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Abstract

We have investigated amplification-free /n situ double-stranded mutation detection in urine in the
concentration range 1071°M — 10716 M using piezoelectric plate sensors (PEPs). The detection
was carried out in a close-loop flow with two temperature zones. The 95°C high-temperature zone
served as the reservoir where the sample was loaded and DNA de-hybridized. The heated urine
was cooled flowing through a 1 m long tubing immersed in room-temperature water bath at a flow
rate of 4 ml/min to reach the detection cell at the desire detection temperature for the detection to
take place. With hepatitis B virus double mutation (HBVDM) and KRAS G12V point mutation as
model double mutations, it is shown that PEPS was able to detect double-stranded HBVDM and
KRAS with 70% detection efficiency or better at concentration as low as 10719M against single-
stranded mutation detection at the same concentrations, which was validated by the following /n
situfluorescent reporter microspheres (FRMs) detection as well as microscopic visualization of
the FRMs bound to the captured mutant on the PEPS surface. Furthermore, the same double-
stranded mutation detection efficacy was demonstrated at 10719 M — 10716 M in a background of
250-fold wildtype for HBVDM and 1000-fold wildtype for KRAS. Also demonstrated was
detection of KRAS mutation at 10719 M — 10716 M of SW480 DNA fragments in urine.
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INTRODUCTION

Detecting gene mutation is essential for cancer diagnosis, and therapy decision and efficacy
monitoring. Traditionally mutation detection is done by gene sequencing which requires
solid tumor samples and is expensive. Additionally, making therapeutic decisions based on
the gene sequencing results from a single biopsy can be difficult due to tumor
heterogeneityl. Biopsy procedures for internal organs are also intrusive and not performed in
some cases due to the increased risk of tumor seeding to other sites2. This makes body fluids
such as blood or urine highly desirable as the source for cancer genetic marker detection.
Polymerase chain reaction (PCR) has been the most investigated methods for detecting
circulating genetic markers in which PCR is followed by melting temperature analysis to
differentiate mutant (MT) from the wild type (WT), the normal form of the gene. So far,
detecting mutations in sera or urine using PCR has been challenging due to the fact that the
melting-temperature difference between a single-nucleotide MT and the WT can be only a
few degrees3, the concentration of circulating MT are extremely low (<1018 M or 600
copies/ml)*, MT is outnumbered by the WT by > 240 times®. In urine, trans-renal
deoxyribonucleic acid (DNA) exist in the form of short fragments often less than 200 base
pairs (bp),6 which further decreases the sensitivity of PCR because only a small fraction of
the naturally occurring fragments in urine can be amplified.> 7

Genetic detection technologies currently under development rely on fluorescence8, quartz
crystal microbalance (QCM)?: 10, electrochemistryll, binding to nano-metal particles!?,
surface plasmon resonance (SPR)23, silicon-based microcantilever sensor as well as
piezoelectric microcantilever sensor. For DNA detection, nanoparticle-amplified QCM
exhibited a concentration sensitivity of 1 pM14. Nanoparticle-enhanced SPR exhibited
concentration sensitivity of 10-100 aM1®. The electrochemical methods involving
nanofibers and nanotubes exhibited concentration sensitivity of about 30 fM16.
Nanowires’-21, and nanotubes?? 23 exhibited concentration sensitivity ranging 1-100 fM.
Microcantilevers coupled with nano-metal particles exhibited 0.01 nM sensitivity24.
Although methods such as QCM, SPR, silicon-based microcantilever sensor as well as lead
zirconate titanate (PZT) piezoelectric microcantilever sensor (PEMS)2> 26 are label-free, the
sensitivity was still many orders of magnitude away from the attomolar (aM, or 10~18M)
requirement. Similarly, the 1016 M sensitivity achieved by magnetic beads isolation
coupled with electrochemical enhancement was still not sufficient?”. Nano-scale mechanical
imaging by atomic force microscopy (AFM) could differentiate unhybridized single-
stranded DNAs (ssDNAs) from hybridized double-stranded DNAs (dsDNAs) at aM
sensitivity but it required sophisticated instrument such as AFM?28, Carbon nanotube
impedance biosensors exhibited 100 aM sensitivity in DNA detection, which was
insufficient for clinical applications2®. GaN nanowire extended-gate field-effect-transistors3?
and streptavidin horseradish peroxidase functionalized carbon nanotubes®! have aM
sensitivity in DNA detection. However, these detections are not /n situ they typically require
washing steps before the measurements can be made. Peptide nucleic acid (PNA) probe-
enhanced electrochemical biosensors based on an integrated chip also exhibited aM
sensitivity. However, they also required washing32. Recently a disposable electrochemical
biosensor based on magnetic bead amplification and target DNA biotinylation exhibited aM
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sensitivity33. However, it required multiple steps of amplification and the need to biotinylate
the target DNA rendering it impractical33. Note most of these methods detected only single-
stranded DNAs and did not address how to detect double-stranded DNAs while DNAs are
naturally double-stranded.

A lead magnesium niobate—lead titanate (Pb(Mg1/3Nb2/3)03)g.65(PbTiO3)g.35 (PMN-PT)
piezoelectric plate sensor (PEPS) is a unique sensor consisting of a PMN-PT freestanding
film 8 um in thickness3* coated with gold electrodes on the two major surfaces and
encapsulated with a thin electrical insulation layer. By covalently immobilizing a probe
DNA (probe) complementary to a target DNA (tDNA) and immersing the probe-coated
PEPS in a biological fluid sample, binding of the tDNA from the biological fluid sample to
the probe on PEPS surface shifts the PEPS length extension mode (LEM) or the width
extension mode (WEM) resonance frequency, f. /n situ detection of the tDNA from the
biological fluid sample has been achieved by monitoring the PEPS LEM 3% or WEM?36
resonance frequency shift, Af, in real time. What is unique about PEPS is its ability to
enhance the detection Af more than 1000-fold than by mass change alone due to the
crystalline orientation change in the PMN-PT layer induced by the binding of the target
analyte to the receptor on the PEPS surface3® 3741, As a result, PEPS has been
demonstrated capable of detecting single-stranded DNA with PCR-like sensitivity (10719M)
without the need of amplification in urine. With temperature control and a flow, it was
further demonstrated that not only could a PEPS achieve 10719 M sensitivity without
amplification but do so with a high background of the wildtype (WT). For example, hepatitis
B virus (BHV) 1762T/1764A double mutation (HBVDM) detection in urine was done with
250-fold WT42 while KRAS (G12V) point mutation (PM) detection in urine was done with
1000-fold WT43. Although such high sensitivity and specificity is highly desirable for
potential circulating mutation detection the drawback is that these results were based on
single-stranded DNA detection whereas in patient samples the DNAs are naturally double
stranded. In order for PEPS mutation detection to be truly isolation-free and amplification-
free it must be able to detect double-stranded mutations /n situ.

The goal of this study is to further investigate the feasibility of /n situ sensitively and
specifically detecting double-stranded mutations in urine with a high background of WT
using a PMN-PT PEPS. To do so, we would utilize a flow system with two temperature
zones. The high-temperature zone dubbed “the reservoir” was where the sample was loaded
and the DNA dehybridized. The lower-temperature zone dubbed “the detection cell” was
kept at the detection temperature so that specific mutation detection by the PEPS could take
place. HBVDM and KRAS G12V PM were chosen as the model double-stranded mutations
for ease of comparison with detection of their single-stranded counterparts as both mutations
have been extensively studied in single-stranded mutation detections.

II. EXPERIMENTAL

I.1.

Probe, MT, WT, and reporter DNAs (rDNAS)

The probe for HBVDM MT was 16-nt long containing the sense sequence complementary to
the targeted antisense strand of the HBVDM MT (GeneBank Accession #X04615) centered
at the 1762T/1764A mutation site. The probe for KRAS G12V MT was 17-nt long
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containing the sense sequence complementary to the targeted antisense strand of the KRAS
G12V mutation (Gene 1D:3845) centered at the mutation site.42: 44 The KRAS probe also
contained three consecutive locked nucleic acid (LNA) bases centered about the mutation
site. Both probes were amine-activated with a 12-polyethyleneglycol (PEG) spacer at the 5’
end. The 90-nt targeted antisense strand of the double-stranded HBVDM and KRAS
(Sigma) along with the sequences of their probes are shown in Table I. Note that the probes
are perfectly complementary to the MT but not the WT--The HBVVDM probe had two
mismatches with the HBVDM WT while the KRAS probe had one mismatch with the
KRAS WT. As such, the melting temperatures for the probe to the WT were lower than
those of the probe to the MT (see Table I) to permit the probe to specifically bind only to
MT but not WT at a temperature lower than the melting temperature of the probe-to-MT
bonding but higher than that of the probe-to-WT bonding. In Table I in the supplemental
information we also show the sequences of the reporter DNAs (rDNASs). The rDNAS were
amine-activated sense sequences complementary to the antisense sequences of the target
DNA immediately upstream and downstream the sequence targeted by the probe. The
rDNAs would be covalently bound to the fluorescent reporter microspheres (FRMs) as
described below for validation of the tDNA detection. In Figs. 1a and 1b schematics are
shown to illustrate the hybridisation schemes of the probe to the MT and WT as well as that
for the rDNASs to the MT and WT for HBVDM and KRAS G12V, respectively.

[I.2. Fluorescent reporter microspheres (FRMs)

Carboxylated fluorescent microspheres 6 um in diameter emitting blue light (Bright Blue
(BB) (~Coumarin), Polysciences) were used as FRMs to report binding of the target DNA to
the probe on the PEPS surface. To covalently bond the rDNAs to the FRMs, the carboxyl
groups on the FRMs were reacted to the amine end of both the upstream and downstream
rDNAs in 1:1 ratio in the presence of 5 mg ml~1 of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) (Pierce) and 5 mg mI~1 of N-
hydroxysulfosuccinimide (sulfo-NHS) (Pierce) at pH = 7 for 1 hr as described before.
35,36, 42, 44-46 Once the rDNAs were covalently bound on the surface, FRMs could be used
for both /n situ detection validation as well as microscopic visual validation as described
before. For in situ detection validation, the total volume of the FRMs suspension was 8 ml
with a concentration 1x10° FRMs ml-L. At a flow rate of 2 ml min~1, the 8 ml of the FRMs
suspension was cycled approximately 7 times during the 30 minutes of the FRM detection
step.

11.3. SW480 DNA Fragments

In addition to detecting double-stranded synthetic KRAS G12V, detection of human KRAS
G12V point mutation in urine was carried out by spiking SW480 DNA fragments in urine.
SW480 (ATCC) is a human cell line homozygous for the KRAS G12V point mutation.
SW480 DNA were extracted from SW480 cell culture using a DNA isolation kit (Qiagen
DNeasy Blood & Tissue Kit) and sonicated to produce SW480 DNA fragments of about
200-400 base pairs (bp) to mimic DNA fragments in urine. The DNA concentration was
determined by spectrophotometry using NanoDrop Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) and then confirmed by a quantitative PCR assay for beta-

Biosens Bioelectron. Author manuscript; available in PMC 2019 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kirimli et al. Page 5

globin gene using the LightCycler® Control Kit DNA (Roche Diagnostics Corporation,
Indianapolis, IN, USA)

I.4. PEPS fabrication

Details of the PEPS fabrication procedure can be found in previous publications36: 42: 43 An
optical micrograph of the top-view of a PEPS used in this study made from PMN-PT
freestanding films 8 um in thickness coated with a 110 nm thick Cr/Au electrode by thermal
evaporation (Thermionics VE 90) is shown in the insert of Fig. 2a.

II.L5. Electrical Insulation and PEPS in liquid Stability

The PEPS was electrically insulated for in-liquid stability using a continuous 3-
mercaptopropyltrimethoxysilane (MPS) (Sigma) solution coating method.*” The in-liquid
stability of the PEPS was achieved by continuously coating the PEPS with 3-
mercaptopropyltrimethoxysilane (MPS) as described previously followed by a resonance
peak frequency stability test. A PEPS would not be used for detection until its width-
extension-mode (WEM) resonance frequency in phosphate buffer saline (PBS) solution
(~3MHZz) achieved a standard deviation of < 20 Hz in 30 min.

I11.6. Probe Immobilization

The MPS insulation also served as the anchor to immobilize the probe via a bifunctional
linker sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC)
(Pierce). The MPS-coated PEPS was first immersed in 200 pL of a 5 mM sulfo-SMCC
solution in phosphate buffer saline (PBS) solution for 1 hour to immaobilize sulfo-SMCC on
the PEPS surface by reacting the maleimide of the sulfo-SMCC to the thiol of the MPS
followed by washing three times with deionized (DI) water. The sulfo-SMCC-reacted PEPS
was then immersed in 200 uL of 10 uM of amine-activated probe solution in PBS for 30 min
followed by washing in DI water for three times. Note that the pKa of thiol was about 10.5.
As such it was expected that most of the thiols would be un-oxidized and could readily react
with the maleimide of the sulfo-SMCC under the pH of PBS during immaobilization, which
was about 7. Indeed, the probe immobilized on the MPS surface was quantified using a
quartz crystal microbalance (QCM) to be about 3—4 probes per 100 nm?.48 This indicates
that the SH of the MPS was indeed effective to facilitate the immobilization of the probe.

II.7. Nonspecific Binding Blocking

After probe immobilization, the PEPS was treated with 3% bovine serum albumin (Sigma)
in PBS for 1 h followed by washing 5 times with PBS. As demonstrated by the previous
study, 3% BSA was sufficient to completely block the nonspecific bindings for DNA
detection in urine.36

11.8. Resonance Frequency Monitoring

Electrical impedance spectra were measured to monitor the resonance spectra of a PEPS
using a portable AIM 4170C impedance analyzer (Array Solutions). Typical in-air and in-
PBS phase angle-versus-frequency resonance spectra of the PEPS shown in the insert of Fig.
2a are shown in Fig. 2a. As can be seen, the base-line, the length-extension mode (LEM)
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resonance peak, and the width-extension-mode resonance (WEM) peak of the in-liquid
spectrum were close to those of the in-air spectrum, indicating the effectiveness of the MPS
insulation coating. In all the following experiments, the WEM peak of the resonance
spectrum was monitored for detection. In Fig. 2b we plot the resonance frequency shift
versus time during the various steps of PEPS preparation and detection for illustration
purposes. As can be seen the relative resonance frequency shift, Af/f, of the first WEM peak
during the first 30 min in PBS remained negligible with a standard deviation of 5x1078 in
Af/f (or 15 Hz in Af), indicating the stability of the PEPS in liquid. The subsequent sulfo-
SMCC bonding at 30-65 min, the HBVVDM probe immobilization at 65-97 min indicated
successful immobilization of the probe on the PEPS surface.

11.9. PEPS Regeneration

There were about 80 independent detection tests conducted in this study and only two

PEPSs were used for all the detection tests. After each detection test, a PEPS was
regenerated as follows before it was reused for another detection test. 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 de-ionized (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 < 20 Hz in PBS for 30 min.

[1.10. Flow Setup and Spiked Urine Samples

The flow system for carrying out the detection contained a peristaltic pump (Cole-Parmer
77120-62) that drove the flow, a detection cell where detection took place, reservoirs
containing DNA-spiked urine samples, FRMs, and PBS interconnected with tubing and
valves as schematically shown in Fig. 2c. The flow cell was 18.5 mm long, 3.5 mm wide and
5.5 mm deep (volume = 356 pL). A schematic of the flow cell can be found in Kirimli et al.
44 The total internal volume of the flow cell plus tubing was approximately 1250 pL. The
urine came from one individual. The subject was free of HBV infection or KRAS codon-12
mutations. The urine samples were collected in a “First Morning Specimen” manner, i.e., the
bladder was emptied before bed and the sample was collected first thing in the morning. A
total of 15 such urine samples were collected for the study and visually there was no
significant difference among these 15 urine samples and 32 more that were used for previous
studies.36: 42.44 |n each detection experiment, the volume of the DNA-spiked urine sample
was fixed at 10 ml and the probe-coated PEPS was placed in the center of the flow cell with
the major faces of the PEPS parallel to the direction of the flow. The flow setup was placed
inside an incubator (Digital Control Steel Door Incubator 10-180E, Quincy Lab) for
temperature control. Because the top of the flow cell was open a 2-liter water bath was
included in the incubator to minimize potential resonance frequency shift due to changes in
the flow-cell liquid level by evaporation. The temperature of the urine sample reservoir was
maintained at 95°C by means of a 95°C water bath on a hot plate. The urine sample was first
loaded in the reservoir for 10 min to denature the DNA before turning on the pump. Once
the pump was turned on, the 95°C-heated sample flowed from the reservoir through 1 m
long ethyl vinyl acetate (EVA) tubing of a 0.8 mm inner diameter and a 2.4 mm outer
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diameter (McMaster Carr) immersed in room-temperature water at a flow rate of 4 ml min~1
(corresponding to the fast-cooling scheme described in the supplemental information) to
reach the detection cell where the PEPS was located for detection as schematically shown in
Fig. 2c. How fast the denatured DNA could be cooled when it reached the detection cell was
important in retaining the DNA in the denatured state*® for the detection to occur in the
detection cell. We examined three cooling schemes as detailed in the supplemental
information. As was shown in the supplemental information, the fast-cooling scheme of
passing the 95°C-treated urine sample through 1-m long tubing in a room-temperature water
bath was the most effective among the three, retaining about 70% of the detection resonance
frequency shift of single-stranded MT at the same concentration (see the supplemental). In
what follows, all /n situ double-stranded DNA detection tests were done using this cooling
scheme. The temperature of the detection cell was 35°C for detecting HBVDM and 63°C for
detection KRAS G12V.

For illustration purposes, following the probe immobilization shown in Fig. 2b, we ran the
single-stranded HBVDM MT (ssMT) detection at 100 pM in PBS at 35°C and the
subsequent FRMs detection at a 1x10° FRMs/ml in PBS at room temperature both at 2 mL
min~1 using the flow system shown in Fig. 2c. The results were shown in Fig. 2b as the
resonance frequency shift at 97-127 min and 127-157 min, respectively. Also shown in the
inset in Fig. 2b is a schematic of the various steps involved in the immobilization process.
Note the MT detection step shown in Fig. 2b was with single-stranded DNA (ssDNA) for
illustration purposes.

.11 Detection repeatability

For detection repeatability, for each detection condition and each DNA concentration, we
repeated the detection three times. What we meant by that was that after each detection, we
would regenerate the sensor. When the sensor was ready, we repeated the test. All the results
shown below were the average of three independent tests for each detection condition and
each concentration. As can be seen, the detection was quite repeatable.

lll. RESULTS

l.1.

Double-Stranded (ds) DNA detections in urine

For all dsDNA detection shown below, a flow system with the so-called fast-cooling scheme
described above (see Fig. 2c) was used to /in situ detect dSDNA in urine. In each test, 10 ml
of urine spiked with a desired concentration dsDNA was loaded in the 95°C reservoir. A
probe-coated PEPS was placed in the center of the detection cell to detect the target DNA in
a flow of 4 ml/min for 30 min. Each detection was proceeded with 10 min of pre-heating in
the reservoir to ensure all target double-stranded MT (dsMT) or double-stranded WT
(dsWT) were fully de-hybridized when leaving the reservoir. To validate that the dsSDNA
detection, it was followed with /in situ FRMs detection. Detections of ssDNA at the same
concentrations were also carried out using the exactly the same flow conditions for
comparison. Figures. 3a and Fig. 3b show the —Af/f versus time of dsMT detection followed
by FRMs detection at various MT concentrations of HBVDM and KRAS, respectively. Also
shown in Fig. 3a and Fig. 3b are —Af/f versus time of ssMT of HBVDM and KRAS at the

Biosens Bioelectron. Author manuscript; available in PMC 2019 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kirimli et al.

Page 8

same concentrations followed the same FRMs detections. As can be seen, for both HBVDM
and KRAS, the —Af/f versus time of the dsMT detections are dose responsive and closely
traced that of sSMT at the same concentration. Furthermore, the — Af/f versus time of the
FRMs detection following each dsMT detection was also MT dose responsive, similar to that
of the FRMs detection following each ssMT detection. This, altogether indicates that the
current flow system and cooling scheme were indeed capable of keeping the dsDNA de-
hybridized and allow the targeted MT strand to be captured by the probe on the PEPS
surface as illustrated in Fig. 3c which was evidenced by the subsequent FRMs detection by
the captured targeted MT strands on the PEPS surface as illustrated in Fig. 3d.

To more closely examine the efficacy of the current dsMT and dsWT detection methodology
as against ssMT and ssWT detection, in Fig. 4a and Fig. 4b, we plot (-Af/f)aye versus
concentration for dsMT (open squares), dsSWT (open circles), ssMT (full squares), and sSWT
(full circles) for HBVDM and KRAS, respectively where (-Af/f) 4 represents the average
detection —Af/f over the last five minutes (t = 25-30 min) of the detection. Note the (-Af/
f)ave Of dSMT at each concentration was close to that of sSMT at the same concentration and
the (=Af/f)4ye of dSWT at each concentration was also close to that of sSWT at the same
concentration for both HBVDM and KRAS. Furthermore, the (=Af/f)qye of WT was much
smaller than that of MT whether double-stranded (ds) or single-stranded, indicating that the
current dsMT detection (1) exhibited similarly high efficacy as ssSMT detection and (2) also
similarly high specificity against WT detection as ssMT. To quantify the effectiveness of
dsMT detection against ssSMT we plot the ratio (—Af/f)aye dsmT/(—AF/F)ave ssmT Versus MT
concentration in Fig. 4c where (=Af/f),ye asmT Was the (-Af/f) e of dSMT and (-Af/f)aye ssmT
was the (—Af/f)4e Of SSMT at the same MT concentration. As can be see, all ratios ranged
0.7 or higher, confirming that the current fast cooling method was effective in keeping DNA
de-hybridized, as consistent with initial data for the fast cooling method shown in the
supplemental information. Note the same methodology was also effective in detecting dsSWT
against ssSWT. Due to the weaker binding of WT with the probe, both (-Af/f)ave,dsWT and
(—-Af/f)ave,ssWT, and hence (—-Af/f)ave,dsWT/(-Af/f)ave,ssWT was only meaningful at
concentrations 1074 M or higher. For this reason the (—Af/f)ave dswT/(=AF/f)ave sswT Versus
concentration plot is included in the supplemental information. To examine if dsSMT
detection was specific enough against a high background (BG) of WT such as 250-fold WT
for HBVDM and 1000-fold WT for KRAS, we plot the ratio (—Af/f)aye g/ (—AF/)ave MT
versus MT concentration in Fig. 4d where the subscript, BG, stands for WT at a
concentration 250-fold that of MT for HBVDM and 1000-fold that of MT for KRAS. As can
be seen, even with 250-fold more WT (for HBVDM) or 1000-fold more WT (for KRAS), (-
A ave B! (-AF/) ave mT Was still less than 0.2 for dsMT and ssMT concentrations 10718 M
or higher and <0.36 for dsMT and ssMT concentrations at 10712 M, indicative that even at
such a high background of WT, the main contribution of the -Af/f came from dsMT
detection (as similar to ssMT) but not the WT background. To better illustrate this, we
further plot estimated fraction of the MT signal defined as (-=Af/f)aye mT/[(-AF/F)ave B+ (-
Af/f)ave mT] VErsus MT concentration as the insert in Fig. 4d. Clearly, for both dsMT and
ssMT, all fractions of MT signals were larger than 0.8, indicating that most of the detection
signal was from dsMT even in such a high background of WT as similar to the results of the
SSMT detections.
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[1I.2. dsMT detection in urine in a background of dsWT

dsMT detections at various dsSMT concentrations were carried out in urine samples
containing a background (BG) of dsWT--250-fold for HBVDM and 1000-fold for KRAS. -
Af/f versus time of such detections are shown in Fig. 5a for HBVDM and Fig. 5b for KRAS.
The resultant (-=Af/f)aye dsmT/ (—AF/)ave ssmT for HBVDM in 250-fold WT and that for
KRAS in 1000-fold WT are also included in Fig. 4c. As can be seen, the dsMT detection
remained more or less the same even with the high background (BG) of WT. The dsMT
detections shown in Figs. 5a and 5b were followed with FRMs detections between t=30 min
and t=60 min. The fluorescence micrographs of the PEPS surface after FRMs detections are
shown in Figs. 5¢-5f for HBVDM and in Figs. 5g-5j for KRAS. Note that the number of
captured FRMs increased with an increasing MT concentration for both HBVDM and
KRAS. These fluorescent micrographs validated the dsMT detection results shown in Figs
5a and 5b as without the target MT being captured on the PEPS surface during the dsSMT
detection it would not have been possible for the PEPS the FRMs during the subsequent
FRMs detection.

I11.3. KRAS detection from SW480 DNA in urine.

Detection of KRAS mutation was carried out at various concentration of SW480 DNA
fragments spiked in urine. The resultant -Af/f versus time of KRAS mutation detection at
various SW480 DNA fragments concentrations followed with FRMs detection is shown in
Fig. 6a. Fluorescence micrographs of the captured FRMs after the FRMs detections are
shown in Figs. 6b-6e. To compare the detection results of the SW480 NA fragment with that
of the synthetic KRAS dsMT detection results shown in Fig. 4b the obtained (—Af/f),ye of
the SW480 NA fragment detections are also plotted in Fig. 4b. As can be seen, the (-Af/f)aye
overlapped with those of synthetic dsSMT within the error bars at the same MT
concentrations, and the FRMs micrographs shown in Figs 6b-6e were also similar to those
shown in Figs. 5g-5j of the same MT concentrations. This indicates that the same dsMT
detection methodology was equally effective in detecting KRAS mutation from naturally
occurring DNA fragments derived from SA480 cells as from the synthetic dsMT and
confirms that the current methodology could indeed be applied to detect double-stranded
MT derived from cell lines.

IV. DISCUSSIONS

There were two reasons for the current cooling scheme to be so effective in keeping the
DNA dehybridized. The first was that the rapid heat transfer across the tubing wall was
made possible by the long and narrow tubing geometry. This can be seen as follows. With
the flow rate being 4 ml/min and an inner tubing diameter being 0.8 mm the average flow
speed of the stool, v; was 0.13 m/s and the time it took to travel the 1 m long tubing was
only 7.5 s. This was the time allowed to cool the stool from the reservoir temperature to the
detection temperature. Given the tubing geometry, the heat absorbed per second by the water
bath through thermal conduction across the tubing wall could be estimated as®® Q. = 24/ 7;-
Tw)/In(re/ i) where kwas the thermal conductivity of the EVA tubing, /was the length of the
tubing, r, and r; were respectively the outer and inner diameters of the tubing, 75 the average
temperature of the stool inside the tubing, and 7, the temperature of the water bath. Given &
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=0.23 J/(s.m.K)5L, 7;, = 20°C, 7, = 1.2 mmand 7 = 0.4 mm, and 75 were taken to be 65°C
for HBVDM detection and 79°C for KRAS detection, we estimated @, = 19 J/s and 25 J/s
for HBVDM detection and KRAS detection, respectively. On the other hand, the heat that
must have been removed from the stool per second to allow the temperature of the stool to
drop from the reservoir temperature, 7;, to the detection cell temperature, 74 when arriving
at the detection could be estimated as @ = ¢, p(rer2) U Ti— Ty) Where Cp and p were the
specific heat and density of the stool, 7 the inner radius of the tubing, vthe average flow
speed of the stool. With ¢, = 4186 J/(kg.K),%2 p=1000 kg/m?, 7; =0.4 mm, 7; =95°C, and 7y
=35°C for HBVDM detection and 63°C for KRAS detection, we estimated @, = 16 J/s and
8.7 J/s for HBVDM detection and KRAS detection, respectively. As can be seen, Q, was
larger than @, for both HBVDM and KRAS detections. This indicates that the current setup
was indeed capable of removing enough heat to cool the stool sample fast enough so that
when the stool reached the detection cell its temperature has also dropped to the detection
temperature. The second reason was that the DNA molecules were carried by a steady
laminar flow, which can be seen as follows. Given & = 0.8 mm was the tube inner diameter,
v=10.13 m/s the average flow velocity, n = 1 mPa.s the viscosity of the fluid, and p = 1000
kg/m3, the density of the fluid, the Reynolds number,23 Re = p v d / n for the flow in the
narrow tubing was only 100, which was well within the boundary of 2300 for a laminar flow.
53 |t is known that fluid flows in a laminar flow stays in its own layer without lateral mixing.
Thus the DNA molecules were mostly traveling within a layer of the fluid flow without
much transverse movement, thus greatly limiting the chances for DNA molecules to re-
hybridize. Further considering the low DNA concentrations, for instance, 1071° M (60
copies/ml), there would only be about 30 copies of each strand in the entire 1-m length of
the tubing--or one DNA copy per 3 cm of tubing. It was highly unlikely that any of these
DNA molecules would collide with one another and re-hybridize within the tubing. Even at
a higher concentration, for example, 10716 M (60,000 copies/ml), there would still only be
30 copies of DNA per mm length, still quite sparse considering the size of the DNA
molecules, each DNA molecule would still be traveling in its own layer of the laminar flow
without colliding with another DNA molecule, thus effectively preventing DNA molecules
from re-hybridizing before reaching the detection cell.

V. CONCLUSIONS

We have investigated /n situ amplification-free double-stranded mutation detection in urine
using piezoelectric plate sensors (PEPS) in a close-loop flow with two temperature zones.
The high-temperature zone dubbed the reservoir maintained at 95°C was where the sample
was loaded and DNA de-hybridized. The heated urine was cooled by flowing at a flow rate
of 4 ml/min through a 1 m long tubing with an inner diameter of 0.8 mm immersed in a
room-temperature water bath to reach the detection cell kept at the desire detection
temperature where the detection took place. Using HBVDM and KRAS G12V as model
mutations, it was shown that with such a cooling scheme in a flow PEPS was able to detect
double-stranded mutations with 70% detection efficiency or better at concentrations ranging
10~19M — 10716M against single-stranded DNA detection at the same concentrations as
validated by /n situ detection of fluorescent reporter microspheres (FRMs) following the
double stranded mutation detections as well as microscopic visualization of FRMs following
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the FRMs detection. We have also demonstrated such double-stranded mutation detection
was still effective at 10719 M — 10716 M while in a background of 250-fold wildtype for

HBVDM and 1000-fold wildtype for KRAS. Also demonstrated was detection of KRAS
mutation at 10719M — 10716M SW480 DNA fragments in urine. Furthermore, it has been

de

monstrated that there were no interferences between sensors when multiple sensors were

used in multiplexed detection tests*3: 54 Therefore, the highly specific in situ, amplification-
free and label-free mutation detection can be conducted in a multiplexed fashion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Piezoelectric sensor contains a flow system that de-hybridizes double-
stranded DNA
. Double-stranded mutations are detected in situ without isolation or
amplification
. The detection was in urine without label with 60 copies/ml sensitivity

. KRAS and hepatitis B virus double mutation detected in 1000-fold wildtype
background

. Double-stranded detection was 80 percent as effective as single-stranded
detection.
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(a) HBV 1762T/1764A Double Mutation (b)  KRAS Codon 12 GGT=->GTT point mutation
Mismatches Mlsmatch
4
5’ M’W’W
: : LNA bases |

‘D\‘w/ — * Fluorescent reporter microsphere (FRM)
Figure 1:

(a) A schematic of the relationship between probe, mutant (MT) target DNA (tDNA), wild
type (WT), downstream reporter DNA (drDNA), and upstream reporter DNA (urDNA) for
HBV 1762/1764 double mutation, (b) that for KRAS point mutation, and (c) the legend
defining probe, MT, WT, drDNA, urDNA and fluorescent reporter microsphere (FRM) that
was evenly coated with urDNA and drDNA.
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Figure 2.
(a) In-air (black) and in-PBS (red) phase angle-versus-frequency resonance spectra with an

insert showing an optical micrograph of the PEPS, (b) ) relative resonance frequency shift,
Af/f, of the PMN-PT PEPS going through PBS step (0—30 min), the SMCC bonding step
(30-65 min), the probe immobilization step(65-97 min), the MT detection step (97-127
min), the MT FRMs detection step (127-157 min), and the final PBS step (157-180 min)
with an insert showing a schematic of the molecules involved in these steps, and (c) a
schematic of flow system for /i situ de-hybridization and detection of double-stranded DNA.
Note the MT detection at 97-127 min in (b) involved only single-stranded MT for
illustration of the various binding steps and did not involve the flow system shown in (c).
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Figure 3.
Af/f versus time of dsMT detection and the following FRMs detection at various

concentrations of MT for (a) HBVDM and (b) KRAS. Also shown in (a) and (b) are the
results of sSMT detections at the same concentrations as for comparison. (c) A schematic
representation of dsMT detection, and (d) that of FRMs detection following the MT
detection.
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Figure. 4:

(-Af/f)aye of dSMT detection (open squares), sSMT detection (full squares), dsSWT detection
(open circles), and ssSWT detection (full circles) at various concentrations for (a) HBVDM
and (b) KRAS; (c) (-Af/f)ave,dsmT/(-AF/F)ayve ssmT Versus MT concentration with full
diamonds for KRAS and open triangles for HBVDM; (d) (-Af/f)aye sa/(-Af/f) ave mT VErsus
MT concentration where “BG” in the subscript denotes dsWT detection at a “BG”
concentration, which was 250-fold that of MT for HBVVDM and 1000-fold that of MT for
KRAS, respectively. The insert in (d) shows estimated fraction of MT signal versus MT
concentration where the estimated fraction of MT signal is defined as (-Af/f)aye mT/[(-Af/
Pave MT+(-A/f)ave Bl With (Af/f),ye gg being the (-Af/f) 4, of WT at the BG concentration
and (-Af/f),ye being the average - Af/f of t = 25-30 min. Also shown in (c) are the detection
results ds HBVDM with 250-fold WT (open down triangles) and ds KRAS with 1000-fold
WT (open circles) as well as that of DNA fragments from SW480 cells (full up triangles).
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Figure 5:
Average -Af/f at 25-30 minutes versus concentration of dsMT detection for (a) HBVDM in a

background of 250-fold dsWT and that for (b) KRASin a background of 1000-fold dsWT,
which was followed by detection in a mixture of 10° FRMs/ml of FRMs in PBS. (c), (d), (e),
and (f) are the fluorescent images of the PEPS obtained after the FRMs detection following
the HBVDM MT detections at 0.1 aM (100 zM), 1 aM, 10 aM, and 100 aM MT
concentrations, respectively and (g), (h), (i) and (j) are the fluorescent images of the PEPS
obtained after the FRMS detection following the KRAS MT detections at 0.1 aM (100 zM),
1 aM, 10 aM, and 100 aM MT concentrations, respectively.
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Figure 6:
(a) -Af/f versus time of PEPS detection of SW480 DNA fragments followed by detection in

a mixture of 10° FRMs/ml of FRMs in PBS, (b), (c), (d) and (e) are the fluorescent images
of the PEPS obtained after the FRMS detection following the SW480 DNA fragment
detections at 0.1 aM (100 zM), 1 aM, 10 aM, and 100 aM concentrations, respectively.
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