488. However, Expanding as an important domain of research489, 

environmental and health risks could be contained by rigorous risk assessment and management, 

and potentially reduced by methodologies such as genome minimization, metabolite dependency, 

encapsulation, orthogonal systems or new genetic biocontainment strategies490 491. Safety, 

harmonized regulatory regimes, standardization, as well as appropriate future risk assessment 

methods492 are essential catalyst for effective commercialization and subsequent scaling up of the 

research493. In addition, public, market and regulatory structure may not be ideologically ready for 
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such dramatic change of concepts in medicine494. Although we addressed reliability and 

reproducibility issue arising from the use of engineered biological systems in clinical settings, most 

biosensors in development have yet to address safety and reglementary issues to start being used for 

medical applications. Commercial interest in bioreporter technology remains hampered by legislation 

controlling the application of genetically engineered bacteria, by the limited economic value of 

extensive but cheap market prospects and by the need to overcome technical problems inherent to 

living organisms72. In consequence, amongst the wide range of different biological substrates, cell-

free devices have demonstrated the most clinical evidence. Between the  two approaches to 

synthetic biology, top-down and bottom-up, the latter is probably more relevant to diagnostics as it 

provides more flexibility and highest control on properties and could more easily be cleared for 

regulatory approval (Figure 9). 

The success of synthetic biology approaches is partly due to its exponential improvement in design 

capabilities while creating technological bridges with other emerging biological disciplines. 

Capitalizing on standardized biological parts and hierarchical abstraction of biological complexity 

enables bridging between medical and engineering disciplines (see, for example, the registry of 

standard biological Parts, or the JBEI-ICE). We envision that this approach will become more and 

more useful for synthetic biological biosensor engineering as multidisciplinary researcher groups 

become more familiar with the concept and more modular parts and devices become catalogued and 

standardized. Despite increasing complexity and highly innovative achievements in biological circuit 

design, synthetic biology mostly remains at a current clinical state of proof-of-concept. In order to 

progress more efficiently toward real world diagnostic application, we suggest that synthetic biology 

design should consider fields of exploration of high socio-economic burden where it could resolve 

real medical problems and prove highest medical benefits, such as companion diagnostics, 

infectiology, neurodegenerative and metabolic diseases, and developing world diagnostics issues, 

among others.  

Probing and monitoring biomolecular and cellular networks instead of single components and 

biomarkers to predict the clinical outcomes of biological systems, has led to the promise of a systems 

biology based future medicine. While systems biology has started its translation into the medical 

field by unveiling dynamic individual patient–environment interactions, we suspect that this 

approach could be synergistic with synthetic biology since the later enables various modes and 

higher scale of measurements of biological parameters. Going toward personalized medical 

diagnosis, synthetic biology could provide us with the tools to allow synthesizing personalized 

biomarkers, or monitoring targeted therapies adapted to personal physiology. Such biomarkers will 

be adapted in their mode of action (for example via specific glycosylation patterns or epigenetic 
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markers), formulation, dosage, and release kinetics to the specific pathology of the patient. At the 

same time, theranostic and prosthetic strategies to diagnostics still pose challenges for implantation 

in humans to achieve an optimal benefit/risk. They could be solved with novel hybrid approaches, to 

obtain control on the implantable particle size, biocompatibility, immunological and 

pharmacokinetics properties if in blood circulation, target specificity for diagnosis, drug delivery or 

other functionality, controlled on programmable behaviors and mechanisms of stimuli 

responsiveness. 

While the global value of synthetic biology market is expected to expand and reach $16 billion by 

2018, the market in synthetic diagnostics and pharmaceutical industry has been evaluated around $5 

billion in 2016, appearing as the most important industry driving innovation amongst chemicals, 

R&D, agriculture, and energy495. The market growth for biosensors is exploding , with medical sensors 

global market is expected to reach $15 billion in 2019, with a growth of 6.3% from 2013 to 2019496. 

Additionally, the global market for theranostic nanomaterial was valued at $112 billion in 2012 and is 

expected to reach $188 billion by 2017497. However, managing intellectual property surrounding the 

use and construction of synthetic biology applications in biomedicine needs to be supported to 

promote innovation. While patent protected technologies are required to enable successful 

transitioning into the clinics, many of synthetic biology tools remain in the public domain or are 

subject to non-exclusive licensing, and access to some technology remain unclear498. We expect to 

see improvement in enabling intellectual property creation covering the field as it matures. Last but 

not least, economic consideration will play an increasingly important role in the biomedical context, 

if synthetic biology is to offer simpler, more elegant and least expensive solutions more likely to be 

clinically successful.  
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Figure 9: Advantages and drawbacks of top-down versus bottom-up approaches to synthetic 
biology for the developments of integrated biosensors for medical diagnosis. 

 
 
 
 
 
 
 
An example of the most important synthetic biology initiative is the EraSynBio call for projects. 

Funded by the European Commission, it provides grants to European and American teams to build 

innovative transnational research. This call expects to support around 16 Million € for synthetic 

biology research. To obtain a recent and valuable overview of key drivers and technological 

ambitions of SB research, we analyzed projects sent at the ERAsynBio joint calls according to their 

applications (Figure 10A). It appeared that amongst 55 projects kept for review approximately one 

third was dedicated to fundamental research, another third to industrial and bio-production 

applications, and a last third to biomedical applications. Amongst these 21 biomedical projects, we 

could distinguish 15 dedicated to innovative biopharmaceutical production, 3 for the synthesis of 

medical biomaterials, and finally 3 projects dedicated to medical diagnosis of diseases. Attractiveness 

of diagnostic applications is further highlighted when looking at research trends in synthetic biology 

and bioengineering over the past decades (Figure 10B). This seemingly moderate transition to the 

industry could also be explained by the fact that although diagnosis market for POC technologies is 

blooming, their still remain to solve complex economic state of diagnostic market, the intellectual 

property problem, governance issue, and ethical, legal and social issues. 
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Figure 10: Synthetic biology and diagnosis: research trends. (A) We classified projects proposed to the 

ERASynBio call according to their fields of applications. Amongst 55 total projects selected for review, 21 were 
dedicated to the biomedical field. Amongst these 21 projects, 3 were focusing on medical diagnosis. (B) 
Evolution of research trends from the analysis of scientific publication contents. Left: bioengineering AND 
diagnosis, Right: synthetic biology AND diagnosis (Data was obtained through Web of Science) 

 

In addition, recent new actors are investing the medical synthetic biology landscape. For instance the 

global company Google recently proposed a proof-of-concept technology relying on autonomous 

nanoparticles administered in systemic circulation to obtain personalized diagnostic information in 

real time499. Although appealing and still in its infancy, before becoming medical reality this 

technology needs to face societal and biological hurdles, but most of all, medical, toxicological and 

pharmacological uncertainties. Space exploration is also a stimulating field for medical synthetic 

biology. Government agencies such as NASA and ESA are looking for innovative biotechnological 

solutions to health monitoring, where very stringent space environments require autonomous, 

intelligent and integrated diagnostic systems with wireless distant monitoring, or implantable 
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theranostic functions500 501 502 503. Last but not least, it is worth noticing the recent emergence of non-

professional synthetic biology communities, such as DIY biology groups504. Although at modest 

embryonic stage, they have already produced proves of concept for local and cheap personalized 

medical diagnostic solutions, such as an open-source PCR diagnostic system tailored for fast and 

cheap malaria diagnosis505. Considering its increasing impact and possibilities of action, DIY synthetic 

biology may constitute in the future a significant source of innovation for global health.  

Diagnostic devices with such novel capacities, even non-implantable, generate ethics concerns to 

take into consideration, namely security and data privacy506. Monitoring and recording data 

corresponding to health and medical parameters using decentralized synthetic biosensors that make 

autonomous decision, firstly involves medical confidentiality, and secondly clinical responsibility. 

Thus, there is a need to define boundaries for efficient patient protection from exploitation of 

meaningful physiological data by non-professionals, or in inadequate environment. Novel methods 

should preserve privacy and comfort of patients while ensuring reliable, secure and functional 

diagnostics to be made. We propose that minimal security requirements need to be formulated and 

integrated in early design phases. In addition, such emerging technologies displace established moral 

norms, and are likely to bring new issues to surface in the future, that will require extensive public 

debate507. While Synthetic biology is breaking established frontiers that were traditionally used for 

the governance of biotechnological research (e.g. medical, scientific and geopolitical authority and 

expertise regions), full transition into global health still requires global governance508. 

These development costs, safety consideration and regulatory issues, combined with a few 

unsuccessful attempts to transition to the medical field, have often prevented synthetic biologist to 

tackle clinical problems. We envision that the true power of synthetic biology lies in the decoupling 

of the development of specific biodetection for targeted pathologies from the design of modular 

synthetic proteins, nucleic acids, cellular or cell-like devices could solve this challenge. Components 

optimized at different hierarchical layers could be systematically approved separately before 

assembly to speed up prototyping, by that mean easing the regulatory process, satisfying safety 

concerns, and lowering costs. Moreover, as the applications of synthetic systems in clinical medicine 

are ever more prominent we envision that the specific relevance and impact towards medicine will 

be realized through the bridging of biological devices like engineered cells, nucleic acids and proteins 

with non-biological materials such as nanomaterials. 

 

 



 71 

Synthetic biology has grown and advanced enormously in the past few years. Robust methods now 

allow the assembly of engineered modular molecular and cellular devices with biosensing and 

information-processing capabilities. Researchers now begin to transition the engineering framework 

into the medical field, to ultimately realize intelligent, autonomous, programmable biosensors. We 

suspect that these advances are likely to announce a change of paradigm in diagnostics like the one 

next-generation sequencing technologies or antibodies in the development of immunosensors 

brought to medical diagnosis. The prospect for more complex synthetic devices to act as self-

contained diagnostics is now established, and could evolve toward multipurpose nano-enabled 

implantable system for in vivo theranostics509. We envision that in the future biomolecular networks 

will make real-time, precise decisions to lead to enhanced health care. Indeed, as synthetic biology 

devices become ever more sophisticated and reliable, there will likely come a point at which 

diagnostic assays, methods, and platforms begin to be adapted to medical diagnosis rather than the 

other way around. A future in which medical synthetic biologists help to establish newer generations 

of analytical biological “hardware” synthetic devices, to improve clinical practice.  
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Selection of recent advances in synthetic biology of interest 

to medical diagnosis 

•, ••, ••• indicate increasing study importance and medical relevance  

Designation 
/Importance 

Technology and approach 
Input 

biomarkers 
Output/Readout Device format 

Targeted 
pathology/indication 

Clinics 
/Lab 

Ref 

VERSANT HCV, 
HBV, HIV-1 RNA 
3.0 Assay (bDNA) 

••• 

Target RNA is detected via hybridisation using a series of capture probes. The target RNA 
then complexes with a fluorescent label probe through a series of hybrisation events 
involving the target probe, preamplifier and amplifier nucleic acids. The use of non-
canonical nucleosides in the amplifier, preamplifier and label probe increases the 
specificity of the assay, as non-target DNA present in the sample cannot nonspecifically 
hybridise with the artificial DNA. 

Nucleic acids Fluorescence Microplate 

Detect HCV in infected 
patients,measurement 
of HCV, HBV and HIV-1 
viral loads during and 
after antiviral therapy 

Clinics 

510 
511 
245 

Bactosensors as a 
programmable 
platform for cell-
based diagnostics 

••• 

Bacterial biosensors with genetically encoded digital amplifying genetic switches can 
detect clinically relevant biomarkers in human urine and serum. They perform signal 
digitization and amplification, multiplexed signal processing with the use of Boolean logic 
gates, and data storage. We also provide a framework to quantify robustness in clinical 
samples and a method for easily reprogramming the sensor module for distinct medical 
detection agendas. First demonstration that bactosensors can be used to detect 
pathological signals. 

Any molecular 
signal sensed by 
bacteria 

Fluorescent, 
colorimetric 

Polymer beads Diabetes Lab 
115 

Programmable 
probiotics for 
detection of 
cancer in urine 

••• 

First example of orally administered diagnostic in vivo that can noninvasively indicate the 
presence of cancerogenesis by producing easily detectable signals in urine. No deleterious 
health effects on the mice bearing engineered bacteria where detected. They 
demonstrate that probiotics can be programmed to safely and selectively deliver 
synthetic gene circuits to diseased tissue microenvironments in vivo. 

 
LacZ reporter in 
urines, colorimetric 

Orally 
administered 
probiotic 

Liver cancer Lab (mice) 
128 

Intelligent Logic via 
apatasensors 
based Biofuel cells 

•• 

First example of controlled power release of biofuel cells by aptamer-based biochemical 
signals processed according to the Boolean logic operations, to generate self-powered 
smart medical diagnostics “programmed” into biocomputing systems. 

Thrombin and 
lysozyme 

Electrochemical 
On-Chip 
(microfluidics) 

Proof of concept Lab 
213 

"Sense-Act-treat" 
Biofuel cell 

•• 

Self-powered biocomputing logic-controlled intelligent integrated “Sense-Act-Treat” 
system based on a BFC 

Lactic acid 
and lactate 
dehydrogenase 
(LDH) 

Release of 
therapeutic drug 
(acetaminophen) 

 
Abdominal Trauma Lab 

395 

Boolean-format 
biocatalytic 
processing of 
enzyme 
biomarkers 

•• 

Enzymatically-processed biochemical information presented in the form of a NAND truth 
table allowed for high-fidelity discrimination between normal (physiological) and 
abnormal (pathological) 

Creatine kinase (CK) 
and lactate 
dehydrogenase 
(LDH) 

Electrochemical Point of care soft tissue injury Lab 
512 

Biocomputing 
enzyme logic 
system  

• 

Biocomputing system composed of a combination of enzyme logic gates designed to 
process biochemical information related to pathophysiological conditions originating from 
various injuries. 

lactate, 
norepinephrine and 
glucose 

Optical and 
electrochemical  

traumatic brain injury 
and hemorrhagic 
shock 

Lab 
513 

Cell-based allergy 
profiler 

••• 

Mammalian cell-based biosensors that scores the allergen-triggered release of histamine 
from whole-blood-derived human basophils. A synthetic signalling cascade engineered 
within the allergy profiler rewires histamine input to the production of reporter protein, 
thereby integrating histamine levels in whole-blood samples. 

various allergens 
Fluorescence 
/enzyme assay 

Liquid phase Allergic disorders Lab 
145 

Programmed 
engineered genetic 
circuit in cells that 
respond to 
biological signals 

• 

Modular design strategy to create Escherichia coli strains where a genetic toggle switch is 
interfaced with: (i) the SOS signaling pathway responding to DNA damage, and (ii) a 
transgenic quorum sensing signaling pathway from Vibrio fischeri. 

DNA damage, QS 
molecules (AHL) 

Fluorescent protein 
(GFP)  

Proof-of-concept Lab 
70 

Delivery of 
exogenous 
synthetic agents 
for noninvasive 
disease monitoring 

••• 

Low-cost, non-invasive method that  relies on nanoscale agents that are administered to 
reveal the presence of diseased tissues by producing a biomarker vio proteolytic release, 
in the urine that can be detected using different methods 

Synthetic 
biomarkers 

Molecular 
signatures of 
biomarkers in blood 
and urine, readable 
my MS, single 
molecule array, or 
lateral flow assay  

 

Cardiovascular 
diseases, liver fibrosis 
and cancer 

Lab (mice) 

60  
61  
62  

Programmable 
autonomous 
biomolecular 
computing device 

••• 

Context-sensing mechanism of a biomolecular automaton that can simultaneously sense 
different types of molecules 

mRNAs, miRNAs, 
proteins, and small 
molecules 

nucleotide 
quantification using 
PAGE analysis 

 
Proof-of-concept Lab 

236 

Paper Strip cell-
base biosensors 
for detection of QS 
signals 

•• 

Development of a fast, inexpensive, and portable filter-paper-based strip biosensor for 
the detection of bacterial quorum sensing signaling molecules, N-acylhomoserine 
lactones from Gram- mathogens in physiological samples. 

AHLs 

β-Galactosidase 
reporter: visual 
monitoring of a 
colorimetric signal  

Paper strip 
Gram- bacterial 
infetious diseases 

Lab 
128 

Luciferase-based 
indicators of drugs 
(LUCIDs) 

••• 

Semisynthetic bioluminescent protein sensors approach proposed as an entirely new 
mechanism for inexpensive point-of-care biosensors.  That permits quantification of 
specific drugs in patient’s samples by spotting minimal volumes on paper and recording 
the signal using a simple point-and-shoot camera.  

MTX, Tacrolimus, 
Sirolimus, 
cyclosporin, 
topiramate, digoxin 

Luminescence signal 
recorded by a digital 
camera 

Paper strip Companion diagnostics Lab 
295 
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Designation 
/Importance 

Technology and approach 
Input 

biomarkers 
Output/Readout Device format 

Targeted 
pathology/indication 

Clinics 
/Lab 

Ref 

Paper-Based 
Synthetic Gene 
Networks 

••• 

Toehold RNA switches biosensors, in vitro paper-based platform that provides an 
alternate, versatile venue for synthetic biologists to operate and a much-needed medium 
for the safe deployment of engineered gene circuits beyond the lab. Commercially 
available cell-free systems are freeze dried onto paper, enabling the inexpensive, sterile, 
and abiotic distribution of synthetic-biology-based technologies for the clinic, global 
health, industry, research, and education. 

diverse small 
molecules analytes 
(glucose), nucleic 
acids (mRNA) 

Colorimetric human 
readable signal 

Paper strip 

Wide range of 
pathologies, proof-of-
concept for Ebola virus 
diagnosis 

Lab 
243 

Conditionally 
fluorescent dsDNA 
probe 

• 

Double-stranded toehold exchange: novel programmable mechanism in which each single 
nucleotide polymorphism generates two thermodynamically destabilizing mismatch 
bubbles rather than the single mismatch formed during typical hybridization-based 
assays. Up to a 
12,000-fold excess of a target that contains a single nucleotide polymorphism is required 
to generate the same fluorescence as one equivalent of the intended target, and 
detection works reliably over a wide range of conditions. 

Small variations in 
nucleic acid 
sequences and 
point mutations 

fluorescence 
 

SNP, proof of concept 
with bacterial 
antibiotic resistance 
genes 

Lab 
228 

Logic gates that 
respond to the 
presence of both 
protein and DNA in 
a sample 

• 

Microarray sensor technology with logic capability for screening combinations of proteins 
and DNA in a biological sample. 

combinations of 
proteins and DNA 

fluorescence 
 

Chronic obstructive 
pulmonary disease 
(COPD) 

Lab 
379 

Bacteriophage-
based microbial 
diagnostics 

••• 

Engineering bacteriophages as near-real time microbial diagnostics by using them to 
transform target specific viable bacteria into factories for detectable molecules 

bacterial pathogens 

fluorescence, 
luminescence, 
colorimetric signals, 
phage/protein 
amplification 

Cultivation in 
complex clinical 
sample 

Detection of B. 
anthracis, Y. pestis, M. 
tuberculosis, S. aureus, 
L monocytogenes, 
Salmonella, E coli, and 
antibiotic susceptibility 

Clinics 

160 
181 
187 
161 

Boolean gated 
antibodies for logic 
detection 

•• 

Site-specific, chemical phosphorylation of a recognition domain creates boolean ‘gated’ 
antibodies. Binding is induced in an enzyme AND-antigen dependent manner. This ‘AND-
Ab’ is active only in the presence of two biomarker inputs. Bivalent antibody–DNA 
conjugates as generic, noncovalent, and easily applicable molecular locks that allow the 
logic gated control of antibody activity using toehold-mediated strand displacement 
reactions.  

Cell surface antigen 
and secreted 
enzyme, any 
epitope 

Fluorescent/colorim
etric output 

Liquid phase Immunoassays Lab 

263 
380 

Bacterial Quorum 
sensing biosensors 
for the clinics 

•• 

Bacterial biosensing systems to evaluate QSMs in physiological samples (stool, saliva) of 
patients 

QS molecules 
Bioluminescence/col
orimetric 

Paper based 
Inflammatory bowel 
disease, Ulcerative 
colitis, Crohn's disease 

Lab 

128 
514 

Microbial 
biosensor for in 
vitro pretreatment 
assessment of 
Cytarabine efficacy 
in leukemia 

•• 

Microbial cell-based biosensor for the fast, in vitro prediction of luekemic cells response 
to the anticancertous drug Ara-C (cytosine arabinoside)  

Ara-C Bioluminescence Liquid phase Leukemia Lab 
515 

Bacterial 
biosensing system 
to monitor Methyl 
mercury poisoning 

• 

Bacterial biosensing system that can rapidly detect bioavailable MeHg  MeHg Bioluminescence Liquid phase 
Methylmercury 
poisoning 

Lab 
516 

Engineered virus 
nanoparticules 
based 
immunoassays 

•• 

The authors demonstrate that by combining viral nanoparticles, which are engineered to 
have dual affinity for troponin antibodies and nickel, with three-dimensional 
nanostructures they could detect troponin levels in human serum samples that are six to 
seven orders of magnitude lower than those detectable using conventional enzyme linked 
immunosorbent assays. The viral nanoparticle helps to orient the antibodies for maximum 
capture of biomarkers. High densities of antibodies on the surfaces of the nanoparticles 
lead to greater binding of the biomarkers, which enhances detection sensitivities.  

Troponin I 

Fluorescent, 
luminescent, 
electrochemical, 
enzymatic and 
colorimetric signals 

Liquid phase 
Acute myocardial 
infarction 

Lab 

196 
197 

Spore-based 
genetically 
engineered whole-
cell sensing 
systems 

•• 

Incorporated spore-based whole-cell sensing systems into Zinc and arsenite 
fluorescence, 
luminescence 

miniaturized 
microfluidic 
format (µTAS) 

Measurements of seric 
zinc and arsenite levels 

Lab 
125 

Nucleic Acid 
Circuits 

••• 

Toehold mediated strand displacement mechanism alone have permitted to develop 
novel enzyme free nucleic acid amplification circuits for different diagnostic detection 
strategies, such as entropy-driven catalysis (EDC) circuits, seesaw gates, catalytic hairpin 
assembly (CHA) reactions and hybridization chain reactions (HCR)  

Wide rand of 
analytes 

fluorescent, 
luminescent, 
electrochemical, 
enzymatic and 
colorimetric signals 

Liquid or solid 
phase  

Lab 
229 

Logic-Based 
Autonomous cell 
surface profiling 

•• 

Cell types, both healthy and diseased, can be classified by inventories of their cell-surface 
markers using aptamers or antibodies. DNA nanorobots for programmable analysis of 
multiple surface markers to enable the clinical disease profile on whole cells. They 
engineered a device combining structure-switching DNA aptamers, or antibodies coupled 
with DNA devices with toehold-mediated strand displacement reactions to perform 
autonomous logic-based analysis of cell-surface markers.  

Cell surface 
markers, Cluster of 
differentiation (CDs) 

Flurescence/ 
targeted 
therapeutics 

Liquid phase 
human cancer cell 
models 

Lab 

239 
240 



 74 

Designation 
/Importance 

Technology and approach 
Input 

biomarkers 
Output/Readout Device format 

Targeted 
pathology/indication 

Clinics 
/Lab 

Ref 

Bioolecular logic 
gates that detect 
MDR bacteria 

•• 

Biochemical reaction networks exploiting enzymes and oligonucleotides with a computing 
functionality applied to the identification of  bacteria exhibiting multi-drug resistance. 
This approach enables to identify the NDM-1-encoding gene (blaNDM-1) and concurrently 
to screen, by a tailor-designed biomolecular logical gate, two genetic fragments encoding 
the active sites bound to carbapenem.  

Nucleic acids 
related to antibiotic 
resistance (NDM-1) 

Electrochemical 
Liquid 
phase/electrodes 

MDR resistance of 
gram negative bacteria 

Lab 
381 

Antibody 
diagnostics via 
evolution of 
peptides 

• 

Antibody diagnostics via evolution of peptides (ADEPt) to evolve diagnostically efficient 
peptides for de novo discovery and detection of antibody biomarkers without knowledge 
of disease pathophysiology. As pathological antibodies repertoire are known to change in 
diverse diseases, this methods  has proven useful to create diagnostics for early disease 
detection, stratification, and therapeutic monitoring, and enabled  effective identification 
of a critical environmental agent involved in celiac disease. Bacterial cell-displayed 
peptide libraries were quantitatively screened for binders to serum antibodies from 
patients with celiac disease. 

Disease associated 
antibodies 

Fluorescence Liquid Phase 
Celiac disease, 
theorically many 
diseases 

Lab 
268 

Synthetic genetic 
polymers  XNA 
aptamers  

•• 

Novel synthetic nucleobases and their genetic polymers, known as XNA (xenonucleic 
acids) increase the chemical and structural diversity of nucleic acids, and open up the way 
for increased affinity and stability against enzymatic cleavage, expanded functionality 
such as enzymatic activity, and improved synthesis and selection procedures 

PDGF, HIV RNA, 
Thrombin, 
Camptothecin, 
VEGF, Glucagon, IL-
6, Cancerous cells 

Various Liquid phase Various diseases Lab 
254 

Prosthetic circuit 
to monitor and 
treat diet induced 
obesity 

••• 

Mice transplanted with engineered cells bearing synthetic genetic circuit that constantly 
monitors blood fatty acid levels in the setting of diet-associated hyperlipidemia and 
coordinates reversible and adjustable expression of the clinically licensed appetite-
suppressing peptide hormone. 

fatty acid levels in 
blood 

Appetite-
suppressing peptide 
hormone 
Pramlintide 

Microcapsule 
Hyperlipidemia/Diet 
induced obesity 

Lab 
150 

Biomolecular 
computer for 
diagnosis and 
therapy 

••• 

Biomolecular computer performs in vitro the identification of a combination of cancer 
mRNA marker molecules at specific levels and generates a therapeutically active molecule 

mRNAs 
Therapeutic nucleic 
acid  

models of small-cell 
lung cancer and 
prostate cancer 

Lab 
38 

Bile acid-
controlled 
prosthetic circuit 

•• 

Biosensor based on orthogonal synthetic gene switches that combine’s bile 
acid-specific sensor capacity with dose-dependent expression of a 
specific transgene in mammalian cells and in mice. 

pathological 
metabolites (Bile 
acids) 

Therapeutic 
responses  

Metabolic disorders Lab 
517 

RNA control 
devices monitor 
signaling pathways 
and reprogram 
cellular fate 

• 

Protein-responsive RNAbased regulatory device integrating RNA aptamers that bind to 
disease associated protein ligands in key intronic locations of an alternatively spliced 
transcript linking intracellular protein concentrations to gene-expression events, and 
triggering apoptosis 

Wnt and NF-kB 
pathway 

Targeted apoptosis 
intracellular RNA 
device 

Cancer Lab 
144 

Multi-input cancer 
cell classifier 

••• 

Scalable synthetic genetic circuit works as a cell type classifier in cellulo by detecting 
customizable sets of endogenous pathological miRNAs and triggers apoptosis in HeLa cells 

cancer specific 
endogenous 
miRNAs patterns 

Apoptosis of cancer 
cells 

intracellular 
genetic circuits 

Cancer  Lab 
152 

Genetically 
Programmable 
platform to detect 
pathogens and 
trigger destruction 

• 

Proof-of-principle towards detection of Pseudomonas aeruginsona using quorum sensing 
signals and in situ destruction by an engineering E. coli secreting an engineered specific 
bacteriocin. 

P. aeruginosa QS 
molecules 
(3OC12HSL) 

Secretion of CoPy 
bacteriocin 

in situ 
Urinary tract and 
nosocomial infections 

Lab 
518 

E. coli engineered 
into living 
diagnostics to 
probe the 
mammalian gut. 

••• 

Engineered E coli that survive in mice gut gut and sense, remember, and report molecular 
signals thanks to a genetic circuits with a “trigger element” in which the lambda Cro gene 
is transcribed from a tetracycline-inducible promoter and a “memory element” derived 
from the cI/Cro region of phage lambda. 

aTc 
β-galactosidase 
reporter 

Orally 
administered 
engineered 
bacterium, 
probiotic? 

Proof-of-concept Lab (mice) 
19 

Synthetic uric 
acid–responsive 
mammalian sensor 
circuit 

••• 

Synthetic mammalian circuit to maintain uric acid homeostasis in the bloodstream. 
Modified Deinococcus radiodurans-derived protein that senses uric acids levels and 
triggers dose-dependent derepression of a secretion-engineered Aspergillus flavus urate 
oxidase that eliminates uric acid in vivo in mice 

Uric acid 
urate oxidase 
enzyme 

Intraperitoneous 
implantation of 
microcpasules 
containing 
engineered cells 

Proof-of-concept Lab (mice) 
148 

Multifunctional 
Mammalian pH 
Sensor 

••• 

The authors rewired the human proton-activated cell-surface receptor TDAG8 to chimeric 
promoters, creating a synthetic signaling cascade that monitors extracellular pH within 
the physiological range. The synthetic pH sensor was linked to production of insulin and 
implanted into type 1 diabetic mice developing diabetic ketoacidosis, creating a 
prosthetic network capable of automatically scoring acidic pH and coordinating an insulin 
expression response that corrected ketoacidosis. 

pH, CO2 
Fluorescence/ 
Insulin 

Intraperitoneous 
implantation of 
microcpasules 
containing 
engineered cells 

Proof-of-concept Lab (mice) 
140 

Synthetic gene 
networks that 
detect bladder 
cancer cells 

••• 

Synthetic gene network build using CRISPR-Cas9 technology in mammalian cells, that 
integrate cellular pathophysiological information from two cancer specific promoters as 
inputs and activate an output gene following a AND Boolean operation. When using a 
luciferase output, the authors could detect bladder cancer cells. The authors could also 
induce cell death using functional genes as outputs. 

cancer specific 
intracellular 
transcriptional 
signals (human 
telomerase reverse 
transcriptase, 
human uroplakin II) 

Luminescence, 
apoptosis 

Intracellular 
gene circuits 

Proof-of-concept Lab 
153 

Protein switches 
that detect cancer 
and treats 

The authors propose a strategy for designing protein therapeutics that link activation of a 
chosen therapeutic function to a specific cancer marker of choice. We demonstrate this 
strategy by creating a protein switch that renders cells susceptible to the in response to 
the cancer marker. 

hypoxia-inducible 
factor 1α (HIF-1a) 

Activation of the 
prodrug 5-
fluorocytosine (5FC)  

Intracellular 
protein switch 

Human colon and 
breast cancer  

Lab 
141 
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