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Abstract

Consumption of fresh produce, such as leafy greens, is often encouraged as part of a healthy diet. Hence, indoor facilities
for hydroponic production of leafy greens are increasingly being established. However, fresh produce entails a higher risk
of microbial foodborne illnesses than processed foods. Listeria monocytogenes is a major source of fresh produce con-
tamination and is among the leading causes of severe foodborne illnesses in the United States, with a 16% mortality rate.
Tools for rapid monitoring are needed for pathogens such as L. monocytogenes to prevent outbreaks. In this manuscript,
we have demonstrated the feasibility of a multi-aptamer approach for development of label-free aptasensors targeting
L. monocytogenes in irrigation water for lettuce hydroponic production. We use screening studies with surface plasmon
resonance to rationally develop mixtures of relevant aptamers for targeting L. monocytogenes. Based on this screening,
multiple aptamers targeting extracellular structures on intact L. monocytogenes were tethered to platinum-modified
laser inscribed graphene electrodes. This is the first report of a L. monocytogenes biosensor based on laser inscribed
graphene. We show that mixing multiple aptamers with varying affinity improves the diagnostic performance over one
aptamer alone in complex sample matrices (lettuce hydroponic water). Multi-aptamer biosensors showed high accuracy
for L. monocytogenes and were at least three times more selective than Escherichia coli (Crooks, K12, 0157:H7) with an
accuracy of 85%. The limit of detection (10 CFU/10 mL) is based on data which were significantly different after calibration
toward L. monocytogenes or E. coli (Crooks) and validated against gold standard molecular analysis (polymerase chain
reaction). Rapid screening of pathogens is a global need to meet food safety and water quality regulations. This study
shows the importance of sensors targeting more than one bacterial surface structure in complex samples relevant to
the food-water nexus.
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1 Introduction

Among the United Nations'sustainable development goals (SDG), at least three are within the intersection of human
health and the food supply chain. Two important aspects of the food system are access to nutritious products and
food safety. Rapid global urbanization induces supply chain challenges for traditional food production systems, thus
the urban food system must play an important role if we are to remain within planetary boundaries [1, 2]. Recent
improvements in urban agriculture systems are fueled by developments in controlled environment agriculture (CEA)
[3, 4]. Within CEA techniques, soil-less systems (i.e., hydroponic systems) will likely play a key role in future sustain-
able agricultural systems [5].

Large volumes of water are required for hydroponic systems [6]. Considering the ongoing need to reduce environ-
mental pressures associated with industrial agriculture (including freshwater withdrawals, agrochemical pollution,
and land occupancy), there is growing interest in implementing more sustainable strategies such as irrigating crops
with alternative water sources (e.g., partially treated wastewater, and brackish water), implementing soilless culti-
vation systems amenable to urban food production (e.g. hydroponics, aquaponics, aeroponics), and more recently,
integrating both wastewater recycling and soilless cultivation in closed-loop systems. Use of alternative water sources
(AWS) for irrigation [7-9] poses unique safety risks to food consumers. Reuse of alternative water sources (AWS) is gov-
erned by local policy, and geography also plays a pivotal role in system efficiency [10]. One of the biggest challenges
related to hydroponic food production systems are foodborne disease (FBD), which are communicable disease that
pose risk to children, the elderly, and individuals with compromised immune systems [11]. FBD have been attributed
to cause approximately 600 million illnesses and 420,000 deaths in one year which is likely an under-estimate [12].
The global burden is equivalent to 33 million disability adjusted life years (DALYS) [13].

Pathogenic Listeria are a major burden on public health systems [14]. One particular species, L. monocytogenes, is
a leading cause of death associated with foodborne illness. L. monocytogenes accounts for a small fraction (< 0.05%)
of the total cases of bacterial FBD in humans each year, but causes an annual economic burden of more than three
billion dollars in the U.S. alone [15]. Outbreaks of foodborne pathogens such as L. monocytogenes can threaten food
safety by increasing hospitalizations and deaths, thus leading to productivity losses in the food chain. Historically, Lis-
teria contamination have occurred most commonly in products ranging from milk and dairy products [16] to cooked
meat [17], smoked fish [18], and fresh produce [19, 20], among others. L. monocytogenes has shown the ability of
developing antibiotic resistance [21] and is even able to adapt to the microenvironment within the gastrointestinal
tract during chronic infection [22, 23].

In 2017, a single food product (processed meat) was responsible for an outbreak of listeriosis [24], impacting human
health, the food industry, and national economy in South Africa. Short-term costs associated with this outbreak of L.
monocytogenes were estimated to be $10.4 million in hospitalization costs, more than $240 million associated with
loss of life, and more than $15 million in economic losses [25]. L. monocytogenes, among other pathogens, has been
shown to persist in the most common type of hydroponic system used for lettuce production [26]. L. monocytogenes
is known to persist on some fresh produce and microgreen tissues [19, 27], in lettuce leaf extract [28], across produce
packing houses [29], and in hydroponic nutrient solution tanks [30]. The cultivation matrix/approach has been shown
to impact the survivability of L. monocytogenes in hydroponic systems [31], and some studies have shown that the
persistence of L. monocytogenes is greatly reduced (relative to soil systems) [32]. Although few outbreaks, if any, are
directly linked to soil-less cultivation the risk of contamination of fresh produce is high. As hydroponic cultivation
of produce increases, technologies such as rapid test kits may become even more relevant due to the transforma-
tion of agricultural practices toward urban production systems. Efforts to enhance surveillance of food products via
development of alternative and affordable detection technologies are needed to achieve the public health outcomes
proposed in the SDG. Rapid point-of-use-sensors, particularly sensors with embedded decision support, are one of
the emerging tools which aim to provide rapid testing of food products [33-36].

The gold standard for L. monocytogenes monitoring and source tracking is whole genome sequencing (WGS) [37],
which analyzes the entire set of genes in the Listeria genome. In the scenario of Listeria outbreaks, WGS is a powerful
technique that allows tracking and comparison between Listeria isolates, linking Listeria to a contaminated source,
and providing reliable data to support decision-making during an outbreak [38]. However, access to sequencing
technologies or reliable networks for outsourcing analysis is a major challenge in most countries. Beyond WGS,
molecular tests such as polymerase chain reaction (PCR) and enzyme-linked fluorescent assay (ELISA) are often used
as an alternative diagnostic method for Listeria [39]. Despite standard centralized analysis (e.g., WGS, PCR, ELISA)
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providing reliable results, these technologies require trained personnel to operate specific instruments and/or con-
duct sophisticated workflow protocols, which increases the associated cost for implementation and may make it
unfeasible to deploy as a diagnostic tool, especially in economically challenged areas. To meet the diagnostic need,
many technologies, such as biosensors, are emerging to provide on-site diagnostics with rapid screening capability.
Label-free biosensors are one subclass of these emerging technologies for improving monitoring programs in the
food supply chain [40-43].

Among the various techniques used to fabricate biosensors for foodborne pathogens, electrochemical devices are one
of the most common (see reviews [44, 45]). Laser inscribed graphene (LIG) is one of the electrochemical sensor materi-
als that is currently a leading candidate for low-cost, scalable fabrication of quantitative pathogen sensing devices [46,
47]. LIG biosensors have been created for detection of small molecules [48-51], proteins [52-54], protozoan parasites
[55], viruses [56], or bacteria [57]. Among these, aptamer-based LIG biosensors are one of the most promising devices,
and have been developed for thrombin [58], truncated (recombinant) spike protein [53], and whole virus particles [59],
for example.

In this manuscript, we report the development of a biosensor for detection of L. monocytogenes using DNA aptam-
ers tethered to platinum-modified LIG electrodes. This is the first reported use of LIG as a low-cost sensor platform for
Listeria biosensing. First, a literature review was performed to determine available aptamers targeting L. monocytogenes
from the published literature, and two relevant candidates were selected for testing. Various mixtures of aptamer were
tethered to Pt-coated LIG electrodes, and biosensors were tested for L. monocytogenes detection under controlled labo-
ratory conditions. The best performing aptasensor arrangement/mixture was then challenged in hydroponic water in
a model lettuce system.

2 Methods

Two DNA aptamers were selected from the literature for this study. Each aptamer was identified using the whole bacteria
SELEX (systematic evolution of ligands by exponential enrichment) after indicating binding with L. monocytogenes. Both
DNA aptamers target cell-surface proteins likely from the LPXTG protein family. Aptamer A8 has been shown to bind with
the invasion LPXTG protein internalin A (InlA) [60] and the aptamer was selected using SELEX. The specific cell-surface
target of aptamer LMCA2 is not specifically known [61], as this aptamer was developed using whole-cell SELEX.

2.1 Materials and reagents

Thiolated DNA aptamers were purchased from GeneLink, Inc (Westchester, NY). Recombinant InlA from L. monocytogenes
serotype 4b was obtained from Ray Biotech (Peachtree Corners, GA). Gold sensor chips for surface plasmon resonance
were purchased as a kit from Nicoya Life Sciences (Ontario, Canada). Polyimide sheets (2-inch, 0.0025-inch thick, acrylic
adhesive) were obtained from McMaster-Carr (Elmhurst, IL). Epson ultra-premium glossy photo paper and nitrocellulose
lacquer were purchased from a local store. A mini desktop laser engraver (1000 mW, 1T mm beam with a mean wave-
length of 402+ 11 nm) was purchased from HTPOW (London, UK). Nickel-copper alloy tape (100-mm width, 0.13-mm
thick, acrylic adhesive) was purchased from Gennel Co. (Beijing, China). Platinum wire (99.95% Pt, 0.5 mm diameter) was
obtained from Alfa Aesar (Ward Hill, MA, USA). L. monocytogenes real-time PCR assay kits (BAX) were purchased from
Hygiena (Camarillo, CA). Actero Listeria Enrichment Media was purchased from FoodChex (Alberta, Canada). Sodium
hydrogen ferric diethylene-triamine pentaacetate was purchased as Sprint 330 from BASF (Raleigh, NC).

HEPES buffer, Ag/AgCl paint, potassium ferricyanide, potassium ferrocyanide, potassium chloride, calcium chloride,
calcium nitrate, ammonium nitrate, potassium nitrate, sodium nitrate, sodium chloride, sodium phosphate (dibasic),
magnesium sulfate, sodium molybdate, manganese sulfate, zinc sulfate, copper sulfate, boric acid, potassium phosphate
monobasic, potassium phosphate dibasic, magnesium sulfate, chloroplatinic acid, lead acetate, sodium dodecyl sulfate
(SDS), EDTA-trypsin, and LB broth were acquired from Sigma-Aldrich (St. Louis, MO, USA). L. mono differential agar (77408)
was purchased from Merck (Darmstadt, Germany).

2.2 Bacteria culture

Culture techniques were based on Burrs et al. [62], and are summarized here. Listeria monocytogenes (ATCC 19115, sero-
type 4b) and Escherichia coli (ATCC 8739, Crooks) were purchased as food safety test kits (containing pellets, hydrating
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fluid and phosphate buffered saline, PBS) from Microbiologics Inc. (St. Cloud, MN). For preliminary affinity testing with
surface plasmon resonance, we also tested E. coli K12 (ATCC 10798) and E. coli 0157:H7 (ATCC 43895) according to our
previous work [63-66]. Lyophilized pellets of were removed from storage and allowed to equilibrate at room tempera-
ture for 30 min. A 2 mL aliquot of hydrating fluid and a 1 L beaker of phosphate-buffered saline (1X PBS, pH 7.4) were
pre-warmed in an incubator (37 °C) for 30 min. A pellet of lyophilized bacteria was transferred to 2 mL hydrating fluid.
The solution was incubated for 30 min to ensure complete cell hydration. Solution was then transferred to a Pyrex glass
culture bottle (in triplicate) containing selective growth media (L. mono agar for L. monocytogenes; LB broth for E. coli).
Culture bottles were incubated at 37 °C for 48 h under aerobic conditions.

After incubation, serial dilution series were performed to obtain concentration of 1 x 103to 1x 10° CFU/mL by dilution
with pre-warmed buffer to the desired concentration. Cell solutions were vortex-mixed and concentration was deter-
mined by optical density at 600 nm (ODy,,) and confirmed by total aerobic plate counting according to our previous work
[40, 41, 67]. Plates were incubated at 37 °C for 48 h and results were recorded as CFU/mL. Biosafety level 2 standards set
by the National Institute of Health were used for all experiments.

2.3 Localized surface plasmon resonance

Localized surface plasmon resonance (LSPR) was conducted to screen aptamer affinity for recombinant L. monocytogenes
protein (InlA) and dilute whole bacteria suspensions. An open SPR system from Nicoya Life Sciences (Ontario, Canada)
with automatic sensor docking and semi-autonomous injection was used throughout. Two-channel mode was used for
all experiments following the protocol provided with the gold sensor chip by Nicoya Life Sciences. In summary, a running
buffer was prepared with 50% Tris—HCl, 50% hydroponic solution (pH 7.4) and various amounts of excess CaCl,, as noted.
Aptamer disulfide reduction (i.e., decapping) followed the protocol by GeneLink [68], utilizing TCEP (Tris 2-carboxyethyl
phosphine hydrochloride) as a reducing agent. In brief, 3% TCEP was mixed with thiolated (capped) aptamer in sterile
RNase-free water. The solution was vortex-mixed, and then stored at room temperature for 1 h. The solution was mixed
with 3 M sodium acetate until a pH 5.2 was measured, and then 1 mL of absolute ethanol was immediately added,
followed by vortex mixing and then storage at —20 °C for 20 min. After this reduction was complete, the solution was
centrifuged at 12000 rpm for 10 min, followed by decant in ethanol and air drying of the obtained pellet. The resulting
aptamer pellet was used within one hour by dissolving in sterile RNase free water and binding buffer.

Gold LSPR biosensor chips were rinsed three times with Tris-HCl, and then thiolated (decapped) aptamers were cova-
lently attached to gold sensor chips by drop casting a 5 pL aliquot of aptamer solution onto the gold electrode surface
and stored in a covered Petri dish at room temperature. The Petri dish was placed on a shaker Table (10 rpm) and allowed
to react for 20 min. The biosensor chips were then rinsed three times with Tris—HCl prior to analysis. Running buffer was
flushed through the system until a smooth testing baseline was obtained (less than 3% baseline drift). InlA protein serial
dilutions were injected into the system from low to high concentration, as noted. For each cycle, a 250 pL sample was
flushed through the chip for 5 min at a constant flow rate of 20 uL/min per manufacturer recommendations. Samples
(InlA) were injected at least three successive times during testing. To initiate the disassociation step, 0.25% SDS was
injected, and signal was monitored for at least 10 min. After the protein disassociation step, fluidic tubing was cleaned
with regeneration buffer (HCl pH 2) according to manufacturer recommendations.

For screening aptamers against bacteria targets, fresh microfluidic tubing was used in each experiment, and the system
was sanitized prior to analysis with 3% hydrogen peroxide, followed by a rinse in deionized (DI) water. For the associa-
tion step, a 250 pL aliquot of 100 CFU/mL Listeria sample diluted in buffer was injected for the association step, followed
by injection of 0.25% EDTA-trypsin supplemented with 0.25% SDS to initiate the disassociation step. LSPR analysis at
bacteria concentrations greater than 100 CFU/mL was not possible due to persistent clogging of microfluidic tubing.
After analysis of bacteria association, microfluidic tubing was replaced, and the system was flushed for one hour with
regeneration buffer. Kinetic parameters were calculated using Trace Drawer software (Nicoya Life Sciences) and verified
with manual calculation in Excel.

2.4 Nanoplatinum-coated LIG electrode fabrication
Step-by-step details for fabrication of LIG electrodes are provided in our published protocol [69]. Briefly, Kapton tape was

adhered to Epson ultra-premium glossy photo paper, which was used as a backing material for LIG electrodes. The poly-
imide film was carbonized with a 1000 mW Mini Laser Engraver (405-nm wavelength LED), as described in our previous
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work [51, 70]. The physical area of the LIG working electrodes was 5 mm. Electrode stems were passivated with lacquer
and then metal tape was fixed to the bonding pads.

Pulsed sonoelectrodeposition (pulSED) of platinum (nPt) was used to metallize the working electrode based on Taguchi
etal. [71]. A plating solution of 0.72% (v/v) chloroplatinic acid and 0.001% (w/v) lead acetate was prepared, and electrodes
were immersed for room temperature deposition. A preliminary study was conducted to determine an appropriate soni-
cation time (0.1 s), plating time (1.0 s), and number of pulSED cycles (30) based on visual inspection and determination
of electroactive surface area. The total plating time was 30 s.

2.5 Biofunctionalization of electrodes with aptamer

Aptamers were stored in a =10 °C freezer when not in use. After thawing at room temperature for 30 min, aptamers
were reconstituted in 100 uM TE buffer (10 mM Tris, 1 mM EDTA; pH 7.5) and decapped following manufacturer protocol
[68]. Each aptamer was diluted to a working concentration of 1.0 uM in reconstitution buffer. For biofunctionalization,
platinized LIG (nPt-LIG) were rinsed with DI water three times, air dried at room temperature for 30 min, and then 5 pL of
thiolated aptamer solution was drop cast onto the working electrode. Electrodes were stored for 2 h at room temperature
in a covered Petri dish to allow DNA adsorption. Functionalized electrodes were rinsed three times with buffer, and then
stored in a Petri dish at 4 °C until used (within 48 h).

A single factor design with multiple levels was used to test the effect of the aptamer solution composition (3 levels:
1 pug A8/ml, 1 ug LMCA2/ml, and [0.5 pg A8+ 0.5 pg LMCA2]/ml) on the electrochemical detection performance of the
biofunctionalized electrodes. The response variables were impedance and capacitance obtained from electrochemical
impedance spectroscopy analysis. All biofunctionalization experiments were performed in triplicate.

2.6 Electrochemical analysis

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were used as described in our previous work
[41, 72-74], and detailed in our published protocol [75]. Individual voltammograms were analyzed by fitting a polygon
(absolute area) representative of the area between the anodic and cathodic sweeps (ABC). The calculated value of ABC
for each curve is given in the supplemental.

Applying the calculated values of ABC for each CV curve, specific capacitance (Cp,) and charge (Q) were calculated
based on Lietal.[76] (Egs. 1, 2, 3), where m=mass of LIG (approximately 0.1 g), v=scan rate, and dE =change in potential.

E2 EZ
/ I(v)dv =/ (C, % m s v)dE M

E E

The area between the anodic and cathodic time series curves (ABC) was used to calculate the value of Cp, which rep-
resents the net sum of the charging and discharging portions of the CV sweeps. In other words, ABC is the difference
between the charging current and discharging current is C,, where DE =the potential window of the CV scan.

c __ ABC
P 2m # v(AE) )

ABC

Qo F

(3)

Log-log transforms (Eq. 4) were used to assess whether the electrode behavior was under capacitive or diffusion
control as shown by Li et al. [76]. In summary, if peak anodic or cathodic current (i) is proportional to the scan rate (v)
for a completely reversible diffusion-limited process, the parameter (b) in Eq. 4 is equal to 1.0. If, on the other hand, the
response of the electrochemical cell is controlled by capacitive processes under the conditions tested, the value of the
coefficient b will be between 0.5 and 1.0.

log(i,) = log(a) + blog(v) 4)

Electroactive surface area (ESA) was calculated using Cottrell plots based on the Randles-Sevcik theorem (Eq. 5), where
i, is peak current, D is the diffusion coefficient, Cis the concentration of redox probe(s), and v is the scan rate.
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i, = 2.69X10% 5 n'> % D% s C x ESA  v°° (5)

Heterogenous electron transfer (HET) coefficient was calculated using the Nichols transform as described in our previ-
ous work [51] using Egs. 6 and 7, where y is the dimensionless charge transfer coefficient, g is the dimensionless quantity
Dy/Dyg, a is the transfer coefficient, k, is the HET constant, F is the Faraday constant, R is the universal gas constant, and
Tis the temperature.

79 %k

V= (7 * a* DO)O‘S ©

_nxFxv

RT )

All EIS measurements were conducted in a solution of 2.5 mM potassium ferricyanide (lll), 2.5 mM potassium ferro-
cyanide trihydrate, and 100 mM potassium chloride. Analysis was conducted using a three-electrode setup in an EA163
potentiostat and an ERZ100 Electrochemical Impedance Analyzer from eDAQ Inc. (Colorado Springs, CO). The scanned
frequency ranged from 0.1 Hz to 100 kHz with an applied DC potential of 250 mV and an AC amplitude of 10 mV. Where
noted equivalent circuit modeling was conducted with ZMAN 2.2 (WonATech) software.

2.7 Analytical performance characterization

Electrochemical detection performance of the aptasensors was determined via EIS. A 400 uL aliquot of PBS containing
bacteria was drop cast onto the aptasensor. A 5 min equilibration time was used, followed by rinsing with DI water three
times. After acquisition of EIS data, cutoff frequency analysis was performed using impedance and capacitance data.
Calibration curves were prepared by analyzing response between 1 CFU/mL and 10° CFU/mL. Analytical sensitivity was
defined as the slope of the linear portion of the calibration curve of aptasensor output vs. bacteria concentration. For
selectivity testing, the change of output signal from the aptasensor exposed to L. monocytogenes (positive control) was
contrasted against the change of output signal from the aptasensor exposed to E. coli (Crooks, K12, 0157:H7) at several
concentration levels.

Testing procedures were based on our previous work for other bacteria biosensors used in hydroponic systems [43,
57, 63]. In summary, a portable potentiostat [77] was used to conduct EIS in lettuce trial water quality analysis. Data
acquisition and control used a Samsung tablet connected to the potentiostat via Bluetooth (ABE STAT app available
from Google Play). Commercial Ag/AgCl reference electrodes and platinum wire counter electrodes were used. At each
calibration point tested (baseline 0, 1, 10, 100, and 500 CFU/ml), three EIS measurements were taken for each biosensor
to account for any drift due to dielectric charge/discharge or Ohmic drop. The biosensor testing output was the mean
of these triplicate measures. For calibration curves, analytical sensitivity was calculated as the linear slope using various
response variables, as noted. LOD was calculated using the three-sigma method (99% confidence) [78].

2.8 Aptasensor validation

To demonstrate the usability of the develop aptasensor as a diagnostic tool for agricultural applications, a hydroponic
lettuce system was contaminated with bacteria based on Sidhu et al. [40] and Giacobassi et al. [63]. Briefly, a 65 L aero-
ponic system was used to grow lettuce from plugs obtained from a greenhouse in Gainesville, FL. Foam plugs of one
week old hydroponic lettuce (Lactuca saliva) were transferred to CocoTek-lined mesh plastic seed cups and then filled
with expanded clay pellets (Mr. Stacky Hydroponic Center, Lake City, FL, USA). Full spectrum light-emitting diode (LED)
grow lights (75 W equivalent) were positioned 2 m above the system and a timer was set for photoperiod of 8 h. Steri-
lized nutrient solution (see supplemental section) was replaced every 7 days. Five days prior to testing, the hydroponic
system was inoculated with a 1 mL aliquot of 108 cells/mL and re-inoculated every day with fresh inoculum for three
consecutive days (4 days total). On the day of testing (i.e., 5th day), the water was analyzed (total of 24 h between the
last inoculation and the testing).

All samples from hydroponic system were tested for presence of L. monocytogenes using both the developed aptasen-
sor and also AOAC-approved real time PCR kits. For aptasensor testing, a 10 mL sample was taken from the hydroponic
system, and tested with no enrichment. PCR was used as the gold standard technique for cross-validation of aptasensor
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test results. In brief, Listeria enrichment media was used to prepare bacteria inoculums by incubation at 35 °C for 20-24 h.
To conduct the PCR test, 150 L protease was mixed with 12 mL lysis buffer, and then 200 pL lysing agent was added.
This mixture was added to reagent tubes and then 5 pL of sample was added. A PCR block was pre-heated to 55 °C and
cooling blocks were stored at 4 °C. The sample/reagent was held at 55 °C for 30 min, and then ramped to 95 °C for 10 min.
Reaction vials were immediately transferred to cooling blocks and stored for 5 min. The samples were added to the rack
according to the rack file provided by the software, and auto-program for L. monocytogenes was selected. PCR cluster
tubes and samples were arranged in the cooling block and tablets were hydrated with 30 pL lysate buffer, then allowed
to hydrate for 10 min. The Q7 cycler was initialized, and the software returned qualitative positive/negative values for
each of the 96 wells (as well as Ct curves). No signal errors occurred for qualitative analysis of these samples.

2.9 Diagnosticindex

Youden index (J) was used to estimate the potential effectiveness of the developed aptasensor as a dichotomous diag-
nostic tool for in-situ detection of L. monocytogenes in hydroponic operations. The diagnostics performance and Youden
index were calculated using true positive (TP), true negative (TN), false positive (FP), and false negative results obtained
from comparing the diagnostic test outcome (2 x 2 contingency table) to PCR results as shown in Eqs. 8,9, 10, 11 [79-81].

TP+ TN
A %) = ——— * 100
ccuracy(%) i (8)
e P
Sensitivity (%) = 5+ FP * 100 9)
. N
fi =—x10
Specificity(%) NaEn 0 (10)
Youden index = Sensitivity + Specificity (11)

2.10 Statistical analysis

All experiments were performed in triplicate. Where relevant, average results are shown as mean, where error bars repre-
sent the standard deviation. All statistical analysis was conducted in R Studio (Boston, MA). Analysis of variance (ANOVA;
p <0.05) was conducted to determine statistical significance of noted differences; independence, and normality. Variance
homogeneity was analyzed using residual plots. Where necessary, data was LOG (natural or log-10) transformed and re-
analyzed using ANOVA and Tukey tests. For initial screening analysis, ANOVA without replication was performed using
DataTab, analyzed using both paired and unpaired assumption.

Details of hydroponic solution, material imaging analysis, electrochemical characterization of materials, equivalent
circuit modeling results, and diagnostic testing in hydroponic water are provided in the supplemental section. Where
relevant, reference is provided to relevant detailed (step-by-step) protocols published by our team [70, 75].

3 Results and discussion
SEM images indicated a macroscopic stitched pattern with nano/microscale coral features that have been reported by
others in recent material studies of LIG [52, 73, 82, 83] (see supplemental section). Raman spectra and FTIR (with and

without metallization) have been shown in our previous work [51].

3.1 Affinity screening
Target (InlA) binding was screened for select aptamers using a truncated (recombinant) target protein based on an

approach similar to Ullah et al. [84]. Figure 1 shows results of affinity screening using localized surface plasmon reso-
nance (LSPR) in a flow through system from Open SPR. When supplemented with calcium, aptamer A8 had a high affinity
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Fig. 1 Preliminary screening of aptamer A8 toward InlA and intact bacteria A) Interaction sensogram for aptamer A8 and InlA in 1 mM
CaCl,, 50% Tris—-HCl, and 50% hydroponic solution at room temperature. Concentrations of InlA noted in legend. B On-off binding map for
aptamer A8 versus InlA based on data in panel A. C Effect of calcium chloride concentration on InlA binding by aptamer A8. D Whole cell
testing of aptamer A8 versus L. monocytogenes and two strains of E. coli. at a cell concentration of 100 CFU/mL

toward recombinant InlA and also intact L. monocytogenes (relative to E. coli). Figure 1A shows a representative plot for
aptamer A8 interacting with InlA in 1 mM CaCl,, 50% Tris—HCl, and 50% hydroponic solution at room temperature. A well-
defined association phase was recorded for InlA concentrations from 10 to 100 nM (20 uL/min flow of binding buffer).
After injection of the disassociation buffer (0.25% SDS), InlA was displaced at all concentrations tested. The association
and disassociation plots were auto-adjusted for peak shifts using the instrument software. On-off binding maps for
aptamer A8 indicate an affinity constant (Ky) for InlA in the range of 10-20 nM (Fig. 1B). The experiment was repeated for
aptamer LMCA2. However, no binding was observed for recombinant InlA protein (data not shown). Aptamer A8 binding
with InlA was challenged using different supplementations of the calcium chloride concentration in the binding buffer
(Fig. 1C). For CaCl, concentrations between 0.1 and 1 mM, the peak association was linear (R?>0.95), with a saturation
affect outside of this range. Aptamer A8 was challenged against intact bacteria (Fig. 1D), including L. monocytogenes
and two strains of E. coli (250 uL aliquots at a concentration of 100 CFU/mL). The association with L. monocytogenes was
at least five times higher than E. coli (K12 and O157:H7), and the disassociation was 7 times slower, indicating selective
binding between aptamer A8 and InlA on L. monocytogenes. Whole cell analysis for LMCA2 was similar, with higher
intensity and association (k).

Aptamers were further screened for detection of L. monocytogenes using EIS. Qureshi et al. [85] showed electrochemical
affinity screening with EIS is comparable to classic competition assays. Figure 2. shows representative plots of EIS data
for each of the three aptamer coatings in the presence of 10° CFU/mL L. monocytogenes in hydroponic water. Phase dia-
grams (Fig. 2A) indicate a pseudo-capacitive behavior for all three aptamer coatings. The maximum negative phase was
between 0.1 Hz and 0.5 Hz for all coatings, and highest for the 50/50 mixture of aptamers. The phase plots show a stable
pseudocapacitive behavior at low frequency (between 0.1 to 1 Hz). Distinct low frequency behavior for each aptamer
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Fig.2 Electrochemical screening of aptamers for targeting L. monocytogenes (10.3 CFU/mL) using EIS. Representative plots for: A Bode
impedance, B Bode capacitance, C Nyquist impedance, and D Nyquist capacitance. All experiments used 50% lettuce hydroponic water sup-
plemented with buffer (0.5 mM total divalent cation concentration)

toward L. monocytogenes is shown in Fig. 2B. The magnitude of the capacitive signal is highest below a frequency of 1 Hz.
This observation aligns with conventional theory which predicts that capacitance should dominates the EIS signal at
low frequency (conversely resistance terms dominate the signal at high frequency) [86]. Results from equivalent circuit
modeling (diffusion-limited RC circuit) are shown in the supplemental section for comparison. Nyquist plots (Fig. 2C-
D) indicate diffusion-limited behavior with negligible relative change in solution resistance (see supplemental section
for Ry, R, Ry and Cy, analysis using Randles-Ershler model). These plots indicate a difference in each aptamer coating,
particularly for the measured capacitance (Fig. 2B and D). Previous whole cell biosensors on LIG-metal electrodes also
indicated capacitive behavior [52, 59].

Impedimetric or capacitive response at in the low frequency (AC) range (0.01 to 10 Hz) were analyzed to compare the
percent change in signal at baseline and in the presence of target cells. In this low frequency region, the 50/50 aptamer
mixture and LMCA2 aptamer showed the highest analytical sensitivity toward intact cells (Fig. 3A-B), although ANOVA
indicated no statistical difference between the analytical sensitivity for the LMCA2 and the 50/50 mixture for this screen-
ing test using 10® CFU/mL as a test concentration. Use of 0.5 Hz as a cutoff frequency resulted in the highest SNR for
acquisition of capacitance; impedimetric response was optimum at 0.1 Hz. Both signal change and SNR were significantly
higher for impedimetric response. There was no statistical difference in the SNR for impedance or capacitance as the
response variable for the LMCA2 aptamer or the 50/50 aptamer mixture. Results of equivalent circuit modeling (charge
transfer resistance and double layer capacitance) further support these data (see supplemental Sect. 4).

To further explore the EIS screening at a cell concentration of 10° CFU/mL, calibration curves were prepared in the
range of 1to 10° CFU/10 mL. Bode impedance and capacitance plots show detection of L. monocytogenes at low AC
frequency (0.1 or 0.5 Hz Hz), but poor response at 1.0 Hz (Fig. 4A-B). The optimum cutoff frequency varied, depend-
ing on which response variable was used. For impedimetric sensing, the sensitivity was highest at a frequency of
0.1 Hz (Fig. 4A), while for capacitive sensing, the highest sensitivity was at 0.5 Hz (Fig. 4B). For these optimum cutoff
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frequencies, the sensitivity toward L. monocytogenes was highest for the 50/50 aptamer mixture, followed by aptamer
LMCA?2 (Fig. 4C-D). The highest concentration tested was 10° CFU/10 mL. The maximum R? value was for impedimetric
sensing at 0.1 Hz (R?=0.86; see supplemental Table 54 for all experiments).

The LOD was lowest when using the 50/50 aptamer mixture, resulting in a LOD of 16 CFU/10 mL for impedance
at 0.1 Hz and 11 CFU/10 mL for capacitance at 0.5 Hz (Fig. 4E). The SNR was highest for the 50/50 aptamer mixture
with capacitance at 0.5 Hz (Fig. 4F). The biosensor was linear up to a concentration of 10° CFU/mL, regardless of the
response variable or cutoff frequency (see supplemental Table S4 for details).

Equivalent circuit modeling was conducted to analyze the Randles-Ershler circuit model. The trends were similar
to use of impedance or capacitance as response variable (see supplemental Figure S.4.3), although the variability
was relatively high when using charge transfer resistance (from equivalent circuit modeling. In addition, the LOD
and sensitivity were both relatively poor using equivalent circuit modeling. Taken together, these data indicate that
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Fig.4 Calibration of capacitive aptasensor for L. monocytogenes in hydroponic water using 50/50 aptamer coating mixture. Representative
plots showing calibration curves at three cutoff frequencies using: (A) impedance and (B) capacitance. Average analytical sensitivity (Q/
CFU/mL) for replicate electrodes using: (C) impedance and (D) capacitance as response variable. (E) Limit of detection (CFU/ 10 mL calcu-
lated for different coating (A8, LMCA2, 50/50 mix) at various cutoff frequencies; (F) Signal-to-noise ratio for different coating. All error bars
represent standard deviation of the mean (n=3 replicates)

the aptasensor operates more efficiently as a capacitive biosensor at 0.5 Hz. To challenge this, a selectivity test was
carried out.

3.2 Selectivity toward L. monocytogenes

Figure 5 shows the calibration toward L. monocytogenes and selectivity over E. coli (Crooks) in hydroponic water (10 mL
samples). Full performance characterization is shown in the supplemental section. Figure 5A shows the response using
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Fig.5 Selectivity testing in hydroponic water using different response variables: A Impedance at 0.1 Hz and B Capacitance at 0.5 Hz. All
experiments were repeated in triplicate; error bars represent standard deviation of the mean. Horizonal lines with asterisk indicates groups
that were not statistically different (a=0.05)

impedance at 0.1 Hz; Fig. 5B shows the data for capacitance at 0.5 Hz. The ratio of mean signal to standard deviation is
lower for capacitive response (relative to impedance at 0.1 Hz), indicating capacitance is not the optimal response vari-
able. The ratio of mean response toward L. monocytogenes compared to E. coli using impedance at 0.1 Hz (ratio=6.5) was
higher than the response for capacitance at 0.5 Hz (ratio=1.3).

For all samples with a concentration of 10 CFU/10 mL or higher, the capacitance was two to three times higher than
the response for E. coli (Crooks), but the SNR was relatively low (indicated by the high standard deviation).Near the LOD
(10 CFU/10 mL), the capacitance was three times higher for L. monocytogenes than E. coli, but the standard deviation
for capacitive response was considerable higher than impedimetric response (i.e., lower SNR). There was no significant
difference between background and 1 CFU/10 mL for any test. In part, this lack of selectivity at low concentration may
have been due to the serial dilution methods used, and the sample analysis method.

At concentrations greater than 100 CFU/mL, the impedance signal was at least 4 times higher for L. monocytogenes
compared to E. coli. However, near the LOD the impedance reading was not significantly different for the two species,
indicating no specificity. This important detail is not commonly discussed in the literature and is an important aspect
when reporting LOD values. In a mixture potentially containing more than one species of bacteria, these data suggest
that a more appropriate LOD is 100 CFU/10 mL (although the classic calculation in a single bacteria calibration suggests
the LOD is ten times lower).

3.3 Challenge study in hydroponic system during lettuce cultivation
The hydroponic system was inoculated with L. monocytogenes and operated continuously for 48 h according to Sidhu

et al. [40]. Water samples were collected from the system and analyzed using both PCR and aptasensors. Use of multi-
aptamer (50/50 mixture) targeting L. monocytogenes significantly improves detection accuracy. Table 1 shows the

Tab!e 1 Key performance Aptamer coating Youden index (J) Analytical sensitivity LOD [CFU 10 mL™"]
indicators for L. (accuracy)
monocytogenes detection Z@0.1Hz C@05Hz Z@0.1Hz C@05Hz
in lettuce hydroponic water [W-log CFU™"-uL] [mF-log-
using EIS (n =3 replicate tests; CFU™"-mL]
errors represent standard
deviation of the mean) A8 J=0.20 (43%) 20244226 105+13 22 16
LMCA2 J=0.73 (81%) 2968+ 368 1274 21 1
A8/LMCA2 J=077(86%)  3309+329 1547 16 10

All tests were performed in 50% lettuce hydroponic water
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diagnostic performance of the aptasensor toward L. monocytogenes in hydroponic water. Details for truth tables are
shown in Table S4.3 to S4.7.

Figure 6 shows contingency diagrams (visualization of 2 x 2 truth tables) for the diagnostic analysis versus PCR (using
methods based on Moreira et al. [56]). The analysis is shown for capacitance at 0.5 Hz as the response variable, based on
the analysis shown in Fig. 3, 4, 5. For all diagrams, the blue regions in the contingency plots indicate prevalence of false
negatives, while red indicate false positives. Aptamer A8 and LMCA2 (Fig. 6A, B) plots show relatively high false negatives
(which is the worst-case test result for a pathogen biosensor). The mixture of aptamer A8 and LMCA2 had the highest
accuracy (85.7%) and Youden J (0.77) than either aptamer separately, but Fig. 6C shows that this improvement was also
associated with additional false positive results. For pathogen sensing, this is not as consequential as a false negative,
which is why the Youden J and accuracy are both higher. Figure 6D shows the results of the PCR test, which also indicate
a false positive in one of the samples. During initial screening, scrambled aptamers showed poor diagnostic performance
and calculation of accuracy was not possible. Detailed information is included in the appendix (supplemental Sect. 4),
including Wilson confidence intervals (95% confidence). Additional studies are required to analyze the sensor response
when testing mixtures of various bacteria, including other strains/species not tested here (e.g., L. ivanovii, L. innocua).

Numerous cell-surface proteins on L. monocytogenes are potential targets for aptamers [87, 88] (see schematic in
supplemental Sect. 5). One of the DNA aptamers in this study (A8) is known to bind the invasion protein InlA, which

A) Test result B) Test result

Test state
Test state

+ < +

C) Test result D) Test result

Test state
Test state

Fig.6 Platinum-coated LIG aptasensors compared to PCR as gold standard. A Aptamer A8, accuracy=42.9%, Youden J=0.20; B Aptamer
LMCA2, accuracy=81.0%, Youden J=0.73; C Aptamer A8/LMCA2 mix, accuracy=85.7%, Youden J=0.77; and D PCR test, accuracy =96%,
Youden J=0.94. Blue regions indicate prevalence of false negatives, and red indicate false positive
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was confirmed in this work (see Fig. 1). The aptamer was developed using traditional SELEX processes and has been
validated in optical and electrochemical device testing. InlA is also present in other Listeria species such as L. ivanovii,
which highlights the importance of more selectivity studies required for these types of biosensors. The second
aptamer in this study (LMCAZ2) did not bind recombinant InlA in this study (LSPR data) but was highly selective for L.
monocytogenes over E. coli in the electrochemical LIG sensor (see supplemental Sect. 4 for details). Identification of
the specific target for aptamer LMCA2 requires additional research, but our results confirm the results by Lee et al.
[61] showing affinity for L. monocytogenes (the aptamer was developed using whole-cell SELEX, which is a relatively
new approach). Interestingly, the combination of these two aptamers resulted in the highest accuracy in hydroponic
media (86%), demonstrating the applicability of this concept in whole cell detection.

Mixed aptamer systems have been used in other research for targeting small molecules. Liu et al. [89] utilized col-
orimetric displacement assays to study multi-aptamer targeting of small molecules (cathinones). To our knowledge,
multi-aptamer targeting of intact bacteria has not been explored. This work demonstrated that multi-aptamer systems
have lower cross reactivity when compared to single aptamer systems. Other sensor performance indicators may also
be improved. Drabovich et al. [90] utilized a tri-aptamer system to extend the working range of a fluorescent protein
detection system. Improving dynamic range may be the most common goal of multi-aptamer sensor systems. Pan
etal. [91] reviewed the use of multi-aptamer systems for improving the dynamic sensor range based on redox-labeled
bioprobes with electrochemical transduction for signal acquisition. The range of targets which have been explored
using this approach include small molecules, peptides, and phospholipids (vesicles).

Given the large surface area of living cells, together with the diversity of extracellular targets amenable to aptamer
interaction, mixed aptamer systems may be an effective strategy for improving diagnostic performance in complex
media. Here, we have demonstrated the feasibility of the multi-aptamer approach for development of label-free
aptasensors targeting a Gram-positive bacterial pathogen commonly found in contaminated food.

3.4 Comparison of L. monocytogenes biosensors

A summary table of impedimetric biosensors in the published literature is shown in Table 2. The limit of detection
(10 CFU/10 mL) and response time (12 min) of the aptasensor reported here are competitive with other aptasensor
and immunosensor devices in the literature. The response time includes sampling and all sensor signal acquisition.
Although beyond the scope of this manuscript, Qian et al. [66] recently developed a machine learning model for
autonomous analysis of biosensor data for pathogen detection in irrigation water which could be used to include
data analysis within this 12 min testing time. For L. monocytogenes, most food safety regulations require a solid food
sample of 25 g is tested after stomacher bag pretreatment. For irrigation water, the regulations are not as defined,
but a zero-tolerance policy for L. monocytogenes detection may be appropriate for fresh produce production systems
[92]. In this study, we analyzed 10 mL samples, which is a step toward processing relatively large volumes (this sam-
ple volume was higher than all published sensors reported in Table 2). Testing water sample volumes greater than
1 mL is of upmost importance for obtaining data which is representative of the hydroponic system. While the 10 mL
samples in this study are a step in the right direction, further research is required to extend this to the 1001 mL goal
established in other studies [93-95]. Although Radhakrishnan et al. [96] reported a lower LOD (5 CFU mL™") than the
work here (sensor was tested in diluted tomato extract), the exposure time and accuracy were not reported. Further,
only small volumes of sample were tested. Sidhu et al. [40] developed an interdigitated platinum electrode (Pt-IDE)
aptasensor with a LOD of 5.4 CFU mL™" and a sensitivity 0.27 +0.03 kQ/log CFU-mL™" in diluted vegetable broth.
However, the sensor was only tested toward L. innocua and the accuracy was not reported.

Chemburu et al. [97] developed an amperometric test based on carbon dots with an antibody + enzyme cap that
was able to detect L. monocytogenes as low as 10 CFU-mL~"in PBS buffer. However, the test failed to achieve the same
LOD in real food samples and accuracy was not reported. Ding et al. [98] demonstrated a LOD of 10 CFU-mL™" in TBS
buffer based on a potentiometric biosensor using aptamer as capture material and protamine as blocking agent.
The device showed a response time of 40 min and included a polycation sensitive membrane electrode, although
accuracy was not reported.

Aptasensors achieve excellent performance indicators (sensitivity, LOD, response time, accuracy) for L. monocytogenes
detection in food samples. The most important contribution of this work is direct comparison of the biosensor to gold
standard analysis (PCR), facilitating the calculation of diagnostic accuracy (86% in this study). Other manuscripts in the
literature shown in Table 2 do not include this validation step, thus direct comparison is not possible.
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3.5 Biosensors as a decision-making support tool for food safety

In the US, the responsibility of designing and implementing a L. monocytogenes monitoring program is the burden of
the food producer. At a minimum, monitoring programs must regularly test foods and the processing environment
for the presence of Listeria spp (e.g., indicator species). Cross-contamination is a leading cause of outbreaks associ-
ated with minimally processed foods such as fresh produce [101-103]. Food contact zones and non-food contact
surfaces must be monitored at specified time intervals for pathogens and indicator microorganisms [104-106]. The
food industry faces a critical balancing act due to the asynchronous nature of environmental monitoring, holding
product while waiting for test results, and the risk of disease outbreak if inventory must be transported to prevent
loss of revenue due to perishability of fresh produce.

In an ideal scenario, rapid and cost-effective biosensors with high accuracy would facilitate high spatiotemporal
resolution to identify: i) presence/absence of target pathogen(s), i) concentration of target pathogen species, and
iii) whether the contamination is transient contamination or persistent contamination. Some biosensors to date are
capable of achieving the first aim (presence/absence) at relatively low concentrations (e.g., LOD of approximately
10 CFU/mL for many food-related bacterial pathogens [92]) but suffer from poor selectivity for complex samples
(including biofilms).

According to the World Health Organization global strategy for food safety [107], there is an urgent need to
strengthen testing and monitoring capacity in the food system, particularly in developing countries [108-110]. Bio-
sensors coupled with decision support systems are an emerging tool for early warning and can provide risk reduction
and improved management of key aspects in the food supply chain [111]. SDG3 states the need to ensure good health
and well-being for all. One of the global threats to human health is foodborne pathogens such as L. monocytogenes
[112, 113]. The main impacts of FBD outbreaks include major economic loss, food waste, hospitalizations and deaths
from the infection. FBD disproportionately affects developing countries, such as the outbreak that occurred in South
Africa between 2017 and 2018 that resulting in 204 deaths [25]. Improved food safety monitoring and decision sup-
port systems are a key technology innovation that can make major contributions to the ONE health paradigm [114].

4 Conclusions

In this manuscript, aptasensors were developed based on a metallized laser-inscribed graphene (LIG) electrode
platform. This is the first demonstration of a L. monocytogenes biosensor on LIG, which paves the way forward for
development of low-cost, scalable biosensors using recently established manufacturing approaches. After exploring
multiple DNA aptamers from the literature and performing preliminary screening analysis, a binary mixed aptamer
biosensor design was demonstrated, which is a new concept in whole cell bacteria aptasensors. Using this dual-
aptamer strategy, an aptasensor was developed for targeting L. monocytogenes in lettuce hydroponic water. The
multi-aptamer biosensor showed enhanced sensitivity, high accuracy (86%), lower LOD, and improved selectivity
over other impedimetric biosensors in the current literature. Rapid screening of pathogens in agricultural water
(including hydroponic water or other soil-less systems) for fresh produce is a global need to meet food safety and
water quality safety needs.
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