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ABSTRACT

The concentration of nitrate (NO>~) in Narragansett Bay has been shown to undergo considerable
temporal and spatial variation. However, the dynamics of this flux has never been monitored on a
fine-scale (<100 m, < 1 d) or in real-time. Whole-cell bio-reporters are promising candidates for low
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cost environmental sensing of bioavailable nutrients. Yet difficulties remain in creating sensors for lls(if)::r\:?c)$~|)rmsitrate~
long term deployment in the marine environment. This paper describes the creation and validation cyanobacéeria' !

of a low-cost sensor using a self-bioluminescent strain of the cyanobacteria Synechococcus
elongatus pcc 7942 for the direct measurement of bioavailable nitrate. Nitrate bioavailability was
measured by monitoring light emission from a luxAB based promotor fusion to gInA using a
light to frequency sensor and single board microcontroller. Sensor designs are presented in this
manuscript with specific focus on storage, cell viability, and compatibility with the marine
environment. Sensors were able to consistently assess nitrate standards as low as 1 ppm
(16.3 uM). Using a wavelet denoising approach to reduce white noise and hardware noise,
nitrate detection of standards as low as 0.037 ppm (0.65 uM) was achieved. Good sensitivity and
low cost make these sensors ideal candidates for continuous monitoring of biological nitrates in
estuarine systems.
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Introduction o
that exerts the greatest control on eutrophication in

Nitrogen is a fundamental building block of living organ-
isms and plays a critical role in the ecology of the marine
system. Nitrate, the most oxidized form of nitrogen, pro-
vides the largest inorganic reservoir of this nutrient in
the marine environment and is one of the nutrients

these systems.

The temporal and spatial variation of nitrate concen-
trations in estuarine systems is large [1,2]. Often knowl-
edge of estuarine systems is based on limited
measurements from studies focused on a particular
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area or environmental condition. Current methods of
tracking these variations are often inadequate when
compared to the significant scale of perturbations
found in these systems [3]. This hinders the creation of
baseline data and the establishment of predictive
models. A sensor network collecting real time data in
an estuarine system could provide key insights into
the fate and transports of biological nutrients.
However, current methods of analytical modelling are
often too complex and costly for environmental analysis.
The size, power requirements and fragility of these
systems limit their use to the confines of the traditional
laboratory.

Microbial biosensors could provide a unique sol-
ution for nutrient analysis in the marine environment.
Over the past decade, overall improvements in elec-
tronics, software, and components have led to the
development of low cost, low energy data loggers,
that can record and store data over long-term deploy-
ments. Marine microbes such as cyanobacteria are
simple to cultivate, thrive under adverse conditions,
and are easily adapted to modern recombinant DNA
technologies suggesting that they are not only excel-
lent indicators of the productivity of the marine
environment, but excellent candidates for inexpensive
and specific sensors [4,5]. However, difficulties remain
in creating robust whole-cell sensors for real time
measurement of bioavailable nutrients over long
term deployments. Particular bottle points occur in
maintaining the viability of the whole cell bioreporter
and in reducing sensor costs while retaining sensor
specificity and sensitivity [6-8].

To maintain novel whole cell bioreporter systems
throughout the process of sensor storage and deploy-
ment a number of strategies have been developed
within the literature, the most successful of these has
been the creation of robust porous bio-composite
materials that mimic natural biofilms [9]. The current
gold standard of these types of coatings are waterborne
latex coatings made from polydispersed acrylate and
vinyl acetate copolymer mixtures with low VOC
content [9-12]. While these biological coatings are suit-
able for use in a laboratory setting, their use within an
environmental application is problematic due to their
toxic constituents [13,14].

Graphene biomaterials have received a great deal of
attention in both biomedical [15] and environmental
sensing [16]. Graphene foam especially has been
shown to be a unique, biocompatible, non-toxic material
that provides microenvironments for cell growth and
proliferation [17]. However, pure graphene foams are
fragile, prone to breakage, and may not be suitable for
long term use in a sensor environment.

Natural latex is a clear alternative coating that could
be used on graphene biosensor surfaces. It has high cel-
lular compatibility and low toxicity [18,19]. Thin films of
natural latex are also highly transparent, and non-
ammoniated latex is naturally hygroscopic [20,21]. In
addition, graphene aerogels stabilized with natural
rubber latex have shown increases in mechanical stab-
ility as well as increased adhesion to water, suggesting
that these materials are highly compatible [22].

Creating a sensitive, specific and inexpensive method
for bioluminescence monitoring in the marine environ-
ment is another key challenge. Microcontrollers such
as the Arduino Uno have become controllers for a
number of environmental sensors as they have a small
form factor, have low power requirements and are low
cost [23-25]. The addition of light sensors to microcon-
trollers such as the Arduino Uno have been used suc-
cessfully to track naturally occurring bioluminescence
in the marine environment in both the scientific litera-
ture and in the wider citizen scientist community
[26,27]. The sensitivity and specificity of these sensors
remains a limitation to their wider use. Sensors of
natural bioluminescence have only proven useful for
large scale sensing of multiple bacteria or for highly
luminescent organisms such as plankton. This project
proposes a wavelet denoising approach to improve
sensor sensitivity. Wavelet denoising has proven ben-
eficial for the removal of both high frequency white
noise and hardware noise from microcontrollers [28,29].

The objective of this study was to combine these
novel technological advances to develop and validate
a low cost, whole cell biosensor device capable of the
sensitive and specific detection of bioavailable nitrogen
in the marine environment of Narragansett Bay.

Conceptual design

To design a robust, and economical sensor we created a
sensor design where bioluminescent cyanobacteria with
a reporter gene for nitrate detection were added to a
replaceable cartridge element and then inserted into
the main body of the sensor, which contained an inex-
pensive housing, a light to frequency sensor and a
microprocessor for datalogging. Sensors, can then
exposed to environmental conditions allowing the bac-
teria inside the capsule to come into contact with
nitrate in environmental samples triggering lumines-
cence of inserted lux gene. Light intensity (or irradiance)
is then measured by the light-to-frequency sensor and is
outputted as a square wave of the frequency that is lin-
early proportional to the light intensity. In this study we
attempted to improve device detection limits by remov-
ing background noise using wavelet analysis. The results



of this study show that irradiance signals retrieved from
this inexpensive device can be well correlated with
nitrate standard.

Methods
Bio-reporter development

Synechococcus elongatus PCC 7942 was acquired from
the American Type Culture Collection (ATCC, Manassas,
VA). Bacterial cultures were grown in 70 mL of BG-11
media in a 2L photobioreator system (Grofizz LLS,
Austin, Texas) at room temperature (22°C) and were
bubbled with air. Cultures were exposed to a diurnal
lighting cycle of 12h and grown to a pellet wet
weight of 0.5 mg. Genomic DNA was isolated according
to the manufacturers protocol using a ZR Fungal/Bac-
terial DNA miniprep kit (Zymo Research, Irvine, Califor-
nia). Initial lysis steps used a Beadbug homogenizer
(Benchmark Scientific, Edison, NJ) at 4000 rpm for a
series of three 20s pulses.

Reporter plasmids for biological nitrate were con-
structed according to Gillor et al. [30] Briefly, the
highly transcribed gInA promotor region was amplified
from Synechococcus elongatus pcc 7942 (ATCC, Manassas,
VA) using the following primers (Getal fwd 1 (5'- GAT TAA
GCG GCC GCT CCC GAG TG-3') and GetalRev (5'- CAT TAA
GGA TCC AGG CCT GAG CGA C-3) ). The resulting PCR
project was gel purified and cloned into pAM1414
plasmid using restriction enzyme based cloning and lig-
ation. Gel purified DNA was digested with Notl-HF and
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BamHI-HF and ligated into the multiple cloning site of
pAM1414 using T4 DNA ligase. Fragment insertion into
pAM1414 was confirmed with colony PCR and diagnos-
tic digests. Digested fragments were analysed using an
Agilent Bioanalyzer (Agilent, Santa Clara, California) for
length. (Supplementary Figure S1). Constructs were
transformed into Synechococcus elongatus pcc 7942
using a standard procedure for natural transformation.
Transformants were selected from BG-11 plates with
spectinomycin (Teknova, Hollister, California)

Design of bioreporter sensor

Sensor design

A prototype sensor was designed to quantify bio-repor-
ter luminescence in marine systems and can be seen in
Figure 1.

Sensors were designed with low cost, easily sourced
materials, and were optimized for easy construction
and low power requirements. A PVC socket union (Ace
Hardware, Warwick, RI) was chosen as the outer
housing of the sensor cartridge. This PVC socket union
was modified with two silicon O-rings (Dano Inc,,
Irving, TX) which were sealed to the PVC using marine
safe silicone sealant. A 0.25 inch x 0.125 inch silicone
washer was added to bushing of the PVC socket union
to better accommodate bio-reporter capsules. A 0.1875
inch X 0.125 inch washer was sealed on the top outlet
of the socket union to both restrict light within the
chamber and protect electronics. A light to frequency
converter (TSL-237LS, Mouser Electronics, Mansfield,

B [~ <A—— Optical

Window
Sample
chamber
(estuary Micron
water
screen
mixing) /

Figure 1. (A) Image of Prototype nitrate bio-reporter sensor (B) Diagram of nitrate bio-reporter sensor cartridges (C) Diagram of bior-
eporter sensor cartridge with included depiction of sensor housing and cartridge assembly.
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Texas) was added to the upper sensor chamber and
affixed with the sensor diode perpendicular to the
sensor capsule. Sensor wires were threaded through
the 0.25 mm O ring and secured to the inside. TSL-
237LS sensors were attached to a 5V Arduino pro mini
(Keyestudio, Shenzhen, China) with an associated RTC
DS3231 real time clock and a 5 V micro SD board. All cap-
sules were made light-tight by the addition of a layer of
marine safe silicone seal.

Bioreporter capsule and encapsulation techniques
Inner bio-reporter cartridges were created from Costar
SpinX spin columns (Corning, New York). Graphene
foam (Graphene supermarket, New York) was cut into
7 mm pieces and inserted into bottom of capsule. Cell
culture or encapsulated cell materials were added on
top of graphene in circular pattern with 200 uL pipet.
All prototype sensors also had an optical window
created from a transparent plastic film (Microseal ‘B’
PCR Plate Sealing Film, Bio-Rad, Hercules, California).
To create cell- latex biocomposite material 200 pL of a
1-3 d old cyanobacterial culture was pelleted at
2500 x g. 20 uL of natural rubber centrifuged latex was
then added to the wet cell pellet and agitated with
gentle mixing.

Programing design

Frequency oscillation from the TSL-237LF sensor was
measured by the ATmega328P microcontroller using a
modified version of Gammon's Arduino timer and
counter code that uses the input capture unit to time
an interval [31]. The main code of the sensor recorded
time from the DS3231 real time clock, count, frequency,
irradiance at the sensor face and the first order differ-
ence of the irradiance at the sensor face. Irradiance at
the sensor face was calculated from frequency at the
output pin using the following equation from the data-
sheet [32] where E. is the incident irradiance in uW/cmz,
f, is the output frequency, fy is the output frequency for
E.=0 (dark condition) and R is the device responsivity
for a given wavelength of light given in kHz/(uW/cm?).

Ee - (fo - fd)/Re

Both fy and R. were specified according to the data
sheet [32] and were set at 0.1 Hz and 2.3 kHz/(uW/
cm2) respectively. The first order difference of the irradi-
ance at the sensor face was also calculated and recorded
by the Arduino. All data streams were then processed
using a maximal overlap discrete wavelet transform
(MODWT). Thresholding for wavelet denoising was
accomplished using the universal threshold prescribed
by Donoho and Johnstone [33] and hard thresholding.

The selection of the wavelet base for this analysis was
a daubechies’ extremal phase wavelet of phase 2, or a
haar wavelet due to its improved utility in estimation
of transient signals [34]. All wavelets in this analysis
were analysed using the wmtsa library in R. [35].

Sensor evaluation

Cell culture and evaluation of viability

Viable cell counts were performed using a neutral red
staining procedure and a 4-chip disposable hemocyt-
ometer (Bulldog Bio, Portsmouth, NH). Briefly, cells
were removed from culture by centrifugation at
2500x g at 1, 3 and 5 days and re-suspended in PBS.
Cells were then stained with a solution of 0.33%
neutral red for a period of 5 min. Cells were imaged
with an inverted microscope and the percentage of
viable cells was determined. Viable cell counts were
also performed after cell encapsulation and entrain-
ment. Cells were removed from entrainment materials
after 0, 24, and 48 h by centrifugation at 2500 x g with
sterile PBS, stained with a 0.33% neutral red solution,
and were finally imaged with an inverted microscope.

Nitrate sensor evaluation

Collection of estuarine water samples

Surface water was assayed from two collection sites
along the Narraganset bay Estuary in March 2018 and
August of 2019. Surface water samples were taken in
polypropylene bottles and samples were filtered with a
0.22 micron syringe filter before analysis. Temperature
was recorded at time of collection and at time of
sampling.

Spectrophotometric determination of nitrate

Nitrate concentration of standards and filtered samples
was determined by UV absorption at 220 nm using a
UV-Vis spectrometer. UV absorption at 275 nm was
also determined to correct for organic matter absorp-
tion. A calibration curve was prepared in the range of
0-11 mg/L by diluting a 150 mg/L nitrate standard
with millipure water.

Quantitative assessment of sensor

A quantitative assessment of the nitrate bio-reporter Syne-
chococcus elongatus PCC 7942 and sensor cartridge was
performed in a range of nitrate standards (0-150 mg/L)
and in an estuarine sample from Narraganset bay. Testing
procedures consisted of the following steps. At the begin-
ning of each test a solution of 50 mM decanal dissolved in
ethanol/water (50% v/v) was added to the top left of the
optical window of the sensor cartridge. Sensor cartridges



were then sealed within the sampling chamber. Tests were
initialized from a serial monitor connected to the Arduino
and ran for a period of 30 min. All samples were done in tri-
plicate (N=3).

Results

Cell viability assessment of encapsulation
protocol

A neutral red viability analysis of samples after a period
of 24 h at room temperature can be seen in Figure 2.
Gains in viability were seen in samples with graphene
nanomaterials and latex encapsulation. Samples pat-
terned onto graphene foam alone retained about 42%
of their original viability. With the addition of latex,
68% of cells remained viable.

Nitrate

UV-Vis spectrophotometric analysis of nitrate standards
produced a nitrate standard curve with the following
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equation, y=0.012177 + 0.0016164x (R2=0.99) (Figure
3). Figure 3 also shows a spectrophotometric analysis
of seawater samples (sterile filtered) with an absorbance
of 0.0205 +0.0046 for the April 2018 sample and an
absorbance of 0.012+0.0058 for the August 2019
sample.

Sensor data

Results of sensor data collection from a set of Potassium
nitrate (KNO%') standards can be seen in Figure 4(a). To
better visualize changes in light intensity across sensor
trials the first order derivative of the raw sensor data
was taken. Standard deviations of raw sensor data
were assessed for both blank samples and nitrate stan-
dards (Supplementary Figure S2). Results showed that
standard deviations of sensor data increased with
increasing concentrations NO3~. For standards with
NO3 that were greater or equal to 1 ppm, the standard
deviation of sensor data was substantially greater than
that of the blank.

80
70+
60 -

50

40-

30+

Percent viable cells

20

Cyanobacteria

Graphene

Latex Latex + Graphene

Figure 2. 0.33% neutral red viability analysis of encapsulated Synechococcus elongatus pcc 7942 bioreporter. Bioreporter was encap-
sulated and then air dried at room temperature (22°C) for a period of 24 h. Data = mean + SEM; N =3; *p < 0.05, **p < 0.01.
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0.3

0.2+

Absorbance

0.1+

0~y e
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Figure 3. Spectrophotometric analysis of nitrate standards and estuarine samples. (A) Calibration curve of concentration vs. absor-
bance in potassium nitrate standard solutions. (B) UV-Vis spectrophotometric analysis of estuarine water samples from Narrragansett
Bay.
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Figure 4. Irradiance vs. nitrate concentration in ppM of a series of potassium nitrate standards evaluated in sensor. (A) Output of
sensor capsule in difference in irradiance over time (B) Maximum irradiance at sensor face in uW/cm? versus parts per million

nitrate of a potassium nitrate standard.

Figure 4(b) shows a graph of the maximum irradiance
at the sensor face for each nitrate standard calculated
from the raw data. To better evaluate irradiance data
with respect to the analytical noise of the instrument,
the limit of the blank and limit of detection were calcu-
lated for the sensor using the raw data. Replicates of cya-
nobacterial samples without decane were evaluated
within the sample chamber to yield the limit of the
Blank (LOB) at a value of 0.024 + 0.018 pW/cm?s.
Nitrate peaks above the level of the analytical noise of
the instrument (limit of detection) were seen in nitrate
standards as low as 1 ppM (or approximately 16.13 uM).

Finally, a wavelet denoising of sensor signal with a
MODWT methodology was used to improve the analyti-
cal detection of the sensor. This methodology elimi-
nated high frequency white and grey noise from
sensor output reducing the limit of the blank for
sensor 1 and giving a final limit of detection for low con-
centration nitrate standards at 0.037 ppm (0.65 uM) of
0.00112+ 0.0003 pW/cm?s. As seen in Figure 5, Nitrate
standards tested at 0.037 ppm (0.65 puM) had detectable
peaks at the limit of detection.

Analysis of inter-sensor variation among 3 TSL-237LS
light to frequency sensors showed that sensor deviation
between 3 sensors to be less than 0.02 uW/cm?. The
average percentage coefficient of variation for the

© 0.0010 | — Q437 ppm
= : - 0 ppm
3 0.0005 ;( |
g .
G — | = b i B, 4 ) e e e
S S—
£ _0.0005 - 5
T
Time (min)

Figure 5. Irradiance vs. nitrate concentration in ppM of a series
of potassium nitrate standards evaluated in sensor. Output of
sensor capsule in difference in irradiance over time.

three sensors was also calculated and was found to be
8.94%.

Discussion

This study designed and validated a novel optical sensor
for nitrate detection in the marine environment. This
design is low cost, low complexity and requires easily
obtainable parts. Biosensors provide a sensitive means
of biological analysis within the laboratory environment.
However, remote applications of these sensors remain
limited due to factors like cost, longevity, and bacterial
viability.

Results of this investigation suggest that the optical
biosensor is highly effective at sensing bacterial lumines-
cence in response to nitrate levels. Evaluation of the
standard deviation of sensor data show that standard
deviations for NO3~ standards increase with concen-
tration and are substantially greater than that of the
blank, which suggests that these sensors are measuring
the changes in irradiance at the sensor face due to light
produced from the cyanobacterial biosensor.

Tests of three TSL-237LS light to frequency sensors
showed inter-sensor variation among these sensors
was low for this sensor. The average CV of these
sensors was shown to be <10%. Low CV has been associ-
ated with high reproducibility and CV of less than 10%
have been shown in previous studies to be well suited
for use in low cost applications [36,37].

Most importantly, validation of the bioreporter sensor
showed this sensor not only matched the sensitivities of
other cyanobacterial bioreporters within the literature
[30,38,39], but by using a wavelet denoising method-
ology, this sensor was able to differentiate signal at
nitrate levels found within the estuarine environment
of Narraganset Bay [40].

Results of this study also showed that graphene
nanomaterials present a novel addition to current bio-
composite dehydration methodologies. Latex-graphene



Table 1. Literature review of current nitrate whole cell
bioreporters [30,38,39,41].

References Strain Gene  Reporter Sensitivity
Mbeunkui Synechococcus sp. PnblA  LuxAB 4-100 uM
et al. [39] PCC 6803
Gillor et al. Synechococcus sp. glnA  LuxAB 1 mM to
[30] PCC 6803 UM
Ivanikova Synechococcus sp. nirA LuxAB TuM*
et al. [38] PCC 6803
Prest et al. E coli PK27 narG  LuxCDABE 0.3 ppm
[41] (4.84 uM)
Jensen et al.  Pseudomonas Tn5 LuxAB 10-90 pM
[42] fluorescens DF57

Note: **Sensor measurement taken in BG-11 media with nitrate.

sensor materials retained 68% viability over a period of
24 h drying. At much shorter times, viability remained
higher, about 80-90% after only 4h. Our results
showed similar viability to synthetic biofilms within the
literature finding 80-90% viability after 4 h of drying as
compared to 95% viability after 1 h in synthetic
biofilms [9]. (Supplementary Figure S3) Additionally,
the materials used within this novel sensor are non-
toxic unlike VOCs and safe for aquatic life (Table 1).

Additional opportunities exist to integrate and opti-
mize bioreporter sensors for future remote systems
applications. Not only should long term studies of bior-
eporter expression in marine environments be assessed
but particular attention should be paid to the interaction
of other nutrients and chemicals upon the functioning
these sensors. Additionally, the calibration of biosensor
capsules within the marine environment needs to be
investigated further to better anticipate the challenges
of long, term remote sensing.

Conclusion

This study showed that an inexpensive cartridge based,
bioreporter sensor could both maintain cell viability and
perform sensitive detection of biological nitrate in
marine samples. This suggests that inexpensive micro-
controller based, bioreporter sensors may be a useful
and accurate means of measuring biological nitrate in
the marine environment and should be considered for
sensing applications.
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