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Abstract: Colorimetric whole-cell biosensors are natural or genetically engineered microorganisms
utilized to detect target molecules and ions as indicators of pollutants and biological activity in the
environment. Upon detection, within specific concentration ranges which vary depending on the
microorganism and its genetic circuitry among other factors, these sensors produce pigments which
can be detected with the human eye past certain thresholds and quantified using simple analytical
techniques, namely spectrophotometry. These sensors, which can be rendered portable through
lyophilization and other methods, provide valuable and reliable substitutes of more demanding
analytical ex situ techniques. The insights gained from this review can highlight technological
progress in the field and contribute to the identification of potential opportunities afforded by
these advancements.
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1. Introduction

A biosensor is a measurement or quantification system relying on a biological compo-
nent to recognize target analytes [1]. These devices quantify biological activity or chemical
composition through the production of a dose-dependent signal [2]. Whole-cell biosensors
(WCBs) are genetically engineered microorganisms capable of detecting and reporting
a particular compound or analyte through the emission of a discernable signal using a
stimulus-specific reporter system. WCBs are efficient and cost-effective means for obtaining
in situ qualitative as well as quantitative information about the medium in which they are
introduced. The precision of the readout is governed by a number of factors including the
microbial chassis used as a sensor, its resistance to the concentration of the substance being
quantified, and the metabolic burden incurred by the synthesis of the output molecule
among others. While some biosensors are capable of producing a single readout in response
to a specific analyte, others have been engineered to produce distinct concentration-specific
outputs [3]. Broadly speaking, these systems utilize a sensing module which detects a
specific target (e.g., ion, molecule, or metabolite) and transmits this stimulus to a reporting
module which outputs a visible signal. A panoply of characterized biological sensing sys-
tems and signaling pathways could be implemented in WCB sensing mechanism design [4].
Transcriptional regulator systems integrate promoters responding to specific environmental
constituents linked to engineered gene circuits [5], resulting in the expression or repression
of the reporter genes when the promoter-specific compound or protein-ion complex is de-
tected in the medium. Another system relies on a riboswitch comprising an RNA aptamer.
Through a conformational change induced by specific metabolite or ligand-binding, the
riboswitch may regulate the expression of reporter genes through different mechanisms:
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halting reporter transcription through the inhibition of antiterminator or the cleavage of
mRNA, or activating or repressing translation via the sequestration of the ribosomal bind-
ing site (RBS) [6,7]. In essence, WCBs exploit the sensitivity of natural regulatory systems
crucial to the survival of microorganisms [8]. They can be utilized for multifarious purposes,
such as monitoring natural environments like soil or bodies of water [9,10], screening for
high-output strains in biosynthetic industrial settings [11], or providing health data by
revealing the amounts of specific micronutrients in human serum among other uses [12].

While a number of microbial reporters can serve as output signals, microbial pigments
offer considerable advantages in terms of convenience given that a simple visual exam-
ination or spectrophotometric analysis enables qualitative and quantitative evaluation,
respectively [13]. Indeed, correlations between the amount of analyte detected by the
sensor and the amount of pigment produced in response to this stimulus enable analyte
quantification with relative ease within specific ranges specific to the sensor. The overall ac-
cessibility, specificity, and ease of use of colorimetric whole-cell biosensors have motivated
the development of elaborate systems which allow increased sensitivity and combined
detection of multiple analytes. This literature review seeks to comprehensively examine the
state of scientific research regarding colorimetric WCBs as well as to present an updated list
of the analytes which can be reliably quantified using these systems. It is thus hoped that
bringing these advancements to the fore would contribute to the field by incentivizing work
that draws on achieved success and strives to overcome existing limitations. A systematic
analysis of scientific literature was undertaken to identify salient developments in this
increasingly popular area of research, including the rationale behind the design of the
genetic circuitry as well as the methodologies used to create them. Moreover, this review
seeks to identify the compounds these colorimetric WCBs can now be used to detect in ad-
dition to the concentration ranges which can be reliably reported. The knowledge derived
from this review can contribute to a more profound understanding of the technological
advancements in the field, of the challenges yet to overcome, and of the possibilities which
can be envisaged using these technologies.

2. Response of WCBs to Synthetic Molecules

Polychlorinated biphenyls (PCBs) designate a large category of synthetic organic
molecules with high hydrophobicity. The potential health complications engendered by
PCBs are multitudinous and include neurological conditions, endocrine disruptions, and
cancer [14]. Before their worldwide ban through the Stockholm Convention on Persistent
Organic Pollutants in 2001, which superseded their 1976 ban in the USA, PCBs were used
in a broad range of applications including textiles, construction, transformer oils, and
hydraulic equipment. Despite the interruption of their production, the noxious effects of
PCBs persist given their capacity to cause complications at remarkably low concentrations.
To that end, PCB sensors with sensitivities in the ppb domain had been devised [15,16].

The sensor developed by Gavlasova et al. harnesses the metabolic abilities of Pseu-
domonas sp. P2 [17]. This strain isolated from a PCB contaminated soil, can, in the presence
of biphenyl, convert PCBs into chlorobenzoic acid following a four-step catabolic pathway
(Figure 1) [18,19].

In its penultimate step, the pathway engenders the formation of readily observable
yellow HOPDA. Through its maximum absorbance at λ = 398 nm, HOPDA produced by
Pseudomonas sp. P2 can qualitatively signal the presence of PCBs and semi-quantitatively
determine their amounts. While a protocol leveraging HOPDA synthesis had been pre-
viously devised by Kuncova et al. [20], suboptimal immobilization of the bacterial cells
on glass beads resulted in inaccurate quantification. The innovative aspect of the protocol
developed by Gavlasova and colleagues lies in its use of tetramethylorthosilicate (TMOS) to
immobilize the homogeneously dispersed WCB on 3 cm petri dishes. In addition to produc-
ing more reliable results, the immobilization method drastically reduced the detection time
from several days to a few hours. The method proved particularly effective in providing ac-
curate estimates of the concentrations of 2,3,40-trichlorobiphenyl, 2,4,40-trichlorobiphenyl,
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and 2,5,40-trichlorobiphenyl. The method could enable a broad screening of soil samples
before higher precision quantification using the standard methods of gas chromatography
or high-pressure liquid chromatography.
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Figure 1. Four-step catabolic pathway of PCBs in Pseudomonas sp. P2. Adapted from Gavlasova
et al. [17]. (A) biphenyl; (B) 2,3-dihydro-2,3-dihydroxybiphenyl; (C) 2,3-dihydroxybiphenyl;
(D) 2-hydroxy-6-oxo-6-phenyl-2,4-hexadienoic acid (HOPDA); (E) benzoic acid; (F) 2-hydroxy-2,4-
pentadienoic acid.

With its myriad chemical compositions and physical properties, soil nurtures numer-
ous interdependent systems of flora and fauna influenced by its attributes and which, in
turn, influence its composition. As such, deleterious alterations made to any component of
this system can inevitably yield commensurate ripple effects with enduring consequences.
Human agricultural activity has entailed the use of a number of pesticides with consid-
erable impact on animals and human health [21]. A number of optical biosensors have
been devised to detect organophosphate pesticides through their hydrolysis products, chief
among which is 4-nitrophenol [22]. However, the usability of these biosensors is limited
given their limited portability.

To detect the hydrolysis products of organophosphate pesticides, Chong and Ching
successfully produced an E. coli colorimetric WCB using a modified DmpR transcriptional
activator, which allowed greater effector specificity and thus higher expression level of its
cognate promoter driving the expression of the monomeric red fluorescent protein 1 (mRFP)
reporter gene [13]. While lycopene would be an obvious choice should a red pigment be
considered as the output signal, the researchers stipulate that the synthesis of lycopene and
carotenoids in general is highly influenced by metabolic fluxes. These variabilities might
result in inconsistent results from a color intensity perspective and an incubation time
standpoint. The use of readily visible red fluorescent proteins, expressed through mRFP1,
was deemed likely to engender more dependable results [13]. Transcription regulator
DmpR, widely investigated in phenol detection contexts [23–25], was used as a sensing
module in a wholly mutagenized form. To select 4-nitrophenol sensing mutants most
conducive to discernable red fluorescent protein (RFP) synthesis, the researchers used
DmpR as a sensing module and mRFP1 as a reporter module. DmpR was mutagenized
randomly before reconstituting the sensor plasmid and transforming it into E. coli MG1655.
The transformed E. coli strains were cultured on LB agar plates and, after accounting for
possible false positives, two 4-nitrophenol-effected DmpR mutants DM01 and DM12 with
adequate pigment basal expression were retained. Each of the transcription regulators
was cloned onto a plasmid bearing oph, a gene encoding organophosphorus hydrolase or
OPH, and mRFP1 to create novel sensor plasmids. Organophosphorus hydrolase enables
the hydrolysis of parathion into 4-nitrophenol and thus its detection through DM01 and
DM12, followed by the induced synthesis of RFPs. The novel biosensors were able to signal
the presence of both hydrolyzed and unhydrolyzed organophosphorus pesticides. The
synthesis of organophosphorus hydrolase (OPH) commensurably affected the effectiveness
of the sensor and, to overcome this bottleneck, a strong constitutive promoter pTet was
selected to drive the expression of the oph gene in the engineered DM01 and DM12 mutant
E. coli strains. Moreover, to shift from cytoplasmic OPH secretion to a more efficacious
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periplasmic secretion, the signal peptide of wild type OPH was replaced with the twin-
arginine signal peptide of triethylamine N-oxide reductase. The effectiveness of these
newly engineered strains was assessed and compared to the activity of an analogous
control strain utilizing the regulatory mutant DmpR-E135K, which was reported to possess
an enhanced response to 4-nitrophenol [24]. Compared to the latter which exhibited a
detection threshold of 50 µM for parathion, the detection threshold for the DM12 and DM01
strains was 10 µM. DM12 and DM01 also had lower detection thresholds for fenitrothion of
100 µM and 50 µM, respectively, compared to the DmpR- E135K mutant, which produced
more modest amounts of pigment at 100 µM. Given that DM01 had greater basal RFP
synthesis which could engender false positives, DM12 was deemed to be the better overall
sensor for organophosphate detection, with RFP evincing the presence of these pesticides
within 6 h of incubation. Having observed no significant improvements after switching to
membrane defective E. coli, the researchers concluded that the transfer rate of 4-nitrophenol
into the cytoplasm was not a limiting factor.

The ramifications resulting from soil contamination are substantial, even when the
leaching of these contaminants into aquifers and bodies of water is not accounted for.
Indeed, despite its ostensible abundance, topsoil is a relatively scarce resource naturally
formed through a lengthy process resulting from the convergence of numerous factors
such as precipitations, topography, local flora and fauna, as well as parent material [26].
In addition to its disproportionate degradation as a result of unsustainable agricultural
practices, topsoil is naturally subjected to climate-dependent erosion [27]. As such, soil
contamination exacerbates an ongoing problem threatening plant and animal life as well as
the biological processes allowing for carbon sequestration and thus the mitigation of man-
made climate change. Given the breadth and magnitude of consequences stemming from
soil contamination, making accessible tools available to researchers and field technicians is a
strategic imperative in the developed world and in developing countries alike. Colorimetric
whole-cell biosensors are compatible with these exigencies and can enable the assessment
of possible contaminations resulting in the development of apt bioremediation strategies.

3. Detection of Metals by WCBs

Heavy metals have been integrated in a broad array of anthropogenic activities and
have agricultural, medical, or industrial applications among others. This ostensible ubiquity
of heavy metals has greatly enhanced their odds of eventually wasting into ecosystems
and engendering a number of health-related hazards for flora and fauna alike [28]. In
addition to their bioaccumulation and dose-dependent toxicity to humans and animals,
heavy metals affect soil fertility and thus plant yield [29]. Thus, it is of great importance to
develop appropriate means for the detection and quantification of heavy metals.

3.1. Response of WCBs to Copper

Copper (Cu), among other metal ions such as zinc and manganese, plays a significant
role as an enzyme cofactor involved in the catalysis of metabolic activity and the mainte-
nance of cell integrity through osmotic pressure regulation [30]. Despite its considerable
utility, copper becomes harmful to humans, animals, and plants alike past respective thresh-
olds, and colorimetric WCBs can provide reasonable data regarding its concentration in
water bodies. Several copper metalloregulator systems have been characterized in a num-
ber of microorganisms. In Saccharomyces cerevisiae for example, metallothionein encoded in
CUP1 enables the chelation of Cu(II) ions and protects the cell from copper poisoning. The
copper-dependent DNA-binding protein ACE1 induces CUP1 transcription through the
binding of ACE1-Cu(II) complex onto the upstream activation sequence of CUP1 [31].

A colorimetric WCB consisted of an engineered strain of S. cerevisiae with a deleted
ADE2 gene, encoding phosphoribosylaminoimidazole carboxylase, and a CUP1 promoter
PCUP1 driving the expression of genes at the ADE5,7 locus encoding glycinamide ribotide
synthetase and aminoimidazole ribotide synthetase [32,33]. In this strain dubbed BY-ade2-
PCUP-ADE5,7, the CUP1 promoter, being inducible mainly by Cu(II) ions [34], leverages
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the adenine monophosphate pathway altered by ADE2 deletion to enable intracellular
accumulation of red pigments in the yeast in high Cu(II) and high O2 environments,
resulting in visible color changes commensurate with Cu(II) concentration. The modified S.
cerevisiae cells were immobilized in alginate beads and the accumulation of red pigment
was found to accurately correlate with Cu(II) concentrations within the 1–100 µM range.
The relatively simple biosensor provides a readout following an overnight incubation in
the water to be tested.

A Cupriavidus metallidurans CH34-based biosensor was developed to quantify Cu(II)
ions in aquatic environments through the expression of yellow betaxanthin pigments [35].
C. metallidurans possesses the copSR regulatory system, which grants the microorganism the
ability to thrive in environments with high copper levels. To produce an effective biosensor,
different promoters of the cop cluster identified in the organism’s genome—PcopT, PcopQ,
PcopH, PcopA, and PcopM—were first evaluated in red fluorescent protein biosynthesis
assays. To identify the ideal promoter, plasmid backbones bearing copS-copR sequences
under the control of native promotor and one of the candidate cop promoters driving the
expression of reporter gene rfp were each transformed into C. metallidurans.

Having selected copQ as the promoter producing the results evincing the most reliable
linearity between Cu(II) concentration and red fluorescent protein synthesis as well as the
highest selectivity to Cu(II) (Figure 2), the researchers thus constructed the recombinant
strain carrying a PcopSR-copS-copR-PcopQ-Mjdod construct. Reporter module Mjdod, en-
coding DOPA 4,5-dioxygenase, enabled the synthesis of visually discernable betaxanthin
when substrate l-DOPA was available and the output from the colorimetric biosensor
outmatched that of the fluorescence-based biosensor from a detection time perspective.
This enabled the researchers to obtain dose-dependent colorimetric readouts in 6 h and
within the 0–1000 µM range. Compared to its fluorescent counterpart, the colorimetric
sensor produced a readout after a more modest incubation time.
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A number of in situ commercial copper testing kits can be utilized to test samples
drawn from bodies of water or domestic water supply systems with sensitivities ranging
from the ppm range to the mg range. Compared to these commercial tests, the described
WCBs can be used in much wider concentration ranges and can provide results with higher
exactitude.

3.2. Response of WCBs to Cadmium

Colorimetric WCBs can, in low-resource areas, supplant more complicated and vo-
luminous equipment and enable in situ analyses. Cadmium (Cd) constitutes a source of
considerable disruptions within ecosystems given its bioaccumulation, toxicity, and persis-
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tence in the environment [36]. A host of WCBs have been devised to detect Cd among other
heavy metals and include fluorescent, chemiluminescent, and bioluminescent reporters. A
number of Cd-specific metalloregulators have been used in various biosensors to reveal the
presence of Cd. Most saliently in the context of WCBs, CadR, which is categorized under the
MerR subfamily of metal-ion-sensing transcriptional regulators with variable specificities
and was characterized in Pseudomonas aeruginosa [37], regulates its own transcription as
well as that of a Cd efflux P-type ATPase CadA, thus making microbial species resistant to
high concentrations of the metal.

The Phytoene dehydrogenase (CrtI)-enabled synthesis of red carotenoid pigment
deinoxanthin from colorless substrate in Deinococcus radiodurans was leveraged to produce
a Cd-selective biosensor [10]. In this instance, D. radiodurans was engineered to exclusively
produce deinoxanthin in the presence of Cd(II). To achieve this, the researchers utilized a
colorless strain of D. radiodurans dubbed KDH018, whose crtI gene had been previously
deleted, as the WCB chassis. To use red deinoxanthin as a reporter, and using E. coli for all
genetic manipulations, crtI was cloned from chromosomal DNA of wild-type D. radiodurans
onto a pRADZ3 E. coli to D. radiodurans shuttle vector, thus generating pRADI [38]. Four
Cd-responsive genes DR_0070, DR_0659, DR_0745, and DR_2626 in the D. radiodurans
genome had been identified in an earlier work [39]. The Cd-inducible promoters of these
genes were evaluated in the present study using a β-galactosidase activity assay to identify
the one inducing greater reporter expression. To that end, each of them was cloned onto a
pRADZ3 shuttle plasmid in such a way as to replace the putative groESL promoter driving
LacZ expression, and D. radiodurans was used as the sensor chassis. The DR_0659 promoter
was selected. Operating on the principle that smaller promoters are more advantageous
in the construction of expression cassettes with multiple reporter genes, the researchers
attempted to remove promoter fragments to determine the minimal fragment required
to equip D. radiodurans with a Cd-inducible response apparatus. The 393 bp fragment
dubbed P0659-1 was cloned onto pRADI to yield pRADI-P0659-1 which was subsequently
transformed into KDH018. The resulting biosensor could reliably signal the presence of
Cd(II) in the medium within the 50 nM–1 mM range and the concentration threshold
beyond which the color can be detected by the human eye was 50 nM. Beyond the upper
limit of the range, there was no noticeable deepening of the red color, and a diminution of
intensity was noted above 200 mM.

While microorganisms with inherent Cd(II) resistance are conspicuous candidates to
explore in this context, model organisms such as E. coli can also be utilized to this end.
To detect Cd(II) ions in environmental water with relatively high specificity, a violacein-
producing colorimetric biosensor was devised using E. coli as a chassis [40]. The sensory
module consisted of the metalloregulator cadR gene, originally characterized in Pseudomonas
putida [41], and its divergent cad promoter, whereas the reporter module consisted of a
synthetic vioABCDE gene cluster, characterized in Chromobacterium violaceum [42], enabling
violacein synthesis (Figure 3) [43].

The CadR gene had been used in earlier works detailing the development of fluorescent
WCBs. Sensor plasmid pPcad-vio, which was developed in an earlier work and is discussed
in greater detail in the upcoming section [43], bearing CadR, its divergent promoter, and the
synthetic violacein cluster was transformed into E. coli TOP10, generating the TOP10/pPcad-
vio engineered strain. Early exponential phase cultures of this strain were incubated
in Cd(II) containing solutions for 3 h before the violacein concentration was evaluated
following extraction using butanol as solvent. Hydrophobic violacein was quantified
spectrophotometrically at λ = 578 nm. Cd(II) elicited a dose-specific response from the
sensor up to 25 µM (Figure 4) with the most substantial linearity occurring at the sub 2.5 µM
domain. Given the relatively poor albeit variable selectivity of MerR metalloregulators, a
dose-specific response to the mercury ion Hg(II) up to 10 µM was observed.
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Despite this minor shortcoming, the sensor exhibited poor responsiveness to lead
(Pb) and zinc (Zn). Indeed, metalloregulator proteins capable of sensing Cd(II) exhibit
difficulties discriminating Cd(II) from Pb(II), Zn(II), and Hg(II) [44]. The fact that this
generality holds true only to a modest degree in this instance is attributable to the fact that
the cad promoter is most responsive to Cd(II) by a significant margin compared to other
metal ions [45,46].

Another method of detecting Cd(II) using the CadR sensor module and E. coli TOP10
competent cells as a host used a previously assembled indigoidine biosynthesis module,
comprising a Streptomyces lavendulae derived bpsA encoding a non-ribosomal peptidesynthase
and a pcpS derived from Pseudomonas aeruginosa PAO1 encoding a 4′-phosphopantetheinyl
transferase (PPTase) to activate apo-BpsA [47], as a visual reporter system and red fluorescent
protein as a fluorescence-based reporter [9]. BpsA catalyzes the production of the readily
detected blue pigment indigoidine with L-glutamine as a substrate. In an earlier work,
the researchers detailed the development of a fluorescence-based Cd-detecting biosensor
utilizing mCherry red fluorescent protein as a reporter [48]. This endeavor relies on the
utilization of the pCadR-R genetic construct conceived in this earlier work which consists
of a pET-21a derivative containing CadR and the divergent cadR promoter region as well
as a promoterless mcherry. To construct the dual output sensor, the synthetic indigoidine
biosynthesis module was cloned into a pET-21a plasmid, thus generating pT7lac-ind. The
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Pseudomonas putida derived DNA fragment bearing the CadR gene and the divergent cad
promoter, which had been previously cloned onto pCadR-R [48], were amplified along with
mcherry from the pCadR-R plasmid using PCR and subcloned into the pT7lac-ind to generate
pCad-ind-R which was transformed into E. coli TOP10. Lag phase cultures of the engineered
strain exhibited a pronounced dose-dependent response to Cd(II) through their fluorescent
and colorimetric reporters. Additionally, they exhibited modest responses to other inductors
Hg(II), Pb(II), and Zn(II). The optimal incubation time required for correct quantification was
4 h, and Cd(II) was reliably quantifiable colorimetrically up to 200 µM at λ = 600 nm.

The Environmental Protection Agency (EPA) and the Food and Drug Administration
(FDA) have set the upper limit of acceptable Cd concentration in drinking water to be
5 µg/L (https://cdc.gov, accessed on 22 November 2023), which is well within the dose-
dependent detection range of the presented sensors. While Cd could be quantified using
an expanding roster of analytical techniques [49–52], an inexpensive quantification using
colorimetric WCBs is a reasonable alternative.

3.3. Response of WCBs to Lead

Environmental lead (Pb) is either naturally occurring or resulting from anthropogenic
activity given its use in automotive batteries, telecommunications, construction, and its
erstwhile use in pipes and paints among others. The toxicity threshold of lead to humans
and animals is quite low, with chronic exposure resulting in anemia, neurotoxicity, and
severe renal damage [53]. PbrR, a transcriptional regulator and part of the MerR subfamily,
mediates the Pb(II)-induced transcription from its divergent promoter and regulates the
pbr operon as part of some microorganisms’ lead detoxification systems [54]. The pbr
operon was first identified in Cupriavidus metallidurans CH34 and encodes a particularly
comprehensive Pb resistance mechanism which entails transport, efflux, sequestration,
precipitation, and biomineralization [55]. As such, components from the pbr operon can and
have been successfully utilized in the conception of Pb-sensing WCBs producing various
readouts [56–58].

The indigoidine reporter module described earlier was also utilized in conjunction
with a Pb(II) sensory module comprised of the PbrR transcription regulator and its divergent
promoter [47]. The DNA fragments bearing pbrR the pbrR-divergent pbr promoter, borne
on the pT-Ppbr plasmid constructed in an earlier study [59], were amplified and cloned
into the pT7lac-ind plasmid to yield pPpbr-ind, which was then transformed into E. coli
TOP10 competent cells. The output signal is reliably produced 3 h post-incubation with
the inductor present, and it can be spectrophotometrically assessed at λ = 600 nm to derive
the concentration of bioavailable Pb(II). The authors noted that WCBs harvested at the
lag phase were more apt at detecting Pb within the 0.13–4.17 µM range, whereas those
harvested at the exponential phase produced the best results within the 0.26–8.3 µM range.
While a color change detectable by the human eye can only be observed at 4.17 µM, the
method is still conducive to a rapid and reliable spectrophotometric assessment of Pb
content in waters suspected of contamination.

Pb(II)-dependent metalloregulator protein PbrR was also used as a component of a
sensory module in an E. coli TOP10-based WCB leveraging the violacein biosynthetic path-
way [43]. The violacein synthetic pathway was first cloned onto a pET21a plasmid to yield
pET-vio. Subsequently, the DNA fragment containing gene pbrR and its divergent promoter
Ppbr, borne on the pT-Ppbr plasmid constructed in an earlier study [59], was PCR-amplified
and cloned onto the pET-vio plasmid to yield pPpbr-vio used to transform E. coli TOP10.
Three hours post-incubation in Pb(II)-containing media, the produced violacein could be
extracted using butanol and quantified at λ = 490 nm. A linear relationship between Pb(II)
concentration and violacein concentration was observed within the 0.1875–1.5 mM range.
Beyond the upper limit of the range, the sensor exhibited qualitative properties up to 24 µM,
which was the highest tested concentration. An advantage proffered by the use of violacein
in this sensor was the ability to visually detect amounts of Pb(II) in the medium at levels
below 0.1875 mM.

https://cdc.gov
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Building upon this previously mentioned work, the researchers resorted to subcloning
techniques to generate plasmids pPpbr-vioABE, pPpbr-vioABDE, and pPpbr-vioABCE
from pPpbr-vio [60]. Each of the plasmids including pPpbr-vio was transformed into E. coli
TOP10 to create four WCBs relying on different reporter pigments. The violacein- and
deoxyviolacein-producing strains were retained for later assays given that the expected
pigment output was produced as opposed to what was observed with the remaining strains.
This occurrence can be attributed to the instability of prodeoxyviolacein and proviolacein
intermediates as well as the highly branched metabolic pathway culminating in violacein
synthesis [61]. The deoxyviolacein-based biosensor displayed considerable efficacy and a
narrow dose-dependent response across a broad range of Pb(II) concentrations spanning
2.93–6000 nM, whereas the violacein-based one exhibited a less narrow dose-dependent
response between 2.93 nM and 750 nM. Understandably, the researchers attributed to the
considerably lessened sensitivity of the violacein-based biosensor to its comparatively high
cytotoxicity and thus its deleterious effects on the heterologous host. Dependable readouts
for both sensors can be obtained 3 h post-incubation, and violacein and deoxyviolacein can
be quantified spectrophotometrically at λ = 570 nm and λ = 579 nm, respectively. Moreover,
both sensors exhibited good selectivity for Pb(II) among other metal ions.

Sensory module pbrR continues to prove remarkably useful when used in conjunction
with a bicistronic synthetic cyanidin 3-O-glucoside biosynthetic cassette (Figure 5), referred
to as colored anthocyanidin derivatives or CACD in this study [62]. Genes from the
biosynthetic cassette coding for 3-O-glycosyltransferase and anthocyanidin synthase were
PCR amplified and cloned onto the previously referenced pPpbr-vio plasmid to generate
pPb-CACD. The recombinant plasmid was transformed into E. coli TOP10 cells to create
the E. coli TOP10/CACD biosensor.
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Upon detection of bioavailable Pb, the transcription of the reporter genes is initiated,
and the synthesized enzymes act upon the substrate catechin to create CACD (Figure 5).
The latter can be quantified at λ = 428 nm, although a number of publications reported that
maximum absorption occurs at higher wavelength values [63,64]. A dose-dependent linear
relationship between Pb(II) concentration and pigment absorbance value was observed
within the 0.012–3.125 µM range, although beyond this upper limit and up to 200 µM, it
functioned well as a qualitative sensor.

The EPA estimates that drinking water can account for 20% of a person’s total exposure
to Pb and sets the acceptability limit to 15 µg/L, appropriately within the detection range
of the sensors devised for this purpose. As such, lead sensing WCBs could be used to
cheaply run routine tests without necessarily forgoing the need for precision analytical
testing. Given their accessibility, they may also be used to run tests more frequently and
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thus enable authorities to monitor water supply systems more thoroughly at an increased
number of sampling points without a substantial increase in cost. Such recourse could help
avert significant and far-reaching public health hazards such as the infamous 2014 Flint
water crisis [65].

3.4. Response of WCBs to Mercury

The highly toxic nature of bioaccumulative mercury (Hg) coupled with its relative
abundance in the environment make it a veritable hazard to public health. Several bacteria
have developed resistance mechanisms to the metal. These detoxification mechanisms,
enabled by an inducible set of genes arranged in a single MerR operon under the control of
the metal-sensing MerR protein [66], have been exploited in a number of contexts to create
crucial biosensors enabling the safeguarding of human and animal health.

The polyvalence of the indigoidine reporter module is further evinced in its robustness
at signaling the presence of Hg(II) in an E. coli-based WCB [47]. This was achieved by
coupling the reporter module with a sensor module consisting of the MerR gene encoding
the metalloregulator protein MerR and its divergent mer promoter region, which had been
synthetically produced and introduced into a pET-21a plasmid to generate Ppmer [67]. The
DNA fragments contained in Ppmer were PCR amplified and cloned into the previously
referenced pT7lac-ind plasmid to generate pPmer-ind, which was then transformed into
E. coli TOP10. WCBs harvested at the exponential phase of bacterial development were
found to reliably signal and quantify Hg(II), which induced a dose-responsive indigoidine
biosynthesis at a concentration range spanning 0.008–0.52 µM, with the color of the pigment
exceeding the human eye detection threshold at Hg(II) concentrations above 0.033 µM.

The violacein reporter developed by Hui et al. and utilized to detect Pb in an earlier
work [43] was repurposed in the creation of a Hg(II) biosensor [68]. The Ppmer sensor
module which was constructed by Zhang et al. [67] was also utilized in this undertaking.
To assemble the sensory and reporter apparatuses, the researchers PCR amplified the
DNA fragment containing merR gene and its divergent mer promoter from the Ppmer
plasmid and cloned them into pET-vio to generate pPmer-vio. The recombinant plasmid
was transformed into E. coli TOP10 to yield a Hg-sensing WCB which would respond to
Hg by producing the violet pigment violacein. A dependable readout from WCB cells
harvested during the exponential phase was obtained 5 h post-induction, and it exhibited a
dose-dependent pigment-based response to Hg(II) in the range of 0.78–12.5 µM. Beyond
this upper limit, violacein synthesis reportedly decreased as a result of toxicity. Inductive
amounts of Hg(II) equal to and beyond 6.25 µM incurred the production of enough pigment
to be detected by the human eye post-extraction using butanol. Sensors harvested at the
lag phase exhibited a dose-dependent response to Hg(II) within the 0–0.12 µM range, thus
allowing for the quantification of more minute amounts of Hg(II). Violacein was visible
with the human eye post-extraction at Hg(II) concentrations withing the 0.006–0.098 µM
range and the intensity of the violet color diminished past the Hg(II) concentration of
0.024 µM due to cytotoxic effects.

Transcription regulator MerR has also been used as a sensor module in a P. aeruginosa
WCB employing reporter genes phzM and phzS, encoding for the enzymes methyltrans-
ferase and flavin-containing monooxygenase, respectively [69]. These enzymes catalyze the
synthesis of pyomelanin [70], a red–brown pigment with potent antioxidative properties
protecting microorganisms from oxidative stress [71]. A recombinant plasmid carrying
merR under the control of native promoter and the phzM and phzS genes under the control
of the mer promoter, was transformed into P. aeruginosa PAO1. The WCB worked well
within a broad pH range, proved to be highly selective by responding poorly to other metal
ions and produced a dose-dependent response to Hg(II) between 25 and 1000 nM. Prior
to spectrophotometric quantification of pyocyanin to derive Hg(II) concentrations, the
hydrophobic pigment must be extracted from the cells using chloroform and hydrochloric
acid. Dissolved in the extraction solvent, the pigment exhibits a blue green color, enabling



Fermentation 2024, 10, 79 11 of 22

pigment quantification at λ = 520 nm and consequently a reliable quantification of Hg(II)
within the 25–1000 nm range.

To detect inorganic mercury in water samples, Hui et al. developed an E. coli Rosetta
(DE3) based biosensor using β-carotene as a reporter [37]. The rationale underpinning
the decision to rely on β-carotene rather than lycopene is that lycopene’s potency as an
antioxidant could result in rapid depletion and consequently a disappearance of the red
color. Using E. coli TOP10 as a gene cloning host, the researchers cloned an E. coli codon
optimized lycopene synthetic gene cluster comprising the genes crtE (encoding geranylger-
anyl phosphate synthase), crtB (phytoene synthase), and crtI (phytoene desaturase) onto
a pET-21a vector plasmid to produce pET-crtEBI. Subsequently, gene crtY enabling the
conversion of lycopene to β-carotene was fused to the recombinant gene cassette to yield
pET-crtEBIY. The sensing module consisting of an artificial mer operon-merR gene and its
mer promoter [67], was cloned into pET-crtEBIY to yield pPmer-crtEBIY (Figure 6).
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To enhance the transcription of the genes involved in the β-carotene synthetic path-
way and the expression level of CrtEBIY, an independent mer promoter was introduced
upstream of each of the cloned genes. The plasmid was transformed into E. coli Rosetta, and
assessments regarding selectivity and sensitivity were undertaken. The artificial mer operon
was devised to mitigate selectivity issues inherent to MerR metalloregulators whereby
metalloregulators specific to a metal would induce transcriptional activity when exposed to
other metals. In this instance, response to non-mercury metals was negligible compared to
that induced by Hg(II). A dose dependent response was observed within 3 h of incubation
between 12 to 195 nM. The pigments could be quantified spectrophotometrically at 452 nm
following an ethanol extraction.

3.5. Response of WCBs to Arsenic

Over one hundred million people are effected by arsenic (As) water contamination
across the world and are thus prone to developing skin lesions and gastrointestinal distress
in case of chronic exposure to low doses, although high concentrations pose a much greater
toxicity risk to human health [72]. A number of WCBs were elaborated utilizing the ars
operon, which consists of two regulatory genes (arsR and arsD) and three structural genes
(arsA, arsB, and arsC) and contributes to arsenite and arsenate resistance by detoxifying the
cell [73]. Highly contaminated areas include Indian and Bangladeshi industrial zones, and
remediation must be enabled by access to cheap and dependable technologies.

The bright colors of carotenoid pigments spheroiden and spheroidenone were ex-
ploited in the creation of an arsenite biosensor [74]. In its wild form, photosynthetic
bacterium Rhodovulum sulfidophilum produces the red pigment spheroidenone in semi-
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aerobic conditions via the spheroidone pathway enabled by genes crtF and crtA. The former
encodes for O-methyltransferase which acts upon the C-1 hydroxy group of demethyl-
spheroidene resulting in the synthesis of yellow spheroiden, and the latter codes for a
monooxygenase subjecting the spheroiden produced in the earlier step to a C-2 ketolation
thus yielding red spheroidenone. As such, a mutant strain with the crtA gene deleted, such
as R. sulfidophilum CDM2, would accumulate yellow pigments. To create the arsenite sensor,
Fujimoto et al. relied on a strategy predicated on a color shift from yellow to red using
R. sulfidophilum CDM2. To that end, they constructed a reporter module consisting of a
promoter-less fragment of the crtA gene which was cloned onto a broad-host-range plasmid
pRK415 together with the E. coli-derived sensory module comprising the arsenite respon-
sive E. coli DNA fragment containing the operator/promoter of the ars operon (O/pars) as
well as the the arsR repressor. The recombinant plasmid, pSENSE-As, was transformed into
E. coli S17-1 and transferred into R. sulfidophilum CDM2 through conjugation. Preliminary
assessments confirmed that E. coli O/Pars was recognizable by CDM2 RNA polymerase and
that no transcription repression by an endogenous protein occurred in CDM2. While the
concentration threshold beyond which the sensor rendered arsenite presence observable
with the human eye was 5 µg/L, the data proffered by the authors suggest that arsenite
elicits a dose-dependent response in the sensor whereby the percentage of red pigment
increases as the arsenite concentration does within the 2–8 µg/L range. However, the
composition of the pigment load was assessed using HPLC, thus making the technique
more qualitative than quantitative when utilized in situ. Moreover, the authors noted
that the incubation time required for visual detection was at least 12 h, which could be a
limitation if used in an off-site context.

A comparable endeavor was undertaken by Yoshida et al. using the lycopene-
producing bacterium Rhodopseudomonas palustris [75]. During the synthesis of lycopene
in R. palustris, phytoene dehydrogenase converts colorless phytoene into red lycopene.
As such, the gene coding for phytoene dehydrogenase, CrtI, was selected as a reporter
gene for the WCB whereby the detection of the target molecule would actuate a color shift
from blue, the color of CrtI-deleted mutant strain R. palustris no. 711 [76], to red due to
lycopene production. The expression of this reporter was placed under the control of a
sensor module derived from the previously referenced pSENSE-As vector in pMG103 [74],
an E. coli—R. palustris shuttle vector, to yield pMG103ΩParsarsRcrtIcat. The recombinant
plasmid was then transferred into R. palustris no. 711 using electroporation. The resulting
WCB reportedly exhibited a dose-dependent response to arsenite within the 1–10 µg/L
range, with the color being easily distinguishable with the human eye at and beyond
the 10 µg/L mark. The biosensor also exhibited good selectivity, responding poorly to
antimony, arsenate, and Fe(II).

Heavy metal ions of natural or anthropogenic origins pose a serious and enduring
threat to living organisms in the vicinity of contaminated sites [77]. Moreover, they can
engender ripple effects in remote biomes and ecosystems which can be partly attributed to
natural displacement phenomena. These effects are exacerbated by the migratory behavior
of some affected species, which can be subject to scavenging or predation [78]. As such,
the magnitude of the threat is substantial and duly warrants vast efforts with the aim of
minimizing its impact [79–81]. To enable extensive and efficacious impact minimization
endeavors, reliable and accessible detection technologies must be utilized across large areas
to screen for heavy metals and concurrently undertake analyses. Such measures, be they
reactive or proactive, can limit the rapidly spreading detrimental effects of abnormal heavy
metal concentrations. Colorimetric WCBs are resource-efficient, and their accessibility
makes them highly compatible with the scale of heavy metal pollution detection efforts
and thus the volume of samples to be screened.
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4. Biomonitoring and Control
4.1. High-Level Producer Detection

Lysine is an amino acid with considerable importance in the context of human and
animal nutrition and is the second most abundantly produced essential nutrient world-
wide [82,83]. Corynebacterium glutamicum is an effective production platform of L-lysine
and other amino acids, and engineered strains have been turned into industrial workhorses
specially created for this purpose [84]. Recent advances in the field have led to the devel-
opment of the pSenLys biosensor based on the transcriptional regulator LysG which, in
C. glutamicum, acts as a transcriptional regulator for LysE, the gene encoding amino acid
exporter LysE, and detects variations in the concentrations of L-lysine, L-arginine, and
L-histidine [85]. Various sensors have been developed using the pSenLys sensing module
for the purpose of identifying overproducers, and a significant proportion of them relied
on fluorescent reporters.

A notable drawback on pSenLys-based sensors is their inability to accurately report
the overproduction of a specific amino acid among lysine, histidine, and arginine. The
non-specificity of pSenLys prompted the exploration of different avenues. Liu et al. detailed
the development of a C. glutamicum based colorimetric WCB with greater lysine specificity,
utilizing lycopene as a reporter pigment [11]. In response to L-Lys, LysG activates the expres-
sion of crtI encoding phytoene desaturase which then catalyzes the production of lycopene
with the characteristic red color. To that end, a C. glutamicum mutant strain, deficient of the
carotenogenic gene cluster crtIYe/fEb, crtB2I21/2, and LysEG was first generated as a sensor
chassis. To construct the plasmid, transcriptional regulator lysG; its binding site region
lysE promoter; and the phytoene desaturase gene crtI were amplified using the genome of
C. glutamicum as a template. The expression cassette was fused using overlap extension
PCR and cloned into a pTRCmob vector plasmid dubbed pSensorI. The sensor plasmid
was transformed into C. glutamicum WT-∆lysEG∆crtIYEbB22 and this transformed strain
bearing pSensorI served as a control as other optimizations were implemented. To remedy
the poor specificity of lysG and diminish false positives induced by docking of L-histidine
and L-arginine, LysG was subjected to site-directed saturation mutagenesis to screen for
mutants with reduced affinity to L-histidine and L-arginine. Substitutions at positions
123 and 125—where L-glutamate was substituted with L-L-tyrosine and where L-glutamate
was replaced with L-alanine, respectively—were found to confer the modified binding site
lysG* a drastically reduced affinity to L-arginine and L-histidine and an uncompromised
colorimetric linear response to L-lysine. To increase the range of dose-responsiveness up
from the reported 40 mM limit, the researchers resorted to promoter engineering of pLysE
and 5 promoters were screened. Promoter pLysE-3 was selected as the most apt candidate
and was found to engender an increased range of responsiveness of up to 300 mM. To
enhance the performance of the sensor from a color-rendering standpoint and thus facilitate
overproducer detection, the CrtR transcriptional regulator, which is known to repress the crt
operon [86], was deleted by electroporating a suicide plasmid into WT-∆lysEG∆crtIYEbB2
to construct WT-∆lysEG∆crtIYEbB2R. Further improving this performance was achieved
by attenuating the impact of the rate-limiting step in carotenoid synthesis through an
overexpression of phytoene synthase encoded by crtB. As such, the crtB gene cassette was
added to the sensor plasmid to create pSenlysBI-3. Lycopene concentrations correlated
very well with L-lysine concentrations, especially within the 80–325 mM range.

Comparable yield-increasing strategies would confer a considerable competitive ad-
vantage to manufacturers through targeted enhancements in production. Additionally,
these manufacturers would be able to provide purer products to consumers who can derive
greater benefit from them. From an environmental perspective, the amount of energy per
gram of product would be reduced and these enhancements could result in fewer produc-
tion cycles. As such, parts which can be energy-intensive to machine and ship would be
replaced less often, further reducing the overall environmental toll of production.
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4.2. Pathogen Detection

N-acyl homoserine lactone (AHL) is a signal molecule utilized by a number of gram-
negative bacteria for cell-to-cell communication as part of the quorum sensing mechanism.
The utility of WCBs leveraging the quorum sensing apparatus of microorganisms has
a number of benefits namely signaling the presence of possibly pathogenic species [87],
monitoring bacterial populations in bioreactor settings [88], and modulating the microbial
composition of a medium [89].

N-butyryl-L-homoserine lactone (BHL) is an AHL and a small diffusible signaling
molecule implicated in quorum sensing, the control of gene expression, and cellular
metabolism [90]. To detect minute amounts of BHL within a wide concentration am-
bit, Yong and Zhong developed a P. aeruginosa-based biosensor [91]. The researchers used
strain P. aeruginosa CGMCC 1.860, which is naturally capable of producing blue–green
pigments upon detecting BHL. This is achieved through the RhlR-RhlI quorum-sensing
system, which comprises the transcription activator protein RhlR and the BHL synthase
RhlI [92]. To create a biosensor, the researchers deleted the rhlIR gene cluster, thus creating
P. aeruginosa ∆rhlIR, and overexpressed rhlR through multi-copy plasmids. As such, the
bacteria regained the capacity of sensing BHL while avoiding the production of the analyte
by endogenous activity. The recombinant biosensor strain is thus capable of producing the
pigment upon sensing of exogenous BHL which can diffuse in the cell and be recognized by
the RhlR regulator. Upon BHL binding, this transcription regulator activates the expression
of pigment synthases. The resulting WCB whose pigment output can be extracted using
chloroform and quantified at λ = 299 nm exhibited dose-dependent pigment production
within the 0.11–49.7 µM AHL range.

To detect AHLs specific to P. aeruginosa and Burkholderia pseudomallei, two waterborne
bacterial strains resistant to disinfection and environmental stress, Wu et al. developed a
lycopene-producing biosensor [93]. To detect N-3-hydroxydecanoyl homoserine lactone,
N-3-oxododecanoyl homoserine lactone, and N-decanoyl-L-homoserine lactone produced
by B. pseudomallei and P. aeruginosa, the QscR quorum-sensing system was used as a sensing
module in E. coli. In preliminary stages, the researchers used green fluorescent protein as
a reporter. The sensing module consisted of the transcription factor QscR, placed under
the control of a constitutive T7 promoter in plasmid pET23b(+), capable of binding to
AHLs secreted by both bacterial strains. Upon its formation, the QscR-AHL complex binds
to its proprietary binding site a QscR-AHL inducible promoter PA1897 thus engenders
the activation of the reporting module EGFP, all components having been cloned into
the pUC57kan plasmid. The sensor was found to respond well and selectively to the
AHLs being investigated, and the detection threshold was found to be compatible with
ecologically relevant amounts of AHLs. To produce the lycopene-based sensor, the lycopene
production pathway was introduced in the biosensor by expressing genes crtE and crtB
under the T7 constitutive promoter and expressing the gene crtI under the control of the
PA1897 promoter in plasmid pET23b-qscR-EIB (Figure 7).
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synthesis of isopentenyl pyrophosphate isomerase was introduced to convert available
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isopentenyl pyrophosphate into dimethylallyl pyrophosphate. These constructs were
cloned onto the pET23b-qscR plasmid to yield pET23b-qscr-EIB. The resulting biosensor was
able to detect all three investigated synthetic AHLs at concentrations as low as 2.0 × 10−9 M,
although the pigments synthesized in culture media wherein the target bacterial species
had been cultured were less considerable in their amounts. This was attributed to a possible
presence of molecules with an inhibitory effect on lycopene production.

The need to develop novel and rapid pathogen detection technologies is most pressing
in our modern society with the disquieting rise of antibiotic resistant bacterial strains
and their alarming spread [94]. Studies addressing bacterial antibiotic resistance have un-
earthed evidence that specific AHLs play a crucial role in the expression of drug resistance
genes [95–98]. Consequently, fittingly engineered colorimetric WCBs immobilized on paper,
for example, could provide highly useful information to healthcare professionals at points
of care, triggering specific protocols. AHLs can be challenging to quantify given the fact
that they can be subject to enzymatic degradation in the period between sampling and
testing [99]. While this can be remedied with flash freezing using liquid nitrogen before
subsequent analysis using a number of analytical techniques [99–101], quantification using
WCBs can be an enticing alternative. Nevertheless, the inhibitory effects of unknown com-
pounds resulting from bacterial proliferation and metabolic activity cannot be understated.
As such, WCBs may be used in parallel with other analytical techniques to verify results.

4.3. Micronutrient Quantification

Micronutrient deficiencies are significant concern of global ambit although gauging
the veritable magnitude of the issue remains challenging [102]. In remote settings and
in impoverished parts of the world, access to reliable testing is limited due to elevated
costs and logistical difficulties. Colorimetric WCBs as part of field-ready kits can be
handled by agents with minimal training to provide in situ testing in remote areas, identify
micronutrient deficiencies, and help remedy health complications quickly and reliably.

Zinc is an essential micronutrient; deficiencies have incurred public health burdens of
significant magnitude, and one billion people across the world are presumed to be at risk
of zinc deficiency [103]. Efforts to provide access to impoverished and remote areas of the
world have yielded the development of colorimetric biosensors.

In the context of early efforts to develop a colorimetric biosensor compatible with zinc
serum levels, Watstein and Styczynski generated an E. coli-DH10B-based sensor capable of
producing three different reporters: violacein, lycopene, and β-carotene [12]. A violacein
operon was cloned onto a plasmid bearing zinc-responsive transcription regulator ZntR,
proprietary ribosomal binding sites, and the gene encoding the Zur metalloregulator
protein, which acts as a zinc-responsive repressor. Gene cluster vioABCDE was placed
under the control of a PznuC repressor actuated by Zur–zinc complexes. To modulate
violacein production and ensure a violacein-dominated color profile within the 1–5 µM zinc
range and thus to counter increasing amounts of Zur–zinc complexes as zinc concentration
increases, zur was placed under the control of the ZntR cognate promoter PzntA with an
intermediate strength ribosomal binding site and 32 zinc decoy binding sites implemented.
On another plasmid, the lycopene synthetic pathway was cloned from Pantonea ananatis
and placed under the control of PzntA whereas crtY, the gene coding for lycopene β-cyclase,
was placed under the control of PznuC. To ensure a lycopene dominated domain wherein
zinc concentrations vary from just above 5 µM to just under 20 µM, a stronger ribosomal
binding site to PzntA coupled with a LAA degradation tag were implemented to limit
lycopene β-cyclase synthesis to the 20–100 µM zinc concentration range.

To create a colorimetric WCB responding to physiologically relevant amounts of zinc
in human serum, McNerney et al. devised a sensor with an observable pigment output
which had been tuned to present a discernable dose-dependent optical readout [104].
The effort constitutes a continuation to the one described earlier. The system exploits
several transcription activators, repressors, and reporters that allow to discriminately
report alarming and healthy amounts of zinc in human serum. Should amounts of zinc
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be alarmingly below the normal range, violacein would be the dominant pigment in the
overall pigment load produced by the lyophilized cells resuspended in human serum.
Should the amounts be cause for concern, the output would present as red due to lycopene
being the prevailing component of the pigment matrix. Should the WCB be exposed to
healthy amounts of zinc, the output would veer towards a yellow presentation given the
prevalence of β-carotene in the pigment matrix. In this complex WCB system, the violacein
synthesis gene cluster was placed under the control of an engineered PLacZnu 2B dual-input
promoter created via the insertion of a mutagenized zur operator site downstream from
the Lac promoter. This dual promoter allows the induced expression of the violacein gene
cluster only at very low zinc concentrations. That same plasmid featured a zinc binding
site ZntR, a zur gene with modified ribosomal binding sites, and an ssrA degradation tag
to ensure optimal expression in such a method of rendering violacein synthesis taper down
by 0.1 µM zinc. On another plasmid, the researchers cloned the lycopene biosynthetic
cluster crtEBI and a crtY lycopene β-cyclase gene with modified ribosomal binding sites
and ssrA protein degradation tags. The former was placed under the control of a Lac
promoter, whereas the latter was placed under the control of PzntA to ensure a dominant
β-carotene-enabled orange presentation of the WCB at normal serum zinc levels and a red
presenting lycopene-dominant presentation, evincing subpar zinc concentrations.

The colorimetric WCBs detailed in this section showcase their current usability in the
healthcare sector as well as their ability to substitute, in varying degrees, conventional an-
alytical techniques. WCBs have been developed to detect urinary tract infections [105,106]
and inflammatory bowel disease [107,108], among other ailments as alternatives, to existing
modalities with non-negligible drawbacks. The effectiveness of the sensor module—reporter
module combinations that enable the aforementioned sensors may not be comparable to that
of an analogous configuration featuring a colorimetric reporter module. However, should they
prove effective, these colorimetric biosensors—among others—may enable on-site testing in
use cases where such sensors are compatible. Table 1 summarizes the sensor module–reporter
module combinations mentioned in this review as well as the analyte concentration ranges
where they are most effective.

Table 1. Sensor module—reporter module combinations and their responsiveness.

Application Sensory Module Reporter Module Pigment Target Molecule Range of Detection Ref.

Quantification of PCBs Biphenyl degradation pathway
(unspecified genes)

2-hydroxy-6-oxo-6-
phenyl-2,4-hexadienoic

acid

Trichlorobiphenyl
mixtures

0.5 mg D103 l-1 and
0.2 mg 2,4,40CB l-1 [17]

Detection and quantification of
organophosphate pesticides.

DmpR—DM12 mRFP1 RFP parathion 10 µM [13]

DmpR—E135K mRFP1 RFP fenitrothion 50 µM [13]

Detection and quantification of
heavy metal ions in water

PCUP1 AMP pathway
∆ADE2 Unspecified red pigment Cu(II) 1–100 µM [32]

PcopQ Mjdod Betaxanthin Cu(II) 0–1000 µM [35]

P0659-1 crtI Deinoxanthin Cd(II) 50 nM–1 mM [10]

cadR vioABCDE Violacein Cd(II) 0–25 µM [40]

cadR bpsA, pcpS Indigoidine Cd(II) 0–200 µM [9]

PbrR bpsA, pcpS Indigoidine Pb(II) 0.26–8.3 µM [47]

PbrR vioABCDE Violacein Pb(II) 0.1875–1.5 mM [43]

PbrR vioABCE Deoxyviolacein Pb(II) 2.93–750 nM [60]

PbrR 3GT, ANS Cyanidin 3-O-glucoside Pb(II) 0.012–3.125 µM [62]

MerR bpsA, pcpS indigoidine Hg(II) 0.008 µM–0.52 µM [47]

MerR vioABCDE Violacein Hg(II) 0–0.12 µM [68]

MerR phzM and phzS Pyomelanin Hg(II) 25 and 1000 nM [70]

MerR crtEBI and crtY β-carotene Hg(II) 12 to 195 nM [37]

OPars crtF and crtA Spheroiden and
spheroidenone Arsenite 2–8 µg/L [74]

OPars CrtI Lycopene Arsenite 1–10 µg/L [75]
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Table 1. Cont.

Application Sensory Module Reporter Module Pigment Target Molecule Range of Detection Ref.

Identification of overproducers lysG crtEBI Lycopene Lysine 80–325 mM [11]

Detection of bacterial
contamination

RhiI

Blue-green
pigment synthesis
pathway native to

P. aeruginosa

Unspecified blue-green
pigment

N-acyl homoserine
lactone 0.11–49.7 µM [91]

QscR crtEBI lycopene

N-3-
hydroxydecanoyl

homoserine lactone,
N-3-oxododecanoyl
homoserine lactone,

N-decanoyl-L-
homoserine lactone

≥2.0 nM [93]

Quantification of serum zinc
Zur VioABCDE, crtEBI,

crtY
Violacein, lycopene,

β-carotene Zn(II) Physiologically
relevant range [12]

Zur VioABCDE, crtEBI,
crtY

Violacein, lycopene,
β-carotene Zn(II) Physiologically

relevant range [104]

5. Conclusions and Future Directions

The development of whole-cell biosensors keeps up with the pace of broad ranging ad-
vancements in genetic engineering and practically puts to use novel approaches stemming
from recent advancements. As such, it allows for more nuance to materialize and for a
greater understanding of processes and mechanisms to be gleaned. WCBs are a highly ver-
satile platform enabling the development of accessible and inexpensive analytical devices
which, in some circumstances, replace their less portable laboratory analogues [109]. They
can be adapted to a considerable range of analytes that grows as more regulatory as well as
biosynthetic pathways are characterized. Moreover, they benefit from a wide selection of
thoroughly understood microbial chassis to transform based on the biosensor’s purpose.
The works detailed in this review attest to the effectiveness of colorimetric WCBs but also
detail some of their less conspicuous shortcomings. Indeed, the caveat of these assessments
being conducted in highly controlled settings must be borne in mind. In effect, they were
mostly undertaken using solutions of known analyte concentrations and compositions.
Their effectiveness in the field may be less pronounced due to a host of causes including the
general complexity of natural matrices which may contain compounds of bacterial origin
or otherwise which may affect their performance or result in false positives and negatives.
Moreover, living organisms have a limited shelf life, and stocks will require periodic replen-
ishment. Despite these shortcomings, WCBs can be an advantage for researchers in settings
presenting logistical challenges or when immediate access to analytical equipment is not
possible. Additionally, WCBs may be used alongside more complex analytical techniques
to further confirm the results obtained.

WCBs hold great promise as accessible and versatile tools, and the abundance of
academic literature addressing the subject attests to their utility and potential. They are,
however, not without their shortcomings as selectivity can be an issue. Colorimetric biosen-
sors are veritable assets enabling relatively quick and resource-efficient assessments of
contamination in water and soil alike and can provide robust qualitative as well as quanti-
tative measurements. The synthesis of microbial pigments is metabolically burdensome
to microorganisms, and the genetic circuitry enabling these syntheses can be complex,
which renders the development of colorimetric biosensors a less than straightforward
endeavor. Nevertheless, future developments in biotechnology and a growing roster of
known regulatory and pigment production pathways can enable further refinements of the
protocols summarized in this review and the development of more advanced systems with
greater precision, specificity, and range of detection. Moreover, an increased adoption of
design of experiment or DoE methodologies could contribute quite positively to biosensor
design, and the development of novel immobilization techniques can further improve their
relevant attributes [110].
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