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The present study demonstrates the sensitive and label-free acoustic
detection of dsDNA amplicons produced from whole Salmonella
Thyphimurium cells without employing any DNA extraction and/or
purification step, in the presence of the lysed bacterial cells and in a
hybridization-free assay. A sample-to-answer assay is also shown
during DNA detection directly in milk.

Advancements in molecular biology and improvements in
fabrication techniques have triggered an explosive growth in
molecular diagnostics. One relevant field is the point-of-care
(POC), where simple and portable instruments allow diagnostic
assays to be performed inexpensively and quickly by untrained
personnel directly at the point of need. Of particular impor-
tance in the POC testing is nucleic acid analysis in applications
such as the detection of foodborne pathogens or diagnosis of
infectious diseases. Nucleic acid testing typically involves three
major steps: nucleic acid extraction from samples, amplification
and detection. Additionally, POC testing is ideally related to a
sample-to-answer concept in which nucleic acid amplification and
detection is performed within complex real samples in one or two
steps and without prior or post purification. Novel mutants of
polymerases for DNA amplification in combination with labels
and microfluidics have offered sample-to-answer solutions
directly from crude samples™? that are suitable for POC testing.
Most of these solutions are based on optical (fluorescent) or
visual, ie., by naked-eye, detection of the DNA amplicons;’
significant drawbacks related to the former method are the
need for lasers and fluorescent probes, which add in the
complexity and cost, while the latter suffers from low sensitivity
and frequently obtained false results. DNA acoustic sensor
technology, employing the quartz crystal microbalance with
dissipation monitoring (QCM-D), has emerged as an alternative
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to optical or visual detection for POC diagnostics.*® The QCM-D
allows the real-time detection of biomolecule immobilization at
solid/liquid interfaces by monitoring simultaneously changes in
the mass and viscoelastic properties of the interface; the former is
reflected in the frequency change (AF) measurement while the
latter in the energy dissipation (AD). In addition, the acoustic ratio
of the energy dissipation per unit mass (AD/AF), can be used as a
quantitative measure of the conformation of surface-attached
biomolecules, providing information on their shape and size.*”
This measurement is also indicative of the way biomolecules are
immobilized, discriminating between flat and protruding modes
of attachment.® QCM biosensors have been developed for detecting
viruses,” genetically modified organisms,'® bacteria'® and single
nucleotide polymorphisms."* Recently, a QCM-based method invol-
ving the acoustic ratio measurement for the direct detection of
double stranded (ds) DNA amplicons without post-PCR purification
has been demonstrated to be capable of detecting breast cancer
associated mutations® and plant pathogens'? in pure samples.

In the current work we have evolved and applied the dsDNA
acoustic detection methodology, this time in complex samples.
Non-specific adsorption of macromolecules represents a main
concern for sample-to-answer biosensing where highly concen-
trated proteinaceous mixtures generate a large background signal
potentially hindering the sensitivity of the detection.'*'*> One of the
most promising strategies for surface coating and protein passiva-
tion involves poly(t-lysine)-grafi-poly(ethylene glycol) (PLL-g-PEG),
where the nucleic acid-attracting region of PLL is the polymer
backbone conjugated to the protein-repelling PEG units.’>*® Here
we employ a PLL-g-PEG layer on a gold surface and demonstrate for
the first time the labelfree acoustic detection of DNA amplicons
produced from whole Salmonella Thyphimurium cells, without
employing any purification step prior to detection. Moreover we
show that PLL-g-PEG is suitable for DNA detection from real-life
complex samples such as milk.

The copolymers used here, PLL(25)-g-PEG(2) and PLL(25)-g-
PEG(5), contain PEG units of 2 kDa and 5 kDa, respectively,
covalently bound to a PLL backbone of an average molecular
weight of 25 kDa and an average grafting density of 3.5; the
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Table1 Calculated optical hy, acoustic df and combined Z; thickness of the co-polymers on Au and DNA on PLL-g-PEG(2) together with corresponding
acoustic ratios, as these were calculated using the combined QCM/Ellipsometry instrument (see ESI). AF is not divided by the overtone n = 7

he (nm) ds (nm) Z¢ (nm) (AD/AF);5 (10~ °/Hz)
PLL(25)-g(3.5)-PEG(2) on Au 3.8+ 0.9° 7.2 + 0.8 7.6 + 0.8° 0.013 = 0.002
PLL(25)-g(3.5)-PEG(5) on Au 2.4+ 0.7 514 0.6 544 0.5 0.014 + 0.002
DNA on PLL(25)-g(3.5)-PEG(2) 0.65 + 0.15 4.6 £ 0.9 5.0 + 1.0 0.036 + 0.004

“ The indicated range of values incorporates both the experimental scatter and the variance from assuming the film refractive index ¢ = 1.38-1.42.
b The film density p; = 1.05-1.15 g mL ™. ¢ Calculated with eqn (S1) (see ESI).

polymer adsorption on gold took place from a 0.01% (w/v)
solution of each polymer in PBS buffer (pH 7.4, 150 mM Nacl).
Acoustic results show that the PLL-g-PEG copolymers can
physisorb onto bare gold to form stable films, likely through
the electrostatic interaction of the positively charged lysine
units with the negatively polarized metal surface; the latter is
known from contact angle titration measurements'® showing
that the isoelectric point of gold is ~5.2. Accordingly, the rapid
and large adsorption observed at pH 7.2-7.4 for PLL-g-PEG
solutions was absent at pH 4.3 (data not shown). In order to
obtain information regarding the structural features of the
employed copolymers we used the combined QCM-D/Ellipso-
meter to perform in situ monitoring of the film formation at
the gold electrode/liquid interface. In this way both the “dry”
(polymer) and “wet” (polymer plus water) mass was obtained
and from these two quantities the thickness of the layers was
deduced (see ESIf and Table 1).'%'7:2%?

Since it is well established®* that for PLL-g-PEG polymers the
PLL chain lies rather flat on the surface and the PEG side
chains extend away from it, we attempted to estimate the height
of the protruding PEG chains from data obtained in Table 1.
In the case of the PLL-g-PEG(2), given that the measured
thickness of the hydrated layer is Zpi.gprg & 7.6 = 0.8 nm
and the thickness of PLL alone lying flat is ~2 nm,*® this leaves
around 5.6 nm for the height of the PEG chains in agreement
with published data.>* A comparison to the radius of gyration®®
R, ~ 1.66 nm (indicative of the unperturbed bulk-solution
chain dimensions) for the 2 kDa molecule shows that Zpgg >
2R, suggesting that the chain is in a brush-like conformation
rather than a mushroom-like one (Fig. 1). This is exemplified by
Lppg ~ 1.63 nm, the calculated distance between the PEG
chains at the surface and the ratio Lppg/2R; X 0.49 which
indicates overlap; this forces neighboring PEG chains to extend
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Fig.1 A suggested structure of the adsorbed PLL-g-PEG (black) on
the Au sensor surface (gold); Dpeg is the grafting distance within one PLL
chain. Adsorbed dsDNA (red) is shown in a rather flat conformation with
the potential to insert itself into existing small holes due to PEG-layer
inhomogeneities. Included are small serum components (blue) which
result in some non-specific binding.
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Fig. 2 Frequency shift (AF) of QCM sensors coated with Au, PLL(225),

PLL(25)-g-PEG(2) and PLL(25)-g-PEG(5) upon contact with 50 uL min~*
FBS (10% v/v) in PBS pH 7.4 at 25 °C.
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away as brushes resulting in a higher than 2R, thickness.*>*°

The same analysis also applies to PLL-g-PEG(5).

The fouling behaviour of the free and polymer-coated gold
surfaces was tested against fetal bovine serum (FBS). Fig. 2
shows the frequency change of a QCM sensor in contact with
FBS solution (10% v/v). Since AF is directly proportional to the
amount of macromolecules deposited on the surface, it is clear
that PLL(25)-g-PEG(2) and PLL(25)-g-PEG(5) reduce consider-
ably the non-specific adsorption of FBS solution in comparison
with bare gold or just PLL.

The affinity of the PLL-g-PEG-coated gold surfaces for DNA
was initially demonstrated by applying a mixture of double
stranded DNA molecules of sizes ranging from 250 bp up to
11.5 kbp to surfaces pre-exposed to 10% (v/v) of FBS (i.e., surfaces
shown in Fig. 2). DNA fragments approach the sensor surface due
to the electrostatic attraction between the negatively charged
phosphate groups (pK, ~ 2) and the positively charged e-amino
groups (pK, ~ 11) of the poly-i-lysine moiety, whereas the
upper layer of PEG reduces non-specific adsorption of proteins,
in agreement with previous findings for similar polymers on
niobium, silicon, tantalum, titanium oxide and polymer
surfaces.'®”” Based on the AF signal, DNA adsorbed to a higher
extent on PLL(25)-g-PEG(2) and PLL(25)-g-PEG(5) with respect to
PLL, whereas FBS-coated gold displays almost no binding
affinity for DNA (Fig. 3); the latter could be explained on the
basis of the low affinity of DNA for FBS proteins and/or any
negatively polarized metal surface which is still free for binding."*
Furthermore, PLL(25)-g-PEG(2) gives both the lowest adsorption of
proteins from FBS solution and the highest AF and AD for DNA
adsorption as shown in Fig. 2 and 3, respectively. For these
reasons, the PLL(25)-g-PEG(2) copolymer was further investigated
for DNA detection.

To obtain further insight on the structure of the bound DNA
on the PLL-g-PEG(2) biofilm, the combined QCM-D/Ellipsometer
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Fig. 3 Changes in frequency (AF) and dissipation (AD) associated to 1.25 nug
dsDNA binding in PBS pH 7.4 onto the bare Au sensors and Au covered with
PLL, PLL(25)-g-PEG(2) and PLL(25)-g-PEG(5).

was used to measure the additional thickness of the adsorbed
DNA mixture; the latter was found to be ~5.0 + 1.0 nm (Table 1).
This is about two and a half times the dsDNA chain diameter
(~2.0 nm) suggesting that chains lie mostly flat, in close proxi-
mity to the PEG substrate, with little coiling in the direction
vertical to the surface (Fig. 1). This is corroborated by the acoustic
ratio AD/AF measured with QCM-D for the adsorbed DNA mole-
cules; a value of 0.036 (10~ %/Hz) is much smaller than the values
0.045-0.120 (10 °/Hz) expected for chains of ~250-11.5 kbp
(equivalent length ~ 85 nm-4 pm) attached via a single point
and in an orientation extending away from the surface.”
Regarding the obtained thickness of our DNA (5.0 nm), we
should note that except for lying rather flat,>® DNA is also
known to even sink into the underlying soft layer by 1-2 nm?°
resulting in ~1-4 nm thicknesses. In some cases, though, it
has been suggested that very long DNAs can both intrude into
the layer and protrude away coiled-up giving thicknesses of
~9-12 nm.*** All of these studies suggest that DNA adsorp-
tion is greatly controlled by the electrostatic interaction and
that chains will tend to adopt an adsorption mode that facili-
tates such an interaction.

The effect of the DNA concentration on PLL-g-PEG(2) binding
was further tested. Purified DNA molecules of 635 bp were
produced by PCR and diluted with Tris buffer to final concentra-
tions ranging from 80 ng mL ™" up to 5 pg mL~'. Changes in both
AF and AD increase with the concentration and reach a saturation
point at approximately 5 ug mL ™" (Fig. 4). The minimum detect-
able change, i.e., 9 Hz, is observed with 80 ng mL™" (121 nM). The
acoustic ratio was calculated for each concentration and found to
be constant with a value of ~0.035 & 0.005 x 10~ */Hz.

In addition, two concentrations (200 ng mL ™" and 600 ng mL )
of two purified DNA amplicons (635 bp and 195 bp) were loaded on
the PLL(25)-g-PEG(2) coated surfaces, as previously. It was observed
that both AF and AD are not dependent on the size of the DNA
fragments but only on the concentration used per measurement
(data not shown).

Furthermore, DNA was selectively amplified from Salmonella
Thyphimurium cells and, subsequently, detected in the presence
of high (PBS) and low (Tris) salt; detection was achieved by flowing
the DNA amplification reactions, including the cell lysates, over

8060 | Chem. Commun., 2017, 53, 8058-8061

View Article Online

Communication

160 6

140 A
120 A
100 A
80 A

AF (Hz)

60

40 4

20

0 T T T T T T T T T T 0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
DNA(ng/mL)

Fig. 4 Changes in frequency shift (AF) and dissipation (AD) upon binding
of various concentrations of purified 635 bp DNA amplicons onto a QCM
sensor coated with PLL(25)-g-PEG(2).

the PLL(25)-g-PEG(2)-coated sensors. DNA amplicons of 635 bp
produced from an initial concentration of 1000 cells were clearly
distinguishable from the negative control (.e., sample without the
cells) in Tris through both AF and AD measurements, but not in
PBS (Fig. 5). The limit of detection in Tris buffer was found to be
between 100-1000 cells. The acoustic response time during
dsDNA binding is less than 10 min as opposed to the longer
hybridization times of 30 to 45 min reported earlier.*

Measurements in the low salt Tris buffer resulted in signifi-
cantly larger acoustic shifts. As discussed above, since one of the
dominant forces leading to adsorption is the electrostatic attrac-
tion among oppositely charged molecules, the ionic strength of
the solution should play an important role. The Debye length
Kp is a measure of the distance where this attraction is felt; for
Tris it is ~3.0 nm and 0.8 for PBS. The observed difference then
suggests a diminished capacity for the positive surface in PBS to
attract the long and negatively charged DNA as compared to Tris.
This is in agreement with previous studies where a charge-
screening effect was demonstrated to hinder the electrostatically
driven adsorption of DNA on PLL."” Regarding the control sample,
the frequency response in both cases is very low and close to the
detection limit of the method (ie., 9-11 Hz).

Interestingly, the acoustic ratio in PBS was found to be equal
to 0.028 £ 0.006 and 0.010 £ 0.002 for the 1000 cells and
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Fig. 5 Resonant frequency (left) and dissipation shifts (right) of Salmonella
Thyphimurium’s amplified DNA obtained after binding of the 635 bp
amplicons to sensors coated with PLL(25)-g-PEG(2) in Tris or PBS. DNA
was detected in the presence of cell lysates (crude sample).
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control reaction, respectively; this difference is significant and
permits the differentiation of the two cases which was not possible
by comparing separately the frequency or the dissipation changes.

Finally, to demonstrate the full capability of the method for
sample-to-answer applications, DNA was selectively amplified
from 1000 Salmonella Thyphimurium cells spiked in a complex
mixture of 10% ultra heat treated (UHT) milk in growth medium
which is the EU norm for pre-enrichment of Salmonella in dairy
samples. The measured AD in Tris was 1.9 + 0.7 (10~°) and 0.5 +
0.2 (107°) for the positive and the negative, respectively. Although
AD and AF for the control (negative) were higher compared to these
values in Fig. 5, it was still possible to differentiate the positive
samples by AD or even AD/AF measurements (ESIT).

Our data suggest that the PLL(25)-g-PEG(2) copolymer is very
suitable for the selective immobilization and simultaneous
acoustic detection of DNA molecules from complex samples,
including milk mixed with broth; the abundant presence of
proteins, fat, cells and nutrients makes the detection of DNA in
the above medium a real challenge which our methodology can
clearly address. The applied copolymer or similar ones were
previously investigated with other techniques such as XPS, AFM
or ellipsometry’®'” but have never been used with acoustic
sensors for DNA detection. In fact, previous reports regarding
QCM-based DNA biosensors have mostly relied on DNA
hybridization and in addition required either DNA isolation
before amplification or post-amplification purification and
denaturation."" Recent work reporting the direct immobiliza-
tion and detection of dsDNA after PCR amplification®” was also
based on the use of isolated DNA templates and not in the
presence of a biologically rich sample. Moreover, our results
further highlight the analytical flexibility offered by acoustic
biosensors, since changes in mass and conformation can be
advantageously monitored through frequency and acoustic
ratio measurements, respectively,”” and be selectively applied
to specific analyte detection.*>*?

For the future development of integrated Lab-on-a-Chip (LOC)
platforms, the use of the Love wave SAW-type sensors may
be more suitable than the QCM crystals, especially given the
fact that SAW devices can be effectively integrated with micro-
fluidics.*® For this reason, we also employed a 155 MHz SAW
sensor and performed acoustic measurements of DNA ampli-
cons in the presence of cell lysates. The results showed that as
low as 250 Salmonella cells can be detected using the PLL-g-
PEG(2) polymer in low salt solutions (data not shown). Further-
more, the PLL-g-PEG solution is stable at room temperature
compared to proteins (e.g. streptavidin) and can be spin-coated
for surface pre-functionalization (data not shown) both repre-
senting significant advantages from a commercialization point
of view. Overall, the presented approach holds promise for
further applications of acoustic biosensors in molecular diag-
nostics and integrated LOC analysis.
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