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ARTICLE INFO ABSTRACT

Keywords:
Piezoelectric plate sensor

Current genetic detection methods require gene isolation, gene amplification and detection with a fluorescent-
tagged probe. They typically require sophisticated equipment and expensive fluorescent probes, rendering them
In Sit‘f not widely available for rapid acute infection diagnoses at the point of care to ensure timely treatment of the
Isolation-free diseases. Here we report a rapid genetic detection method that can detect the bacterial gene directly from patient
Amplification-free 1 . . 1 ic ol . . . ith . fl ith
Label-free stools using a piezoelectric plate sensor (PEPS) in conjunction with a continuous flow system with two tem-
. . . perature zones. With stools spiked with sodium dodecyl sulfate (SDS) in situ bacteria lysing and DNA dena-
Stool bacteria genetic detection R . . N o .
turation occurred in the high-temperature zone whereas in situ specific detection of the denatured DNA by the
PEPS occurred in the lower-temperature zone. The outcome was a rapid genetic detection method that directly
detected bacterial genes from stool in < 40 min without the need of gene isolation, gene amplification, or ex-
pensive fluorescent tag but with polymerase chain reaction (PCR) sensitivity. In 40 blinded patient stools, it
detected the toxin B gene of Clostridium difficile with 95% sensitivity and 95% specificity. The all-electrical, label-
free nature of the detection further supports its potential as a low-cost genetic test that can be used at the point of

care.

1. Introduction

In underdeveloped countries where resources are limited, diarrheal
infections (DIs) are a leading cause of illness and a major healthcare
challenge, with 4.6 million episodes and 3 million deaths each year
worldwide (Guerrant et al., 2002). Conventional methods for detecting
enteropathogens involve days of separate culture steps, microscopy,
followed by biochemical identification, and serotyping — all of which is
too slow for timely identification of an outbreak or bioterrorism attack
response. The recent advent of quantitative real-time polymerase chain
reaction (QPCR) methods have overcome the need for prior enrichment
and cultivation of the pathogens and permit rapid detection of patho-
genic bacteria in food, and in stool (Chapin et al., 2011; Culbreath et al.,
2012; Grys et al., 2009) with high sensitivity and specificity. Un-
fortunately, qPCR requires DNA isolation, amplification, and expensive
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fluorescent labeling which is too costly for widespread use. Detecting
ribosomal RNA (rRNA) for bacterial infection requires an additional
step of reverse transcription to convert RNA to DNA before amplifica-
tion and detection. In developed countries, DIs such as that caused by
Clostridium difficile (CD) (Cagle et al., 2013; Gerding et al., 1995) are a
serious healthcare-associated infection. In the US alone in 2011, CD
caused more than 500,000 infections and 29,000 deaths within 30 days
of the initial diagnosis (CDC, 2016). The cost to treat CD infection (CDI)
was over $3B a year in the US alone (Ghantoji et al., 2010; Moody et al.,
2012a, 2012b; O'Brien et al., 2007). Traditional CDI diagnosis relies on
stool culture (SC), cytotoxin neutralization assay (CTA), or toxigenic
culture (TC) (Cohen et al., 2010). These tests take days and are clini-
cally impractical. Presently, TC is only used as the gold standard for
evaluating the sensitivity and specificity of a new test (Cohen et al.,
2010). Current CDI diagnosis relies on CD toxins enzyme immunoassay
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(EIA) together with glutamate dehydrogenase (GDH) antigen EIA
(Carrico et al., 2008; Cohen et al., 2010). Although stool toxin EIA is
specific and relatively fast (hours to 1 day), the sensitivity of testing for
EIA is only 60% (Bartlett and Gerding, 2008; Carrico et al., 2008;
Chapin et al., 2011; Cohen et al., 2010; Delmee et al., 2005). Nucleic
acid amplification test (NAAT) using quantitative real-time polymerase
chain reaction (QPCR)(Chapin et al., 2011; Culbreath et al., 2012) to
detect tcdB gene and NAAT using loop-mediated isothermal amplifica-
tion (LAMP) to detect tcdA (Pancholi et al., 2012) are sensitive and
specific. However, both qPCR and LAMP require an expensive fluor-
escent probe and are not widely available. Therefore, there is a need to
develop a low-cost method that can rapidly detect genetic markers of
bacteria in stool to help rapidly diagnose DIs.

Current genetic detection technologies under development rely on
fluorescence (Hammond et al., 2007), quartz crystal microbalance
(QCM) (Feng et al., 2007; Passamano and Pighini, 2006), electro-
chemical (Gasparac et al., 2004) binding of nano-metal particles (Park
et al., 2002), surface plasmon resonance (SPR) (He et al., 2000), silicon-
based microcantilever sensor as well as piezoelectric microcantilever
sensor. For DNA detection, nanoparticle amplified QCM exhibited a
concentration sensitivity of 1 pM (Mao et al., 2006). Nanoparticle en-
hanced SPR exhibits concentration sensitivity of 10-100 aM (Gifford
et al., 2010). The electrochemical methods involving nanofibers and
nanotubes also exhibited concentration sensitivity of about 30 fM (Yang
et al., 2009). Nanowires (Andreu et al., 2006; Gao et al., 2007; Hahm
and Lieber, 2003; Zhang et al., 2010; Zheng et al., 2005) and nanotubes
(Chang et al., 2007; Wang et al., 2003b) exhibited concentration sen-
sitivity ranging from 100fM to 1fM. Microcantilevers coupled with
nano-metal particles exhibited 0.01 nM concentration sensitivity (Su
et al., 2003). Although methods such as QCM, SPR, silicon-based mi-
crocantilever sensor as well as lead zirconate titanate (PZT) piezo-
electric microcantilever sensor (PEMS) (Rijal and Mutharasan, 2007;
Zheng et al., 2011) are label-free, the sensitivity is still many orders of
magnitude away from the attomolar (107'8Mm) requirement (Caruso
et al., 1997). Similarly, the 107'® M sensitivity achieved by magnetic
beads isolation coupled with electrochemical enhancement is still not
sufficient (Wang et al., 2003a). Nano-scale mechanical imaging by
atomic force microscopy (AFM) can differentiate unhybridized single-
stranded DNAs (ssDNAs) from hybridized double-stranded DNAs
(dsDNAs) at attomolar sensitivity but it requires sophisticated in-
strumentation such as AFM (Husale et al., 2009). Although a GaN na-
nowire extended-gate field-effect-transistor could detect attomolar
concentrations of target DNA (tDNA) in situ (Chen et al., 2011), the
detection signal (0.2 V) at 1078 M is not very different from that (0.3 V)
at 10°%M - making it not suitable for DNA quantification. Streptavidin
horseradish peroxidase functionalized carbon nanotubes can detect
DNA at 1078 M, however it requires labeling and not in situ (Gao et al.,
2011). Label-free carbon nanotube impedance biosensors can only de-
tect DNA at 100 aM, but this is not sufficient for clinical applications
(Kurkina et al., 2011). Although electrochemical biosensors have been
shown to reach attomolar sensitivity, they require electrocatalysis
(Soleymani et al., 2009) or magnetic beads amplification (Loaiza et al.,
2008) and are neither label-free nor real-time.

Lead magnesium niobate-lead titanate (Pb(Mg;,3Nbs,3)03)0.65-
(PbTiO3)¢.35 (PMN-PT) piezoelectric plate sensor (PEPS) consists of sole
a PMN-PT freestanding film 8 um in thickness (Shih et al., 2006) coated
with gold electrodes and electrically insulated by a 3-mercaptopropyl-
trimethoxysilane (MPS) coating. Receptor specific to a biomarker is
immobilized on the surface of the electrical insulation layer. Binding of
the tDNA to the probe DNA (pDNA) on the PEPS surface shifts the PEPS
length-extension-mode (LEM) or width-extension mode (WEM) re-
sonance peak frequency (f). tDNA detection is achieved by directly
immersing a probe-coated PEPS in the biological fluid of interest and
monitoring the LEM or WEM resonance frequency shift (Af) in real time.
What is remarkable about the PMN-PT PEPS—(PEPS hereafter) is its
sensitivity—it has demonstrated PCR-like 60 copies/ml concentration
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Fig. 1. (a) A schematic of the PEPS detection system consisting a reservoir at
95 °C where the stool is loaded, bacteria lysed, DNA released and de-hybridized,
a cooling module to fast cool the stool for the DNA to remain de-hybridized, a
detection cell at the detection temperature where specific detection of target
DNA (tDNA) occurs, a pump to circulate the stool, and a portable electrical
impedance analyzer to measure PEPS resonance frequency shift, Af, (b) the
blow-up of the detection cell where a PEPS vertically situated at the center of
the flow with its major faces parallel to the direction of the flow, (c) a photo-
graph of the portable AIM 4170C impedance analyzer that read the resonance
spectra of the PEPS, (d) typical PEPS phase angle-versus -frequency resonance
spectra in air (black) and in PBS (red) where the dashed lines denote the first
length extension-mode (LEM) resonance peak and the first width-extension-
mode (WEM) resonance peak, and (e) a schematic of the cross-section of the
PEPS. The insert in (d) shows an optical micrograph of a PEPS viewed from the
top gold electrode. WEM resonance peak frequency, f, was monitored for all
detections in this study.

sensitivity in detecting single-stranded tDNA in urine without DNA
amplification (Kirimli et al., 2014, 2015). Such sensitivity is a result of
the PEPS's ability to self-enhance its detection Af 1000-fold via binding
stress-induced crystalline orientation switching that is unique of the
thin PMN-PT layer (Wu et al., 2016). Given its sensitivity and its label-
free nature, the goal of this study is to investigate if PEPS could directly
detect genetic signatures of enteropathogens from stool without DNA
isolation or amplification for potential low-cost, rapid diarrheal infec-
tion detection.
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To achieve direct bacterial genetic detection from stool without
DNA isolation, a unique continuous flow system was used consisting of
two temperature zones—a higher-temperature reservoir kept at 95 °C
where bacteria were loaded and a low-temperature detection cell at the
detection temperature where detection of the tDNA took place. Fig. 1(a)
illustrates the total detection system complete with the above-men-
tioned flow system, a pump that pushed the flow, and an electrical
impedance analyzer that measured the PEPS resonance frequency shift,
Af, with time. In each test, the stool sample was first loaded in the high-
temperature reservoir for 10 min to completely lyse the bacteria and de-
hybridize the DNA, followed by flowing the stool in thin tubing through
a cooling medium (room-temperature water). The narrow tubing al-
lowed the DNA molecules to stay de-hybridized when they reached the
detection cell. A PEPS coated with the probe complementary to the
tDNA was located at the center of the detection cell (see Fig. 1(b)) to
detect the tDNA for 30 min. A low-cost, portable electrical impedance
analyzer (Fig. 1(c)) was used to measure the Af of the WEM resonance
at the peak of around 3.6 MHz (see Fig. 1(d)) due to the binding of the
tDNA to the probe on the PEPS surface in real time. All detections in
this study were carried out by monitoring the WEM resonance peak
frequency shift. The optical microphotograph of a PEPS is shown as an
insert in (d) and a schematic of the cross-section of a PEPS is shown in
Fig. 1(e).

2. Material and methods
2.1. Escherichia coli 0157:H5 (EC) culture

Shinga-like toxins-producing Escherichia coli (E. coli) 0157:H7
(ATCC 43895) and negative control E. coli (ATCC 25922) were grown
into 5ml Trypticase soy broth (TSB) (Difco, USA) overnight at 37 °C
with shaking. For bacterial DNA (baDNA) extraction, the culture was
harvested, and genomic DNA was extracted with DNeasy Blood &
Tissue kit (Qiagen, USA) and the concentration was adjusted to 100 ng/
pL before dilution and spiking. For EC spiking, the concentration was
adjusted to 1.5 x 10® CFU/ml by microscopic cell counter before di-
lution and spiking.

2.2. PCR validation of captured DNA on the PEPS surface

The captured tDNA on the sensor surface was eluted after detection
by immersing the sensor in a close-loop flow of 80 °C de-ionized (DI)
water. The eluent was collected and freeze-dried for PCR validation.
PCR was carried out with reagents from Qiagen to prepare the mas-
termix. For each reaction, 10 pL of freeze-dried sample was added to a
total of 25 uL final PCR mix. For positive control, 1 uL. of tDNA was
added as template. The forward primer, 5-GCCGGGTTCGTTAATACG
GCA, the reverse primer, 5- GAACGTTCCAGCGCTGCGACA and the
PCR conditions were adopted from Kai et al. (2000).

2.3. Probes

Amine-(CH,);2-5-GCC GGG TTC GTT AAT ACG GCA-3’ (Sigma) was
the probe used for the stx2 gene of EC. It was a 21-nt long sense strand,
targeting the anti-sense strand of the stx2 gene and amine-activated
with a 12-carbon spacer at the 5’ end. The probe for the tcdB gene of CD
was amine-(CH;);,-5-CCA AAA TGG AGT GTT ACA AAC AGG TG-3’
(Sigma). It was a 26-nt long sense strand, targeting the anti-sense strand
of the tcdB gene and amine-activated with a 12-carbon spacer at the 5
end. Both probes were blasted(http://blast.ncbi.nlm.nih.gov/) against
human genome and the genomes of the bacteria in the common gut
flora. The probe for EC had a melting temperature, T,, = 71 °C for the
binding to the stx2 gene and a T, = 35 °C for binding to the human
genome and no binding to the genomes of the bacteria in the common
gut flora. The probe for CD had a T, = 68 °C for the binding to the tcdB
gene and a T, = 50 °C for the binding to the human genome and no
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binding to the genomes of common gut-flora bacteria.
2.4. Detection temperature

The detection temperature of the stx2 gene of EC was 50 °C and that
of tcdB gene of CD was 58 °C. Both detection temperatures were roughly
the midpoint between the melting temperature of the probe to tDNA
and that of the probe to the human gene. This ensured that at the de-
tection temperatures only the tDNA could strongly bind to the probe
but not the human gene to minimize nonspecific binding by the human
gene.

2.5. PEPS fabrication

PEPS was fabricated from 8 pm-thick PMN-PT freestanding film
with the top and bottom surfaces coated with 200 nm think Au/Cr
electrodes by thermal evaporation (Thermionics VE 90) and cut into
2mm by 0.6-0.8 mm strips with a wire saw (Princeton Scientific
Precision, Princeton, NJ). The top and bottom sides of the strips were
attached with gold wires with 10 um diameter using a conductive glue
(XCE3104XL, Emerson and Cuming Company, Billerica, MA). The rear
end of the strip was fixed on a glass substrate with a nonconductive glue
(Loctite 1 C Hysol Epoxy Adhesive). The PEPS was then poled at 15kV/
cm at 90°C for 30 min in an incubator (Digital Control Steel Door
Incubator 10-180E, Quincy Lab).

2.6. PEPS insulation

A PEPS was electrically insulated to stabilize the resonance peaks
for in-liquid detection by an optimized 3-mercaptopropyltrimethox-
ysilane (MPS) (Sigma) solution deposition method (Kirimli et al., 2014,
2015). First, a PEPS was cleaned in a 1-in-100 diluted Piranha solution
(two parts of 98% sulfuric acid (Fisher) with one part of 30% hydrogen
peroxide (Fisher)) for 1 min followed by DI water and ethanol rinsing. It
was then soaked in a 0.1 mM MPS solution in ethanol with 0.1% DI
water for 30 min followed by soaking in a 0.1% MPS solution in ethanol
with 0.5% DI water at pH 9. The MPS solution was replaced with a fresh
one every 12h for 120 h or until the PEPS achieved a standard devia-
tion of the WEM resonance frequency of < 20 Hz and a downshift of
the WEM resonance frequency of < 20 Hz in phosphate buffer saline
(PBS) for 30 min. For each MPS solution replacement, the PEPS was
first rinsed with DI water and followed by rinsing in ethanol before
immersing in a fresh MPS solution.

2.7. PEPS regeneration and repeatability

There were 3 PEPSs used in total for all the detection tests con-
ducted in this study: two used for EC and one for CD. After each de-
tection, a PEPS was regenerated for reuse. First, a PEPS was cleaned in a
1-in-100 diluted Piranha solution for 1 min followed by DI water and
ethanol rinsing. It was then soaked in a 0.1% MPS solution in ethanol
with 0.5% DI water at pH 9 for MPS coating. The MPS solution was
replaced with a fresh one every 12 h for 24 h or until the PEPS achieved
a standard deviation of the WEM resonance frequency of < 20 Hz and a
downshift of the WEM resonance frequency of < 20Hz in PBS for
30 min.

2.8. Probe immobilization

Once both the standard deviation and the downshift of a PEPS's
WEM resonance frequency in PBS were less than 20 Hz for 30 min it was
ready for probe immobilization. The probe was covalently immobilized
on a PEPS surface using sulfosuccinimidyl-4-(N-maleimidomethyl)cy-
clohexane-1-carboxylate (Sulfo-SMCC) (Pierce) as a bi-functional linker
(Kirimli et al., 2015)-The N-hydroxysuccinimide (NHS) on one end of
the SMCC reacted with the amine group at the 5’ end of the probe while
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the maleimide on the other end of the SMCC reacted with the thiol
group of the MPS insulation layer on the PEPS surface thereby cova-
lently immobilize the probe on the PEPS surface (Kirimli et al., 2015).
This was achieved by first dipping the PEPS in 300 pL of PBS with 1 mg
of Sulfo-SMCC for 30 min followed by washing in PBS solution for 2 min
to immobilize SMCC on the PEPS surface. It was then dipped in a 10° M
probe solution in PBS for 30 min followed by washing in PBS solution
for 2min to complete the probe immobilization.

2.9. Bacterial detection in diarrheal stool

The stool samples—including both CD patient stools and simulated
diarrheal (SD) stools spiked with EC-were first sieved with a 1-mm
sieve (Fisher) to remove chunks 1 mm or larger that might clog the
tubing. The detection was carried out with a SD stool volume of 10 ml
spiked with 3% sodium dodecyl sulfate (SDS) (Sigma) and 3% bovine
serum albumin (BSA) for EC detection and 10% SDS and 3% BSA for CD
detection. The reason CD stool was spiked with more SDS was that CD
formed spores and was harder to break open to expose the DNA. The SD
stool sample was loaded in the reservoir at 95 °C for 10 min to lyse the
bacteria and denature the double-stranded DNA. The SD stool was then
passed in 0.5-1 m ethyl vinyl acetate (EVA) tubing of a 0.8 mm inner
diameter and a 2.4 mm outer diameter (McMaster Carr) immersed in
room-temperature water at a flow rate of 1.5 ml/min to arrive at the
detection cell where the probe-coated PEPS was placed at center of the
flow with its major faces parallel to the flow. The detection was carried
out for 30min using an AIM 4170C impedance analyzer (Array
Solutions) to monitor the WEM resonance spectrum of the PEPS with
time. The detection resonance frequency shift with time was obtained
as described previously (Kirimli et al., 2014).

2.10. Upstream reporter DNA (urDNA) and downstream reporter DNA
(drDNA) for EC

Both urDNA and drDNA were 21-nt long. urDNA was com-
plementary to the tDNA sequence upstream of what was com-
plementary to the probe while drDNA was complementary to the tDNA
sequence downstream of what was complementary to the probe.
urDNA, amine-(CH,)1,-5"-GAG CAA AAT TTA TAT GTG-3’(Sigma) was
amine-activated with a 12-carbon spacer at the 5’ end and drDNA, 5’-
ACA AAT ACT TTC TAC CGT TTT-3’-(CH,),-Amine (Sigma) was amine-
activated with a 7-carbon spacer at the 3’ end. Ty, for the binding of
urDNA to tDNA was 51 °C and that for drDNA to tDNA was 54 °C, both
of which were much higher than room temperature at which FRMs
detections were carried out.

2.11. FRMs validation

FRMs were carboxylated microspheres 6 um in size emitting blue
light (Bright Blue (BB) (= Coumarin, Polysciences) with the excitation
maximum at 360 nm and the emission maximum at 407 nm. For EC
genetic detection validation, FRMs were covalently conjugated with
50% urDNA and 50% drDNA by reacting the amine group of the urDNA
and drDNA to the carboxyl group on the FRM surface in the presence of
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC)
and NHS as described before (Kirimli et al., 2015). After the detection
of stx2 of EC in SD stool spiked with 3% SDS + 3% BSA, 10 ml of FRMs
at 10%/ml in PBS with 3% SDS + 3% BSA at room temperature was
circulated with a flow rate of 2 ml/min for 30 min for FRMs detection.
The fluorescent images of the FRMs captured on the PEPS surface after
detection was obtained with an Olympus BX51 microscope.

2.12. TC testing of CD

Stool culture followed by enzyme immunoassay (EIA) was the
standard criterion for determining the existence of C. difficile and its
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toxigenicity in stool. 500 pL. of a thawed fecal specimen were placed
directly into 5ml of CCMB-TAL broth (cycloserine-cefoxitin-mannitol
broth with taurocholate and lysozyme; AS-8216; Anaerobe Systems).
1 ml of the stool-containing CCMB-TAL broth was then mixed with an
equal volume of 95% ethanol for 1h. 100 uL of the alcohol-shocked
CCMB-TAL broth suspension was then plated on a CCFA-HT agar plate
(cycloserine-cefoxitin-fructose agar with horse blood and taurocholate;
AS-2136; Anaerobe Systems) to incubate anaerobically at 37 °C for up
to 7 days and observed daily for growth. AnaeroPack Rectangular Jar
(Thermo Scientific; R685070) and AnaeroPack-Anaero (Thermo
Scientific; R681001) were used to generate the anaerobic environment.
Colonies on the CCFA-HT agar plate were subcultured in chopped meat
(CM) broth (Anaerobe Systems) anaerobically at 37 °C for 24 h for EIA
and plated on a CDC plate (CDC Anaerobic Blood Agar; AS-646;
Anaerobe Systems) anaerobically at 37 °C for 4 days for microbiological
identification. If multiple types of colonies were found on the CCFA-HT
agar plate, each type of colonies was Gram stained to identify the Gram-
positive types. Each Gram-positive type of colonies was subcultured in a
separate CM broth anaerobically at 37 °C for 24h for separate EIA
testing of each Gram-positive type of colonies. Each Gram-positive type
of colonies was also plated on a separate CDC plate anaerobically at
37 °C for 4 days for microbiological identification.

2.13. EIA

Each subculture in a CM broth was first filtered using a syringe with
a filter with 0.45-um pores (Fisher Scientific, 09-719B). The filtrate was
then tested with the commercial C. diff Quik Chek Complete (Alere) EIA
test per Vendor's instructions to determine the presence of CD by de-
tecting GDH antigen and its toxigenicity by detecting toxins A and B.

2.14. gPCR for CD patient samples

CD gPCR (Cepheid) were conducted by the Microbiology Laboratory
of Hahnemann University Hospital as part of the patient care. The gPCR
status of the clinical samples were unblended to the personnel con-
ducting the PEPS tests only after all the PEPS predictions were made
public.

3. Results and discussions
3.1. In situ genetic detection of EC spiked in stool

To create simulate diarrheal stool for all detections described below,
we diluted solid stool of a healthy individual 10-fold in PBS solution as
simulated diarrhea stool (stool thereafter unless otherwise specified).
For model detection studies, we spiked EC (ATCC 43895) as a model
organism in simulated diarrheal stool and detected the spiked EC by its
Shinga-like toxin 2 (stx2) gene as the tDNA. We detected spiked ex-
tracted baDNA from EC as well as spiked 100-nucleotide (100-nt)
synthetic single-stranded tDNA (Sigma) for comparison.

3.1.1. Detection of spiked ssDNA and baDNA in stool for comparison
Before detecting the tDNA directly from EC bacteria spiked in stool
we carried out detection of spiked ssDNA and spiked EC baDNA in stool
first for comparison to determine the effectiveness of the bacteria lysing
scheme and that of the de-hybridization scheme. For ssDNA and baDNA
detection, similarly, a probe-coated PEPS was pre-treated and blocked
with 5% BSA in PBS and the stool to be tested was also spiked with 5%
BSA to block non-specific binding. The ssDNA or baDNA-added, BSA-
spiked stool was similarly first loaded in the 95 °C reservoir for 10 min
to de-hybridize the baDNA followed by flowing the stool through a 50-
cm long tubing of a 0.8-mm inner diameter surrounded by room-tem-
perature water. Note that the time it took for the stool to reach the
detection cell was 15s. A probe-coated PEPS was pre-treated with 5%
BSA for 30 min and was vertically situated at the center of the flow with
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Fig. 2. (a) Af/f versus time of double-stranded bacterial DNA detection in stool
at 50°C at various concentrations—also included are the negative control
(blank stool with 5% BSA) (full circles) and the wild type at 6 X 107 copies/ml
(open circles), and (b) -Af/f and S/N versus bacterial DNA concentration in
stool. The insert in (b) shows the ratio (—Af/f)gc/(—Af/f)gapna VErsus con-
centration.

its two major faces parallel to the flow (Fig. 1(b)) to detect the ssDNA or
the de-hybridized baDNA. After exiting the detection cell, the stool
continues to flow back to the reservoir in narrow tubing to form a close
loop. Note at a clinically relevant concentration of 107* M (or 600
copies/ml), there would only be 3 copies of DNA within the 50-cm long
tubing. This indicates that most of the DNA would most likely be in
single file within the 50-cm long tubing thus, remaining single-stranded
when reaching the detection cell and thus permitting detection by the
probe-coated PEPS. Indeed, the detection resonance frequency shift of
baDNA (Afpapna) at t = 30 min at 600 copies/ml was found to be 80%
of the detection frequency shift of 100-nt long ssDNA (Afsspna) at the
same concentration and flow conditions (see the Supplemental in-
formation), confirming that the above de-hybridization scheme was
indeed effective. Using the above detection scheme, the detection Af/f
versus time at various baDNA concentrations and the corresponding
-Af/f at t = 30 min are shown in Fig. 2(a) and (b), respectively. Clearly,
the -Af/f at t = 30 min of 60-600,000 copies/ml were all different from
that of O copies/ml. Also shown in Fig. 2(a) was the detection result of
the baDNA of Escherichia coli (Migula) (ATCC25922) (wild type) in stool
at 6 x 10”7 copies/ml and human gene in stool at 6 x 10° copies/ml.
Note that there was no observable Af/f for the wild type or the human
gene at these high concentrations. The standard deviation of Af/f at O
copies/ml was 1.2 X 10, The convention is to use the standard de-
viation at 0 copies/ml as noise (N). Using the average -Af/f at
t = 30 min for each concentration as signal (S), we obtained S/N = 11,
24, 56, and 139 at 60, 600, 6000, and 60,000 copies/ml, respectively,
all well above the commonly accepted threshold of S/N = 3.
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3.1.2. In situ lysing EC and detecting stx2 in stool at 150 CFU/ml

Directly spiking EC in stool, simply heating the stool with 5% BSA
was insufficient to lyse the bacteria and release the DNA. Following
DNA extraction strategies, SDS was added in the stool in addition to
BSA to help lyse the bacteria and release the DNA at 95 °C. It was found
that treating the stool with 3% SDS and 3% BSA could effectively lyse
the EC, release and de-hybridize the DNA using the same heating and
cooling scheme described above. In addition, after blocking with 3%
SDS and 5% BSA in PBS post probe immobilization, a PEPS would ex-
hibit negligible resonance frequency shift in stool treated with 3% SDS
and 3% BSA (see Supplemental information). Thus, all EC detections
were carried out with the stool spiked with 3% BSA and 3% SDS and the
PEPS blocked with 5% BSA and 3% SDS in PBS. The resultant -Af/f at
t = 30 min versus EC concentration is also plotted in Fig. 2(b) to
compare with that obtained with baDNA. Clearly, the detection -Af/f
obtained from EC spiked in stool closely followed that from the baDNA
spiked in stool down to 150 CFU/ml. Note the S/N shown as the right-
hand y axis still applied to EC as it shared the same N, which was the
standard deviation of average -Af/f at 30 min of the blank stools. Note
in all the detections in Fig. 2(b), the error bars are not shown because
they are all smaller than the size of the symbols. The small error bars
were correlated with the high S/N values of these detections due to the
stringent sensor stability criteria described in Section 2.7 before the
detection.

3.1.3. In situ validation of EC detection with fluorescent reporter
microspheres (FRMs)

The direct stx2 detection of EC in stool was validated by in situ
detecting fluorescent reporter microspheres 6-um in diameter
(Polysciences) following the EC detection. Each FRM was covalently
coated with two types of reporter DNAs (rDNAs) 30-nt long com-
plementary to stx2 but different from pDNA (Kirimli et al., 2014, 2015).
The urDNA, and the drDNA were respectively complementary to the
sequences upstream and downstream. The sequence of the tDNA that
was complementary to the probe. After the detection of stx2 of EC in
stool with 3% SDS+ 3% BSA, 10 ml of FRMs at 10°/ml in PBS with 3%
SDS+ 3% BSA at room temperature was circulated with a flow rate of
2 ml/min for 30 min. In Fig. 3(a), we show the Af/f versus time of such
EC detection at 0, 600, 6000 and 60,000 CFU/ml at 50 °C followed by
FRMs detection in PBS at room temperature. Clearly, -Af/f of FRMs
detection increased with an increasing EC concentration and remained
negligible following the detection in blank stool, validating that the Af/
f during EC detection in stool was indeed due to the specific binding of
stx2 to the probe on the PEPS surface. A schematic of the tDNA de-
tection by the probe coated on the PEPS surface during the detection in
stool at t = 0-30 min in Fig. 3(a) is shown in Fig. 3(b), and a schematic
of the following FRMs detection by the captured tDNA on the PEPS
surface at t = 30-60 min of Fig. 3(a) is shown in Fig. 3(c). In an earlier
study (Kirimli et al., 2014) we had used a 16 nt pDNA to carry out tDNA
detection and the subsequent FRMs detection up to a tDNA con-
centration of 10" M where the detection Af/f saturated above 107*° M.
Using the method published earlier (Capobianco et al., 2011), the Kp
for the pDNA-tDNA binding in Fig. 8b of (Kirimli et al., 2014) was es-
timated as the tDNA concentration at half of the saturated detection Af/
f, which was about 3 x 107'® M. Similarly, the Ky for the FRMs de-
tection was also estimated to be about 3 x 107'° M tDMA concentra-
tion. The reason that the Ky, of the tDNA detection and that of the FRMs
detection were both 3 x 107 M tDNA concentration is that the FRMs
detection at a fixed FRMs concentration was only used to illustrate how
the amount of tDNA captured by the pDNA on the sensor surface in-
creased with an increasing tDNA concentration. As such, the detection
kinetics of the tDNA detection and that of the FRMs detection are both
governed by the binding of the tDNA to the pDNA on the sensor surface.
Furthermore, for the current tDNA detection and FRMs detection in
Fig. 3b and c the pDNA was much longer than 16-nt. It is known that a
longer pDNA is correlated with a lower Kp. Therefore, we can
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Fig. 3. Verification of target DNA de-
tection in stool: (a) Af/f versus time of
30 min genetic detection of EC spiked
in stool followed by 30 min of in situ
validation FRMs detection at 0, 600,
6000, and 60,000 CFU/ml, (b) a sche-
matic of the capturing of the targeted
DNA (tDNA) by the probe on the PEPS
surface during the tDNA detection in
stool at t = 0-30min of (a), (c) the
subsequent capturing of the FRMs by
the captured tDNA on the PEPS surface
at t = 30-60 min of (a), (d) fluorescent
micrographs of FRMs captured on the
PEPS surface after detection, (e)
number of FRMs captured on the PEPS
surface versus average Af/f at
25-30min of EC detection in stool
shown in (a). Note error bars in (e) are
not visible because they are smaller the

«e o symbols.
Oy o
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reasonably expect the Kp for Fig. 3b and c should be lower than
3x107° M.

3.1.4. Visual validation of PEPS detection of FRMs

Optical micrographs of the FRMs captured on the PEPS surfaces
were visualized under a fluorescent microscope as shown in Fig. 3(d). 0,
32, 108, and 300 FRMs were captured on the PEPS surfaces following
the detection of EC at 0, 600, 6000 and 60,000 CFU/ml in stool, re-
spectively. Note that the number of the FRMs captured on the PEPS
surface was proportional to -Af/f of the EC detection prior to the FRMs
detection as shown in Fig. 3(e), further validating that the stx2 detec-
tion was specific. Note error bars were not shown in Fig. 3(e) because
they were smaller than the size of the symbol.

3.1.5. PCR validation of PEPS EC detection

In addition, we eluted the captured baDNA by heating the detection
cell at 80 °C after washing with DI water twice. The eluate was freeze-
dried and examined with PCR. In Fig. 4 the PCR products of the eluates
obtained with 1000, 10,000, and 100,000 CFU/ml are shown in chan-
nels 4, 5, and 6. As can be seen, channels 4, 5, and 6 all showed a band
at the amplicon's length of 200 bp as similar to the positive control

conjugated FRM
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Fig. 4. Image of PCR product of (1) water and (2) ATCC25922 as negative
controls, (3) EC 0157:H7 (100 ng) as positive control, (4) eluate of detection at
1000 cfu/ml, (5) eluate of detection at 10,000 cfu/ml, and (6) eluate of de-
tection at 100,000 cfu/ml, (7) DNA ladder.
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Fig. 5. Measured bacterial DNA concentrations compared to the actual con-
centrations of 9 blinded stool samples spiked with EC. Note samples 2 and 5
contained no baDNA.

(channel 3) and the fluorescent intensity of the band increased with an
EC concentration, validating the PEPS detection signals were indeed
due to the binding of the EC DNA on the sensor surface.

3.1.6. EC quantification in blinded stool samples

The detection protocol was tested with 9 blinded stool samples
spiked with extracted EC DNA at various concentrations including two
samples containing no DNA (samples 2 and 5) followed by PCR vali-
dation as described above. PEPS correctly quantify all bacterial DNA
concentrations over the range 10%-10° copies/ml as shown in Fig. 5.
Note error bars are not shown here because each sample was tested only
once. It is worth noting that the nine samples were tested by two in-
dividuals. That the bacterial DNA concentrations were obtained cor-
rectly by both individuals indicates that PEPS bacterial DNA detection
was operator-independent.

3.2. Testing of 40 CDI Patient Stool Samples

For sample availability reasons, the same methodology was applied
to detect CD in patient stools. The test was conducted by targeting the
tcdB gene in 40 blinded discarded archived patient stools and compared
PEPS detection results to qPCR and TC. The CDI patient samples were
obtained from archive of the Clinical Microbiology Laboratory of
Hahnemann University Hospital. Amine-(CH,);»-5-CCA AAA TGG AGT
GTTA CAA ACA GGT G-3’ was used as the probe to target tcdB of CD
which has a melting temperature, T,, = 68 °C for the binding to tcdB
and a Ty, = 50 °C for the binding to the human genome. There was no
binding of the probe with the genomes of common gut-flora bacteria.
Therefore, we carried out the detection at 58°C to avoid potential
binding to human genes. The patient sample was first sieved to remove
large chunks to prevent blocking of the narrow tubing. The detection
was carried out with a stool volume of 10 ml and with 10% SDS and 3%
BSA. Before unblinding, we used a -Af = 25Hz as a cutoff. The detec-
tion -Af of the 40 samples are shown in Fig. 6(a) in comparison of the
clinical qPCR (Cepheid) predictions with full triangles denoting qPCR
positives and open diamonds denoting qPCR negatives. As can be seen,
of the 40 PEPS tests, 36 had results agreed with those of qPCR and 4
(samples 17, 22, 28, and 34) had results disagreed with qPCR. Of the
samples for which PEPS and qPCR agreed with each other we took the
qPCR results as the standard: i.e., qQPCR positives as true positives and
qPCR negatives as true negatives. Of the four samples for which PEPS
and pPCR disagreed each other, we carried out TC tests as the gold
standard in which stool samples were cultured and subcultured fol-
lowed by toxin EIA testing on the cultured samples. The results of the
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Fig. 6. (a) Detection resonance frequency shift, -Af, of 40 blinded patient stool
samples in comparison with qPCR: full triangles as qPCR positives and open
diamonds as qPCR negatives where arrows indicate samples 17, 22, 28, and 34
for which PEPS and qPCR results did not agree; (b) toxigenic culture (TC) re-
sults of samples 17 and 22 were TC positives as indicated by the presence of 2
vertical lines and samples 28 and 34 were TC negatives as indicated by the
absence of two vertical lines; and (c) -Af of the 40 blinded patient stool samples:
full circles as qPCR/TC combination positives and open squares as qPCR/TC
combination negatives where qPCR/TC combination means that the positive/
negative status of samples 17, 22, 28, and 34 was according to the TC test if a
TC tests carried out on these samples and that of the rest of the samples was
according to the qPCR tests.

0 5 10 45

TC tests of these four samples are shown in Fig. 6(b). As can be seen,
samples 17 and 22 were positive (as indicated by the presence of the
two vertical lines in the EIA test results of these two samples) and
samples 28 and 34 were TC negatives (as indicated by the absence of
two vertical lines in the EIA test results of these two samples). For these
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four samples, we took TC positives as true positives and TC negatives as
true negatives. For the rest of the samples we took qPCR positives as
true positives and qPCR negatives as true negatives. Using such a qPCR/
TC combination as the gold standard we plotted the -Af of the 40
samples in Fig. 6(c) with full circles denoting true qPCR/TC combina-
tion positive and open squares denoting true qPCR/TC combination
negative. With the stated 25 Hz cutoff, there was only 1 false negative
(sample 22) and 1 false positive (sample 28) out of 40 blinded samples,
i.e., 95% sensitivity and 95% specificity. For the same 40 stools, qQPCR
also had one false negative (sample 17) and 1 false positive (sample 34),
i.e., also 95% sensitivity and 95% specificity, suggesting that the rapid,
label-free PEPS stool genetic test without gene isolation and amplifi-
cation could achieve similar sensitivity and specificity as qPCR tests.

4. Conclusion

We have demonstrated rapid, label-free bacterial genetic signature
detection directly from stool without DNA isolation or amplification.
The methodology was validated by (i) follow-up FRMs detection, (ii)
microscopic visual verification of the captured FRMs, (iii) PCR con-
firmation of the captured tDNA, and (iv) correct quantification of EC in
blind stools spiked with EC. The same methodology was applied to
detect CD in 40 blind patient stools with the same sensitivity (95%) and
specificity (95%) as the comparing commercial qPCR. Even though in
this initial study, the laboratory flow setup may seem cumbersome it
can be easily miniaturized and automated. In the future, we will publish
results with a custom-built automated flow system. This coupled with
the high sensitivity and specificity of the PEPS will further illustrate the
potential of a PEPS genetic test as a rapid and inexpensive diagnostic
tool at point of care for a wide range of applications.
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