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Abstract: We present a generic quantitative chemical sensing methodology for assessing the concentra-
tion of a target material (TM) in an aqueous solution by using bioluminescent microbial bioreporters
as the core sensing elements. Such bioreporters, genetically engineered to respond to the presence of a
TM in their microenvironment by emitting bioluminescence, have previously been mostly designed to
report the presence or absence of the TM in the sample. We extend this methodology to also assess the
TM concentration, by exploiting the dose-dependency of the TM-induced luminescence. To overcome
luminescence intensity variations due to bacterial batch differences and the ambient temperature, si-
multaneous measurements were carried out on sample solutions containing known concentrations of
the TM. A “standard ratio” parameter, defined as the ratio between the two measurements, is shown
to be independent of the bacterial batch and the temperature, and hence provides the conceptual basis
for a generic quantitative chemical sensing methodology. Assessment of 2,4-dinitrotoluene (DNT)

concentration in solutions is demonstrated with an accuracy of 2.5% over a wide dynamic range.

Keywords: bacterial whole-cell biosensors; bioreporters; bioluminescence; quantitative chemical
sensing; optoelectronic biosensor module; explosives

1. Introduction

We describe herein the underlying principles of a quantitative chemical sensing (QCS)
methodology for assessing the concentration of a wide range of target materials (TMs) in
aqueous solutions. The methodology is based on bioluminescent sensor bacteria (biore-
porters) [1-4], genetically engineered to bioluminesce upon exposure to a TM. Bioreporters
have been employed as the core sensing elements in sensors that detect the presence of a TM
in a sample [5]. In a sensor apparatus that has previously implemented this sensing scheme,
the bioreporters serve as minuscule self-contained biochemical laboratories integrated into
an optoelectronic circuit [6,7]. By virtue of the fact that the sensor bacteria can be genetically
engineered to respond to a wide range of TMs, this sensing methodology is inherently
highly versatile. In this paper, we extend this methodology to quantify the concentration of
the TM in the sample. To this end, we exploit the fact that the bioluminescent signal emitted
by the bioreporters in response to their exposure to the TM is dose-dependent [8-12]. In
addition, we describe and demonstrate schemes for avoiding inaccuracies due to signal
fluctuations due to batch and temperature variations.

As classes of TMs of interest may be highly diverse, identification and quantification by
state-of-the-art analytical chemistry methods need to be carried out in specially equipped
central facilities, to which the tested samples are transported for analysis, often from
remote locations [13]. In many scenarios, this modus operandi is ineffective and overly
expensive. This brings forward the need for a generic general-purpose technology for
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a large-scale distribution of versatile and simple-to-operate chemical sensors, which can
provide near-real-time information on TM distribution.

This challenge has been addressed by exploring sensor devices in which the core
sensing elements are microbial bioreporters [6]. Bioreporters can be genetically engineered
to respond to the presence of almost any TM in their microenvironment [8,14-18]. Example
environments include health [19], agriculture [20], food industries [21] and environmental
monitoring [22,23]. In most cases, the engineered bacteria harbor a plasmid-borne fusion
between a molecular sensing element (a gene promoter) that detects the presence of the
TM and a reporting element that emits a quantifiable signal such as bioluminescence or
fluorescence [8]. As a result of this fusion, a dose-dependent response is generated upon
exposure to the TM. Bioluminescent bioreporters provide a simple generic and versatile
platform for constructing chemical sensors that operate in situ and recognize TMs in
their microenvironment. However, sensors based on bacteria have hitherto been limited to
detecting the presence of the TM, rather than yield its concentration in the inspected sample.

A modern bioreporter-based sensor is a two-unit module consisting of an analog
sensing unit and a digital data processing and communication unit. The sensing unit
contains the bioreporters, detects the light they emit, and produces an analog output
signal. The digital unit is multifunctional: (i) it digitizes and processes the analog signals
produced by the sensing unit and produces a digital record of the measurement, together
with auxiliary relevant information (e.g., date and time); (ii) it manages the operation of the
sensor; and (iii) it transmits the records produced by the sensor to remote receivers and
receives operational instructions from a control center. Modern sensors are expected to
operate either as standalone units or as nodes in sensor networks that are field deployable
in large numbers, for both indoor and outdoor operation [7].

A quintessential example of a sensing unit that is based on bioreporters is the Bacterial
Sensing Module (BSM) [7]. This module adopts the two-unit architecture described above
and employs in its sensing unit bioreporters as the core sensing elements. The BSM is
an autonomous self-contained unit designed for either standalone operation or as a node
in a sensor network that monitors and maps the presence of TMs on the ground across
wide areas in open environments. The module detects and processes the biological signal
and transmits a digital record to a remote receiver. As a benchmark, the BSM has been
configured to detect the presence of buried landmines underneath its footprint.

We present herein the underlying principles for extending the sensing methodology
that employs bioluminescent bioreporters from the arena of presence detection to include
quantitative assessment of the content of a selected TM in the inspected sample.

2. Materials and Methods
2.1. Conceptual Basis

The methodology for using bioluminescent bioreporters based QCS is built upon the
well-established fact that the response of the bioreporters to the presence of the TM is
dose-dependent [5]. However, signal strength should not only be dose-dependent, but
also be repeatable and reproducible. Thus, for a QCS methodology to be reliable, it is
necessary that a series of measurements of samples containing the same concentration of a
TM, carried out by multiple employment of the same sensor, or by a set of identical sensors,
will yield the same result. It was found, however, that the bioluminescence signal produced
by bacterial sensors exposed to identical solutions was variable, depending upon sensor
batch, batch age, and ambient temperature [24,25].

This hurdle was overcome by employing a “comparative analysis” scheme: comparing
the output of a sensor exposed to the inspected solution to the output of a sensor exposed to
a standard solution, containing a known concentration of the TM. Both measurements were
carried out simultaneously by identical sensors operating at the same temperature, using
bioreporters of the same batch. As will be shown henceforth, this principle of operation
enabled reliable quantitative biochemical sensing. As far as we are aware, this has not been
previously reported for sensing applications employing bacterial bioreporters.
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2.2. Experimental Methodology

The platform for developing the bioreporter-based quantitative assessment was BSM
prototypes [7], adapted for quantitative sensing measurements. The BSM is a small au-
tonomous unit designed to report the presence of a target chemical underneath its footprint.
It is constructed of three units: (i) a sensing unit that harbors a bioluminescent bacterial
sensor strain that enhances its light emission in the presence of its target compounds under-
neath the module, along with an optoelectronic (OE) circuit that detects and processes the
bioluminescent signal; (ii) a digital unit that digitizes the analog signals received from the
sensing unit and produces a digital record ready for transmission; and (iii) a communica-
tion unit that transmits the information produced by the module to the outside world and
receives control instructions from the network’s manager. The electronic circuit is insulated
from water vapors released by the humid environment of the bacteria, allowing it to convey
and process very weak analog signals.

In quantitative assessment, each module consisted of four independent measurement
channels operating in parallel. Each channel was equipped with a separate replaceable
bacterial cassette for either the sample or the standard solution. A schematic illustration
of the BSM adapted for quantitative sensing is presented in Figure 1. The four channels
in the original design of the BSM can be used as two quantitative sensing systems, each
consisting of a sample channel and a standard channel. Alternatively, the BSM can also be
configured to three sample channels and one standard channel.
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Figure 1. Schematic illustration of the biosensing module (BSM) adapted for quantitative analysis.

The TM that served as the benchmark for testing the comparative analysis scheme was
2,4-dinitrotoluene (DNT) [8]. Traces of this compound emanate from 2,4,6-trinitrotoluene
(TNT) in buried landmines and infiltrate the ground surface, serving as a chemical “signa-
ture” of the landmine [26,27]. To maintain identical bacterial preparations in the sample and
standard solutions, a strict protocol for preparing the bacteria was carried out as follows:
(i) a fresh bacterial culture of the species “tailored” to sense the selected TM was grown
overnight in lysogeny broth (LB) at 37 °C, shaken at 200 rpm [28]; (ii) the culture was
then diluted 100-fold in fresh LB and allowed to regrow under the same conditions to the
mid-logarithmic growth phase (i.e., to an optical density at 600 nm (OD600) of 0.2) [29,30];
and (iii) 1 mL of the bacterial culture was loaded into the different cassettes and exposed to
different concentrations of DNT. All four BSM channels were loaded with bacteria from the
same batch.
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As was pointed out above, the bioluminescence signal emitted by the bioreporters
is proportional to the concentration of the TM in the inspected solution to which the
bioreporters are exposed. This is demonstrated in the results section below.

However, as pointed out above, the strength of the bioluminescence signal emitted
by the bioreporters in response to their exposure to the TM varies between measurements
employing bacteria from different batches or under different environmental conditions.
The raw bioluminescence signal, though dose-dependent, cannot therefore be used for a
direct assessment of the TM concentration.

2.3. Details of the Quantitative Chemical Sensing Methodology

For performing QCS based on genetically engineered bioluminescent bioreporters,
it is imperative that the results are reproducible, irrespective of either the bacterial batch
used or the ambient environmental conditions. Thus, it is required to define a measurable
quantity that can be used for performing comparison analysis of the target material in the
sample, independent of the bacteria batch and the operating temperature. To this end,
the measurement of the bioluminescence signal produced by exposing the sensor to the
inspected sample was augmented by a simultaneous measurement of the bioluminescence
signal produced by exposing bioreporters from the same batch to a solution containing a
known concentration of the TM (standard solution). Both measurements were carried out
in parallel under the same conditions, using adjacent sensor channels in the same sensor
module or using sensor channels in different but identical sensor modules. The measurable
quantity employed to normalize the measured luminescence signal was the “standard ratio”
(SR), defined as the ratio between the maximal output signals produced by the sample
channel and the standard channel. The block diagram for implementing the scheme for
obtaining the SR is presented schematically in Figure 2.

Amplifier A/D
Photo-
detector 4
SR
L ] '
Inspected /0
Solution
A
Amplifier A/D
Photo-
detector

Standard __ o
Solution

Figure 2. Block diagram for implementing the scheme for obtaining the standard ratio.

2.4. Reagents

The following chemicals and reagents were used: 2,4-dinitrotoluene (DNT) (Sigma
Aldrich, St. Louis, MO, USA); nalidixic acid sodium salt (Sigma Aldrich, St. Louis, MO,
USA). The bacterial strains employed in the course of this study and their sources are listed
in Section 2.5 below.

2.5. Bacterial Strains and Plasmids

Three Escherichia coli bioreporter strains were used in the course of this study (Table 1),
in all of which the reporter entity was the luxCDABE gene cassette of Photorhabdus lumi-
nescens (PI):
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1.  DNT bioreporter strain azoR, which contains two plasmids: The first is pBR-P2G2-P],
in which the sensing element is an enhanced version of the E. coli azoR gene promoter,
fused to the Pl reporter [31,32]. The second plasmid, pACYC-yhaJ-G2, contains an
enhanced copy of the yha/ transcriptional activator [33].

2. DNT bioreporter strain yqjF, also harboring two plasmids: pBR-C55-P], in which the
sensing element is an enhanced version of the yqjF gene promoter (C55), fused to the
Pl reporter [33], and plasmid pACYC-yha]-G2, as above.

3. Genotoxicity bioreporter strain recA [34], harboring plasmid pBR-recA-Pl, with the
DNA damage-inducible recA gene promoter as the sensing element.

Table 1. Bacterial bioreporter strains and plasmids used in this study.

Bioreporter Designation Target Material(s) Plasmid 1 Plasmid 2 Host Bacterium
azoR DNT pBR-P2G2-P1[33]  pACYC-yha]J(G2) [33]  E. coli BW25113 ApykF [35]
yqjF DNT pBR-C5-P1[33] pACYC-yha](G2) [33]  E. coli BW25113 ApykF [35]
recA Genotoxic agents pBR-recA-P1 [34] - E. coli REM443 [34]

3. Experimental Results

A set of DNT measurements employing the protocol described above is presented
in Figure 3. The protocol was employed in identical sensor channels loaded with DNT
bioreporters of the same batch. The sensors were exposed to 1 mL samples containing
different concentrations of DNT mixed with the bioreporters. The results presented in
Figure 3 demonstrate the fact that the bioluminescence produced by the bioreporters
is dose-dependent, substantiating the underlying hypothesis at the basis of employing
bioluminescent bioreporters for performing quantitative chemical sensing.

2
DNT (mg.L)

Output (mV)

0 5 10 15
Time (hour)

Figure 3. Luminescence as a function of DNT concentration.

As pointed out above, the bioluminescence signal emitted by the bioreporters in
response to their exposure to the TM varies between measurements employing bacteria
from different batches or under different environmental conditions. This is demonstrated
in Figure 4 (blue symbols), in which measurements of the maximal response of the azoR
bioreporter, exposed to DNT (30 mg/L), are presented. Marked variations were observed in
sensor outputs produced from identical samples by bioreporters from either five different
batches (Figure 4a) or a single batch at different temperatures (Figure 4b). The SR values for
these measurements were obtained by augmenting these measurements with measurements
of standard solutions containing 17 mg/L DNT. Each of these measurements was carried
out in parallel to the original (30 mg/L) measurement, using bacteria from the same batch
at the same operating temperature. The results are presented in Figure 4 (red symbols). As
can be seen, the SR is indeed independent of both the bioreporter batch (Figure 4a) and the
operating temperature (Figure 4b).
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Figure 4. The standard ratio (SR) computed for two series of measurements: (a) different batches
of bioreporters; (b) different temperatures. In blue are the maximal outputs of each BSM channel
exposed to 30 mg/L of DNT and in red are the computed values of the standard ratio.

Employing the SR concept for performing quantitative assessment of a given TM
in the inspected sample is achieved by composing an empirical calibration curve which
depicts the SR vs. the TM concentration. In all measurements, the sensor is loaded with an
equal quantity of bioreporters from the same batch, and all the measurements are carried
out at the same temperature. One measurement for which the concentration of the TM
is approximately at the center of the concentration range is designated as the standard
measurement. Following the procedure carried out in the setup presented in Figure 4, the
SR vs. the concentration is evaluated for each measurement, and the SR values are then
depicted on the calibration curve.

Assessment of the TM concentration is performed by the following steps: (i) load
the inspected sample and the standard sample into their containers in the sensor together
with the bioreporter solution; (ii) monitor the evolution of the emitted bioluminescence
with time; (iii) extract the maximum point of the signal; (iv) calculate the SR by computing
the ratio between the measured maxima from step iii and the maximum of the standard
solution; (v) pin the SR to the respective ordinate of the calibration curve; and (vi) retrieve
the concentration of the TM from the calibration curve.

3.1. Employing the Calibration Curve

An example of two DNT calibration curves for the yqjF and azoR bioreporters are
presented in Figure 5,. The calibration curves were obtained from a set of measurements
performed with a sensor of the type presented in Figure 1, following the procedure de-
scribed in Section 2.3. For each measurement, a mixture of 1 mL LB containing DNT at the
required concentration plus the bioreporters was loaded into the sensor container. For each
DNT concentration, at least four different measurements were conducted. The variance
between the SR of similar measurements did not exceed 2.5%. The DNT concentration in
the standard solution was chosen to be in the approximate middle of the dynamic range
for which the bacterial strain was found to be effective.

It can be seen in Figure 5 that employing the calibration curve for assessing the
concentration of the DNT in the inspected solution is not necessarily straightforward.
Consider first the calibration curve for the yqjF strain (in black). Due to the fact that the
calibration curve increases monotonically for DNT concentrations below 20 mg/L, and
decreases for higher concentrations, there is no one-to-one correspondence between the
measured SR and the concentration. For example, consider a sample for which it was
found that SR = 1.25. The calibration curve indicates that the concentration can be either
12 mg/L or 36.6 mg/L. Consider also the calibration curve of the azoR strain (in blue).
Note that here, in the concentration range between 20 mg/L and 30 mg/L, the calibration
curve becomes almost horizontal, and hence the concentration of the TM in the inspected
solution retrieved by pinning the SR on the calibration curve is bound to be inaccurate.
For example, if the SR is found to be between 1.1 and 1.125, the azoR calibration curve
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indicates that the concentration is between 20 mg/L and 30 mg/L. Both problems can
be overcome by considering the two calibration curves as complementary to each other.
To this end, both curves are depicted together in Figure 5. A preliminary result can be
obtained from the azoR curve, whereas fine tuning of this result can be obtained from the
yqjF curve. For concentrations between 25 and 30 mg/L, the response of the yqjF bacteria
varies significantly more than the azoR bioreporter’s response. Thus, for this concentration
range the calibration curve of yqjF bacteria was calculated, so that for concentrations of
25-30 mg/L a separation could be obtained based on the SR value.

JE ]
"""" fe... =+ azoR
............. I "yqjF
,’: ........
15 e 1]
A e
S e FYRPE SRR Lo T
o S e "’
w1 s
...... .I“----“
os5- & i
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5 10 15 20 25 30 35 40

Concentration (mg/L]

Figure 5. Calibration curves for two strains of bioreporters: yqjF (black); azoR (blue). The mean
values of the SR and their standard deviation (denoted by the error bars) are presented (STD = 0.025).
The gray dashed line denotes the standard solution (for which SR = 1).

Note that in principle it is possible to genitically engineer several different bacteria
strains for every target material. Moreover, different bacteria strains that are genetically
engineered for the same target material can be optimal for different segments of the
concentration dynamic range. This can be exploited as a general principle for improving
the accuracy of the bacterial quantitative assessment methodology

3.2. Quantitative Assessment in a Mixture of Different Target Materials

In real environemntal samples, such as in drinking water [36], it is highly likely the
sample will contain more than one TM. The question then arises of whether the method-
ology presented here can be used for evaluating the concentration of a TM in a sample
containing a mixture of different materials. This question was investigated by evaluating
the SR in a solution containing a mixture of two TMs, DNT (30 mg/L) and nalidixic acid
(NA, 10 mg/L) [37]. The SR values for both compounds were evaluated using the azoR
and the recA bioreporters, respectively. The results, presented in Figure 6, show that each
of the bioreporters responded only to its deignated TM, either singly or in a mixture, but
not to the other chemical.

The exact DNT concentration was retrieved from the azoR calibration curve (Figure 5)
and the exact NA concentration was retrieved from a similar calibration curve constructed
for the recA strain prior to the measurement.
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Figure 6. SR values measured by bioreprter strains azoR (a) and recA (b) for solutions containing
either DNT (30 mg/L), NA (10 mg/L), or both. The standard solutions contained either 17 mg/L
DNT or 5 mg/L NA.

4. Summary and Conclusions

We present in this paper a generic quantitative chemical sensing methodology for as-
sessment of TM concentrations by employing bacterial chemical sensing. The methodology
is based on bioluminescent bioreporters that serve as the core sensing elements of the sensor
apparatus. Hitherto, bacterial chemical sensing has been employed to detect the presence
of the TM in the inspected sample. Herein, we present and provide proof of concept of
a methodology for performing a quantitative assessment of the TM concentration. The
methodology exploits the fact that the strength of the bioluminescence signal emitted by the
bioreporters is dose-dependent. However, this signal varies between different bioreporter
batches and is also temperature-dependent. We overcame this problem by introducing
the SR parameter: the ratio between the maximal bioluminescence signals emitted by the
sample and a standard solution, respectively. The SR was found to be independent of
both the bioreporter batch and the operating temperature, and thus enabled quantitative
assessment of the TM.

As pointed out above, in bacterial chemical sensing systems the fundamental sensing
operation is performed by bioreporters which are bacteria that are installed in an opto-
electronic (OE) circuit and function as self-contained biochemical laboratories that are
genetically engineered to respond to their exposure to a selected TM by emitting light. The
complex sensing operation is performed inside the bioreporter cell and, in principle, almost
any chemical substance can be sensed by a bacterial chemical sensing system provided it is
loaded with bioreporters that were genetically engineered to respond to this substance.

From a system perspective, the sensing unit of the bacterial chemical sensing system
is an optoelectronic circuit in which the bioreporters function as the light sources. The
light signal produced by the bioreporters upon their exposure to a sample that contains
the selected TM is detected by the photodetectors in the OE circuit, which converts it to an
analog electrical output signal. As such, the sensing unit of the bacterial chemical sensing
system is a simple OE circuit that can sense the presence of any TM, provided it was loaded
with bioreporters engineered to respond to that TM. Hence, performing a quantitative
assessment of the TM concentration in the inspected solution necessitatesthe inclusion of an
additional sensing channel in the system that measures the signal emitted by a solution that
contains the “standard solution”, and then compute the SR, and extract the concentration
of the TM in the inspected solution from the calibration curve.

Thus, the underlying architecture of a bacterial sensing system that assesses the
concentration of a selected TM is independent of the specific TM it was designed to
inspect. It is adapted to its application by loading it with bioreporters that were genetically
engineered to respond to the relevant TM (or a group of relevant TMs). Such systems can
be constructed in different configurations so that they fit a variety of modes of operation
that due to their simplicity can be deployed in large numbers in different environments,
outdoors or indoors. As stationary systems, they can be deployed and operate in large
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numbers at the location where the inspected samples are retrieved, and transmit their
findings across the communication network to a distant monitoring center that also controls
their operation. The methodology can also be implemented in mobile systems (e.g., the
BSMs that were configured to perform quantitative assessment of the selected TM in the
inspected solution that were described above in Section 2.2 and Figure 3). An ensemble of
such modules can be employed for mapping on location in real time the spatial distribution
of the concentration of the TMs across the inspected area by processing a set of sample
solutions that were retrieved on location.

In summary, due to its simplicity and versatility, the bacterial quantitative sensing
methodology described in this paper has the potential to form the basis for quantitative
chemical analysis technology that can be employed on location. As such, it can be the basis
for a wide range of applications in which it is required to assess the concentration of TMs
in solutions without the need to export the inspected solution to a remote central analysis
laboratory. Such applications span across a wide spectrum of fields, including in medical
care (in particular for remote medical clinics in the Global South), in precision agriculture
for monitoring the fertilizers and pesticides in the soil, in chemical industry plants where it
is required to perform chemical analysis in different locations of the production line, and
in environmental monitoring of hazardous materials and more. This research focused on
assessing the concentrations of TMs in solutions, but the versatility and strong performance
of the bioluminescent bioreporters encourages the employment of bacterial quantitative
assessment in a variety of additional settings. This includes scenarios such as assessing
the concentration of the target material in the soil underneath the footprint of the bacterial
sensor (e.g., the BSM).
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