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Abstract 

Wastewater surveillance is a powerful tool to understand community profiling in terms of health 

monitoring. Tracking biomarkers such as inorganic and organic pollutants, drugs, and pathogens in 

wastewater gives a general idea about the lifestyle and health status of a population as well as 

pollutant exposure caused by various toxic chemicals. Notably, tracing pathogenic clues could help 

predict and prevent disease outbreaks such as the ongoing COVID-19 pandemic in communities. To 

this end, developing portable biosensing platforms will facilitate the on-site monitoring of water 

contamination without requiring complex equipment. New technological developments in synthetic 

biology have advanced both synthetic gene circuit-based biosensors and new in vitro detection 

strategies coupled with easy-to-interpret visualization methods. Here, we summarize the latest 

advances in synthetic biology tools and discuss how they enable the development of rapid, low-cost, 

ease-to-use and field-deployable biosensors for monitoring a variety of water contaminants and 

health-related biomarkers in the environment. 

Keywords: Synthetic biology; Portable biosensors; CRISPR-based detection; Environmental 

monitoring; Water contamination; Wastewater monitoring 
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1. Introduction 

Wastewater-based epidemiology (WBE) is an important approach to understand the health status of a 

population. By tracing certain biomarkers (e.g., drugs, pathogens and pollutants), lifestyle of a 

community could be assessed. Recent COVID-19 pandemic has shown that viruses could be viable in 

wastewater for several days and spread through the sewage which may cause pandemic [1-3]. 

Nevertheless, early detection of disease biomarkers may prevent outbreaks by regular wastewater 

monitoring and allowing disinfecting wastewater before disposal and reuse [3]. Although certain tools 

(e.g., mass spectrometry (MS) and polymerase chain reaction (PCR) for chemicals and pathogen 

detection, respectively) have been developed for wastewater surveillance, they require adequate 

sample collection, processing and analysis with complex devices operated by well-trained personnel. 

Hence, new field-deployable strategies are required for rapid on-site monitoring of biomarkers without 

necessitating skilled personnel and sophisticated tools [2, 4, 5].  

Biosensors are of great interest for field applications since they are portable, sensitive and fast 

responding tools requiring small volumes of sample and minimal sample processing. Although 

sewage is a complex matrix, several sensing platforms (e.g., ELISA, mechanical biosensors, 

fluorescent probes and aptamers) have been proposed for efficient monitoring of biomarkers to trace 

public health [1, 5]. Among of the myriad biosensing platforms, cell-based biosensors, using either 

natural or engineered cells, have been commonly demonstrated for water quality assessment in the 

laboratory [6]. Despite of various advantages (e.g., they can be mass-produced readily at low cost.), 

cellular biosensors can encounter certain challenges during field applications one of which is the 

safety concerns. Scientists have employed synthetic biology approaches to circumvent the limitations 

of cellular biosensors by developing alternative strategies such as cell-free expression systems 

utilizing cell lysates or purified transcriptional (TX) and translational (TL) components in a test tube. 

Moreover, these platforms have been adapted to provide easy on-site monitoring via freeze-drying 

and only rehydrating upon usage. Especially cell-free systems are suitable for paper-based 

biosensing which are easy to store and distribute for filed applications. Recently, new in vitro portable 

detection platforms based on riboswitches or clustered regularly interspaced short palindromic 

repeats (CRISPR)-CRISPR-associated protein (Cas) mechanism with and without isothermal nucleic 

acid amplification techniques (NAATs) have become increasingly popular allowing the detection of 

small molecules, drugs, disease biomarkers, or pathogens by providing a rapid ON/OFF result with 

visible output without using complex equipment [2]. 
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2. Synthetic gene circuit-enabled biosensors for detecting water contaminants Advances in 

synthetic biology tools development have accelerated gene circuit design for customizing biological 

signal processing both in vivo and in vitro. Such circuits introduced in host cells have widely been 

used in environmental monitoring, for example for water quality assessment. More recently, 

adapting cell-free gene expression to biosensing systems has gained increasing attention owing to 

its potential of being able to circumvent the limitations of whole-cell based biosensors including 

their biological safety concerns and stability issue for field deployment via freeze-drying sensor 

gene circuits and cell-free expression reagents on paper or in a test tube. In this section, we 

describe the general principles of synthetic gene circuit design for biosensing applications, and 

summarize the recent advances of cell-based and cell-free biosensing systems with a particular 

focus on water contamination monitoring. 

2.1. Synthetic cell-based biosensors for environmental toxins and pathogens  

Developments in industrialization have caused an increase in environmental pollution such as 

biological contamination (bacteria, protozoa and viruses), organic (pesticides, herbicides, phenols, 

hydrocarbons, waste oil and endocrine disruptors) and inorganic (metalloids, phosphates, 

halogens, ammonia, nitrites and nitrates) substances [7]. To date, many biosensing platforms, 

including cell-based biosensors, have been demonstrated for environmental monitoring. In 

particular, ease of genetic manipulations has made bacterial hosts the most widely adopted 

chassis for synthetic gene circuit-enabled biosensors.  

Whole-cell biosensors (WCBs) have prominent advantages over their abiotic counterparts, 

including but not limited to low cost, durability, ease-of-use and multiplexing. In addition, only living 

cells can be used to assess bioavailability and (geno)toxicity of compounds [8, 9]. While native 

cells as biosensors (e.g., naturally luminescent Vibrio fisheri) are shortfall in selectivity and error-

prone due to the environmental interference, synthetic biology offers new tools to precisely 

manipulate cells for performing bespoke tasks using customized gene circuits of varying scales 

and complexity [10]. Similar to conventional biosensors, WCBs are composed of (i) a sensing 

module which recognizes the incoming signal, (ii) a processing module which transduces the 

incoming signal with a designer gene circuit, and (iii) an output module which converts the 

incoming signal into a measureable output (Fig. 1a) [11, 12].  

To date, myriad of engineered circuits have been introduced in cells allowing the detection of small 

molecules, organic pollutants, metalloids, explosives, antibiotics, pathogens, or even disease 

biomarkers [8, 13]. Inspired by nature, synthetic biology has leaped forward the engineering 

strategies. Most of the earliest engineered WCBs have been designed on the basis of ligand-

responsive transcription factors (TF), either activators or repressors, and their cognate regulatory 

promoters for controlling the output reporter gene expression [14, 15]. Although early TF-based 

circuits are limited to naturally existing parts, further engineering strategies such as directed 

evolution or random mutagenesis paved the way for new part identifications broadening the 
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sensing capabilities for WCBs [16]. A recent study demonstrated an efficient method named 

Seamless Enrichment of Ligand-Inducible Sensors (SELIS) for TF engineering that combines a 

positive screening, which gives ligand-dependent fluorescence signal, and a negative selection, 

which provides antibiotic resistance only in the absence of the target molecule [17]. Further, 

engineering existing TFs, such as arabinose responsive AraC [18] and isopropyl β-D-1-

thiogalactopyranoside (IPTG) responsive LacI [19], opens a route to detect new target molecules 

which do not have available TFs in nature. Not all TFs are selective, i.e., responding not only to the 

target but also to its analogs. To overcome the selectivity issue of WCBs, multi-input AND logic 

gate has been proposed as a solution that multiple inputs control a single output [20-22]. 

Alternatively, in some cases, instead of identifying specific compounds, desensitization of a TF 

allows for recognition of multiple targets and indicates the general toxicity of a sample [23]. 

Bacterial two-component systems (TCS), composed of a receptor sensing protein and a response 

regulator, have also been engineered for biosensing [21], and occasionally, for remediation [14]. It 

has shown that engineering orthogonal protein domains can increase the signaling capacity of 

TCS. These engineered proteins can be separated from the host’s native TCS pathways, thus 

avoiding potential cross-talk [24]. Recently, a similar approach has been utilized to engineer a 

membrane-bound one-component system for constructing a chimeric sensor protein to detect bile 

salts in clinical samples. The bile salt sensing domain together with its transmembrane region was 

fused with DNA-binding domain of CadC, which then controls the expression of a reporter through 

its cognitive promoter (pCadBA) [25]. Yet, due to the complexity in engineering such systems, TF-

based sensing circuits remains more favorable to date.  

Certain analytes such as small molecules could be hard to find an allosteric TF or a binding protein 

in nature. A milestone has been demonstrated by introducing target-specific RNA-based sensing 

system based on synthetic riboswitches, enabling small molecule detection. These regulatory 

RNAs are located at the 5’-UTR of the reporter gene forming a secondary structure in the absence 

of ligand, hence blocking the gene expression. Ligand binding (e.g., heavy metals, amino acids or 

cofactors) triggers conformational change leading to the reporter expression [14, 15]. A new 

approach, named De novo Rapid In Vitro Evolution of RNA biosensors (DRIVER), has been 

developed to select aptamers to make RNA-based biosensors. The 3’-UTR of gfp has been 

functionalized with selected RNA aptamers with self-cleaving ribozymes. Thus, the mRNA is 

degraded in the absence of ligands but otherwise stays intact to allow translation of the reporter 

and increase in output fluorescence signal [26]. 

While WCBs hold great potential as programmable biosensors, they face certain challenges during 

on-site monitoring (Table 1). First of all, real samples are complex matrices which might interfere 

or inhibit the cellular output signal, as well as restrict the analyte access of WCBs. Although 

fluorescent proteins are dominant as the output in biosensor characterization in laboratory settings 

due to their many advantages (e.g., faster and stable signal generation), they could suffer from 
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high auto-fluorescence in complex water samples. Thus, alternative outputs (e.g., ice nucleation 

protein, gas vesicles, etc.) may be considered in such circumstances [27, 28]. In addition, limit of 

detection (LOD) of laboratory developed WCBs often does not meet the real world detection 

requirement. To address these challenges, synthetic biology-enabled tuning strategies such as 

intracellular receptor concentration tuning [29, 30], transcriptional amplification circuits [30, 31] and 

digital amplifying switches [32] have been developed to increase the sensitivity, lower the LOD, 

and enhance the output signal of WCBs. However, the introduction of heterologous controlling 

circuits could be burdensome to the host cell due to their consumption of the limited shared cellular 

resources. Accordingly, to mitigate cellular burden induced by protein expression toxicity, 

alternative tuning strategies employing artificial decoy protein-binding sites (DNA sponges) have 

been developed to improve sensor performance [33]. Moreover, cell consortia could be an 

alternative viable solution to implement complex signal processing while reduce cellular burden by 

distributing a large signal processing gene circuit into multiple communicating cell strains [21].  

Another possible restriction of WCBs is that they may not be suitable for detecting compounds 

which cannot be readily transported inside the cell limiting the detection via cytoplasmic sensing 

circuits [8]. In addition, some compounds are highly toxic which could affect host’s behavior and 

growth dynamics, thus requiring careful choice of host chassis for on-site detection. Since certain 

microbial species tend to be more sensitive to some target compounds, the LOD of sensors using 

such hosts would be lower than others [34].  

Particularly, on-site applications of WCBs can bring biosafety concerns including the accidental 

release of genetically modified microbes (GMMs) into environment. Different biocontainment 

approaches such as toxin/antitoxin systems [35], kill switches [36], conditional auxotrophy [37] and 

non-canonical amino acid substitution [38] have been trialed to mitigate the risks of using GMMs in 

field applications. In addition, such biosafety risks could be circumvented via entrapment of cells in 

a physical containment. For instance, hydrogels as physical containment materials provide a 

suitable environment for cells to survive and function and allow nutrient or other biomolecules to 

travel in and out of the physical barrier while prevent microbial escape [39]. Moreover, cells in 

physical containment can be used to design spatially defined sensor arrays for producing an easy-

to-interpret output pattern corresponding to an analyte concentration [30].  This approach has been 

utilized to detect arsenic contamination in water samples. Engineered circuits selectively 

responding to different arsenic concentrations were seeded on a spatially defined array indicating 

low or high arsenic concentrations with a fluorescent pattern, which could also be captured with a 

smartphone camera (Fig. 1b). Additionally, recent advances in synthetic biology has offered safer 

alternative chassis to living cells such as chromosome-free simple cells (SimCells) that cannot 

replicate and have a limited lifetime before run out of energy [40], and artificial cells which are 

constructed from bottom-up chemistry-based approaches and loaded with cellular extract or 
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specified cellular components [41]. Yet, these technical routes are still at an early development 

phase with further optimization required towards field-deployable biosensing applications. 

One of the biggest challenges of producing field-deployable WCBs is to provide long shelf-life for 

on-site applications. To date, various approaches have been developed to keep cells functioning 

for long term usage. One of the easiest ways is to lyophilize cells using some cryoprotectants that 

enable cells to keep their activity almost with minimal loss of function for several months. 

Additionally, immobilization methods such as encapsulating cells into a physical containment can 

also provide increased shelf life. Yet, none of these methods are robust enough to preserve cells 

for longer period of time. Alternatively, using spore-forming cells not only increases shelf-life but 

also provides resistance against harsh environmental conditions, e.g., high temperature and UV, 

which holds a great promise for long term storage of cell-based sensors for field applications [28, 

46]. Notably the shelf-life of sensor cells is also related to the storage temperature which correlates 

with cell metabolism. Accordingly, lower storage temperature is prone to increase shelf-life due to 

reduced metabolic activity. 
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Figure 1: Synthetic biology enables field-deployable biosensors by leveraging synthetic 

cell-based and cell-free sensing platforms. (a) Whole-cell biosensors typically consist of three 

modules: a sensing module, a processing module, and an output module. Once the engineered 

cell detects the target, it transduces the incoming signal to a measurable output. Adapted with 

permission from [11]. (b) Easy-to-interpret microbial cell arrays can be generated using engineered 

sensor strains with varying sensitivity to an analyte of interest. Using agarose entrapment or 

microfluidic encapsulation, these engineered sensor cells are used to build a microbial sensor 
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array that displays an easy-to-read volume bar-like fluorescent pattern for smartphone-based 

monitoring of environmental contaminants such as arsenic in drinking water. Adapted with 

permission from [30]. (c) The sensing units of cell-free biosensors include ligand-responsive TFs, 

aptamers, toehold switches, or CRISPR mechanism, while TX/TL machinery can be divided into 

crude cell extracts, PURE system, or selectively purified protein components (TFs and 

polymerases). Adapted with permission from [51]. (d) The switch RNA forms a toehold structure at 

the 5’-UTR of the reporter gene preventing its expression. Only the presence of trigger RNA leads 

to unlocking of the toehold structure, freeing the RBS and initiating reporter expression. Adapted 

with permission from [52]. (e) The RNA output sensors activated by ligand induction (ROSALIND) 

method is based on the in vitro transcription of a fluorescence-activating RNA aptamer. In the 

absence of the analyte, transcription is blocked by a TF (left), whilst presence of the target analyte 

releases the TF, allowing RNAP to transcribe the aptamer which generates a detectable signal 

upon binding a fluorescent dye (right). Adapted with permission from [50]. (f) Cell-free systems are 

suitable for field deployment via freeze-drying in a tube or on embedded paper. Upon rehydration 

of biocomponents, reporter expression can be initiated allowing target detection either with a 

colorimetric output visible by the naked eye, or with a fluorescent output detectable with a portable 

light source. Adapted with permission from [47].  

 

2.2  Cell-free expression system-based biosensors  

To overcome the aforementioned limitations and biosafety concerns of using living cell-based 

biosensors for field deployment (Table 1), new cell-free biosensing platforms have been recently 

developed (Fig. 1c). A typical approach is achieved by using sensing proteins (e.g., ligand 

responsive TFs) or nucleic acids (e.g., riboswitches, aptamers) in cell-free protein synthesis 

(CFPS) systems [42]. To date many studies have utilized TF-based gene circuits to demonstrate 

proof-of-concept applications of cell-free expression systems to detect contaminants such as 

heavy metals, pathogens, or antibiotics [47-49] using either crude cell extracts or purified protein 

components (PURE). Similarly, aptamer-based cell-free systems have also been shown to act as 

efficient biosensors. For instance, DNA aptamers were used to control the expression of a reporter 

gene under T7 promoter via forming a “bubble” structure to prevent gene expression in the 

absence of analyte, whilst analyte exposure would release the “bubble” to allow reporter 

expression [42]. A recent breakthrough in aptamer-based sensing is the development of toehold 

switches, a special class of RNA-aptamers. In this design, a hairpin structure containing the 

ribosome binding site (RBS) is formed by a customized switch RNA localized at the 5’-UTR of the 

reporter gene preventing its translation, and the loop is released only with the presence of a target 

trigger RNA (Fig. 1d). This technology has been successfully demonstrated for portable paper-

based detection of RNA viruses where the signature viral RNAs can act as the trigger RNA to 

switch on the expression of a downstream reporter protein [49]. The output reporters of cell-free 
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systems are not necessarily proteins. Instead, a recent study has adopted a fluorescent RNA 

output for water quality monitoring. In this RNA Output Sensors Activated by Ligand Induction 

(ROSALIND) method, TFs, RNAP and DNA templates are mixed together to transcribe an RNA 

aptamer, Broccoli (3WJdB), which becomes fluorogenic upon binding a cognate fluorescent dye 

(Fig. 1e). ROSALIND is suitable for field deployment since it could be freeze-dried allowing on-site 

detection of a range of water contaminants such as antibiotics, heavy metals, and many other 

small molecules [50]. 

Cell-free biosensors using the cellular TX/TL machinery in a tube or on paper via freeze-drying and 

rehydrating upon usage have significantly mitigated the safety concerns of WCBs in addition to the 

benefits of prolonged shelf-life and increased stability [49]. Yet, similar to cell-based sensors, shelf-

life of cell-free biosensors is related to the storage conditions. Most of the freeze-dried cell-free 

reaction reagents are stable for weeks up to several months under atmospheric conditions and for 

up to a year in nitrogen [27]. Moreover, cell-free expression systems utilize almost all energy 

available for sensor component expression whilst WCBs need to consume a large portion of the 

energy for host survival and replication. To date, a variety of organisms have been utilized to 

produce cell-free expression systems though E. coli-based extracts dominate the field owing to its 

wideness as the prototyping system in the lab. While the PURE system is more costly and labor-

intensive to prepare due to the need of purification of more than 30 protein components, it may 

help increase the sensitivity for genetic biosensor [42, 53, 54]. Importantly, cell-free systems have 

great potential to be the platform for developing field-deployable biosensors by producing easy-to-

interpret output either directly visible by the naked eye or by a smartphone with suitable excitation 

and emission filters placed in front of the camera or a portable 3D printed detector (Fig. 1f).  

 

Table 1: Comparison of cell-based, cell-free and in vitro detection methods for non-biological and 
biological contaminants 

Cell-based biosensors Cell-free biosensors in vitro diagnostics Ref. 

Detect the bioavailable fraction 

of contaminants 

Not necessarily related 

to the bioavailability  

Not necessarily related to the 

bioavailability 

[10, 

28] 

Sensitive but usually limited to 

the diffusion of substances 

from cell membrane (for 

intracellular gene circuits) 

Increased sensitivity 

and no membrane 

obstruction 

Increased sensitivity can be 

achieved by amplification 

methods 

[42-

44] 

Fast response but usually 

need a couple of hours to 

develop high signal-to-noise 

ratio 

Fast response (within a 

few minutes to hours) 

Fast response (within 

minutes to hours) 

[27, 

28, 

44] 

May not be suitable for non- No diffusion and/or No diffusion and/or toxicity [42] 
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diffusible and toxic analytes toxicity limitation limitation 

Lack of genetic stability in long 

term usage but could be 

improved via lyophilization or 

encapsulation 

Stability can be 

increased when freeze-

dried 

Stability can be increased 

when freeze-dried 

[16, 

42] 

Field-deployable but face 

safety concerns of accidental 

GMMs release  

Field deployable 

without safety concerns 

of accidental GMMs 

release 

Field deployable without 

safety concerns of accidental 

GMMs release 

[16, 

27, 

42, 

45] 

Various output options (e.g., 

fluorescent, luminescent, 

colorimetric, electrical, small 

molecules, gas vesicles, etc.) 

Output is mostly 

fluorescent, 

luminescent or 

colorimetric 

Output is mostly fluorescent, 

colorimetric, electrochemistry 

or lateral flow 

immunochromatography 

[27, 

28, 

43, 

45] 

Inexpensive and easy to mass 

produce 

More expensive and 

labor intensive (e.g., 

PURE system requires 

multiple component 

purifications) 

More expensive to mass 

produce (e.g., cost of primers 

and specific 

reagents/enzymes 

particularly used in 

isothermal amplification) 

[43] 

 

3. Synthetic biology-enabled in vitro detection methods for water contaminants 

While aptamer or RNA switch-based in vitro sensing strategies could speed up the output 

response of biosensors, they may not address other challenges in biosensing such as to meet the 

real-world detection requirement of LOD. Particularly for environmental samples, analytes are often 

present at very low amount, which has made it challenging for biosensors to detect target analytes 

at their environmentally relevant concentrations. Recent technological developments in synthetic 

biology including CRISPR-Cas systems coupled with NAATs have facilitated the development of 

new ultrasensitive, ease-to-use and field-deployable biosensors for detecting both pathogens and 

non-nucleic acid targets. In the following section, we present and discuss some representative in 

vitro detection methods which are developed based on toehold RNA switches, DNA aptamers, 

CRISPR-Cas systems or their combinations for detecting a variety of nucleic acid and non-nucleic 

acid targets. 

  

3.1. Toehold switch-based biosensors for pathogen detection 

As briefly aforementioned, toehold switch is a promising tool for developing field-deployable paper-

based diagnostics allowing easy detection of antibiotic resistance genes and RNA viruses such as 
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Ebola. Yet, their detection limit (30 nM for ssRNA) does not meet the criteria for clinically relevant 

concentration [49]. However, the detection limit for nucleic acids has been lowered to femtomolar 

level simply by introducing a NAAT, i.e., nucleic acid sequence-based amplification (NASBA), to 

the toehold switch-based diagnostics [55, 56]. NASBA is a highly sensitive amplification method 

and can achieve million-fold RNA amplification at 41°C in less than 2 h. The amplification starts 

with reverse transcription (RT) of the RNA target utilizing specific primers one of which adds T7 

promoter sequence onto the target to allow T7 RNA polymerase dependent amplification of RNA 

transcripts. Additionally, toehold switches enable higher detection specificity  by using target 

specific trigger RNA  to further reduce any false positive outputs caused by the NAATs alone [55, 

57, 58]. A recent study has demonstrated that it is capable of virus strain discrimination using 

strain-specific toehold switches designed for different genotypes of the norovirus [59].  

  

3.2. CRISPR-Cas enabled biosensors for pathogen detection 

Further, the discovery of CRISPR-Cas mechanism, an adaptive immune system of prokaryotes, 

has opened a new era in portable diagnostics allowing detection of various analytes including 

pathogens, small molecules and heavy metals. CRISPR effectors are powerful nucleases that can 

be directed via guide RNAs (gRNAs) to provide efficient nucleic acid target recognition and 

subsequently cleavage. Thus, design of the cognate gRNA sequence would allow specific target 

identification. To date, field-deployable diagnostics based on either DNA-recognizing Cas9, Cas12 

and Cas14 or RNA-recognizing Cas13 effectors (Table 2) [60, 61] have been  demonstrated to 

detect various pathogens such as Dengue virus (DENV) [62], Zika virus (ZIKV) [55, 62], human 

papillomavirus (HPV) [63], Plasmodium species [64], and more recently the severe acute 

respiratory syndrome Coronavirus 2 (SARS-CoV-2) [65, 66]. 

 

Table 2: Cas effector proteins used in CRISPR-based diagnostics 

Effector Cas9 Cas12 Cas13 Cas14 

Type II V VI V 

Target dsDNA ss/dsDNA ssRNA ss/dsDNA 

PAM/PFS 3′& G-rich 5′& T-rich 3′& non-G-PFS 5′& T-rich 

Trans cleavage None ssDNA ssRNA ssDNA 

dsDNA: double strand DNA; PAM: Protospacer Adjacent Motif; PFS: Protospacer Flanking Site, 

ssDNA/RNA: single strand DNA/RNA. 

 

Early CRISPR-Cas-based diagnostic tools have used the Cas9 effector which recognizes dsDNA 

and activates cis DNA cleavage. Cas9 combined with toehold switch allows strain identification at 

single nucleotide resolution termed as NASBA-CRISPR cleavage (NASBACC) (Fig. 2a) [55]. 
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Target RNA is first amplified by NASBA to produce the target specific trigger RNA sequence for 

toehold switch activation. Strain signature sequence containing the protospacer adjacent motif 

(PAM) is recognized by the cognate gRNA-Cas9 complex resulting in sequence cleavage and a 

truncated RNA. Thus, no output expression of the toehold switch is produced. Instead, only the 

strain sequence not recognized by the designed gRNA-Cas9 can generate uncut trigger RNA to 

initiate output reporter expression allowing for strain-specific detection [55]. 

Owing to the discovery of trans-cleavage activity of Cas effectors, particularly the Cas12, Cas13 

and Cas14, CRISPR-Cas mechanism has become a focal point of next generation molecular 

detection tools (Table 3). First, Gootenberg and colleagues have developed a Cas13a effector-

based platform named Specific High-Sensitivity Enzymatic Reporter Unlocking (SHERLOCK) (Fig. 

2b). Upon target recognition, activated Cas13a can perform promiscuous collateral cleavage of 

ssRNA nearby, resulting in the cutting of quenched RNA probes and fluorescent signal production 

for output detection. Coupling with a NAAT, i.e., recombinase polymerase amplification (RPA), it 

could achieve attomolar sensitivity for pathogen detection [67]. Similar to NASBA, RPA amplifies 

the target sequence using T7 RNAP-based transcription, but uses recombinase-primer complex for 

scanning the target DNA to find homologous sequences, and unwinds the target from recognition 

sites to allow primer recognition. Subsequently, an improved version of SHERLOCK, 

SHERLOCKv2, was developed which supports multiplexing assay using four orthogonal CRISPR 

enzymes (LwaCas13a, CcaCas13b, PsmCas13b, and Cas12a) [68]. Additionally, SHERLOCKv2 

offers high sensitivity, quantification and instrument-free output visualization in the format of a 

lateral flow strip (Fig. 2c). To date, SHERLOCK has been applied to detect various pathogenic 

bacteria and viruses.  

Main challenges facing nucleic acid detection platforms lie in the presence of inhibitors in complex 

samples and the requirement of nucleic acid extraction. To overcome these challenges, a new 

method, Heating Unextracted Diagnostic Samples to Obliterate Nucleases (HUDSON) has been 

proposed allowing for direct pathogen detection from body fluids. With heat and specialized 

chemicals, nucleic acids are released into solution after lysis while nucleases are inactivated. By 

coupling with SHERLOCKv2, an instrument-free detection of Zika and dengue viruses with high 

sensitivity and specificity was demonstrated [62].  

Similar to SHERLOCK, a Cas12a-based platform, DNA Endonuclease-Targeted CRISPR Trans 

Reporter (DETECTR), uses the collateral cleavage property of Cas12a for pathogen detection 

(Fig. 2d). Combined with RPA, detection of human papillomavirus (HPV) at attomolar sensitivity 

has been achieved [63]. Further, Cas14-DETECTR using Cas14a has been developed for ssDNA 

detection [69]. DETECTR has become an efficient DNA detection tool without the need of DNA to 

RNA conversion as in the case of SHERLOCK which is primarily suitable for detecting RNA.  

In addition, a new method based on Cas12a effector and PCR amplification, named One-Hour 

Low-Cost Multipurpose Highly Efficient System (HOLMES), has been developed for pathogen 
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detection (Fig. 2e) [70]. When coupled with NAATs, HOLMES achieves nanomolar concentration 

ranges (~0.1 nM), whilst PCR amplification ensures higher sensitivity (~10 aM) for pathogen 

detection. Further, HOLMESv2 with enhanced properties has been demonstrated by using Cas12b 

effector and  a NAAT, i.e., loop-mediated isothermal amplification (LAMP) which allows nucleic 

acid quantification in one-pot reaction (Fig. 2f) [71]. Unlike NASBA and RPA which use only 2 

primers, LAMP uses 6 primers for simultaneous amplification of the target DNA by forming a stem-

loop structure, and works at 60–65°C providing highly sensitive and specific target recognition in 

15-60 min. Recently, a new method termed Cas13-Assisted Restriction of Viral Expression and 

Readout (CARVER) has also been proposed using HUDSON-SHERLOCK combination to detect 

RNA viruses [72]. 

In summary, Cas effectors without NAATs can detect target pathogens in samples in the picomolar 

range, while with pre-amplification steps they can achieve attomolar sensitive detection [43]. 

Hence, when coupled with NAATs, CRISPR-Cas mechanism has great potential to offer a 

portable, cost-effective and easy-to-use pathogen detection platform for field deployment. Yet, two-

step SHERLOCK or DETECTR may result in false positive results from aerosol contamination. 

Hence, one-pot testing is of vital importance to reduce possible contamination particularly for 

pathogen detection [66, 73, 74]. Although presently developed field-deployable pathogen detection 

kits are primary for clinical samples (e.g., self-swab tests), they could be repurposed for other 

application scenarios such as wastewater monitoring. 
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Figure 2: New synthetic biology-enabled in vitro assay systems allow for rapid, portable 

pathogen detection. (a) Strain identification with nucleic acid sequence-based amplification-

CRISPR cleavage (NASBACC) is performed via trigger RNAs appended through a NASBA 

reaction. Strain-specific PAM site activates CRISPR-mediated cleavage leading to truncated 

trigger RNA which cannot activate the reporter whilst full-length trigger RNA can. Adapted with 

permission from [55]. (b) In specific high-sensitivity enzymatic reporter unlocking (SHERLOCK) 

assay, target nucleic acids are amplified through RPA or RT-RPA for dsDNA and ssRNA 

respectively. After T7 in vitro transcription, target RNAs are recognized by Cas13a effector 

activating trans-cleavage of quenched reporters. Adapted with permission from [67]. (c) In the 

second version of SHERLOCK (SHERLOCKv2), abundant reporters accumulate at the control line 

(annotated as C) through anti-FAM antibody gold nanoparticle conjugates while cleaved reporters 

accumulate at the target line (annotated as T) allowing simple visualization. Adapted with 

permission from [68]. (d) In DNA endonuclease-targeted CRISPR trans reporter (DETECTR) 

assay, target nucleic acids are amplified first by LAMP or RT-LAMP before the dsDNA targets are 

detected via Cas12a, while ssDNA targets are detected via Cas14a. Both Cas effectors activate 

collateral cleavage of fluorescent DNA probes. Adapted with permission from [63] and [69]. (e) In 

one-hour low-cost multipurpose highly efficient system (HOLMES) assay target DNA is PCR 

amplified, which provides higher sensitivity than other amplification methods, first before 

recognized by Cas12a, leading to the activation of collateral cleavage of fluorescent DNA probes. 

Adapted from [70]. (f) In HOLMESv2 assay, which is a one-pot reaction unlike other counterparts, 

ssDNA or dsDNA targets are recognized by Cas12b, leading to the activation of collateral cleavage 

of fluorescent DNA probes. Adapted with permission from [71].  

 

3.3. CRISPR-Cas-enabled biosensors for non-nucleic acid target detection 

Although the vast majority of CRISPR-Cas-based diagnostic applications are developed for nucleic 

acid detection, recent advances showed that combining this new mechanism with traditional 

ligand-responsive TFs, riboswitches, or aptamers allows highly sensitive non-nucleic acid target 

detection [77-82].  

One recent proof-of-concept example, named CRISPR-Cas12a- and aTF-Mediated Small 

Molecule Detector (CaT-SMelor) [80], has been demonstrated to be able to detect uric acid, p-

hydroxybenzoic acid, tetracycline and its derivatives. In CaT-SMelor, TFs binding a functional 

dsDNA are immobilized on a cellulose support. Upon target molecule binding, TFs undergo 

conformational change by freeing the dsDNA which is then able to bind the Cas12a–gRNA 

complex and trigger the collateral cleavage activity of Cas12a. The activated Cas12a subsequently 

cleaves the fluorophore quencher dual-labeled ssDNA probes to generate fluorescence for output 

quantification (Fig. 3a).  
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Further, another new small molecule detection platform, termed SHERLOCK-Based Profiling of in 

vitro Transcription (SPRINT), has been developed for detecting non-nucleic acid target 

contaminants based on Cas13a and ligand-responsive TFs or riboswitches [79]. In the presence of 

target ligand, transcribed RNA is recognized by Cas13a leading to fluorescent RNA probe 

cleavage with output fluorescence proportional to the input ligand concentration (Fig. 3b).  

More recently, an aptamer-based method, named Molecular Radar (Random Molecular Aptamer-

Dependent CRISPR-Assist Reporter), has also been developed for non-nucleic acid target 

detection. In this system, an ATP-responsive ssDNA aptamer hybridizes to the crRNA-Cas12a 

duplex for triggering its collateral cleavage of fluorescent ssDNA probes. However, in the presence 

of ATP, the aptamer tends to bind its target, resulting in decreased amount of the aptamer-crRNA-

Cas12a complex and thus a corresponding reduction in output fluorescence signal (Fig. 3c) [82]. 

 

Table 3: CRISPR-based diagnostics platforms for pathogen detection 

Detection Sample source Readout LOD Ref. 

Nucleic Acid Sequence-based Amplification-CRISPR Cleavage (NASBACC) 

ZIKV Plasma Colorimetric (paper disc) 1x10-15 mol/L [55] 

Specific High-sensitivity Enzymatic Reporter unLOCKing (SHERLOCK) 

ZIKV, DENV Serum, urine Fluorescence  2x10-18 mol/L [67] 

ZIKV, DENV Body fluids Fluorescence or LFA 8x10-21 mol/L [68] 

EBOV, LASV Blood, urine, saliva Fluorescence or LFA 10 copies/µl [75] 

Plasmodium 

species 

Blood, human serum Fluorescence or LFA 0.3 parasite/µl [64] 

SARS-CoV-2 Nasopharyngeal swab Fluorescence or LFA 42 copies/reaction [76] 

DNA Endonuclease-Targeted CRISPR Trans Reporter (DETECTR) 

HPV16, 

HPV18 

Anal swab Fluorescence  1x10-18 mol/L [63] 

SARS-CoV-2 Nasopharyngeal swab Fluorescence or LFA 10 copies/µl [65] 

one-Hour Low-cost Multipurpose highly Efficient System (HOLMES) 

PRV, JEV Synthetic nucleic acid Fluorescence  1x10-17 mol/L [70] 

PRV Urine Fluorescence  1x10-17 mol/L [71] 

DENV: Dengue Virus; EBOV: Ebola Virus; HPV: Human Papilloma Virus; JEV: Japanese Encephalitis 

Virus; LASV: Lassa Virus; LFA: Lateral Flow Assay; LOD: Limit of Detection; PRV: Pseudorabies Virus; 

SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus 2; ZIKV: Zika Virus. 

 

In short, these synthetic biology-enabled new detection methods hold great promise for field 

applications, particularly suitable for on-site environmental contaminant monitoring. For instance, 
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zinc detection in municipal water samples has been successfully demonstrated without requiring 

complex assay equipment [79]. Instead, a low-cost portable 3D-printed illuminator with blue light 

LEDs [50] is sufficient to achieve accurate on-site detection. 

 

 

Figure 3: CRISPR-Cas-based portable biosensors for small molecules. (a) In CRISPR-

Cas12a- and aTF-mediated small molecule detector (CaT-SMelor) assay, immobilized TFs bind 

the activator dsDNA. Upon presence of small molecules, TFs undergo conformational change to 

free the activator dsDNAs which are recognized by the Cas12a effector. Activated Cas12a then 

initiates collateral ssDNA reporter cleavage. Adapted with permission from [80]. (b) In 

SHERLOCK-based profiling of in vitro transcription (SPRINT) assay, TFs or riboswitches blocks 

RNA polymerase (RNAP) elongation. Upon target recognition, both TFs and riboswitches undergo 

conformation change to allow proceeding RNAP elongation. Cas13a effector then recognizes the 
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target site on elongated RNA and also activates collateral reporter cleavage. Adapted with 

permission from [79]. (c) In random molecular aptamer-dependent CRISPR-assist reporter 

(Molecular Radar) assay, ssDNA aptamers are recognized by Cas12a-crRNA complex leading to 

the activation of trans-cleavage of fluorescent ssDNA probes. In the presence of target small 

molecule, aptamers start forming complex with their cognate ligands resulting in less unbound 

aptamers available for Cas12a-crRNA complex recognition and binding. Consequently, a decrease 

in output signal is observed from the reaction of collateral cleavage of fluorescent ssDNA probes. 

Adapted with permission from [82].  

 

4. Conclusions and outlook of field-deployable biosensors for water monitoring 

Wastewater-based epidemiology has gained increasing attention recently due to the fact that 

wastewater stores important information about the lifestyle of communities. Consequently, regular 

biomarker surveillance in sewage reflects both spatial differences and temporal changes in 

biomarker concentrations. Unlike non-biological contaminants such as drugs, heavy metals or 

organic pollutants, routine monitoring of biological contaminants is a must for early detection and 

prevention of a disease outbreak. However, current wastewater assessment methods based on 

traditional lab-based analytical devices are not suitable for frequent and periodic surveillance 

because sampling, transportation, and storage conditions should be carefully considered under 

such special circumstance. For example, particularly regarding pathogen tracking, the intactness of 

nucleic acids in samples should be preserved during the whole assay process. To this end, a rapid 

easy-to-use field-deployable tool to monitor biomarkers in wastewater is in demand. Biosensors 

are convenient portable tools for addressing such field applications. According to the World Health 

Organization (WHO) guidelines, basic characteristics of an efficient biosensor are outlined as 

Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free, and Deliverable to 

end-users (ASSURED). We trust that synthetic biology has enormous potential to enable the 

development of various field-deployable biosensors that can meet these practical requirements 

and expectations. 

The ongoing COVID-19 pandemic has highlighted the importance of rapid, low-cost and 

instrument-free detection methods particularly in resource limited areas. Thus, researchers start 

focusing on building portable miniaturized biosensing platforms with integrated low-cost light 

source allowing for simple or visible output readout in the field [83]. A representative example is 

demonstrated by a recent study which integrated machine learning in WCBs responding to nine 

different heavy metals on a microfluidic platform [84]. This field-deployable platform allows real-

time predictions of the presence of heavy metals at environmentally relevant concentrations in 

complex water samples using a large library of E. coli-based transcriptional reporters (>2000 

promoter-gfp fusions) and an explainable artificial intelligence classifier. One of the biggest 
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challenges of gene circuit-based biosensors is to find a suitable sensing receptor. Current 

approaches mostly utilize naturally existing parts which could be limiting particularly with regards to 

the detection of non-natural contaminants. Hence, some attempts have been made to develop fully 

synthetic sensing parts [85, 86]. These advancements have undoubtedly accelerated the 

development of portable biosensors for on-site monitoring of various target analytes. 

CRISPR-Cas is a versatile powerful tool to develop ultrasensitive and highly accurate biosensors 

for a variety of both pathogens and chemicals. The system output depends on multiple factors 

including the Cas effector activity, gRNA structure and target recognition efficiency. One big 

challenge in CRISPR-Cas-based sensing is off-target effect which could cause false positive 

results [60]. Although the Cas effectors from different microorganisms possess high specificity, a 

solid solution is required to completely eliminate any potential false positive or negative results. 

Recently, machine learning has been used to help improving gRNA design by reducing potential 

off-targets [87]. Another challenge lies in simultaneous multiple target detection using orthogonal 

Cas effectors. To date only four types of Cas effectors have been demonstrated for multiplex 

detection of pathogens in one system [68]. Hence, CRISPR-Cas method might be challenging for 

achieving simultaneous detection of many targets due to the crosscutting possibility of different 

Cas effectors leading to false positive results. Yet, the continuing discovery of new Cas effectors 

and development of new diagnostic tools are paving the way for their future applications in 

developing new generation of biosensors suitable for field deployment. 

A field-deployable biosensor should not require complex sample extraction/preparation step from 

real samples (e.g., body fluids, wastewater treatment plants, etc.) in order to ease the assay 

procedure without necessitating expensive equipment, reagents and well-trained personnel. 

Freeze-drying of assay reagents on a paper disc or in a tube could be an efficient and cost-

effective way for field deployment which avoids the need of complex devices (e.g., thermal cyclers 

requiring power supply and certain special detectors) and specialized personnel, as well as 

facilitate storage and transportation. In addition, compared to conventional detection methods, 

freeze-dried biosensors can be designed to produce faster results (preferably less than in an hour). 

For example, Priye and colleagues have developed a portable smartphone-based diagnostics 

platform for Zika, chikungunya and Dengue viruses. This RT-LAMP-based system consists of a 

heating module, an assay reaction housing module and an optical detection module which is 

connected to a smartphone through Bluetooth allowing remote control [88]. Similarly, a portable 

incubator that can perform sample extraction, NASBA and cell-free reactions has been 

successfully integrated into a glucose meter-based sensor for SARS-CoV-2 detection, providing 

future potential for field deployment [56]. 

Albeit aforementioned achievements, wastewater monitoring still faces several challenges mostly 

due to its complex composition. Whilst providing rich information, non-target molecules may hinder 

the availability of the actual target molecules, thus affecting the detection. Moreover, most of the 
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compounds are found at very low concentrations [89]. Hence, a sample pre-processing step may 

be required to concentrate or purify the target molecules in order to ensure sensing sensitivity and 

specificity [5]. Yet, a recent study has shown the possibility of using simple portable appliances to 

allow concentrating the wastewater and analyzing with a lateral flow device [90]. To this end, 

multidisciplinary collaboration would be necessary to address the challenges of monitoring 

complex samples such as wastewater.  

In summary, regular monitoring of wastewater treatment plants promises early warning and 

prevention of infectious disease outbreaks in society. Such near real-time data lends regional 

authorities a chance to intervene not only to take precautions against outbreaks but also to protect 

natural resources, such as drinking water supplies, from organic or inorganic chemical 

contamination. Additionally, WBE surveillance could reveal illegal substance abuse (e.g., illicit 

drugs or antibiotics overuse). To this end, both synthetic cell-based and cell-free sensing systems 

have great potential for field deployment since both are amenable to freeze-drying facilitating easy 

storage and distribution. The novel synthetic biology-enabled biosensors described herein offer 

viable solutions to meet the practical requirement of rapid on-site monitoring of water 

contaminants. The continuing technological advances in synthetic biology such as sophisticated 

circuit design, biocontainment and machine learning will undoubtedly speed up the development, 

improve the performance and address the present limitations of synthetic cell-based and cell-free 

biosensors to facilitate their wide utilization in the field. 
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