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Piezoelectric Plate Sensor (PEPS) for Analysis of Specific
KRAS Point Mutations at Low Copy Number in Urine Without
DNA Isolation or Amplification

Ceyhun E. Kirimli, Wei-Heng Shih, and Wan Y. Shih

Abstract

We have examined in situ detection of single-nucleotide KRASmutations in urine using a (Pb(Mg1/3Nb2/
3)O3)0.65(PbTiO3)0.35 (PMN-PT) piezoelectric plate sensor (PEPS) coated with a 17-nucleotide (nt)
locked nucleic acid (LNA) probe DNA complementary to the KRAS mutation without DNA isolation
and amplification. In situ mutant (MT) DNA in urine in a wild type (WT) background was carried out at a
flow rate of 4 mL/min and at 63 �C with the PEPS vertically situated at the center of the flow. Both the
temperature and the impingement flow force discriminated the wild type. Under these conditions PEPS was
shown to specifically detect KRAS MT in situ within 30 min with an analytical sensitivity of 60 copies/mL
in a clinically relevant background of WT with concentrations 1000-fold greater than that of MT without
DNA isolation, amplification, or labeling. For validation, detection was performed in a mixture of blue MT
fluorescent reporter microspheres (FRMs) (MT FRMs) that bound to only the captured MT, and orange
WT FRMs that bound to only the capturedWT. The captured blueMT FRMs still outnumbered the orange
WT FRMs by a factor of 4–1 even though WT was 1000-fold of MT in urine, illustrating the specificity of
the point mutation detection.

Keywords Piezoelectric plate sensor, Piezoelectric sensor, Biosensor, Amplification-free hybridization
detection, Cell-free point-mutation detection

1 Introduction

A lead magnesium niobate–lead titanate (Pb(Mg1/3Nb2/3)
O3)0.65(PbTiO3)0.35 (PMN-PT) piezoelectric plate sensor (PEPS)
consisting of an 8-μm thin highly piezoelectric PMN-PT layer
made without a substrate (see Fig. 1a, c) [1, 2] is a unique sensor
with polymerase chain reaction (PCR)-like 100 zM (10�19 M or 60
copies/mL) analytical sensitivity in label-free DNA detection with-
out DNA isolation, concentration, and amplification. [3] With
receptor immobilized on the surface, binding of a target DNA
decreased the resonance frequency (f) of the PEPS. Label-free
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Fig. 1 (a) A schematic of the side view of the PEPS. The gold wires were connected to the top and bottom gold
electrodes with conductive glue. The entire rear end, including the conductive glue, was covered with non-
conductive glues. MPS layer covered the front end of the PEPS that was not covered by the nonconductive
glue. (b) Blowup of both the impedance-versus-frequency (blue) and phase angle-versus-frequency (red)
spectra around the WEM resonance peak around 3.4 MHz. Also included are schematics for LEM and WEM
vibrations in insert (I) and (II), respectively. (c) In-air (black) and in-PBS (red) phase angle-versus-frequency
resonance spectra with an insert showing an optical micrograph of the PEPS, and (d) relative resonance
frequency shift, Δf/f, of the PMN-PT PEPS going through PBS step (0–30 min), the SMCC bonding step
(30–60 min), the probe immobilization step(60–90 min), the MT detection step (90–120 min), the MT FRMs
detection step (120–150 min), and the final PBS step (150–180 min) with an insert showing a schematic of the
molecules involved in these steps. (e) MT (solid symbols) and WT (open symbols) detection at 1� 10�15 M in
PBS at 55 �C (black), 60 �C (red), 63 �C (blue), and 68 �C (green) for 30 min, (f) average –Δf/f at 25–30 min
versus temperature, squares for MT and circles for WT. Also plotted is the ratio of the average –Δf/f at
25–30 min of the MT to that of the WT (triangles) (the right side of the double-y plot)



detection of the target DNA in situ was quantified by measuring
this frequency decrease (Δf) using simple and inexpensive electrical
means. What is unique about PMN-PT PEPS is its ability to inher-
ently enhance the detection resonance frequency shift by more than
1000 times by the polarization orientation switching within the
piezoelectric layer, which was induced by the surface stress gener-
ated by the binding of the target analyte on the PEPS surface [4–9].
This enhancement is further amplified in DNA detection as the
stress generated by a highly negatively charged DNA molecule to
an already highly negatively charged probe DNA layer is drastically
higher than that of a protein molecule to a charge-neutral antibody
layer. As a result, PEPS exhibits unprecedented sensitivity in direct
DNA detection without the need of DNA extraction, concentra-
tion, or amplification. [3, 8, 10] “Hard” piezoelectric devises such
as QCM and SAW have no switchable polarization thus no such
enhancement [11]. In PZT PEMS (another piezoelectric sensor
pioneered by Shih and Shih that also exhibit polarization switching-
enhanced Δf/f) the enhancement was ten times smaller [12–16]
than PMN-PT PEPS due to substrate pinning in thin PZT PEMS
(1 μm) on a silicon substrate [14–16] that minimized polarization
switching or the thickness (127 μm) of the PZT layer in thick PZT
PEMSmade of commercial PZT [12, 13, 17] because the enhance-
ment is inversely proportional to the thickness [6].

Gene mutation is an important form of genetic defects that play
a central role in cancer pathways. Detecting gene mutation is
essential for cancer diagnosis, therapy decision, and therapy efficacy
monitoring. The challenge for gene sequencing from solid tumor
samples is that therapeutic decision making based on a single biopsy
can be very difficult due to tumor heterogeneity [18]. Further-
more, the biopsy procedures used for removing tissues from cancers
of the internal organs are highly intrusive and expensive and not
performed in some cases due to the increased risk of tumor seeding
to other sites [19]. These shortcomings make it highly desirable if
body fluids such as blood or urine can be used for cancer genetic
marker detection.

PCR has been the method of detecting circulating deoxyribo-
nucleic acid (DNA) markers in serum or urine. To detect gene
mutation, PCR is typically followed with melting temperature anal-
ysis to differentiate mutant (MT) from the wild type (WT), the
normal form of the gene. So far, detecting mutations in sera or
urine has been challenging because (1) the melting-temperature
difference between a single-nucleotide MT and the WT can be only
a few degrees [20], (2) the concentrations of circulating MT mar-
kers are exceedingly low (much lower than 10�18 M or 600 copies/
mL) [21], (3) circulatingMTmarkers are typically outnumbered by
the WT by a factor of 240 or larger [22], and (4) transrenal DNA
exist in urine in the form of short fragments often less than 200
base pairs (bp) [23], and PCR suffers from amplicon size, where
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only a small amount of the naturally occurring fragments in urine
can be amplified [22, 24]. These combinations make it difficult to
detect circulating mutations sensitively and specifically. Therefore,
if there is a genetic detection method that can detect genetic
mutations in short DNA fragments of less than 200 bp at concen-
trations lower than aM (10�18 M) and in a background of more
than 240-fold wild type (WT) without the need of DNA isolation
or amplification it would be ideal for reliably detecting circulating
genetic mutations in urine that can greatly help cancer diagnostics
and treatment decision and monitoring.

In an earlier study, we have shown that flow can create a force to
impinge on the DNA bound on the probe on the sensor surface
[25]. Because the probe is complementary to MT but not WT the
bonding of WT to the probe is weaker than that of MT to the
probe. As a result, less WT will remain bound on the probe than
MT by the flow impingement force. We have shown that detect MT
in a flow by controlling the flow speed together with temperature is
more specific than detecting MT by controlling the temperature
alone without a flow [25]. In fact, by controlling the flow rate and
temperature, PEPS was shown capable of detecting a double muta-
tion, hepatitis B virus double mutation (HBVDM), in a back-
ground of 250-fold WT in a flow and in situ [26]. Since it is
harder to detect a point mutation than a double mutation against
theWT it would be of interest to examine if using similar flow speed
and temperature controls one could also detect point mutations
with high specificity against the WT for circulating mutation detec-
tion applications where the WT outnumbers the MT by more than
240-fold [22].

KRAS mutations are point (single-nucleotide) mutations
(PMs) at codons 12 and 13 and less frequently at codon 61 that
occur in about 50% of colorectal cancers [27] and more than 80% of
pancreatic cancers [28]. In this study investigate in situ detection of
KRAS point mutation (PM) in urine against the WT in real time
using a PEPS coated with locked nucleic acid (LNA) probe in a flow
and with temperature control but without DNA isolation or ampli-
fication. Among the seven most common KRAS mutations,
codon-12 GGT to GTT point mutation (Glycine to Valine)
(G12 V) is associated with a higher mortality rate [29]. Frequency
of this mutation among KRAS mutated colorectal cancers is
21.9–24.4% [30]. We will use the KRAS G12 V PM as the model
PM. Specifically, we will use a 50-nt KRAS PM as the model MT.
To increase the melting-temperature difference between the MT
andWT and enhance the specificity of mutation detection [31–38],
we have designed and immobilized an LNA-containing probe on
the PEPS surface and carried out in situ KRAS PM MT detection
against the WT at a temperature below the melting temperature of
the MT but above that of the WT and with a flow rate of 4 mL/
min. We showed that the PEPS positively and specifically detected
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the KRAS G12 V PM MT at a concentration of 60 copies/mL
(100zM, or 10�19 M) in a background of 1000-fold WT and
further validated the MT detection by following with in situ fluo-
rescent reporter microspheres (FRMs) detection and by visualizing
the fluorescent colors of FRMs. The numbers of captured MT
FRMs outnumbered the captured WT FRMs by a factor of 4 to 1,
indicating the specificity of PEPS single-nucleotide PM detection
even when the samples contains 1000-fold WT.

2 Materials

1. The probe is a single-stranded 17-nt LNA probe synthesized by
Exiqon as shown in Table 1.

2. The MT, a 50-nt single-stranded DNA, containing the
sequence complementary to the probe, plus 33 nt of the imme-
diately upstream sequence as shown in Table 1 was synthesized
by Sigma.

3. The WT, a 50-nt long single-stranded DNA, containing the
sequence complementary to the probe except for the point
mismatch plus 33 nt of the immediately downstream sequence
as shown in Table 1 was synthesized by Sigma.

4. MTrDNA, a single-stranded DNA complementary to the 33-
nt upstream sequence of the MT, which was amine-activated
with a 7-PEG spacer at the 30 end to be conjugated to MT
FRMs as shown in Table 1 was synthesized by Sigma.

Table 1
Sequences of the probe, MT, WT, MTrDNA, and the WTrDNA and the melting temperatures (Tm) of MT
with probe, WT with probe, MTrDNA with MT, and WTrDNA with WT

Type of DNA Sequence (50!30) Tm

Probe(17 nt) Amine-(PEG)12-TGGAGCTGTTGGCGTAG –

MT(50 nt) TCTGAATTAGCTGTATCGTCAAGGCACTCTTGCC
TACGCCAACAGCTCCA

70 �C (Probe to MT

WT(50 nt) CTACGCCACCAGCTCCAACTACCACAAGTTTATATT
CAGTCATTTTCAGC

55 �C (Probe to WT)

MTrDNA
(33 nt)

GCAAGAGTGCCTTGACGATACAGC
TAATTCAGA-(PEG)7-Amine

78.5 �C (MTrDNA to
MT)

WTrDNA
(33 nt)

Amine-(PEG)12-
GCTGAAAATGACTGAATATAAACTTGTGGTAGT

73.6 �C (WTrDNA to
WT)

Note that the site where the mutation occurs is italic and bold in the MT, WT, and probe and the LNA bases in the probe
are underlined. The melting temperatures were estimated using a 115 mM salt concentration consistent with urinary salt

content [39, 40] and a LNA/DNA concentration of 50 nM.
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5. WTrDNA, a single-stranded DNA complementary to the 33-
nt downstream sequence of theWT, which was amine-activated
with a 12-PEG spacer at the 50 end to be conjugated to WT
FRMs as shown in Table 1 was synthesized by Sigma.

6. MT FRMs which emitted blue light (Bright Blue (BB) (ffi
Coumarin)) with excitation maximum at 360 nm and emission
maximum at 407 nm was synthesized by Polysciences.

7. WT FRMS, which emitted yellow-green light (Yellow Green
(YG) (ffi Fluorescein)) with excitation maximum at 441 nm and
emission maximum at 486 nm was synthesized by Polysciences.

8. Thermal evaporation (Thermionics VE 90).

9. Wire saw cutting (Princeton Scientific Precision, Princeton,
NJ).

10. Conductive glue ((XCE 3104XL, Emerson and Cuming Com-
pany, Billerica, MA).

11. Nonconductive glue (Loctite 1C Hysol Epoxy Adhesive).

12. Bovine serum albumin (BSA) (Sigma).

13. 3-mercaptopropyltrimethoxysilane (MPS) (Sigma).

14. Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-car-
boxylate (sulfo-SMCC) (Pierce).

15. Incubator (Digital Control Steel Door Incubator 10-180E,
Quincy Lab).

16. Agilent 4294A electrical impedance analyzer (Agilent
Technologies).

17. Resonance spectra and resonance frequency shift with time
during detection were measured by a portable AIM 4170 C
impedance analyzer (Array Solutions).

18. Peristaltic pump (Cole-Parmer 77,120–62).

19. Fluorescence Imaging was carried out using a fluorescence
microscope (Olympus BX51).

20. Gold nuggets for thermal evaporation of gold electrodes
(Lesker).

21. Chromium nuggets for thermal evaporation of chromium
bonding layers before gold deposition (Lesker).

22. Gold wires (Kulicke & Soffa).

23. Glass substrate (Fisher).

24. D350/50, D460/50 filter, HQ545/30 and 400 nm long-pass
filter (Chroma).

25. MatLab (MathWorks).

26. Material for flow cell fabrication is polycarbonate (Interstate
Plastics).

27. Nb2O5 (99.99%, Aldrich), Mg(NO3) 2·6H2O (Aldrich).
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28. Titanium isopropoxide (Ti(OCH(CH3)2)4, 99.9% Alfa Aesar).

29. Lead acetate anhydrous (Pb(CH3COO)2.2Pb(OH)2, Fluka,
St. Louis, MO).

30. NH4OH (5 M, Aldrich).

31. Ultrasonication (50 MHz, 50 W, Ultrasonic Homogenizer
4710 series, Cole-Parmer Instrument Co., Vernon Hills, IL).

32. Ethylene glycol (EG) (HOCH2CH2OH, Alfa Aesar, Ward
Hill, MA).

33. Hotplate (Cole-Parmer), Furnace (Carbolite).

34. Ball milling machine (Paul O. Abbe).

35. Doctor blade (Tape Casting Warehouse, Morrisville, PA).

36. Mylar film (Tape Casting Warehouse, Morrisville, PA).

37. Ethanol (Fisher), phosphate buffer saline solution (Fisher).

38. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
(Pierce), sulfonated N-hydroxysuccinimide (sulfo-NHS)
(Pierce).

3 Methods

3.1 Fabrication of

PMN-PT Freestanding

Film

1. [Pb(Mg1/3Nb2/3)O3]0.65[PbTiO3]0.35 (PMN-PT) powder
was synthesized using a double precursor coating approach
[2] First, 5.38 g of Mg(NO3) 2·6H2O were dissolved in
100 mL of DI water and 5.26 g of Nb2O5 powder were
added to the solution and ultra-sonicate for 10 min to break
up the Nb2O5 agglomerates. To precipitate Mg(OH)2 on the
Nb2O5 surface, a tenfold diluted NH4OH solution was added
to the suspension dropwise until the pH was 10.5 followed by
continuous stirring for 30 min.

2. The suspension was then dried at 150 �C on a hotplate.

3. After drying, the Mg(OH)2-coated Nb2O5 powder was sus-
pended in a lead acetate anhydrous solution in ethylene glycol
(EG) with 15% excess lead.

4. The suspension was then dried at 230 �C on a hotplate.

5. The dried powder was calcined in a furnace at 800 �C for 2 h to
obtain crystalline lead magnesium niobate (PMN).

6. The obtained PMN powder was suspended in an EG solution
of lead titanate (PT) precursor solution with containing lead
acetate anhydrous and titanium isopropoxide and ball milled
for 24 h.
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7. The ball-milled powder was dried at 230 �C on a hotplate
followed by heat treatment at a rate of 1 �C/min to 500 �C
in a furnace for 2 h to burn out the organics.

8. The obtained powder was then dried and ball-milled with
proprietary dispersants, binders, and plasticizers for 48 h to
obtain the slurry for tape casting.

9. The slurry was then poured in a doctor blade to cast the green
tape on a mylar film.

10. The green tape was then heated in a furnace at 500 �C for 4 h
to burn out the organics followed by sintering in a furnace at
1175 �C for 2 h.

3.2 PEPS Fabrication

and Electrical

Insulation

1. The PEPS was 1.2 mm long and 0.45 mm wide fabricated from
(PbMg1/3Nb2/3O3)0.65-(PbTiO3)0.35 (PMN-PT) freestanding
films 8 μm thickness that was coated with 110 nm thick Cr/Au
electrode by thermal evaporation cut into 2.5 mm by 0.45 mm
strips by a wire saw as shown in the insert of Fig. 1c.

2. Gold wires, 10 μm in diameter, were glued to the top and
bottom electrodes of each strip using conductive glue.

3. The rear end of the strip was fixed on a glass substrate by a
nonconductive glue to form the PEPS geometry and the piezo-
electric properties of the sensor was realized by aligning the
polarization (poling) with an electric field of 15KV/cm at
90 �C for 60 min in an incubator.

4. The relative dielectric constant of the PEPS was measured to be
about 1800 using an Agilent 4294A electrical impedance ana-
lyzer, with a loss factor of 2.8% at 1 kHz.

5. The PEPS was electrically insulated to stabilize the resonance
peaks for in-liquid detection by using a new MPS solutions
coating scheme involving enhanced MPS cross-linking at
pH ¼ 9.0 with 0.1% of MPS and 0.5% of water in ethanol
[41]. The coating solution was replaced with a fresh one every
12 h until the resonance peak frequency was stable in phosphate
saline buffer (PBS) solution.

6. The MPS insulation also served as the anchor to immobilize the
probe via the bifunctional linker sulfo-SMCC. The pKa of thiols
is about 10.5. Under the coating conditions at pH ¼ 9.0 or the
immobilization conditions at pH ¼ 7, most of the thiols were
unoxidized and good for the immobilization because malei-
mides of the sulfo-SMCC reacted with sulfhydryl groups at
pH 6.5–7.5 to form stable thioether bonds.

7. A schematic of length extension mode (LEM) vibrations and
that of width extension mode (WEM) vibrations of a PEPS are
shown in the insert (I) and (II) of Fig. 1b, respectively. The
impedance (blue) and phase angle (red) versus frequency
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resonance spectra around the first WEM peak frequency—which
was taken as the peak frequency of the phase angle versus fre-
quency spectrum—are shown in Fig. 1b. Because the phase-
angle resonance spectrum was much more symmetric than that
of the impedance, all the following detections were carried out
using the phase-angle spectrum to track the WEM peak. At a
given time, the frequency of the resonance peak was determine
by first smooth the resonance peak by adjacent averaging fol-
lowed by fitting the smoothed curve to more than 50 palabras of
different frequency ranges and averaging over the all of the fitted
resonance frequencies.

3.3 Probe

Immobilization,

Nonspecific Binding

Blocking, and FRMs

Conjugation

1. The probe is complementary to the sequence of the KRAS gene
(Gene ID: 3845) centered around the KRAS G12 V PM with
the 3 LNA bases also centred around the PM and amine-
activated with a 12-polyethyleneglycol (PEG) spacer at the 50

end.

2. With the 3 LNA bases, the melting temperature for the probe
with the MT was 70 �C and that for probe with the WT 55 �C.
The difference between the melting temperature of the probe
with the MT and that of probe with the WT was thus increased
from 10 to 15 �C (see Note 1).

3. Sulfo-SMCC was dissolved in water followed by dilution in a
phosphate buffer saline (PBS) solution to 5 mM concentration.
To immobilize the amine-activated probe on the PEPS surface,
the MPS-coated PEPS was first immersed in 200 μL of a 5 mM
sulfo-SMCC solution in PBS with the pH adjusted to 6.5 for
1 h. This would allow the maleimides of the sulfo-SMCC
reacted with sulfhydryl groups on the MPS to form stable
thioether bonds. The sensor was then washed three times with
deionized water and then it was immersed in a solution of 10 μM
amine activated probe dissolved in 200 μL of PBS (pH 8.0). The
NHS-ester of the sulfo SMCC reacted with the amine group of
the probe to form a peptide bond.

4. The probe immobilized on theMPS surface was quantified to be
about 1.9 probes/nm2 using a 5-MHz quartz crystal microbal-
ance (QCM) [42]. In the QCM test, the sulfo-SMCC and probe
binding steps resulted in 15 Hz and 120 Hz resonance fre-
quency shifts, respectively. This corresponds to an adsorbed
sulfo-SMCC layer of 0.9 � 10�7 g/cm2 and an adsorbed
probe layer 7.2 � 10�7 g/cm2 as calculated using the Sauerbrey
equation. With the molecular weights of sulfo-SMCC and that
of the probe being 436 and 4938 g/mol, respectively, these
results corresponded to an adsorbed sulfo-SMCC layer with a
density of 2.7 molecules/nm2 upon which a probe layer immo-
bilized with a density of 1.9 molecules/nm2. Thus, the SH of
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the MPS was proven to be effective to facilitate the immobiliza-
tion of the probe DNA.

5. A schematic illustrating the immobilization of the amine-
activated probe on the PEPS surface via the thiol functionality
of the MPS insulation layer is shown in the supplemental infor-
mation of Reference [3].

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

7. TheMT FRMs were covalently conjugated toMTrDNA and the
WT FRMS to the WTrDNA [8, 25] as follows. Both MT FRMs
and WT FRMs came capped with carboxyl (�COOH) groups
on the surface. To conjugate a FRM with an amine-activated
rDNA, the carboxyl on a FRM reacted with EDC to form an
immediate o-acylisourea ester, which reacted with sulfo-NHS to
form an amine-reactive NHS ester on the FRM surface. The
bound NHS ester further reacted with the amine at the 50 end of
the rDNA to form a peptide bond to covalently bond the rDNA
to the FRM surface. Figure 2 shows a schematic of these reaction
steps.

Fig. 2 A schematic of the reactions linking a polystyrene FRM with an amine-linked rDNA. First, the carboxyl
on the FRM reacted with EDC to form an o-acylisourea ester, which further reacted with sulfo-NHS to form an
amine-reactive NHS ester on the FRM surface. The NHS ester on the FRM surface reacted with the amine at
the 50 end of an rDNA to form a peptide bond to covalently bond the rDNA on the FRM surface
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8. A suspension of MT FRMs, WT FRMs, or an equal mixture of
the two was run through the detection cell for 30 min following
the detection of MT, WT, or a mixture of MT and WT as a
follow-up in situ detection validation. The total volume of the
suspension of the mixture of MT FRMs and WT FRMs was
8 mL and the concentration was 1 � 105 FRMs/mL. At
2 mL/min, this suspension was recycled 7.5 times in the
30 min of the MT FRMs and WT FRMs follow-up in situ
validation detection step.

3.4 Spiked Urine

Samples and Flow

Setup

1. The flow system for carrying out the detection contained a
peristaltic pump (Cole-Parmer 77,120–62), a custom-made
flow cell where detection took place, reservoirs containing
DNA-spiked urine samples, FRMs, and PBS interconnected
with tubing of a 0.8-mm inner diameter as schematically
shown in Fig. 3c.

Fig. 3 (a) A schematic of the relationship between probe, mutant (MT) target DNA, wild type (WT), MT reporter
DNA (MTrDNA), and WT rDNA (WTrDNA) for KRAS point mutation, (b) the legend for schematic in (a), (c) a
schematic of the flow system for mutation detection in urine and (d) a blow-up of the PEPS situated in the
center of the flow cell
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2. The flow cell was 18.5 mm long, 3.5 mmwide and 5.5 mm deep
(volume ¼ 356 μL) connected to the sample reservoir.

3. A schematic of the flow cell is shown in Fig. 3d. The flow cell was
machined from a polycarbonate block. A photograph of a poly-
carbonate flow cell is shown in Fig. 4. The total internal volume
of the flow cell plus tubing was approximately 750 μL.

4. The urine came from one individual. The subject was free of
HBV infection. 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 morn-
ing (seeNote 2). A total of 11 such urine samples were collected
for the study and visually there was no significant difference
among these 11 urine samples and 21 more that were used for
previous studies [3, 43].

5. The flow was driven by the peristaltic pump and what flowed
through the flow cell was controlled by the valves.

6. In each detection experiment, the volume of the DNA-spiked
urine sample was fixed at 50 mL and the probe-coated PEPS was
placed in the center of the flow cell.

7. The flow setup was placed inside an incubator for temperature
control.

8. Because the flow cell was open, a 2-L water bath was included in
the incubator to eliminate potential resonance frequency shift
due to the changes in the flow-cell liquid level by evaporation.

9. The resonance spectra were measured using a portable AIM
4170� C impedance analyzer.

3.5 MT FRMs and WT

FRMs Imaging

1. MT FRMs were imaged using a D350/50 filter for excitation
and a 400 nm long-pass filter for emission.

2. WT FRMs were imaged by using a D460/50 filter for excitation
and a HQ545/30 filter for emission.

Fig. 4 A photograph of a flow cell machined from a polycarbonate block
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3. MT FRMs image were then colored blue to denote that they
were MT FRMs using MatLab.

4. WT FRMs image were then colored orange to denote that they
were WT FRMs using MatLab.

5. Blue MT FRMs and orange WT FRMs images were merged
using MatLab.

3.6 Mutation

Detection

1. An optical micrograph of the PEPS used for this study is shown
as an insert in Fig. 1c.

2. The in-air and in-PBS phase angle versus frequency resonance
spectra of the PEPS are shown in Fig. 1c. As can be seen, the
base-line, the length-extension-mode (LEM) 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 of the following experiments the WEM peak of the phase-
angle spectrum was monitored for detection.

3. The relative resonance frequency shift, Δf/f, of the first WEM
peak during the sulfo-SMCC bonding (30–60 min), the probe
immobilization (60–90 min), the subsequent MT detection at
100 pM in PBS (90–120 min) and the following MT FRMs
detection at 1 � 105 FRMs/mL concentration in PBS
(120–150 min), both a 2 mL/min is shown in Fig. 1d. Also
shown in the insert in Fig. 1d is a schematic of the various steps
involved in the immobilization process. The data depicted in
Fig. 1d was generated using PBS at room temperature in order
to illustrate that the various binding steps during surface func-
tionalization, MT detection or FRM validation could be
detected by the resonance frequency shift of the PEPS. For
actual MT or WT detection in urine, there was a bovine serum
albumin (BSA) blocking step right after probe immobilization
in which the probe-coated PEPS was soaked in a 3% BSA
solution for 30 min right before detection in urine to saturate
any possible nonspecific binding sites such that no nonspecific
binding could occur during detection in urine as described
earlier [3].

4. With the melting temperature for the binding of the MT to the
probe being 70 �C and that for the WT to the probe being
55 �C, we carried out the detection of 1 � 10�15 M of MT and
WT in PBS at 55 �C, 60 �C, 63 �C, and 68 �C for 30min to find
the optimal temperature for specific MT detection against the
WT. Three experiments were carried for each condition as
described above (see Note 3). The resultant relative detection
resonance frequency shift, Δf/f is plotted with standard devia-
tions in Fig. 1e. We then averaged out the Δf/f of each detec-
tion over 25–30 min. The resultant –Δf/f at 25–30 min is
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plotted in Fig. 1f with squares representing MT and circles
representing WT (the left side of the double-y plot). The
ratio of the –Δf/f at 25–30 min of the MT to that of the WT
is also plotted in Fig. 1f as the triangles (the right side of the
double-y plot). As can be seen the ratio of the –Δf/f at
25–30 min of the MT to that of the WT was maximal at 63 �C.

5. Figure 5a, b show the schematic of theMT detection in urine in
which MT containing urine flowed through the detection cell
and that of the followingMT FRMs detection in which theMT

Fig. 5 A schematic representation of (a) MT detection (b) MT FRMs detection following MT detection, (c) Δf/f
versus time of MT detection followed by MT FRMs detection including the background signal collection in urine
before (0–30 min) and after (90–120 min) the MT and FRMs detection, (d) WT detection (e) WT FRMs detection
following WT detection, (f) Δf/f versus time of WT detection followed by WT FRMs detection. Clearly, at 63 �C
and at a flow rate of 4 mL/min, the detection –Δf/f of 1 aM MT at t¼ 30 min (�Δf/f¼ 0.2� 10�3) was much
larger than that of WT at 100 f. at t ¼ 30 min, (�Δf/f < 0.1 � 10�3), indicating the specificity of the MT
detection at such detection conditions
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FRMs containing PBS flowed through the detection cell,
respectively. Figure 5c shows the detection Δf/f versus time
of the MT detection in urine at various MT concentrations
followed by the MT FRMs detection in PBS at 1 � 105

FRMs/mL. Note the background signal in blank urine (con-
trol) before and after the MT and FRM detection steps were
stable as shown in Fig. 5c in all the detection experiments. For
simplicity, in all the following figures we will omit the back-
ground signal sections to better highlight the detection results.

6. Figure 5d, e show the schematic of the WT detection in urine
and that of the following detection of the WT FRMs in PBS,
respectively.

7. Figure 5f shows the detection –Δf/f versus time in urine at
various MT concentrations followed by the detection of the
WT FRMs in PBS at 1� 105 FRMs/mL. Clearly, the detection
–Δf/f for MT at 1 aM (1 � 10�18 M) at t ¼ 30 min was about
0.2 � 10�3, which was still larger than the detection –Δf/f of
<0.1 � 10�3 for WT at 100 f. (1 � 10�14 M) at t ¼ 30 min,
indicating the specificity of the MT detection by PEPS at the
chosen detection conditions of 63 �C and 4 mL/min flow rate.

8. To see if PEPS detection of KRAS MT under the current
detection conditions, i.e., 63 �C and a flow rate of 4 mL/min
was indeed sensitive and specific, we carried out MT detection
in a background of 1000-fold higher WT at various MT
concentrations.

9. In Fig. 6a, we show the Δf/f versus time of PEPS detection in
urine containing a mixture of MT in a background of 1000-
fold more WT at various MT concentrations followed by detec-
tion in an equal mixture of 105 FRMs/mL of MT FRMs and
105 FRMs/mL of WT FRMs in PBS.

10. After the detection in the mixture of MT FRMs andWT FRMs
and washing, the PEPS was examined using a fluorescent
microscope and the obtained fluorescent images from detec-
tion at various MT concentrations as described in Subheading
3.5 are shown in Fig. 6b–e where the blue spots represent the
MT FRMs and the orange ones WT FRMs. As can be seen, in
all four MT concentrations (i.e., 100 zM, 1 aM, 10 aM, and
100 aM) the blue MT FRMs outnumbered the orange WT
FRMs. In addition, both the number of MT FRMs and that of
the WT FRMs increased with an increasing MT concentration
since the WT concentration was increased in proportion as
well.

11. In Fig. 7a, we plot the number of MT FRMs and that of WT
FRMs versus the average –Δf/f of MT detection in a MT/WT
mixture as obtained from the –Δf/f at t¼ 25–30min in Fig. 6a.
Clearly, both the number of the MT FRMs and that of the WT
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FRMs increased roughly linearly with an increasing average
–Δf/f of MT detection with a MT FRMs/WT FRMs number
ratio of about 4, validating that theΔf/f obtained in aMT/WT
mixture with a WT/MT ratio of 1000 was mostly due to the
binding of MTon the PEPS surface such that the bound FRMs
were mostly MT FRMs. These results are schematically illu-
strated in Figs. 6f–h. Figure 6f illustrates that even in a mixture

Fig. 6 (a) Relative resonance frequency shift, Δf/f versus time of PEPS detection of MT in a background of
1000-fold more WT at various MT concentrations followed by detection in an equal mixture of 105 FRMs/mL of
MT FRMs and 105 FRMs/mL of WT FRMs in PBS, (b), (c), (d), and (e) are respectively the fluorescent images of
the PEPS obtained after the FRMS detection following the MT detections at 0.1 aM (100 zM), 1 aM, 10 aM, and
100 aM MT concentrations where the blue color denotes the MT FRMs while the orange color denotes the WT
FRMs, (f), (g), and (h) are respectively the schematic illustrating the PEPS in a mixture of MT and WT at
t¼0–30 min in (a), a schematic of the PEPS in a mixture MT FRMs and WT FRM at t¼ 30–60 min in (a), and a
schematic of the PEPS after the final washing. That there were far more MT FRMs captured than WT FRMs in
(b–e) indicates that the detection of MT was specific even in a background of 1000 times more WT
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Fig. 7 (a) Number of MT FRMs (blue full circles) and that of WT FRMs (orange full
squares) obtained from Figs. 6b–e versus average PEPS MT detection –Δf/f at
t¼ 25–30 min taken from Fig. 6a. Note for each MT concentration the number of
MT FRMs (blue) was still roughly four times higher than that of the WT even the
concentration of the WT was 1000 times higher than that of the MT. This
indicates that in each case more than 80% of the detection Δf/f was due to
the binding of the MT and that PEPS’s MT detection was specific even the
concentration of the WT was 1000 times higher than that of the MT. (b)
Comparison of –Δf/f for detection averaged over t ¼ 25–30 min of pure MT in
Fig. 6c (black), that at 1000-fold pure WT taken from Fig. 6f (red) and that in a
mixture of MT in 1000-fold more WT as taken from Fig. 7a (blue). That the –Δf/f
in a mixture of MT in 1000-fold (blue) was similar to the sum of the –Δf/f of MT
and the –Δf/f of 1000-fold WT more WT indicates that the presence of the 1000-
fold WT had negligible effect on the MT detection. In addition, that the –Δf/f of
pure MT (black) was also roughly four times that of 100-fold pure WT (red),
further confirming the specificity of the current PEPS single-nucleotide mutation
detection
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of MT with 1000-fold more WT, still more MT than WT were
captured on the PEPS surface because the temperature and
flow condition favored MT to bind to the probe on the PEPS
surface.

12. Figure 6g illustrates that in detection in an equal mixture of
MT FRMs and WT FRMs following the detection in the mix-
ture of MT with 1000-fold more WT, more MT FRMS would
bond on the PEPS surface due to more MT captured on the
PEPS surface.

13. Figure 6h illustrates that the final PEPS surface had more
bound MT FRMs with a MT FRMs/WT FRMs number ratio
of about 4 after detection in the equal mixture of MT FRMs
and WT FRMs and washing.

14. To see how the detection of MT in a background of 1000-fold
WT shown in Fig. 6a compared with detection in pure MT and
that in pure WT in Fig. 5c, f, we plot in Fig. 7b the average
–Δf/f over t ¼ 25–30 min at 10�19 M, 10�18 M, and 10�17 M
in pure MT (black) as obtained from Fig. 5c, that at 1000-fold
WT (red) as obtained from Fig. 5f, and that in a mixture of MT
with 1000-fold WT (blue) as obtained from Fig. 6a (blue). As
can be seen from Fig. 7b, the overall detection –Δf/f in a
mixture (blue) was somewhat smaller than that of pure MT
detection at the same concentration (black), understandably
due to the interference by the presence of the 1000-fold WT
except at low concentrations where WT had a negligible effect
due to the low concentrations (see Note 4).

15. Note in Fig. 7b, the –Δf/f of the pure MT detection (black) of
all three concentrations were also roughly four times that of the
pure WT detection at a 1000-fold higher concentration, con-
sistent with the results from the detection in MT/WT mixture
shown in Fig. 7a and further supporting that under the detec-
tion conditions of 63 �C and 4 mL/min, roughly 80% (4 out of
5) of the detection signals were due to MT even in a back-
ground of 1000-fold WT.

16. In Summary, we have examined the analytical sensitivity and
selectivity of in situ detection of gene mutation in urine using a
PMN-PT PEPS using KRAS G12 V point mutation (PM) as
the model PM. The PEPS was coated with a 17-nt probe with
three LNA bases around the mutated site that was complemen-
tary to the KRAS PM and the detection was carried out in a
flow with the PEPS located at the center of the flow with a flow
rate of 4 mL/min and at 63 �C which was below the melting
temperature of the MT with the probe but above that of the
WTwith the probe (seeNote 5). The specificity of the mutation
detection in a background of wild type was examined in situ by
following with the detection in a mixture of blue MT FRMs
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and orange WT FRMs and further confirmed by visual
inspection of the colors of the bound FRMs. We showed that
even in a background of 1000-fold wild type PEPS specifically
detected the KRAS PM with an analytical sensitivity of 60
copies/mL in urine without DNA isolation or amplification,
which was validated by the fact that the captured blue MT
FRMs still outnumbered the orange WT FRMs 4 to 1 even
the WT outnumbered the MT by 1000-fold (see Note 6).

4 Notes

1. Given that the current probe was only 17-nt long with the
mutated site in the middle (9th-nt), as long as the mutation
site of a target MT is 8-nt or more from the edge of the target
DNA, the binding of the probe to the target MT will have the
expected melting temperature of 70 �C.

2. In urine most of the tumor derived cell free DNA fragments are
low molecular weight (200 bp) [23]. The probability for the
mutated site to be within 8 nt of either end would therefore be
less than 8% on average. Thus, the current 17-nt probe would
bind to the DNA fragments in urine with a probability of better
than 92%.

3. The current hybridization temperature is not high enough to
denature dsDNA. Detection of dsDNA will require denaturing
the dsDNA prior to hybridization, which can be incorporated in
the flow system in a continuous fashion and will be published in
future publication.

4. In comparison, PCR needs two primers and one probe, thus
would not be able to detect a MT with a mutation site as far off
the center as 8 nt away from the edge. Conservatively assuming
the two primers and the probe to be all 17-nt long, for the MT
to be detectable, the mutation site must be 25-nt or more away
from the edge, reducing the chances of detecting the MT to
75%. Most of the primer and probe sequences in PCR are much
longer than 17-nt long, which will further reduce the chance of
detecting the mutation from the fragments. Clearly, the current
method needs only a short probe is an advantage over PCR in
detecting mutations from circulating DNA fragments.

5. Finally, the PEPS mutation detection method can be easily
adopted for one-step multiplexed in situ mutations detection
as illustrated for by simultaneous detection of the six codon
12 KRAS mutations in one single test [10].

6. The same methodology should also be able to detect mutations
in circulating DNA from plasma or serum. The only difference is
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that the sensor must be blocked with a higher concentration of
bovine serum albumin (BSA) after probe immobilization and
prior to detection to prevent nonspecific binding as plasma and
sera contain higher concentrations of serum albumin [42].
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42. Soylu MÇ (2013) Piezoelectric plate sensor for
in situ genetic detection of hepatitis B virus in
serum without DNA isolation and amplifica-
tion. Drexel University

43. Kirimli CE, Shih W-H, Shih WY (2015) Spe-
cific in situ hepatitis B viral double mutation
(HBVDM) detection in urine with 60 copies/
ml analytical sensitivity in a background of 250-
fold wild type without DNA isolation and
amplification. Analyst 140(5):1590–1598.
doi:10.1039/C4AN01885K

348 Ceyhun E. Kirimli et al.

http://dx.doi.org/10.1136/bmjopen-2013-003720
http://dx.doi.org/10.1039/C4AN01885K

	Chapter 22: Piezoelectric Plate Sensor (PEPS) for Analysis of Specific KRAS Point Mutations at Low Copy Number in Urine Withou...
	1 Introduction
	2 Materials
	3 Methods
	3.1 Fabrication of PMN-PT Freestanding Film
	3.2 PEPS Fabrication and Electrical Insulation
	3.3 Probe Immobilization, Nonspecific Binding Blocking, and FRMs Conjugation
	3.4 Spiked Urine Samples and Flow Setup
	3.5 MT FRMs and WT FRMs Imaging
	3.6 Mutation Detection

	4 Notes
	References


