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The bottleneck for accurate detection of foodborne pathogens is separation of target analytes from complex food
matrices. Currently used sample preparation methods are cumbersome, arduous and lengthy; thus, a user-
friendly system is desirable. A hand-held sample preparation system designated pathogen enrichment device
(PED)was built that contains a growth chamber, filters, and an ion exchange cartridge to deliver bacteria directly
onto the detection platforms. Escherichia coliO157:H7, Salmonella enterica and Listeria monocytogeneswere used
as model pathogens. Spinach, ground beef, hotdogs, and eggs were used as model foods to evaluate PED perfor-
mance, and results were comparedwith traditional bag enrichment method. Bacterial cells were inoculated at 1,
10, and 100 CFU/g of the sample and enriched in PED using appropriate pathogen-specific selective enrichment
broths. The bacterial cell counts in both PED and stomacher-bag were comparable and the pH in PED-recovered
cell suspension was close to neutral whereas the pH of cell suspension in the stomacher-bag was slightly acidic.
The bacterial recovery from the PEDwas 79–100% andwas directly detected by lateral-flow immunoassay (LFIA),
quantitative PCR (qPCR) and light scattering sensorwith sample-to-result time of 8–24hwith a detection limit of
1 CFU/g. In qPCR, the amplified PCR products appeared in 4–5 cycles earlier with PED-enriched cultures com-
pared to the cultures enriched in stomacher-bag. The hand-held PED proved to be a one-step procedure for en-
richment and recovery of homogenous particle-free bacterial cells for detection using immunological, molecular
or biosensor-based platforms.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Foodbornediseases are one of themost common causes ofmorbidity
and mortality worldwide, and they have significant economic conse-
quences with financial losses accounting to billions of dollars to the
food industry (Scharff, 2012). Over the past decade, there has been a no-
ticeable increase in foodborne illnesses due to bacterial contamination
of foods including fresh fruits and vegetables (Erickson, 2010; Walsh
et al., 2014). Around 48 million illnesses, 128,000 hospitalizations and
3000 deaths occur annually in the US due to foodborne infections
(Scallan et al., 2011). More specifically, in recent years a large number
of people have been sickened by consumption of spinach, lettuce and
beef products contaminated with Escherichia coli O157:H7 (CDC, 2015;
Olaimat and Holley, 2012) and 3911 cases (47 fatalities) due to E. coli
O104:H4 contaminated fenugreek sprouts (Scheutz et al., 2011). Thou-
sands of illnesses were reported due to Salmonella enterica serovar
ogy Laboratory, Department of
USA.
, kimh0727@gmail.com
ue.edu (A.K. Bhunia).
Tennessee in peanut butter (CDC, 2014), S. enterica serovar Saintpaul
in pepper (Maki, 2009), and S. enterica serovar Enteritidis in eggs
(Kuehn, 2010). Listeria monocytogenes was responsible for 57 cases (22
fatalities) from consumption of tainted meat products (Annonymous,
2009), 27 cases (8 fatalities) from Quargel sour milk curd cheese (Fretz
et al., 2010), 147 cases (33 fatalities) from cantaloupe (CDC, 2011),
and most recently in 2015, 32 cases (7 deaths) from caramel apple
(http://www.cdc.gov/listeria/outbreaks/caramel-apples-12-14/)
and 10 cases (3 deaths) from ice cream (http://www.fda.gov/Food/
RecallsOutbreaksEmergencies/Outbreaks/ucm438104.htm).

Traditional culture-based detection methods involve sample en-
richment followed by isolation of target microorganisms on selective
or chromogenic differential agar media for presumptive identifica-
tion, ensued by more confirmatory biochemical, molecular or sero-
logical tests. These steps are performed sequentially and routinely
extend to 7–10 days or more to obtain preliminary results. To short-
en detection time, selective and differential plating step has been re-
placed by “rapid methods” such as lateral flow immunoassay (LFIA),
polymerase chain reaction (PCR), and biosensors providing results in
minutes to hours (Bhunia, 2014; Cocolin et al., 2011; Dwivedi and
Jaykus, 2011; Fukushima et al., 2010; Velusamy et al., 2010). Though
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Fig. 1. Pathogen enrichment device (PED); (A) the schematic, (B) prototype, and (C) a fu-
turistic PED.
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these methods can be completed (sample-to-result) in 24–48 h or
less, they are highly susceptible to inhibitors, low number of target
pathogens and high levels of background microorganisms (Lee and
Levin, 2011; Wilson, 1997). Therefore, efficient pathogen separation,
concentration, enrichment and recovery strategies are prerequisite
for accurate analysis of samples employing antibody, nucleic acid
probes or biosensors-based methods (Bhunia, 2008; Brehm-Stecher
et al., 2009). Ineffective sample processing and preparation may
yield false-negative results rendering consumers to grave conse-
quences. False-positive results may lead to unnecessary product
losses with huge economic burdens.

Historically, separation, concentration and recovery of bacteria
from samples are achieved by centrifugation (Lindqvist, 1997), fil-
tration (Chen et al., 2005; Hill et al., 2009; Mukhopadhyay et al.,
2010), and chromatographic separation (Payne et al., 1992). In
recent years, immunomagnetic separation (IMS) (Bhunia, 2008;
Stevens and Jaykus, 2004), ultrafiltration (Li et al., 2013; Magana
et al., 2014; Murakami, 2012), dielectrophoresis (Brehm-Stecher
et al., 2009), and microfluidic chips (Koo et al., 2009; Li et al., 2014)
are used. These systems are used directly with beverages or the liq-
uid extract (rinse) from solids or enriched samples after a culturing
step. Often, expensive, and specialized bulky equipment are necessary
to perform these tasks. An enrichment step, though considered a
“bottleneck”, is required for all commercially available rapid methods
and also recommended for many, if not all, official detection methods
(FDA, 2001; USDA-FSIS, 2015). It increases targetmicroorganismcounts
and thus compensates detection limits of the assay. Since there is a
“zero tolerance” policy for many foodborne pathogens, enrichment al-
lows cell number increment even if a sample contains a single viable
cell per 25 g of analytical unit. It also reduces the risk of amplifying
nucleic acids from dead cells because of higher proportion of live target
microbes. Culture enrichment also helps resuscitate stressed or injured
cells, allows up-regulation of gene or gene products that serve as targets
for detection in the bioanalytical platforms, and helps release (through
growth) intimately attached cells from the product surface. Enrichment
broth also dilutes the inhibitory substances that may otherwise inter-
fere with the analytical methods. Addition of chelating agent (ex —
charcoal) to the enrichment broth can also help remove inhibitors
(Brehm-Stecher et al., 2009; Cocolin et al., 2011; Josefsen et al., 2004;
Wolffs et al., 2006). Most importantly, an enrichment step enhances
the chance of obtaining an accurate result for a sample due to its posi-
tive attributes discussed above.

Biosensor platformshave been used for detection of foodborne path-
ogens, including fiber optic, surface plasmon resonance (SPR), Raman,
Fourier transformed infrared (FTIR) spectroscopy, flow cytometry, and
impedance-based microfluidic devices (Bae and Bhunia, 2013; Bhunia,
2014; Bisha and Brehm-Stecher, 2009; Cho et al., 2015a; Najafi et al.,
2014; Sharma and Mutharasan, 2013; Velusamy et al., 2010). Here we
employed a forward light scattering sensor, BARDOT (bacterial rapid de-
tection using optical scattering technology) for detection of colonies of
target pathogens. When a red-diode laser (635 nm; 1 mW) impinges
on the center of a bacterial colony growing on an agar plate, it generates
2-dimensional luminous scatter fingerprint of colony. During analysis,
hundreds of independent parameters and features are extracted from
each scatter pattern to build a database of images for a specificmicroor-
ganism (Bae et al., 2011; Banada et al., 2007). BARDOThas been success-
fully used for detection of multiple bacterial pathogens including
Bacillus spp. (Singh et al., 2015), Campylobacter spp. (He et al., 2015),
Shiga-toxigenic E. coli (Tang et al., 2014), Listeria spp. (Banada et al.,
2009), Salmonella enterica (Singh et al., 2014), and Vibrio spp. (Huff
et al., 2012).

Here, we report the fabrication of a prototype sample enrichment
device, PED, for enrichment and delivery of bacterial cells free of any
food particulates directly onto a detection platform without intermedi-
ate sample manipulation and handling steps. Parts of the preliminary
results were reported earlier in a conference (Hahm et al., 2007). PED
performance was validated using E. coli O157:H7, S. enterica serovars
Typhimurium and Enteritidis, or L. monocytogenes inoculated ground
beef, green leafy spinach, boiled egg and ready-to-eat hotdog. Patho-
gens in the PED-recovered samples were detected using LFIA, qPCR
and BARDOT at 1–10 CFU/g after 8–12 h of enrichment.

2. Materials and methods

2.1. Bacterial strains and media

E. coli O157:H7 (EDL933), S. enterica serovar Typhimurium
(S. Typhimurium) and Enteritidis (S. Enteritidis), and L. monocytogenes
V7 strains from our collectionwere used.Modified EC (mEC) broth con-
taining novobiocin (Novo, 20 mg/ml) (mEC + Novo) and EHEC
(enterohemorrhagic E. coli) enrichment broth (EEB) were used for
E. coli O157:H7, Rappaport–Vassiliadis (RV) broth for S. Typhimurium
and S. Enteritidis, and buffered Listeria enrichment broth (BLEB) for
L. monocytogenes. For bacterial enumeration, selective media such as
cefixime–tellurite containing Sorbitol-MacConkey (CT-SMAC) agar for
E. coliO157:H7, Xylose–Lysine–Deoxycholate (XLD) for S. Typhimurium
and Enteritidis, andmodified Oxford (MOX) agar plates for Listeriawere
used. All media were purchased either from Acumedia (Lansing, MI),
EMD Chemicals, Inc. (Gibbstown, NJ) or Becton Dickinson (Sparks, MD).

2.2. Description of PED

The prototype unit (Fig. 1) was built with off-the shelf materials in
our laboratory, and all parts are made with reusable plastics. It has
two major parts: an enrichment chamber (total capacity 30 ml) and a
particle separation unit consisting of filtration/ion-exchange cartridge.
A cylindrical sample carrier (30-ml syringe barrel) with a perforated
(5–10 mm in diameter holes) wall is placed inside the enrichment
chamber (60-ml syringe barrel), which holds solid food with a maxi-
mum capacity of 15 g solid or pieces of swabs e.g., sponge, cotton, and
absorbent paper. For liquid samples, a sample carrier is not required. A
polyethylene filter (Parts No. Alltech # 211404) is placed at the bottom
of the enrichment chamber to prevent the flow of coarse particles to the
filtration/ion exchange cartridge attached to the enrichment chamber.
The filtration/ion-exchange cartridge (Alltech® Maxi-Clean™ Car-
tridges, Fisher Scientific) is filled with Amberlite IRA-96 (Sigma, St.
Louis, MO) weak anion exchange resin between two polyethylene filter
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pads (Parts No. Alltech# 211404 (top) and Alltech # 211406 (bottom)),
which allows further removal of particles and ionicmolecules, and helps
adjustment of the pH of the sample eluent to neutral, and delivers ho-
mogenous bacterial suspension. A silicone stopper attached to a pneu-
matic rubber bulb was attached to the top of the enrichment chamber
to aid in sample dispensing onto a sensor platform (Fig. 1). The PED
unit, without the pneumatic bulb and the cartridge, was sterilized in au-
toclave before use. The PED unit was used multiple times, except the
cartridge which was disposable.

Food samples (3–15 g) or swabs are placed inside the sample carrier,
which is then placed inside the enrichment chamber. Enrichment broth
(15–27ml) is then poured into the chamber and sealedwith the silicone
stopper. The perforated wall of the sample carrier provides easy access
to the enrichment broth and free movement of bacterial cells in and
out of the sample matrices. After a period of incubation, a firm squeeze
of the pneumatic bulb allows sample flow through the filtration car-
tridge (cartridge valve should be in open position) and collection tube
(1–5ml) or direct delivery to a detection platformwithout any require-
ment for handling the liquid.
2.3. Recovery of bacteria after passing through the cartridge

To determine if there is any loss of cells during filtration through the
ion-exchange cartridge, we used L. monocytogenes as amodel organism.
L. monocytogenes cells were inoculated into 3 g of hotdog (sliced) at a
concentration of about 1, 10, 100 or 1000 CFU/g (based on dilution
series) in 27 ml of BLEB and incubated at 37 °C in a shaking incubator
set at 150 rpm. The culture broths, before and after passing through
the ion-exchange cartridge, were collected at 4-h intervals up to 16 h,
and the viable cell counts were enumerated on MOX agar plates.
Fig. 2. (A) The flowchart showing overall experimental outline. E. coli O157:H7, S. Typhimurium
tively, and divided into two parts: 25 g was dispensed into the stomacher bag and 3 g in PED, s
bated at 37 °C. The samples (eluents) were taken at specified time points and were analyzed b
various parts of a bench-top conveyor system for pathogen enrichment, separation, and recove
2.4. Enrichment and separation of pathogen spiked onto food samples

The overall experimental schematic is illustrated in Fig. 2A. Food
samples were purchased from local grocery stores (West Lafayette,
Indiana, USA) and inoculated with freshly grown cultures of E. coli
O157:H7, S. Typhimurium (or S. Enteritidis) and L. monocytogenes at 1,
10, or 100 CFU/g into ground beef, boiled-egg and hotdog, respectively.
Three grams of each spiked food was placed inside the chamber and
27 ml of the respective selective enrichment broth (mEC + Novo) for
E. coli O157:H7, RV for S. Typhimurium or Enteritidis and BLEB for
Listeria was added, and the PED was incubated at 37 °C. At the same
time, 25 g of each spiked food was mixed with 225 ml of the respective
selective enrichment broth in aWhirl-Pak® stomacherfilter bag (Nasco,
Fort Atkinson,WI) andwas incubated at 37 °C in a shaking incubator set
at 150 rpm. Bacterial cells were collected from the outlet of the sample
delivery port in PED (1–5 ml) and the pH and bacterial counts for each
sample were monitored every 2 h for 16 h and then again at 24 h. The
pH was measured using a portable pH meter (Fischer Scientific), and
bacterial counts were enumerated after plating decimally diluted sus-
pension on appropriate selective plates (CT-SMAC for E. coli O157:H7;
XLD for Salmonella; MOX for Listeria). Similarly, bacterial counts and
pH of the enriched broth from stomacher bagwere determined. PED re-
covered bacterial suspensions were further tested by LFIA, real-time
qPCR, and BARDOT.
2.5. Lateral flow immunoassay (LFIA)

Approximately 100 μl of bacterial suspension after PED enrichment
and recovery was directly dispensed into the sample receiving well of
the LFIA strip (Reveal; Neogen, Lansing, MI) for detection of either
and L. monocytogeneswere inoculated into ground beef, boiled egg, and hotdog, respec-
uspended in the respective pathogen-specific selective enrichment broth (SEB), and incu-
y plating, lateral flow immunoassay, qPCR and BARDOT. (B) Swab sample collection from
ry from PED.
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E. coli O157:H7, Salmonella, or Listeria (Fig. 3). In parallel, 100 μl aliquot
from the stomacher bag-enriched sample was also dispensed onto the
LFIA strip and developed for 15 min or until the appearance of the test
bands.

2.6. qPCR

For detection of E. coliO157:H7, 2 μl of the enriched broth from both
PED and the stomacher bagwas directly used for the real-time qPCR in a
25 μl reaction volume using the Taqman® E. coli O157:H7 detection kit
(Kit # 4307514, Applied Biosystems, Foster City, CA) and amplified
using the Applied Biosystems StepOne thermocycler.

For detection of S. Typhimurium, 2 μl of the enriched sampleswas di-
rectly used for qPCR. The oligonucleotide primers (Styinva-JHO-2-left,
5′-TCGTCATTCCATTACCTACC-3′; Styinva-JHO-right, 5′-AAACGTTGAA
AAACTGAGGA-3′) and a probe (5′-FAM-TCTGGTTGATTTCCTGATCGCA-
TAMRA-3′) targeting 119 bp of nucleotide sequence in the invA gene
were used as described before (Hoorfar et al., 2000).

For L. monocytogenes detection, PrepManTM Ultra sample prepa-
ration reagent (Applied Biosystems) was used to extract DNA from
enriched samples and 1 μl was used as template in a 25 μl reaction
volume containing 100 nM probe and 900 nM of each primer. Ampli-
fication conditions include initial denaturation at 94 °C for 10 min
followed by 40 cycles consisting of 95 °C for 15 s, 58 °C for 1 min and
72 °C for 30 s. The oligonucleotide primers (LIM2, 5′-CTA AAG CGG
GAA TCT CCC TT-3′; LIMRE, 5′-CCA TTG TCT TGC GCG TTA AT-3′) and
a probe (LMS2, 5′-FAM — CTT CTG GCG CAC AAT ACG CTA GCA CT —
TAMRA-3′) targeting 175 bp of nucleotide sequence in the iap gene
were used (Hein et al., 2001).

2.7. Light-scattering sensor

To test the applicability of the PED system as a sample preparation/
enrichment device for the light-scattering sensor, two different concen-
trations of S. Enteritidis PT21 (10 CFU/g and 100 CFU/g) were artificially
inoculated into ground beef samples. Several aliquots of PED enriched
cell suspensions (100 μl) collected at different time points during
incubation (2–10 h) were spread-plated evenly on the surface of BHI
and XLD agar plates at different dilutions and incubated at 37 °C or
until the colony size was about 1 mm diameter (Singh et al., 2014).
The petri-dish was placed under BARDOT, and the system collected
forward-scatter images of illuminated individual semitransparent colo-
nies through a laser (635 nm). The bacterial colony scatter patterns
were identified by comparing scattering images with the image library
database (Banada et al., 2007; Banada et al., 2009; Singh et al., 2014).
Fig. 3. (A) Phase-contrast microscopic examination of L. monocytogenes cells inoculated into gr
lateral flow immunoassay. Dark arrowheads indicate bacterial cells, white arrows are possible
The scatter image library of S. Enteritidis on BHI and XLD agar consisted
of aminimumof 70 scatter patterns of three strainswith total of 450 im-
ages. The results of the image analysis were represented as percent pos-
itive predictive value (PPV) (Ahmed et al., 2013).

2.8. Recovery of bacteria from a model conveyor belt system using swab

A portable bench-top conveyor system driven by an electric
powered motor simulating actual roller bed (manufactured by
Shuttleworth, LLC, Huntington, IN, USA) was used as a model to col-
lect swab samples (Fig. 2B). Freshly grown L. monocytogenes cells
were resuspended in 10 ml of 0.1% peptone water to the cell concen-
tration of 10, 100, or 1000 CFU/ml. The cell suspension was sprayed
evenly onto the conveyor surface simulating the food contact surface
during food manufacturing operation and allowed to sit for 30 min.
Sample collection swabs on wooden sticks (VWR) presoaked in
0.1% peptone water were used to wipe different parts of the convey-
or and then placed in the PED chamber containing 30 ml of BLEB
(Fig. 2B). PED was incubated at 37 °C for 4–12 h with constant agita-
tion at 150 rpm to enrich the cells bound to swab. The culture broth
was collected after passing the sample through filter/ion-exchange
cartridge at respective sampling time, and the cell recovery was esti-
mated on MOX agar plate.

2.9. Statistical analysis

Statistical differences for Ct values from qPCR were analyzed by all
possible pairwise comparisons using two-sample assuming unequal
variance t-test. Significance was accepted at the level of P b 0.05.

3. Results

3.1. PED performance

Initially, to evaluate the ability of PED to enrich and separate patho-
gen from food matrices, ground beef samples were inoculated with
L. monocytogenes (1000 CFU/g) in BLEB and incubated for 24 h. PED re-
covered cells were examined under a phase contrast microscope, and
the bacterial cells appeared to be homogeneous, containing only a few
micron sized food particles (Fig. 3A). The eluent was also directly dis-
pensed onto Listeria-specific LFIA strip which gave positive reaction
(line) within 15 min, while the eluent from the un-inoculated ground
beef did not show any reaction (Fig. 3B). These data indicate that PED
is capable of separating bacteria from foodmatrices, and the test patho-
gen can be detected directly without further sample processing.
ound beef and recovered from PED. (B) Direct testing of PED eluent with Listeria-specific
micron sized food particles.



Table 1
Recovery rate of L. monocytogenes after passing through the ion-exchange cartridge.

Enrichment time (h) Percent recovery for inoculated cell numbers after
inoculated with

1 CFU/g 10 CFU/g 100 CFU/g 1000 CFU/g

4 NDa ND 93.8 ± 19.5 91.6 ± 2.8
8 ND 83.6 ± 18.6 97.3 ± 17.3 126.9 ± 34.6
12 79.1 ± 28.3 116.1 ± 13.6 86.9 ± 21.6 81.1 ± 16.9
16 79.9 ± 23.1 101.7 ± 14.6 101.2 ± 28.4 105.3 ± 12.2

a ND: not detected.
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3.2. Bacterial growth rate in PED and stomacher bag

Next we determined bacterial growth rate, recovery, and pH of
the eluent (Fig. 4). The growth of pathogens (S. Typhimurium,
E. coli O157:H7, L. monocytogenes) in PED or stomacher bag with dif-
ferent initial inocula in food samples is shown in Fig. 4A. At 8 h of en-
richment, all three bacteria reached the end of logarithmic phase,
regardless of growth in the PED or stomacher bag, and growth rate
and cell numbers between the PED or stomacher bag methods were
similar.

The pH range of the culture taken from the stomacher bag was be-
tween 5 and 6, while the pH of the culture eluent from the PEDwas be-
tween 6 and 7.5 (Fig. 4B). These data clearly show that bacterial growth
(enrichment) was comparable for both the PED and stomacher bag;
however, the lower pH of the enriched samples in stomacher bag may
interfere with bioanalytical-based assays if the sample is not further
processed. The pH of eluent from the PED was close to neutral, which
on the other hand, may enhance accuracy of LFIA and qPCR results
(see below) due to the removal of ionic molecules by Amberlite resin.
3.3. Recovery of bacteria after passing through the PED

Percentage of L. monocytogenes cell recovery after passing through
the filtration/ion exchange cartridge are shown in Table 1. After 8 h of
enrichment, samples with different inoculum concentrations, except
1 CFU/g of inoculation, were enumerated by plating, and in most
cases, the recovery percentages after passing through the cartridge
were over 80. With prolonged enrichment period (up to 16 h), cell
masses continue to increase, and the recoverywas 100% for themajority
of samples (Table 1).
Fig. 4. Comparison of (A) growth and (B) pH of culture broth of pathogens spiked onto food sa
respective enrichment broths, S. Typhimurium (ST) in RV; E. coli O157:H7 (EC) in mEC + Nov
3.4. Recovery of bacteria from model conveyor belt system

The recovery rate of L. monocytogenes cells from the conveyor belt
system after enrichment in the PED is presented in Table 2. After 4-h
of enrichment, the conveyor system inoculated with spray-mist con-
taining 1000 CFU/ml under a biosafety cabinet, showed detectable
growth on MOX plates. While after 12 h of incubation, all samples
from the conveyor system receiving spray-mist containing 10, 100 or
1000 CFU/ml were positive and the cell counts are presented in Table 2.
3.5. Lateral flow immunoassay (LIFA) test for the detection of enriched
pathogen spiked into food samples

In the lateral flow immunoassay, PED or stomacher bag-enriched
samples inoculated with 1, 10, or 100 CFU/g, tested every 2 h gave pos-
itive results only after 6–8 h of enrichment. Food samples inoculated
with 1–10 CFU/g gave results after 8 h of enrichment, while food
mples and enriched in PED or traditional stomacher bag at different inoculation levels in
o; L. monocytogenes (LM) in BLEB.



Table 2
Enrichment and recovery of L. monocytogenes from conveyor belt by PED.

Incubation time (h) Enriched bacterial counts (CFU/ml) after inoculated with

10 CFU/ml 100 CFU/ml 1000 CFU/ml

4 h NDa ND 1.2 × 103 ± 0.06 × 103

8 h ND 7.0 × 102 ± 0.27 × 102 8.9 × 103 ± 0.13 × 103

12 h 3.2 × 102 ± 0.23 × 102 1.8 × 103 ± 0.02 × 103 5.6 × 104 ± 0.04 × 104

a ND, Not detected.
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inoculated with 100 CFU/g gave results after 6 h of enrichment regard-
less of the enrichment system (Fig. 5).
3.6. Real-time qPCR of respective pathogen spiked onto food samples

The real-time qPCR was performed directly with bacterial cells from
both PED- and bag-enriched food samples after 5 and 7 h of enrichment.
For E. coli O157:H7 in spinach, the amplification started 4–5 cycles ear-
lier when the sample from the PED was used compared to the sample
from the stomacher bag (Fig. 6A). Likewise, for S. Typhimurium, PED-
enriched samples showed amplification 4 cycles earlier than that of
bag enriched samples even though the amplification started late com-
pared to that of E. coli O157:H7 (Fig. 6B). For L. monocytogenes, PCR
was performed with DNA extracted from cells obtained from the PED
and bag. There were no noticeable differences in Ct values between
PED and stomacher bag enriched samples, regardless of the enrichment
time, and the ΔRn values were relatively low compared to those from
the amplification of E. coli O157:H7 or S. Typhimurium (Fig. 6C and
Table 3).

The PCR amplification experiment was performed three times and
the calculated Ct values are presented for each (Table 3). As seen in
the amplification plots (Fig. 6), the Ct values between the PED and bag
methods were significantly different (P b 0.05) for E. coli O157:H7 and
S. Typhimurium, but the Ct values obtained from the amplification of
L. monocytogenes showed no significant differences between the PED
and stomacher bag.
Fig. 5. Detection of the pathogens enriched in PED or stomacher bag using the lateral flow im
enriched for 8 h in the respective enrichment broths. The enriched samples (100 μl) were dire
3.7. Light scattering sensor-based detection of pathogens from enriched
samples

The PED-enriched cultures of S. Enteritidis inoculated at 100 CFU/g
of ground beef provided around 40 colonies on BHI and XLD after just
2 h of enrichment, whereas the samples inoculated with 10 CFU/g of
ground beef exhibited an average of 30 colonies on BHI and XLD after
4 h of enrichment (Fig. 7). Colony scatter patterns captured with
BARDOT for the enriched samples on BHI and XLD agar media were
remarkably similar to the scatter images of S. Enteritidis in the library
(Fig. 7). Image analysis of the scatter pattern of PED-enriched
S. Enteritidis colonies revealed N90% PPV on both BHI and XLD agar
media after matching with the S. Enteritidis library generated on BHI
and XLD agar.
4. Discussion

Thebottleneck for any successful rapid and sensitive detection ofmi-
croorganisms is sample preparation (Brehm-Stecher et al., 2009). In
most cases, pathogens are present in very low proportions compared
to the background natural microbiota in a test sample from complex
food matrices. The accuracy of a PCR-based or antibody-based test de-
pends on the removal of interfering molecules from food matrices,
which consist of lipids, carbohydrates, proteins, ionic molecules, chem-
ical preservatives, salts and natural background microorganisms
(Josefsen et al., 2004; Lofstrom et al., 2004). Interference from food
munoassay (LFIA). Each bacterium was spiked onto the corresponding food sample and
ctly applied to the LIFA for 15–20 min.



Fig. 6.Real-time qPCR for the detection of pathogens from inoculated food samples after enrichment in PED and the stomacher bag. Twomicroliters of enriched sampleswere directly used
as the template for (A) E. coli O157:H7 (EC) from spinach and (B) S. Typhimurium (ST) from boiled egg. For (C) L. monocytogenes (LM) from hotdog, DNA was extracted prior to the am-
plification step.
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matrices or natural microorganisms is more evident for highly sensitive
assay platforms such as biosensors where the detection limit or assay
sensitivity can be severely affected (Dailey et al., 2014; Geng et al.,
2006b; Sapsford et al., 2004; Valadez et al., 2009; Varshney and Li,
2007).

PED is a self-contained pathogen enrichment device designed to re-
move interfering particles and to recover a small volume (1–5 ml) of
pH-adjusted homogeneous bacterial cell suspension for wide range of
antibody or nucleic acid-based assay platforms such as PCR, ELISA,
fiber-optic immunosensor, microfluidic biochip, biosensor, lateral flow
strips, and fluorescence microscopy. This device also could provide en-
richment of a sample using appropriate selective enrichment broth for
Table 3
Comparison of Ct values from respective amplification reaction.

Threshold Ct values
from three experimental
replicates

Average Ct
value

Statistical
significance
(P value)

1st 2nd 3rd

E. coli O157:H7
Bag-5ha 25.79 27.12 24.85 25.92 ± 1.14 0.005
PED-5hb 21.56 22.45 19.98 21.33 ± 1.25
Bag-7 h 24.33 23.98 ND 24.16 ± 0.24 0.002
PED-7 h 18.86 19.38 ND 19.12 ± 0.36

S. Typhimurium
Bag-5 h 28.54 27.51 29.24 28.43 ± 0.87 0.027
PED-5 h 26.51 26.63 27.12 26.75 ± 0.32
Bag-7 h 29.29 27.73 ND 28.51 ± 1.10 0.026
PED-7 h 24.91 23.71 ND 24.31 ± 0.84

L. monocytogenes
Bag-7 h 31.11 33.29 31.86 32.09 ± 1.10 0.474
PED-7 h 32.24 32.64 31.22 32.03 ± 0.73
Bag-9 h 28.88 31.91 ND 30.40 ± 2.14 0.387
PED-9 h 28.95 30.69 ND 29.82 ± 1.23

Significant variation at P b 0.05 was calculated for the threshold Ct value obtained for the
bacteria enriched in bag and PED system for defined time; ND, not done.

a Bag, enrichment in stomacher bag.
b PED, enrichment in pathogen enrichment device.
a desirable time to suppress natural background bacteria and allow
resuscitation and growth of stressed or injured cells to a level that
could be detected by a bioanalytical detection system (Biao and
Yuexia, 2013; Mondani et al., 2014; Zhou et al., 2011). This is partic-
ularly useful because most test organisms routinely encounter some
level of stress during processing or storage of foods or food process-
ing environments (Hahm and Bhunia, 2006; Lathrop et al., 2008).
Without appropriate resuscitation, the chance for a false-negative
result can be very high, which is unacceptable in many situations
(Geng et al., 2006a; Mondani et al., 2014).

In PED, several filters and ion exchange resins are strategically
placed in the filtration cartridge to remove particles and ionicmolecules
from the sample so that the homogeneousmicroorganisms could be de-
livered to an appropriate detection platform. The PED is comprised of
two ormore filters or ion exchange cartridges in series. This series of fil-
ters are designed to exclude particles based on size. Furthermore, ion
exchange resin cartridge-filter is designed to remove ionic molecules
likely to be present in a sample. Such size-exclusion and ion exchange
components may be optimized to allow increased recovery of microor-
ganisms from a particular sample type. Also activated charcoal or
chelators can be used to remove inhibitors (Lee and Levin, 2011).
Once isolated, the microorganism may be detected using standard pro-
cedures such as spread plating on selective or differential indicator
media, real-timePCR, immunoassays,fiber optic sensor,flow cytometry,
or microfluidic biochips (Bhunia, 2014).

In theory, enzymatic nucleic acid amplification methods such as
PCR could amplify one copy of specific nucleotide sequence, such as
DNA or RNA, up to a million-fold, and this means single bacterial
cell could be identified by this method in a few hours (Erlich et al.,
1991). However, milliliter scale volume of food sample compared
to microliter scale volume of amplification reaction, possible reac-
tion inhibitors present in food matrix, and comparably low numbers
of the target microorganisms to background microorganisms are the
limiting factors for the theoretical detection limits for such nucleic
acid-based assays. In fact, 102–103 CFU of target pathogenic bacterial
cells per gram of food sample is theminimum numbers one could de-
tect by enzymatic nucleotide amplification methods and these levels



Fig. 7. Enrichment of S. Enteritidis PT21 cells inoculated in ground beef sample at different levels with the PED and validation of colonies with light-scattering sensor based on scatter pat-
terns. Scatter patterns were captured when colony diameter reached to ~1mm. (A) Ground beef samples inoculated with 10 CFU/g of inoculum to capture the scatter pattern on BHI and
XLD agar after enrichment. (B) Ground beef samples inoculated with 100 CFU/g of inoculum to capture the scatter pattern on BHI and XLD agar after enrichment. Minimum dilutions,
dilutions of enriched sample at different time that resulted in minimum 5–10 colonies on agar plate.
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are slightly lower than those of ELISA or microarray method (Bhunia,
2014; Stevens and Jaykus, 2004). In our study, 10 CFU of tested micro-
organisms per gram of food sample was inoculated, and after 5–7 h en-
richment, 1–2 × 103 cells could be used for 25 μl volume of real-time
PCR reaction. For the antibody-based lateral flow strip test, we had to
incubate up to 6–8 h for the detectable positive band on the strip, and
the cell numbers were estimated to be between 105–106 CFU/ml. Use
of more sensitive LIFA with a detection limit of 10–100 CFU/ml (Cho
et al., 2015b; Hossain et al., 2012) could substantially shorten the
sample-to-result detection time.

As shown in Fig. 6, the real-time PCR plot of E. coliO157:H7 enriched
by PED and traditional bag method showed clear differences in amplifi-
cation start point (Ct value) between cells, which were used directly as
PCR template. This improved detection could be attributed to the re-
moval of ionic inhibitors (pH adjustment) by PED, which was not ac-
complished in the bag method. Likewise, in S. Typhimurium, amplified
products from the enriched cells in PED were detected much earlier
than the samples taken from stomacher bag, but much of the amplifica-
tion was noticed much later than E. coli. In fact, late amplification could
be caused by carry over contamination (Killgore et al., 2000); however,
according to a previous report, trace amounts of DNA can be detected
and appeared even after 34 cycles on the amplification plot, and the
late amplified product was confirmed by sequencing (Mothershed
et al., 2002). Samples were also analyzed and confirmed by agarose
gel electrophoresis to confirm whether the amplified plot was due to
positive amplification of our target sequence or just false amplification,
andwe found the amplified product of our target sequencewith the ex-
pected size product in the gel (data not shown). The reason for late am-
plification of target gene (invA) in S. Typhimurium is speculated by the
fact that in the food sample, the cellswere spiked in boiled egg. Substan-
tial egg debris was found in the enrichment broth, even after filtering
through the cartridge attached to PED, and this could have interfered
with the amplification. Moreover, the yolk contains relatively high
amounts of fats and this could trap the bacteria at the fat interface,
preventing bacterial separation (Payne et al., 1992). In the case of
L. monocytogenes in hotdog, there were no differences in Ct values
between the PED-enriched and bag-enriched methods. This is because,
we had to extract the DNA from the enriched cells using a DNA extrac-
tion kit before PCR amplification. Unlike Gram-negative bacteria such as
E. coli or Salmonella cells, L. monocytogenes is Gram-positive with cell
wall consisting of thick peptidoglycan. Therefore, additional steps
were needed for extraction of the template DNA, and it is speculated
that this harmonized the amplification plot between the samples from
the PED and bag method by eliminating PCR-interfering materials in
the broth during the DNA extraction step.

Additionally, light-scattering sensor has also validated and detected
S. Enteritidis inoculated into ground beef based on optical scatter pat-
tern. In our previous study, this biosensor successfully detected the tar-
get bacteria in the inoculated and naturally contaminated chicken and
produce samples (Singh et al., 2014; Tang et al., 2014). PED also pro-
vides an opportunity for simultaneous enrichment of multiple patho-
gens in a single device using a multipathogen enrichment broth such
as SEL (Biao and Yuexia, 2013; Gehring et al., 2012; Kim and Bhunia,
2008).

In conclusion, apart from the enrichment and separation of the
target bacteria, PED-based sample processing by passing through
the filters and ion-exchange cartridge prior to a detection step
have tremendously improved PCR-based method for pathogen in
the food sample. Such an enrichment device is helpful to remove in-
hibitors, improve the recovery of pathogens, and the stability of re-
action for the detection on bioanalytical platforms. The device
design shows proof-of concept for one-step enrichment and deliv-
ery of samples to assay platform for direct detection with minimal
sample manipulation and handling. This study also presents data
for future modifications and automation of the device to handle
larger sample volumes.
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