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ABSTRACT: Regular screening of point mutations is of
importance to cancer management and treatment selection.
Although techniques like next-generation sequencing and digital
polymerase chain reaction (PCR) are available, these are lacking in
speed, simplicity, and cost-eﬀectiveness. The development of
alternative methods that can detect the extremely low concentrations of the target mutation in a fast and cost-eﬀective way
presents an analytical and technological challenge. Here, an
approach is presented where for the ﬁrst time an allele-speciﬁc
PCR (AS-PCR) is combined with a newly developed high
fundamental frequency quartz crystal microbalance array as
biosensor for the ampliﬁcation and detection, respectively, of
cancer point mutations. Increased sensitivity, compared to
ﬂuorescence detection of the AS-PCR amplicons, is achieved through energy dissipation measurement of acoustically “lossy”
liposomes binding to surface-anchored dsDNA targets. The method, applied to the screening of BRAF V600E and KRAS G12D
mutations in spiked-in samples, was shown to be able to detect 1 mutant copy of genomic DNA in an excess of 104 wild-type
molecules, that is, with a mutant allele frequency (MAF) of 0.01%. Moreover, validation of tissue and plasma samples obtained from
melanoma, colorectal, and lung cancer patients showed excellent agreement with Sanger sequencing and ddPCR; remarkably, the
eﬃciency of this AS-PCR/acoustic methodology to detect mutations in real samples was demonstrated to be below 1% MAF. The
combined high sensitivity and technology-readiness level of the methodology, together with the ability for multiple sample analysis
(24 array biochip), cost-eﬀectiveness, and compatibility with routine workﬂow, make this approach a promising tool for
implementation in clinical oncology labs for tissue and liquid biopsy.
KEYWORDS: high fundamental frequency QCM, dissipation monitoring, liposomes acoustic ampliﬁcation, BRAF V600E, KRAS G12D,
molecular diagnostics, clinical oncology, companion diagnostics

T

quantities (z/aM) and is highly fragmented, and mutants
(mt) exist in samples with a background of abundant wild-type
(wt) cfDNA, exhibiting a ratio of mt/wt or a mutant allele
frequency (MAF: mt/[mt + wt]) of <0.1%.5
Mutation analysis of ctDNA can be performed by nextgeneration sequencing (NGS) and polymerase chain reaction
(PCR)-based methods.6,7 NGS has contributed considerably
to clinical oncology during genotyping and the identiﬁcation of
novel mutations; however, it is restricted by the high cost,
complexity, slow turnaround time (days), and need for
dedicated bioinformatics facility. Real-time quantitative PCR

umor tissue biopsy remains the gold standard method for
cancer diagnosis and is an important source for routine
molecular proﬁling of hotspot somatic mutations. However,
conventional tissue biopsy has a number of limitations that
stem from its invasive nature. In many cases, it is not feasible to
perform tissue biopsy and the method is inappropriate for
capturing intratumor heterogeneity, longitudinal proﬁling of
cancer biomarkers, and monitoring of disease progression.1−3
Liquid biopsy is a promising noninvasive alternative that allows
the study and characterization of diﬀerent biomarkers such as
cell-free DNA (cfDNA) fragments originating from tumor
cells. Circulating tumor DNA (ctDNA) may carry the same
genetic alterations as those of a primary tumor and thus, can
serve as a valuable diagnostic and prognostic tool to select
targeted therapies and monitor therapeutic response in real
time.4 While liquid biopsy is simpler, faster, and more costeﬀective than tissue biopsy, ctDNA detection poses an
analytical challenge because it is present in very small
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cancer patients’ tissue and plasma samples. Results indicate the
excellent sensitivity of the method, higher than that obtained
with qPCR and comparable to dPCR but through a simpler
and less expensive methodology of the latter.

(qPCR) is applied routinely to cancer molecular analysis
during the enzymatic ampliﬁcation of target mutations and
ﬂuorescent detection of produced amplicons; however, qPCR
is not suﬃciently sensitive (10−20%)4 toward the detection of
known mutations.8,9 Variants of qPCR based on the use of
allele-speciﬁc (AS) primers, such as the ampliﬁcation refractory
mutation system, exhibit an improved sensitivity (down to
0.1%) but depend on complex, multistep assays.10,11 Digital
PCR (dPCR) methods, that is, BEAMing (beads, emulsion,
ampliﬁcation, magnetics) and ddPCR (droplet dPCR), can
provide absolute quantiﬁcation including the ratio of mt to wt
DNA present in a sample. However, while both dPCR
methods have very high sensitivities of 0.01 and 0.001%,
respectively, they are highly complex, employing one or more
PCR steps taking place in water−oil emulsions and followed by
ﬂow cytometry for the detection of two ﬂuorescent probes;
moreover, both require expensive instrumentation (>100 K
euros).4,12
Recently, DNA biosensors, including electrochemical,13−15
optical,16,17 or acoustic,18−21 have been reported as an
alternative means for the detection of point mutations.
Moreover, advances in biochips and nanotechnology have
led to the development of enzymatic ampliﬁcation-free
protocols for ctDNA.7,22 Such examples include an electrochemical biochip combined with a clutch/clamp assay;23 a
plasmonic biosensor employing a peptide nucleic acid (PNA)functionalized gold surface;24 and a piezoelectric plate sensor
combined with ﬂuorescent reporter microspheres.25 While the
above works present elegant examples of the application of
biosensors in PCR-free clinical diagnostics, achieving in one
case a sensitivity similar to that of dPCR,23 potential drawbacks
include the (a) use of expensive PNA or locked nucleic acid
(LNA) probes; (b) need for hybridization steps and
temperature control; (c) laborious surface-activation and
washing steps as well as nanoparticle synthesis and
functionalization; and (d) low sensitivity, in cases when
small volumes of the unpuriﬁed sample are used.
During the past decade, liquid biopsy has received
tremendous attention; therefore, there is an urgent need for
the development of diagnostic tools for immediate application
in the clinic.26 Inspired by the above, we developed a method
for the detection of point mutations utilizing a novel high
fundamental frequency quartz crystal microbalance (HFFQCM) array device with energy dissipation monitoring
allowing multisample analysis through the use of 24 resonators.
The proposed methodology employs initially allele-speciﬁc
PCR (AS-PCR) for the ampliﬁcation of mt DNA targets
carrying the BRAF V600E or KRAS G12D point mutation in a
background of an excess of wt molecules. We focus on the
BRAF and KRAS genes because they are two of the most
prevalent druggable genetic mutations in some of the most
common types of cancer.27,28 For the acoustic detection of the
amplicons, we designed the assay so that the double-stranded
DNA (dsDNA) products could be directly immobilized on the
device surface, obviating the need for a hybridization step.
Furthermore, we preferentially monitored the energy dissipation signal of the acoustic wave instead of the frequency
one and employed liposomes as acoustic signal enhancers. This
approach was shown to improve the detection capability of the
assay and detect down to 1 mt copy in the initial sample in the
presence of 104 wt DNAs. The clinical validity of the assay was
further demonstrated during the successful detection of BRAF
and KRAS point mutations in colorectal, lung, and melanoma

■

EXPERIMENTAL SECTION

Acoustic Array and QCM Sensor. A newly developed platform
was used to monitor the 150 MHz HFF-QCM acoustic array (both by
AWS, S.L. Paterna, Spain). 35 MHz QCM sensors (7th overtone)
(AWS, S.L. Paterna, Spain) were monitored using the Q-Sense E4
instrument (Biolin Scientiﬁc, Sweden) (see also S1).
Acoustic Detection of b-BSA and NAv. NeutrAvidin (NAvInvitrogen) (0.2 mg/mL) and biotinylated bovine serum albumin (bBSA) (0.2 mg/mL) diluted in PBS pH = 7.4 (Sigma-Aldrich) were
applied on the device surface; 0.05 mg/mL of NAv was further
applied on the b-BSA layer. b-BSA was prepared as described in S2.
The working volumes of the HFF array (150 MHz) and QCM (35
MHz) devices were 60 and 200 μL, respectively.
Liposome Preparation. POPC liposomes (1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine) from Avanti Polar Lipids (Alabaster,
AL, U.S.A.) were prepared as described before.39 Brieﬂy, an initial
solution of 2 mg lipid/mL was prepared in PBS buﬀer and extruded
through a polycarbonate ﬁlter; the ﬁltered solution was stored (up to
3 days) and was used at a dilution of 10 times for the sensing
experiments. The extrusion process results in rather narrow size
distributions with average diameters near those of the employed ﬁlter
pore (here 200 nm).29−31 Liposome polydispersity eﬀects on the
recorded QCM signal are of minor importance.32 Nevertheless, care
was taken to use, as much as possible, the same particle batch
(preparation); the resulting reproducibility of the acoustic signal in
our experiments was very good (standard deviation ∼15%, see Table
in Figure 2D).
HFF-QCM Detection of dsDNA and Liposomes. Biotinyalted
at 5'-end dsDNA (b-DNA) fragments of 21, 50, 75, and 157 bp were
prepared according to ref 39 and applied (60 μL of 83 or 500 nM) to
a NAv precoated array. Then, 100 POPC were added for DNA
detection.
Acoustic Analysis of AS-PCR. A sample of 2.5 μL or 8 μL of the
BRAF or KRAS AS-PCR, respectively, diluted in a total volume of 20
μL, was loaded on the 150 MHz HFF-QCM array (ﬂow rate: 14 μL/
min), which was precoated with b-BSA/NAv. Similarly, 2.5 or 10 μL
of the BRAF or KRAS AS-PCR, diluted in a total volume of 125 μL,
was applied to the 35 MHz QCM device (25 μL/min). In both cases,
a suspension of POPC liposomes was added at a volume of 100 μL
(150 MHz) and 500 μL (35 MHz).
BRAF V600E and KRAS G12D AS-PCR. For BRAF V600E,
KAPA2G Fast HotStart ReadyMix (KAPABIOSYSREMS) was mixed
with 5 pmol of the AS-biotinylated reverse (Rv) primer and 5 pmol of
the cholesterol-modiﬁed forward (Fw) primer in a total volume of 10
μL. For KRAS G12D, 10 pmol of the mutation-speciﬁc biotinylated
Fw primer, 10 pmol of the cholesterol-modiﬁed Rv primer, and 1 μL
of 20X SYBR Green Ι Nucleic Acid Stain (Lonza) were mixed with
KAPA2G Fast HotStart ReadyMix in a total of 20 μL (see also S3 and
Table S1).
Sample Collection. 21 formalin-ﬁxed paraﬃn-embedded (FFPE)
tissue and 20 plasma samples were obtained from patients with
various cancer types at the University Hospital of Heraklion. The
research protocol was approved by the Institutional Ethics Committee
of the University Hospital, and all patients provided written informed
consent to participate in the study.
Sanger Sequencing and ddPCR. Genomic DNA from FFPE
tissues was ampliﬁed by PCR using speciﬁc primer pairs for KRAS
exon 2 and BRAF exon 15 (Table S1). Sequencing reactions were
performed using the Big Dye terminator V3.1 cycle sequencing kit
(Applied Biosystems) according to the manufacturer’s protocol. The
products were then assessed by capillary electrophoresis on an
ABI3130 system, and results were analyzed using Sequencing Analysis
software v5.4 (Applied Biosystems). cfDNA was isolated from 2 mL
of plasma for each sample via the QIAamp circulating nucleic acid kit
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(Qiagen). ddPCR was performed using the QX200 Droplet Digital
PCR System (Bio-Rad), as previously described,33 and the KRAS
G12/G13 and the BRAF V600 Screening Multiplex Kits (Bio-Rad)
(see also S4).
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for the mt target at the end of the 3′-end, resulting only in full
match and eﬃcient ampliﬁcation of the mt target. In this
application and for the sake of the downstream acoustic
analysis, the Fw primer is modiﬁed with a cholesterol in its 5′end and the Rv primer with a biotin (Figure 1A). Following
ampliﬁcation, DNA fragments of 89 bp employing both a
biotin and a cholesterol molecule in the case of the mt target or
only a cholesterol molecule in the case of the wt target are
produced. The AS-PCR is then loaded directly on the NAvmodiﬁed acoustic biochip without prior puriﬁcation, where
only the mt DNA-amplicons which carry the biotin are
immobilized. In order to achieve the clinically relevant
detection limits of few copies of the mt target in the presence
of larger amounts of the wt, ultrasensitive detection is
necessary, even after AS-PCR. This becomes even more
signiﬁcant if detection occurs using the crude AS-PCR cocktail
where issues of nonspeciﬁc binding become a concern. For this
reason, in a follow-up step, a solution of POPC liposomes is
injected and captured by the immobilized products via the
cholesterol-end of the mt ampliﬁed products (Figure 1B).
Liposomes act as dissipation signal-enhancers causing large
changes in the acoustic signal leading to the detection of
immobilized DNA. This strategy has been shown by our group
as well as others to be suitable for the acoustic detection of
recombinase polymerase ampliﬁcation products;36 the frequency signal has also been used in combination with
liposomes to detect single-base mismatches.37−39
Acoustic Array Biochip for Multiple Sample Analysis.
The HFF resonator array used in this work includes 24
miniaturized crystals integrated monolithically to a single
substrate, in a layout of six rows with four resonators/row
(Figure 1C). The HFF-QCM array chip is ideal for highthroughput analysis40 and low-volume biosensing applications.
Because the array is very small and fragile for direct handling
during experiments, it was mounted on a printed circuit board
(PCB); the latter also provides mechanical, electrical, and
thermal interface between the acoustic wave device and the
recording instrument. A gasket and a cell have been developed
and integrated with the PCB + array assembly (Figure 1D,E).
The ﬂow cell device seals the microsensors individually, so that
it is possible to ﬂow liquid in the desired direction over the
sensor top surface without aﬀecting the array electrical
connections placed on the bottom surface or interfere with
the diﬀerent lines of sensors. During experiment, the liquid
moves sequentially on each of the four sensors in the same row
(Figure 1F), running from the input to the output. Each crystal
has 0.3114 mm2 active surface area and 1.5 μL volume above
the sensor. With the current ﬂow setup, six samples can be
analyzed in a semiparallel way with the possibility to perform
four tests per sample. More information on the array can be
found in ref 41.
Performance Evaluation of the Biochip Array. The
principle of operation of the HFF-QCM resonator is the same
as that of a typical acoustic device; brieﬂy, the presence of an
analyte on the sensor surface aﬀects the propagation
characteristics of the acoustic wave, that is, its velocity and
amplitude, which in turn are expressed as changes in frequency
(ΔF) and energy dissipation (ΔD). ΔF correlates with the
amount of the deposited mass on the sensor;42 ΔD and (ΔD/
ΔF) correlate, among other things, with the viscoelastic
properties of the surface-attached layer and hydrodynamic
properties43−45 or conformation46−49 of discretely-bound
molecules. We ﬁrst analyzed the device responses during the

■

RESULTS AND DISCUSSION
Concept of Combined AS-PCR/Acoustic Detection.
The main objective of this work was to design a methodology
for liquid and tissue biopsy that could exhibit the high
sensitivity of dPCR (BEAMing and ddPCR) using a less
cumbersome and more cost-eﬀective method. The protocol we
developed involves the speciﬁc ampliﬁcation of the point
mutation via AS-PCR followed by acoustic detection using a
novel array biochip device and a two-step assay. The basic
principle of the methodology is presented in Figure 1A,B.

Figure 1. (A) Schematic illustration of the AS-PCR regarding the
primer design and annealing step: the reverse (Rv: yellow) and
forward (Fw: blue) primers are hybridized to the denatured singlestranded BRAF V600E point-mutation targets (gray); note that a
double-labeled (biotin and cholesterol) amplicon is produced only in
the case of the mt DNA as opposed to a single-labeled DNA
(cholesterol) in the case of the wt, as a result of the use of labeled
primers (biotinylated-Rv and cholesterol-Fw). (B) Acoustic detection
during binding of the biotinylated ampliﬁed mt target to the NAvmodiﬁed surface followed by liposome’s anchoring to the cholesterol
probe also attached to the ampliﬁed mt target; (C) acoustic array
consists of 24 HFF-QCM sensors arranged in six lines of four sensors;
(D) PDMS ﬂow cell alone and (E) integrated with the array/PCB
board; (F) schematic representation of the liquid ﬂow along the six
lines and over the four sensors.

PCR is based on three simple steps required for any DNA
synthesis, that is, (1) denaturation of the template into single
strands; (2) annealing of primers to each original strand for
new strand synthesis; and (3) extension of the new DNA
strands from the primers. A critical part of a successful PCR is
the design of the primers based on the optimization of factors
such as their length, melting temperature, % of guaninecytosine content, and lack of complementary regions between
themselves.34 Here, for the speciﬁc ampliﬁcation of the mutant
allele with AS-PCR, we wanted both sets of primers to create a
short PCR product of less than 90 bp in order to target the
highly fragmented ctDNA (90−150 bp).35 The set of primers
used from the literature11 include a Fw primer that ampliﬁes
both the mt and wt sequences due to full complementarity
with both strands, while the Rv one ampliﬁes only the mt
target; this is due to the Rv design which has the AS nucleotide
497
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biotinylated mt target, we used a surface premodiﬁed with bBSA/NAv which was shown in our lab to have a high stability
in the presence of a crude sample (data not shown).
Initially, we investigated whether the ΔF and ΔD signals
obtained from the direct detection of the immobilization of the
AS-PCR products on the b-BSA/NAv-surface could diﬀerentiate between the mt and wt reactions. Results indicated
poor discrimination between the two (Figure S1). We attribute
this response to the nonspeciﬁc adsorption of components in
the PCR cocktail (e.g., primer dimers, DNA polymerase, etc.)
resulting in a background signal overshadowing the speciﬁc
binding of the biotinylated amplicons. For this reason, we
employed a second step, where liposomes were used as signal
ampliﬁers upon binding at the 5′ cholesterol present at the mt
amplicon. The real-time binding of the liposomes to the ASPCR modiﬁed surface was speciﬁc, giving nearly zero
dissipation change in the absence of the mt target (Figure
3A). Figure 3B summarizes the average dissipation values

adsorption of proteins as well as the detection of dsDNA and
compared them to the response of the standard 35 MHz
QCM-D. Speciﬁcally, the physisorption of NAv and b-BSA
protein directly on gold was ﬁrst recorded as well as the
subsequent binding of NAv on a preadsorbed layer of b-BSA.
In all cases, ΔF and ΔD were measured at equilibrium and at
surface saturation. Figure 2A,B shows that the relative signal

Figure 2. Comparison of ΔD (A) and ΔF values (B) of NAv and bBSA adsorption as well as NAv binding to preadsorbed b-BSA on the
150 and 35 MHz sensors; (C) acoustic ratio (ΔD/ΔF) as a function
of the length of b-DNA attached on a NAv-modiﬁed surface; (D)
table of ΔD values at saturation obtained with the 150 MHz HFFQCM during the binding of DNA (83 and 500 nM) followed by the
addition of liposomes (200 nm).

responses of all three proteins upon absorption/binding to the
surface is the same for both devices. Moreover, the array
biochip was tested and found to give the expected linear
relationship between the DNA length and the acoustic ratio
(ΔD/ΔF) during the binding of b-DNA molecules to a NAvcovered surface through a single point (Figure 2C).46,48
The protocol we developed for the detection of cancer point
mutations in crude samples includes a step of ampliﬁcation
through liposomes; for this reason, we further monitored the
binding of 200 nm diameter POPC liposomes on dsDNA in
buﬀer. We tested two diﬀerent lengths of DNA, that is, 21 and
50 bp, carrying a biotin at their 5′-end for immobilization to
the surface and a cholesterol at their 3′-end for the binding of
liposomes. ΔD values measured with the 150 MHz QCM array
biochip during liposome attachment gave a higher dissipation
value when liposomes were bound to the longer DNA (Figure
2D), in agreement with previous studies.39 Overall, the
successful detection of proteins, DNA, and liposomes with
the 150 MHz acoustic array demonstrate the suitability of the
new system for subsequent application for the development of
clinical biology assays.
Analytical Performance of the AS-PCR/Acoustic
Assay for the Detection of Point Mutations Using
Genomic DNA. (A) BRAF V600E. To determine the limit of
detection (LOD) and sensitivity of the assay, mt genomic
DNA carrying the BRAF V600E point mutation was mixed
with wt DNA in a range from 0.01% to 10% (i.e., from 1:104 to
1:10 mt/wt). The mt/wt dilutions as well as the 100% (104
copies) wt genomic DNA (control) were subjected to 55
cycles of AS-PCR (1 h 40 min) followed by acoustic detection
on the biochip array (10 min). For the immobilization of the

Figure 3. Results obtained with the HFF-QCM (150 MHz) using
spiked-in genomic DNA: (A) Real-time acoustic detection of the
BRAF V600E mutation (10 copies) together with a control sample
(104 wt DNAs); (B) Recorded acoustic values (saturation) during the
detection of the BRAF V600E mixed with wt DNA in a range from 0
to 10%; (C) as in (B) for the KRAS G12D. The inset shows the linear
curve relationship (R2 = 0.95) of the obtained ΔD values when
plotted vs the number of mt molecules in logarithmic scale. The
0.00% corresponds to the control (104 wt molecules).

recorded at the liposome step for all the mt/wt dilutions; based
on this data, the sensitivity and LOD for the detection of BRAF
V600E is 0.01% mt/wt copies and 1 copy, respectively. For the
same samples, the frequency response was not able to reliably
discriminate positive from negative samples (Figure S2). This
is in agreement with previous works, where the dissipation
signal was proven to be more sensitive than frequency for the
498
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ultrasensitive detection of DNA (fmol) via liposomes as signal
ampliﬁers.36,39
Figure 3B shows that the assay provides only qualitative
results because it can diﬀerentiate between the presence or
absence of the mutation but cannot distinguish between the
various mt/wt ratios. This is attributed to the fact that the ASPCR had reached a plateau after the 55 cycles employed in this
assay.
(B) KRAS G12D. The combined AS-PCR/acoustic methodology was further applied to the detection of the KRAS G12D
mutation. For this assay, a slightly modiﬁed version of Figure
1A was employed: here, the Rv primer was modiﬁed by a
cholesterol and designed to amplify both the mt and wt targets,
while the Fw was biotinylated and was speciﬁc for the mutant
allele. Similarly to the BRAF, the analytical performance of the
assay was investigated by mixing genomic DNA carrying the
KRAS G12D point mutation with wt DNA at gradually
decreasing ratios ranging from 0.05 to 10%. The mt/wt
dilutions and control of 100% (104 copies) wt genomic DNA
were subjected ﬁrst to real-time AS-PCR; this was in order to
determine the number of cycles needed for all the samples to
be at the range of the exponential-to-early-plateau phase of the
PCR relative to their initial mt DNA input. Based on these
results (Figure S3), a modiﬁed protocol for the AS-PCR
including 45 cycles (1 h) was established and used for the
KRAS detection. For the acoustic analysis, liposome addition
on the biochip array preloaded with the mt/wt solutions
allowed the clear distinction between the mt from the wt
samples (Figure 3C). Moreover, the ΔD values obtained upon
liposome addition were analogous to the initial mt/wt ratio;
the linear relationship obtained between ΔD and the absolute
number (logarithmic) of mt molecules (R2 = 0.95) indicates
that the method is quantitative (Figure 3C inset), with a
sensitivity and LOD of 0.05% and 5 molecules, respectively.
Regarding frequency change, the response was not as sensitive
as the dissipation, giving a reliable discrimination only at the
level of the 10% mt/wt (Figure S4).
A notable diﬀerence to the BRAF analysis was that the ΔD
measurement obtained from the direct binding of the AS-PCR
products on the b-BSA/Nav-coated surface could discriminate
to some extent the mt/wt ratios from the wt, although the
error bars were very large (Figure S5). This is attributed to the
higher volume used for the KRAS AS-PCR as opposed to the
BRAF one (20 μL vs 10 μL) and for loading on the HFF-QCM
sensor surface (8 μL vs 2.5 μL). Moreover, the reduction of the
AS-PCR cycles to 45 may have also resulted in fewer
byproducts and lower nonspeciﬁc binding. The above results
indicate that optimized assays can provide ultrasensitive,
speciﬁc, and quantitative information through acoustic
measurement of the dissipation signal.
Eﬀect of the Operating Frequency. To evaluate the
eﬃciency of the 150 MHz acoustic biochip array toward the
analysis of cancer point mutations we used the standard 35
MHz QCM sensor to perform the same assays and compare
results. Diﬀerences between the two devices would include the
penetration depth inside the sensed solution (43 nm for the
150 MHz and 90 nm for the 35 MHz) and the size of the two
QCM-devices, geometry of the ﬂow cell and applied ﬂow rate;
the latter can aﬀect the amount of the immobilized target.
Based on Figure 4A,B, we conclude that the two devices give
the same dissipation response and LOD toward the detection
of all tested mt/wt AS-PCR samples. Moreover, the 35 MHz
device also failed to detect the BRAF samples upon their direct
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Figure 4. Results obtained with the QCM (35 MHz) using spiked-in
genomic DNA: (A) obtained acoustic values (saturation) during the
detection of the BRAF V600E mixed with wt DNA in a range from 0
to 10%. (B) As in (A) for the KRAS G12D. The inset shows the linear
curve relationship (R2 = 0.96) of the obtained ΔD values when
plotted vs the number of mt molecules in logarithmic scale. The
0.00% corresponds to the control (104 wt molecules).

loading on the b-BSA/NAv coated sensor (Figure S6) while
some discrimination capability mainly through the ΔD signal
was recorded in the case of KRAS AS-PCR samples (Figure
S7).
Clinical Validation during the Analysis of BRAF and
KRAS Mutations in Tissue Samples. The ﬁnal goal of this
work was to assess the capability of the method to detect
ctDNA carrying point mutations in patients’ samples. For this
reason, we evaluated the ability of the combined AS-PCR/
acoustic method to detect BRAF V600E and KRAS G12D
mutant alleles in clinical FFPE tissue samples based on the
protocols described before. Regarding the BRAF V600E
mutation, 11 samples collected from lung (L), melanoma
(MEL), and colorectal cancer (CRC) patients’ tissues as well
as healthy individuals were tested. Of the above, six were
positive and ﬁve negative, as identiﬁed by Sanger sequencing
and ddPCR. For the KRAS mutation, 10 samples were tested
also derived from patients and healthy individuals. Results
obtained from AS-PCR/acoustic detection are summarized in
Figure 5. ddPCR was further used to quantify the absolute
number of mt and wt copies present in each sample and
calculate the % of MAF. A Table summarizing results from all
three techniques (i.e., Sanger, ddPCR, and acoustic) is
provided in the Supporting Information (Table S2).
Based on Figure 5 and Table S2, no false positives or false
negatives were recorded indicating 100% sensitivity and
speciﬁcity for both targets. Moreover, all wt samples gave a
zero response, indicating the power of the proposed acoustic
methodology to discriminate (positive/negative result) between malignant and benign tissues. Finally, the frequency
measurement failed to discriminate malignant from healthy
tissue samples (data not shown).
Clinical Validation during KRAS and BRAF Mutation
Detection in Patients’ Plasma Samples. The method was
further evaluated for the detection of ctDNA targets carrying
the BRAF V600E or KRAS G12D mutation using cfDNA
derived from patients’ plasma samples, that is, during liquid
499
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Figure 6. Validation of the methodology during liquid biopsy: (A)
Comparison of ΔD values obtained from the analysis of patients’
BRAF wt and BRAF V600E plasma samples by AS-PCR and acoustic
detection (150 MHz). Yellow and blue columns correspond to BRAF
wt and BRAF V600E samples, respectively. (B) Same as in (A) for
KRAS wt and KRAS G12D samples (orange); note that in this case all
wt samples gave a nearly zero acoustic response. (MEL-Melanoma; Llung; CRC-Colorectal).

Figure 5. Validation of the methodology during tissue biopsy: (A)
Comparison of ΔD values obtained from the analysis of patients’
BRAF wt and BRAF V600E tissue samples by AS-PCR and acoustic
detection (150 MHz). (B) Same as in (A) for KRAS wt and KRAS
G12D samples. Yellow and green bars represent the BRAF V600E and
KRAS G12D samples, respectively; all other samples refer to wt BRAF
(1947, 2840, 4458, 6316, and 7874) and KRAS (K534, 10434, 7874,
and 10272) which produced zero acoustic response upon liposome
addition. (MEL-Melanoma; L-lung; CRC-Colorectal).

expensive probes and more cumbersome and time-consuming
steps without signiﬁcantly increasing the sensitivity (0.1%). In
all the above assays, detection takes place using ﬂuorescent
probes. The acoustic detection of the AS-PCR amplicons
seems to be a promising alternative reaching a detection
capability of 0.01% mutant alleles without increase in the
complexity of the assay. We attribute the enhanced sensitivity
of the acoustic methodology to the simple two-step assay
employed, that is, ﬁrst the direct immobilization of the
amplicons on the device surface followed by acoustic signalenhancement by liposomes. Desirable features of the proposed
method are the use of double-labeled primers allowing the
direct binding of dsDNA on the device bypassing the need for
denaturation and surface hybridization as well as the high
sensitivity of the dissipation signal which can detect fmol of
target DNA.39
Currently, one of the gold standards in a clinical oncology
lab is the use of the qPCR-based COBAS mutation test; the
method designed for tissue (KRAS, EGFR mutations) and
liquid (EGFR) biopsy allows simultaneous detection of FFPE
tissue and plasma samples within 8 and 4 h respectively and
detects ≥5% mutant allele copies in a background of wild-type
DNA. Our proposed technique outperforms the above
commercially available method in terms of both sensitivity
(0.01−0.05%) and total analysis time (<5 and <3 h for tissue
and plasma, respectively). However, the COBAS test oﬀers the
ability to detect a panel of mutations (19 KRAS and 42 EGFR)
simultaneously. With the current acoustic biochip design, six
samples can be detected per array (giving four readings per
sample). Employing a new ﬂow-cell design with the current
array to test 8 (3 readings/sample) or 16 (2 readings/sample)
mutations can improve multiple analysis. In addition, given the
low cost of the biochip array (<1$ for large scale production),
two or three array biochips could be used in parallel, without
signiﬁcantly increasing the complexity and size of the
instrumentation.
Compared to the dPCR, our technique is faster and more
aﬀordable but cannot provide absolute quantiﬁcation. Our
method is also more cost-eﬀective because we use a standard
thermocycler (<2.6 K€) and the acoustic platform (<10 K),

biopsy. For this, 10 plasma samples identiﬁed as BRAF V600E
or BRAF wt by ddPCR were subjected to AS-PCR followed by
acoustic detection; for these experiments, 50 cycles (1 1/2 h)
of AS-PCR were used instead of 55, following further
optimization of the protocol. In contrast to results obtained
with tissue samples, in the case of plasma a change in ΔD was
detected for the wt specimens, although much lower than that
obtained for positive samples. Gel electrophoresis, performed
to identify the source of the background signal, showed a high
degree of byproducts even after 50 PCR cycles, possibly due to
the presence of cholesterol-primer aggregation. To deﬁne the
cutoﬀ value above which ΔD change would be considered as
an indication of a positive sample, we calculated the mean ΔD
value from all wt samples (healthy) plus three standard
deviations;23 this value was set at ΔD 80 × 10−6. Based on the
above and results presented in Figure 6A, we concluded that all
samples carrying the BRAF V600E point mutation were
correctly identiﬁed with our method as positive and negative
when compared with ddPCR results (Table S3). Statistical
analysis veriﬁed that the mt/wt populations were signiﬁcantly
diﬀerent (p < 0.001). Regarding the KRAS G12D mutation
analysis, 10 samples identiﬁed as KRAS G12D or KRAS wt by
ddPCR were blindly tested by the AS-PCR/acoustic detection,
as well. According to Figure 6B and Table S3, the combined
AS-PCR/acoustic method provided results in full agreement
with the ddPCR. Note that, two samples corresponding to 27
(11MEL) and 19 (1797L) BRAF and KRAS mutant copies,
respectively, and a MAF value of <1% were clearly identiﬁed as
positive by the acoustic method (Table S3). Finally, frequency
response was only able to discriminate plasma samples bearing
the KRAS mutation but not the BRAF one (Figure S8).
Comparison of the Combined AS-PCR/Acoustic
Method to Current State-of-the-Art for Liquid Biopsy.
AS-PCR has been used extensively for the detection of
mutations in serum and plasma. So far, both the traditional
assay and its variants10,11,50−53 have limited analytical
sensitivity (in the range of 0.1−2%), aﬀecting their broad
clinical use. Moreover, alternative PCR assays employing
PNA-54 or LNA-molecules55 require speciﬁcally designed and
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both an order of magnitude less expensive than a dPCR
machine (110 K€). The development of a single platform
integrating a thermocycling unit with acoustic detection is a
feasible next step.

■

CONCLUSIONS
In this work, we report the fast and ultrasensitive detection of
AS-PCR products using a new acoustic array biochip and a
two-step detection assay employing liposomes for signal
ampliﬁcation. Speciﬁcally, we use the above methodology for
the ampliﬁcation and acoustic detection of BRAF V600E and
KRAS G12D point mutations from patients’ tissue and plasma
samples. Based on our results, the dissipation signal emerges as
a measurement of superior analytical capability than the widely
used frequency one. AS-PCR was chosen for ampliﬁcation due
to the method’s good sensitivity and already wide applicability
on a routine basis with ﬂuorescent detection. Combining ASPCR with acoustic detection (ΔD) we achieved an improved,
excellent sensitivity (0.01−0.05%), comparable to that of the
best available method, that is, dPCR, but for a fraction of the
cost and in a much faster manner. Together with its high
technology-readiness level, the above results suggest the
suitability of the method for clinical use in an oncology lab
for both tissue and liquid biopsy.
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