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ABSTRACT: Seafood contamination with Vibrio bacteria is a problem
for aquaculture, especially with oysters, which are often consumed raw.
Current methods for diagnosing bacterial pathogens in seafood involve
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Vibrio parahaemolyticus paper assay B &

lab-based assays such as polymerase chain reaction or culturing, which c_(‘:';zO:

are time consuming and must occur in a centralized location. Detection

of Vibrio in a point-of-care assay would be a significant tool for food  Qyster Q VP POSNEG
safety control measures. We report here a paper immunoassay that can hemolymph a-vibrio

detect the presence of Vibrio parahaemolyticus (Vp) in buffer and oyster 1.0 —
hemolymph. The test uses gold nanoparticles conjugated to polyclonal -
anti-Vibrio antibodies in a paper-based sandwich immunoassay. A S
sample is added to the strip and wicked through by capillary action. If Q oo

Vp is present, it results in a visible color at the test area that can be read NP-o-Vibrio 00 08 19
out by eyes or a standard mobile phone camera. The assay has a limit of

detection of 6.05 X 10° cfu/mL and a cost estimate of $5 per test. Receiver operating characteristic curves with validated
environmental samples showed a test sensitivity of 0.96 and a specificity of 1.00. Because the assay is inexpensive and can be used on
Vp directly without the requirement for culturing, or sophisticated equipment, it has the potential to be used in fieldable settings.
B INTRODUCTION

Technological and food safety advances are instrumental to
secure the food demand to feed the world’s expected

found in coastal waters during the warmer months. Vibrio
parahaemolyticus (Vp) is the pathogenic species most
frequently reported from this genus in the United States.'’

population of 9.1 billion by 2050." Fish and shellfish can be
a good source to cope with these food requirements
efficiently.”™* To meet this ever-growing demand, aquaculture
production has been increasing and in 2020, provided nearly
an equivalent amount of food as did fisheries.” However,
disease outbreaks in aquaculture have also increased, hindering
shellfish production and challenging the control measures
required to ensure safe food consumption.® The burden of this
foodborne illness is poorly addressed since only a small
fraction of these cases are reported and diagnosed. Surveillance
tools and surveys provide data that can be analyzed with novel
models to obtain estimates of episodes and aid in case
management, treatment, and resource allocation.” Because of
the complexity of infections by food sources and transmission
by nonfood consumption, testing is crucial for health agencies
to track potential outbreaks for disease control.® The challenge
resides in identifying the specific pathogen from the wide span
of agent sources that can cause foodborne illnesses as well as
the number of concurrent cases that must be reported.

Here, we focus our attention on the detection of vibrios in
shellfish, one of the 31 major foodborne pathogens in the
United States.”” Vibrios are Gram-negative bacteria commonly
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This pathogen is spread through consumption of raw seafood"’
and causes acute gastroenteritis or vibriosis. Symptoms usually
appear within 24 h after ingestion and include watery or
bloody diarrhea, abdominal cramping, nausea, vomiting, and
fever. These symptoms are largely nonspecific and common to
many other diseases. Only a small fraction of sufferers with
vibriosis seek medical care and, more importantly, many cases
are not identified because vibrios do not grow on routine
enteric media. The Centers for Disease Control (CDC)
estimates 34,664 annual episodes caused by Vp, from which
only 287 cases were laboratory-confirmed. In 2014 in the
United States, 48% of confirmed vibriosis cases were due to
Vp, from which 15% were hospitalized and 1% died.'’

The predominant control measures for a positive Vp report
are for oyster farms to be shutdown, which typically last from
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weeks to months, until the bacteria are ostensibly cleared from
the environment. Consequently, Vp-caused illnesses have
significant economic repercussions, leading to an estimated
cost of $319M in the United States. Vp is also an acute
problem for shrimp aquaculture as it causes early mortality
syndrome, resulting in 100% shrimp mortality as soon as 24 h
post-exposure.'” Major outbreaks occurred from 2011 to 2013
in Southeast Asia, producing annual losses estimated to be
more than $1 billion USD, and these outbreaks continued to
spread into 2016.°7"°

Current Vp detection methods involve taking sample to the
laboratory and either performing the polymerase chain
reaction (PCR) on DNA extracts from the sample or growing
the bacterium in selective agar plates. Both procedures require
bringing the sample back to a centralized lab, and the process
of growing cultures can take several days to up to a week,
which is too long to effectively respond against a potential
outbreak as it hinders a rapid response. There are other
innovative sensors for bacteria such as electrochemical sensors,
but these require specialized instrumentation and expertise to
analyze the data. Thus, providing a point of consumption
(POC) assay that can be read out without special training or
instruments is critical to contribute to the prevention of
vibriosis. Nanotechnology has enabled novel sensing methods
for various diseases and biomarkers and thus has the potential
to facilitate new modes of detection of these pathogens.'®™"”
Novel methods recent in the literature include colorimetric
aggregation assays20 and fluorescent nanoclusters in enzyme-
linked immuno sorbent assay (ELISA).”'

Here, we describe an inexpensive and ready-to-use
immunochromatographic assay to detect Vp in raw oysters
(Figure 1). These assays possess the advantages of being low-
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Figure 1. Schematic of the vibrio paper sensor and its synthesis. (a)
Presence of Vibrio results in the formation of a sandwich
immunoassay at the test line, where anti-Vibrio antibodies are
immobilized. NP-anti-Vibrio antibody conjugates bind to the Vibrio.
(b) synthesis of the gold nanoparticles (NPs) and antibody
conjugation.

cost and easy to use and can be administered at POC.2*7%¢

Paper test strips have proven to be a unique format for assays
due to their low cost, ability to be manufactured at scale level,
and robustness. This test exploits the unique optical properties
of gold NPs (Au NPs), which provide the color that can be
simply read out visually without the need for additional
instrumentation.”” ™' Au NPs were conjugated to a

commercial anti-Vibrio polyclonal antibody (NP-Ab).** The
same antibody immobilized on the nitrocellulose allowed the
formation of the sandwich immunoassay. The retention of NP-
Ab conjugates at the test line led to a signal readable by eyes.
We demonstrated that tests can be run in the oyster circulatory
fluid (hemolymph), a realistic sample matrix, without the need
for sample preparation or bacterial culturing. We measured the
limit of detection (LOD) of the test against a reference
pathogenic Vp strain. While others have reported immuno-
chromatographic Vp detection,” we went further to test the
cross reactivity of the assay against bacteria isolated from
oyster hemolymph. Additionally, the performance of the test
was further validated with environmental Vp strains isolated
from local coastal waters and oysters, demonstrating function
beyond commercial lab-grown Vibrio strains.”* The rapid test
has an estimated cost of $5, can be used for foodborne illness
control, does not show cross reactivity with the non-Vibrio
bacteria tested, and does not require external instrumentation
for readout. We hypothesize that these results can bring testing
capabilities closer to POC formats without the need for
culturing.

B EXPERIMENTAL SECTION

Reagents. Gold chloride (HAuCl,-3H,0) (99.9%) (CAS:
16961-25-4), sucrose (CAS: 57-50-1), bovine serum albumin
(BSA) (CAS: 9048-46-8), Tween-20 (CAS: 9005-64-5),
trisodium citrate (NayC¢HO,) (CAS: 6132-04-3), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(CgH gN,S) (299.5%) (CAS 7365-45-9), serum from
human male AB plasma sterile-filtered, anti-rabbit IgG (Fc),
and gel blotting paper used as an absorbent pad (GB003 Gel
Blot paper) were all purchased from Millipore Sigma,
Burlington MA. The BacTrace rabbit polyclonal anti-Vibrio
species antibody was purchased from SeraCare, Milford MA.
UniStart nitrocellulose CN140 with plastic backing was
purchased from Sartorius, Bohemia, New York. The backing
paper (MIBA-010 Backing Card, 0.020” thickness) was
purchased through DCN Diagnostics, Carlsbad, CA. 5 kDa
mPEG was purchased from nanocs, New York, NY. Phosphate-
buffered saline (1X PBS, pH 7.4) and tryptone peptone were
purchased from Gibco. Sodium chloride (>99%) (CAS: 7647-
14-5) was purchased from Honeywell, Charlotte, NC.
Technical agar solidifying agent, technical yeast extract, and
thiosulfate-citrate-bile salts-sucrose (TCBS) agar were pur-
chased from Difco. Vibrio parahaemolyticus ATCC 17802 was
obtained from the American Type Culture Collection
(ATCC), Manassas, VA. Escherichia coli with plasmid
Bsrs078-LuxR (Addgene #85142) grown in DIAL strain
(pir) was obtained from Addgene, Watertown, MA.

Gold NP Synthesis. Gold NPs (Au NPs) were synthesized
using citrate reduction of gold(III) chloride.”® In short, 1 mL
of a 6.8 mM sodium citrate solution was added to a 50 mL
solution of HAuCl, at 0.25 mM while boiling. The solution
was left to boil for 15 min while stirring to allow the Au NPs to
form and then cooled down to room temperature with
continued agitation.

NP Characterization. The optical properties of the NPs
were characterized by UV—vis spectroscopy (Agilent Cary
5000 UV—vis NIR). The morphology of the NPs was verified
by transmission electron microscopy (TEM) (FEI Tecnai G2
at 120 kV), and Image] ™ was used to determine their size. The
nNP analyzer SZ-100 from Horiba was used to measure the
hydrodynamic diameter (Dy;) and the zeta potential ({) of the
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bare and Ab-conjugated NPs. Agarose gel electrophoresis was
also used to confirm the antibody conjugation by running a
mixture of 8 uL of concentrated NPs with 4 yL of 50% glycerol
in a 1% agarose gel.

Antibody Conjugation. Bioconjugation of the antibody to
AuNPs was performed by electrostatic binding. Aliquots of 1
mL of the Au NPs synthesis solution were first centrifuged at
12,000 rcf for 12 min, and the pellet was resuspended in a
mixture of 100 uL of 40 mM HEPES at pH 7.7 and 300 uL of
MilliQ water. Then, 5 uL of a 1 mg/mL Ab solution
reconstituted in phosphate buffer 10 mM at pH 7.4 was added
to the solution and agitated overnight at room temperature to
avoid the binding of the Ab to the NP surface. A polyethylene
glycol (PEG) backfill was used to reduce nonspecific binding
on the NP, which was achieved by the addition of 10 L of 0.1
mM mPEG to the NP—Ab mixture. The solution was left
under agitation at room temperature for 15 min. The antibody
and PEG excess was separated from the NPs by centrifuging at
8000 rcf, and the 25 yL pellet was resuspended and used in the
dipstick immunoassays.

Vibrio Culture. V. parahaemolyticus ATCC 17802 was
grown on TCBS agar plates. A single colony was inoculated in
S mL of saline lactose broth (SLB) and grown at 30 °C
overnight. To better control bacterial growth, an inoculum
from this solution was taken with an inoculation loop and
added to S mL of fresh sterile SLB broth and left for 5 h at 30
°C to reach the desired concentration. To calculate the
concentration of the sample, a 1:100,000 dilution was made in
sterile 1X PBS and 50 uL of the diluted sample was spread in
SLB agar plates grown overnight at 30 °C. The counting on the
plates was done in triplicate. Samples were kept at 4 °C to
prevent the growth until they were run in the rapid tests.

Hemolymph Extraction. Hemolymph was obtained from
oysters, which were either purchased locally at a market or
obtained from local coastal areas. Oysters were shucked, and
hemolymph was extracted from the oyster with a syringe. For
use in later trials, the hemolymph was sterilized by filtering it
through a sterile 0.22 pm pore-size filter and kept at —20 °C
until use.

Negative Control Isolation from Environmental
Samples (V. splendidus and Marinomonas). Hemolymph
extracted from market oysters was directly plated on TCBS
and SLB agar and incubated for 24 h at 37 °C. Isolated
colonies were streaked for the isolation of pure culture on
TCBS and SLB agar. Pure colonies were inoculated into 5 mL
of SLB broth and incubated overnight at 37 °C. Nucleic acid
extractions were performed on SLB cultures using the Qiagen
DNeasy UltraClean Microbial Kit.

Vibrio parahaemolyticuslsolation from Environmen-
tal Samples. Hemolymph extracted from local coastal oysters
was enriched for Vibrio isolation following a procedure
modified from Hartnell et al.*° Briefly, 300 uL of hemolymph
was added to 2.7 mL of alkaline peptone water (APW) and
incubated for 6 h at 37 °C. Following incubation, 300 uL of
the initial culture was inoculated into 2.7 mL of APW and
incubated for 18 h at 37 °C. Enrichments were streaked for
isolation of pure culture on TCBS agar. Individual colonies
characteristic of Vp growth (dark blue-green) were picked into
SLB broth and incubated at 37 °C overnight. Nucleic acid
extractions of SLB cultures were performed using PrepMan
Ultra Sample Preparation Reagent (ThermoFisher).

Isolates were archived in 75% SLB broth/25% glycerol and
stored at —80 °C. Archives were regrown by streaking on

TCBS plates and followed the same protocol with the ATCC
Vp to let them grow to the concentrations used to run them in
the immunochromatography tests.

PCR and Sequencing. Bacterial isolates were identified
using PCR amplification and sequencing of the 16S rRNA gene
and the gyrase B subunit gene (gyrB) using primers 8F (§'-
CCTACGGGAGGCAGCAG), S534R (S'-AT-
TACCGCGGCTGCTGG) and UplE (5'-GAAGT CATCA
TGACC GTTCT GCAYG CNGGN GGNAA RTTYR A),
and UP2AR (5'-AGCA G GGTAC GGATG TGCGA
GCCRT CNACR TCNGC RTCNG YCAT), respectively
(Muyzer et al;>” Green et al’®). DNA sequencing was
performed by Eton Biosciences, Boston, MA. Identification of
all isolates was done by 16S rRNA and gyrB sequence matches
using BLASTn (NCBI) against the nucleotide collection (nr/
nt) database.

Paper Immunoassays. CN140 nitrocellulose strips were
laser cut (LaserPro Spirit LS) at power 85% and a speed of
100%. Strips were attached to the absorbent pad with the help
of a backing paper. Antibodies were spotted manually in 0.3 yL
of aliquots to obtain 1.2 ug of Ab spotted. The wider areas of
the strips provided a visual indication of where the spot would
potentially appear. For the positive control, an antirabbit Fc-
specific antibody was used in the upper spot. A blocking step
was added to prevent false positives. Strips with the spotted
antibody were left to dry at least 30 min before adding them to
a 1.5 mL microcentrifuge tube with 50 L of BSA solution at 1
mg/mL and left to dry at room temperature overnight. Tests
were run in sequential steps to get the best results by
immersing the strip in different solutions and letting the
solution migrate through the strip by capillary action. First, a
solution containing 12 L of a sucrose/tween mixture (4 uL
50% w/v sucrose in water and 8 uL of 1% v/v Tween 20 in 1X
PBS) and 30 uL of Vp spiked in sterile hemolymph or PBS 1X
was run. Then, the strips were washed with 50 uL of PBS-
Tween 20 0.1% (PBST) to avoid nonspecific binding of the
bacteria with nitrocellulose. Once the strip was washed, a
solution containing 12 uL of sucrose/tween, 3 uL of
conjugated NPs, and 30 L of human serum (HS) was run
to prevent false positives.”” A final step with 50 uL of PBST
was run to wash the nitrocellulose from nonspecific binding.
The strips were left to dry at room temperature and scanned
for quantitative analysis. Image] was used to measure the gray
intensity of the test area.

Image Analysis: LOD. For the LOD analysis, five
independent replicates were run at different concentrations
of bacteria. Gray values of the test area were obtained by
subtracting the test intensity of the background and

GI-Gl,
GI,,,, — GI,’
where GI is the gray intensity at a given concentration, Gl
is the gray intensity of the blank, and GI,,, is the gray value at
saturation. These values at different concentrations (GI,) were
plotted and fitted in a Langmuir equation using a Matlab script
(R2018a). The LOD of the test was calculated as the
concentration at which the test showed a signal 3X the value
of the standard deviation of the blank.

Image Analysis: ROC Curve. The test was validated with
the PCR-identified Vp isolates obtained from hemolymph and
run in sterile PBS in duplicates. The negative tests were also
run in PBS to address the sensitivity and specificity of the test.
Gray intensity values at the test line and background outside of
the test area were measured using ImageJ and subtracted the

normalized with the following equation: GI, =
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background for each test. The receiver operating characteristic
(ROC) curve and the area under the curve (AUC) were
obtained with the R libraries plotROC and ggplot2 (RStudio
version 1.0.153). The script varies the theoretical gray intensity
threshold and classifies the tests as positive if they are found
above this threshold. With the PCR-validated samples, true
positive rate (TPR) (sensitivity) and false positive rate (FPR)
(1-specificity) are calculated and plotted to obtain the ROC
curve. The optimal cut-off value was obtained as the one that
leads to the highest value for the sum of specificity and
selectivity.

B RESULTS AND DISCUSSION

NP—Ab Conjugates. Spherical Au NPs were synthesized
using citrate reduction of gold chloride (Figure 1), resulting in
NPs with a mean diameter of 18.8 + 2.5 nm as measured by
TEM (Figure 2a). We chose spherical gold NPs for the particle
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Figure 2. NP synthesis and Ab conjugation. (a) TEM image of Au
NPs, (b) optical absorption of bare NPs (red) and NPs conjugated to
anti-Vibrio Abs (black), (c) agarose gel electrophoresis of bare (right)
and NP—Ab conjugates (left), and (d) Dy (upper) and zeta potential
(lower) of bare (right) and NP—Ab conjugates (right) measured by
DLS. Error bars are averages of three independent measurements.

due to their ease of synthesis, surface functionalization, and
stability in biological fluids.’* The hydrodynamic diameter
(Dy) determined by dynamic light scattering (DLS) was 27.5
+ 1.8 nm (Figure 2d), and zeta potential showed that the NPs
had a negative charge of —50.7 + 8.7 mV (Figure 2d). Optical
absorption spectroscopy determined that the NPs had a
surface plasmon resonance (SPR) peak wavelength of 524 nm
(Figure 2b).

NPs were conjugated to a commercial polyclonal anti-Vibrio
species antibody by electrostatic attachment. After Ab
adsorption, the NP surface was passivated with a thiolated
PEG (MW = 5 kDa) to avoid nonspecific interactions that can
lead to false positives in complex biological media.*>*' The
conjugation was confirmed with a higher retention of the
conjugates when run in a 1% agarose gel as a result of their
increased size (Figure 2c). This size increase was also
confirmed by DLS, leading to a bioconjugate Dy of 94.5 +
34 nm (Figure 2d). Also, a decrease of the bioconjugate
charge was observed compared to the bare NPs, with a zeta
potential of —77.1 + 1.8 mV (Figure 2d). The bioconjugate

SPR peak exhibited a redshift and a slight broadening, also
suggesting a successful NP conjugation (Figure 2b).

Paper Immunoassay for Vp Detection. We constructed
a paper immunoassay test to detect Vp directly from oyster
hemolymph. Hemolymph is a complex biological fluid with
challenging physico-chemical properties that can compromise
the colloidal stability of gold NPs due to its high salt content.
Therefore, the immunoassay was tested first with a standard
solution to detect a reference Vp. Due to the high salinity of
this biological fluid, 1X PBS was chosen to optimize the test
with the reference Vp stock from ATCC. Vp was cultured in
selective agar plates TCBS and was grown to high
concentrations by inoculating a single colony in SLB broth,
and the concentration was determined by cell counting on SLB
plates.

The dipstick assay consisted of a nitrocellulose strip attached
to an absorbent pad that acted as a wick (Figure 1).***’ The
anti-Vibrio species antibody was immobilized on the test line. A
control antibody that binds to the anti-Vibrio Ab conjugated to
the Au NPs was immobilized on the control line (anti-Fc IgG).
The bottom of the test strips was immersed in a pretreatment
solution of 1 mg/mL BSA, which migrated through the test
strip by capillary action. This pretreatment allowed mini-
mization of false positives by preventing nonspecific inter-
actions of the NPs with immobilized capture antibodies on the
nitrocellulose.”® The test strips were dried overnight. Tests
were run in sequential steps, which prevented false positives
and also increased the spot intensity in the test line
(Supporting Information, Figure S1). Briefly, the bacterium
spiked in PBS at a concentration of 1.8 X 107 cfu/mL was run
first with a sucrose/Tween solution. An intermediate washing
step was added to eliminate any nonspecific binding between
the bacteria and the immobilized antibodies. The conjugated
NPs were run with HS and the sucrose/tween solution. The
purpose of HS was to provide a protein corona (PC) that
prevents false positives.”” Finally, a last washing step was added
to eliminate nonspecific interactions of the Au NPs with
nitrocellulose.

An intense spot at the test area was observed when Vp was
present in the sample (Figure 3a). This indicated that the NP—
Ab conjugates were retained at the test line due to the specific
interaction of both the capture and detection antibodies with
the bacteria. The successful generation of this sandwich
immunoassay showed that the adsorbed antibody was not
displaced from the NP surface by the PEG backfill or the PC
formation. When PBS without Vp present was run, no spot
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Figure 3. Paper sandwich immunoassay test with Vp spiked into 1X
PBS. (a) Vp present (+) or absent (—). (b) Test line intensity as a
function of Vp concentration in 1X PBS (circles). Error bars indicate
averages of five independent strips. Fit to a modified Langmuir curve
(line) to obtain an LOD.
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appeared at the test line, suggesting that the Vp binding was
not due to specific interactions of the probes with the
immobilized antibodies (Figure 3a). A second colored spot
appeared at the control line due to the binding of the control
antibody to the anti-Vibrio Ab conjugated to the NPs and
therefore validating the test. This was indicative of a proper
flow of the NPs as well as the correct Ab conjugation of the Au
NPs while migrating through the test strip. Strips were run five
times (error bars, Figure 3b) which were indicative of interday
reproducibility.

To determine the LOD of the test in 1X PBS, we ran the
strips at different Vp concentrations ranging from 0 to 1.8 X
107 cfu/mL. The signal increased with increasing concen-
tration and then started to reach saturation. Using image
analysis, we obtained test line signal intensities as a function of
Vp concentration (Figure 3b). The titration curve was fit to a
modified Langmuir equation to obtain the LOD of the test.
The fit resulted in an LOD of 4.0 X 10° cfu/mL (R? = 0.997).

Performance of the Test in Hemolymph. Because
operation of the test in real settings would require deployment
in oysters, we ran the assay in oyster hemolymph. Hemolymph
was obtained from oysters and filtered to remove any bacteria
present in the real samples (Figure 4a). Single colonies from
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Figure 4. Test run in hemolymph. (a) Extraction of hemolymph from
oyster (b) test strips with increasing Vp concentration spiked into
hemolymph and (c) intensity of test area as a function Vp
concentration (red) andVibrio splendidus (blue). Error bars indicate
averages of five and seven independent measurements, respectively.
Fits to a modified Langmuir curve (lines) to obtain LODs.

TCBS plates were grown in SLB broth and determined the
concentration of the new stocks in SLB plates. Bacteria were
spiked into the filtered hemolymph at concentrations ranging
from 0 to 3.1 X 107 cfu/mL to determine the test LOD in
hemolymph. Accumulation of the NP—Ab conjugates at the
tests area only occurred when Vp was present in the sample
and increased the gray intensity with higher bacteria
concentrations (Figure 4b). This denoted that this complex

biological fluid did not trigger nonspecific binding between the
NPs and the immobilized antibody. The titration curve fitted
into a modified Langmuir equation led to an LOD of 6.0 X 10°
cfu/mL (R* = 0.996) (Figure 4c). The pathogenic concen-
tration of Vp is reported at 10° cfu per serving in hemolymph
for an IDg,."* Given the fact that the volume of hemolymph in
an oyster is on the order of ~1 mL, the optimized test can
identify the presence of Vp directly in hemolymph below this
threshold. Furthermore, this challenging matrix of the oyster
hemolymph did not impact the LOD of the test, leading to
detection limits comparable to the standard solution used to
develop it. More importantly, these results sustain that the
designed test does not require any sample preparation, which
eases its use in the field by nonexperts. The variability for the
test in hemolymph has a standard deviation on the order of
23—35%, and while test precision is much less compared to
commercial assays for other antigens, we believe some of this
can be attributed to the challenging sample matrix of the
hemolymph, which has a high salinity and thus prone to
inducing NP aggregation.“o’45

Isolation of Negative Controls from Hemolymph.
Hemolymph contains a wide variety of bacteria*® that may
result in false positives in the present test. Different bacterial
species were isolated from hemolymph to explore the cross
reactivity of the paper-based assay following a single colony
purification method. Sequencing for the conserved 16S rRNA
gene was performed to identify them, and concentration was
determined in SLB plates prior to running the tests. Two
purified samples were identified as Vibrio splendidus (Vs) and
Marinomonas. Vs is a nonpathogenic Vibrio species that is
common in coastal waters but grows optimally at colder
temperatures compared to Vp. Thus, it is critical to understand
the specificity of the test against this close-related bacterium to
better address its performance with environmental samples.

Study of Cross Reactivity with Negative Controls. We
ran these purified negative controls from hemolymph as well as
E. coli. Similar to the previous samples, each bacteria was
grown in SLB broth and determined their concentration in
SLB plates. The obtained pellets were spiked in hemolymph
and run as previously described.

Vs resulted in a faint signal at the test line when run at a
concentration of 6.07 X 107 cfu/mL (Figure Sa), showing that

Ca
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Figure S. Negative controls. (a) Different negative controls compared
to Vp: hemolymph alone, Vs, E. coli, and Marinomonas. (b) Test strips
run with Vs in hemolymph. (c) Line scans of strips in b for E. coli
(blue), Marinomonas (green), hemolymph alone (gray), Vp (red),
and Vs (orange).
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the antibodies were able to pair with this other vibrio species.
Vertical line scans across the strips showed that the gray
intensity in the test line for Vs was 6X less intense compared to
Vp but greater than the other negative controls (Figure Sc).
This indicated that the Ab binding to this other nonpathogenic
bacterium is lower compared to the reference Vp. To better
address this binding, a titration curve was run with Vs spiked in
filtered hemolymph (Figure Sb). The test area intensity
remained low across the Vs concentrations, and due to the low
signal, an LOD could not be reliably quantified for these
nonpathogenic bacteria (Figure 4b). This confirmed that the
antibody did not have as high an affinity for this nonpathogenic
species.

We also examined the response of the assay against different
negative controls spiked in hemolymph, i.e., the same sample
matrix. No signal was observed at the test line, while a red spot
was obtained for all of them at the control line. This confirmed
that the absence of signal at the test line was due to the
inability of the NPs to bind to the negative controls (Figure
5a).

Validation of the Test with Environmental Samples.
We then investigated the performance of the developed test
with environmental strains. Oysters were collected from coastal
sites, and Vp was isolated from hemolymph following a
protocol selective for this Vibrio species, even when found at
low concentrations.”” This protocol allowed us to obtain 24
environmental PCR-confirmed (16S RNA sequence) Vp
isolates that were kept at —80 °C until use.

The environmental isolates and the reference Vp were
grown for S h at 30 °C, spiked in sterile 1X PBS, and run
through the tests. Six samples were chosen arbitrarily to
determine the concentration range of the isolates, which was
found to be between 9.4 X 107 and 1.7 X 10® cfu/mL. The
concentration of the reference Vp was 1.8 X 107 cfu/mL. Gray
value intensities of the test lines were at least 5 and 10 times
greater than the standard deviation and average obtained for
the negative control, respectively (Figure 6a). Test line
intensities varied among the environmental isolates probably
due to the distinct binding capability of the antibodies against
the isolated strains. All environmental isolates gave rise to gray
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Figure 6. Environmental samples from oysters collected from a
Massachusetts harbor. (a) Test line intensities for different oysters
that contained Vp. Optimal test intensity cutoff value (red dotted
line) and (b) ROC curve analysis for environmental samples.

intensities at least 1.7 times lower than the one obtained for
the reference Vp from ATCC grown under the same
conditions.

The LOD of the test in environmental samples was obtained
for the isolate H731.1, which gave rise to higher intensities.
The isolate was run at concentrations between 0 and 9.4 X 107
cfu/mL and resulted in an LOD of 4.7 X 10° cfu/mL (R® =
0.993) (Supporting Information, Figure $2).*” This confirms
that the binding of the Ab pair against environmental Vp is
weaker than the ATCC reference, but it is still below the dose
with 50% probability to cause food borne infection (IDg,)
reported in the literature.** While the reference Vp is a
pathogenic reference strain, this may not be the case for the
isolated environmental samples. Thus, further experiments
need to be conducted to address the virulence of the
environmental vibrios isolated in this work, such as PCR to
detect the presence of Vp toxin genes tdh and trh, encoding
thermostable direct hemolysin and TDH-related hemolysin,
respectively.

The ROC curve was constructed to determine the
performance of the test with environmental samples.**** To
that end, negative controls run in 1X PBS were added to the
data set used to determine the sensitivity and specificity of the
paper-based test. Gray intensities of the test areas were
obtained by subtracting the background for each test run for
this data set, yielding intensities ranging from —0.06 to 64.9.
ROC curves were obtained by plotting the TPR vs the FPR as
a function of a varied threshold in this range The resulting
AUC determines the performance of the test where 1.0
represents a perfect test and 0.5 represents a random indicator.
The AUC for the tests was 0.989 (Figure 6b). The optimal
cutoff was determined as the one that led to the highest sum of
sensitivity and specificity of the test. Thus, the optimal
performance of the test was obtained with a cutoff of 2.44,
leading to a sensitivity of 0.96 and a specificity of 1.00. The
optimal cutoff was also used to discriminate negative from
positive tests from this paper-based assay. From the environ-
mental data set, only one Vp sample was found to be negative
(H903.4); in other words, one false negative was obtained
(Supporting Information, Table S1).

Bl CONCLUSIONS

In conclusion, we developed a point of consumption paper
immunoassay test that can detect the presence of Vibrio
parahaemolyticus without the need of doing sample preparation
or culturing, supporting our hypothesis. The test was operable
directly in oyster hemolymph, the fluid encountered in oyster
consumption. The LOD of the test in this biological fluid was
6.05 X 10° cfu/mL, which is below the IDs, reported in the
literature for values at which infection can occur.” Because the
use case we envisioned was for food safety, we used this
benchmark as opposed to clinical LODs as the clinical scenario
is different from food consumption. We validated the
immunochromatography test with environmental Vp strains
isolated from hemolymph, demonstrating its use beyond
commercially available Vp strains. These environmental strains
were also used to determine the specificity and sensitivity of
the test against strains found in local coastal areas, which was
found to be 1.00 and 0.96, respectively.

Typical of visually read out immunoassay tests, its sensitivity
is not comparable to alternative techniques such as PCR,
ELISA, or electrochemistry. While these other approaches can
detect Vp with lower LODs and determine its potential
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virulence, they all require bringing the sample back to a central
lab for culturing and analysis on complex instrumentation and
thus cannot provide immediate answers at point of
consumption.”” > Furthermore, the assay presented here is
much lower in cost, estimated at $5 per strip, based on
estimates for the antibodies, NP reagents, and paper
materials.”’” At this cost level, the assay has potential for
cost-effective on-site monitoring. Alternative enhancement
methods such as surface-enhanced Raman spectroscopy,
nanozymes, and silver staining can be applied to this format
to lower the LOD by increasing the test line intensity.”*™>°
The assay does exhibit slight cross reactivity to other
Vibriospecies, but this could be improved by using monoclonal
antibodies rather than polyclonals. The stability of the strip
was tested out to a few weeks and determined to be stable
when stored under dry conditions, but longer stability studies
will be part of future efforts. Therefore, this approach could be
deployed as a low-cost initial screening tool to flag samples that
should be investigated further via PCR to determine species,
strain, and virulence.
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