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Abstract: Functionalized DNA sequences are promising sensing elements to combine with transducers for bio-sensing specific target microbes. As an application example, this paper demonstrates
in situ detection of loop-mediated isothermal amplification products by hybridizing them with
thiolated-ssDNA covalently anchored on the electrodes of a quartz crystal microbalance (QCM).
Such hybridization leads to a frequency signal, which is suitable for monitoring real-time LAMP
amplification based on mass-sensing: it detects interactions between the complementary nucleobases
of LAMP products in solution and the thiolated-ssDNA probe sequence on the gold surface. Target
DNA LAMP products cause irreversible frequency shifts on the QCM surfaces during hybridization
in the kHz range, which result from both changes in mass and charge on the electrode surface. In
order to confirm the LAMP assay working in the QCM sensing system at elevated temperature,
the sky blue of positive LAMP products solution was achieved by using the Hydroxy Naphthol
Blue (HNB) and agarose gel electrophoresis. Since on-QCM sensing of DNA hybridization leads to
irreversible sensor responses, this work shows characterization by X-ray photoelectron spectroscopy
(XPS) core spectra of S2p, N1s, Mg1s, P2p and C1s. XPS results confirmed that indeed both DNA and
by-products of LAMP attached to the surface. Listeria monocytogenes DNA served to study in-situ
detection of amplified LAMP products on DNA-functionalized surfaces.
Keywords: Listeria monocytogenes (L. monocytogenes); hly gene; real-time loop-mediated isothermal amplification (real-time LAMP); quartz crystal microbalance (QCM); X-ray photoelectron spectroscopy
(XPS); LAMP products analysis
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Detection of DNA-based immobilization and hybridization on solid surfaces is the
basis of several biotechnological tools and strategies, including DNA microarrays [1,2]
and biosensors [3,4]. Previous research on DNA-modified surfaces has largely explored
functionalized gold [5] and other metals [6]. Immobilizing single-strand capture DNA
on electronic devices and circuits requires chemical modification that leads to the desired
recognition structures (i.e., self-assembled monolayers) [7,8]. A recent study has shown that
using a spacer between immobilized DNA strands, such as L-cysteine, increases sensitivity,
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because it makes the capture probes on the surface sterically more accessible [9] to the
analyte. Herein, we demonstrate how the results of that paper can be carried forward to
ensure amplification and measurements in one step simultaneously, i.e., in-situ. This both
reduces the time for the experiments and allows for semiquantitative assessment of DNA
contamination.
Among DNA amplification methods, loop mediated isothermal amplification (LAMP)
has a number of potential advantages for amplifying signals of low numbers of target
DNA [10], such as operating at constant temperature and being easy to perform in a
simple thermostatically controlled heater block [11]. This makes it highly cost-efficient.
Furthermore, it uses a series of two (or three) primer pairs binding to six (or eight) positions
of the target sequence with high specificity [12,13], eliminating time loss and yielding
comparably large polynucleotides [13,14]. Bringing such target DNA close to electrode
surfaces increases both mass and the local charge density via the negative charge of
the phosphate backbone and thus makes it potentially accessible for sensing purposes.
Relatively few papers discuss high-resolution surface analytical techniques [15–20] to
characterize DNA self-assembly on surfaces.
For that purpose, we use a recently developed method to provide in-situ measurement
of DNA amplification [9], relying on QCM measurements (Scheme 1). That paper demonstrates the method for achieving such measurements in principle and strongly focuses on
the optimization steps required to ensure optimal hybridization between the immobilized
oligonucleotide and a target single-strand DNA. It therefore laid out the fundaments of how
to prepare optimal self-assembled monolayers for that purpose. Herein, we investigate
how to actually apply such a system directly in an amplification cocktail. There, the QCM
operates at isothermal conditions, namely at the temperature for amplification and probetarget hybridization, rather than injecting samples into a detection chamber offline. This
allows us to simultaneously monitor LAMP activity and diagnose Listeria monocytogenes
on the sensor. To develop a more in-depth understanding of DNA hybridization and the
efficiency of LAMP target capture, we herein characterized the surfaces after binding with
XPS. This approach allows for validating the mass signals on QCM and for quantifying
the chemical composition of the surface layer at different stages of recognition/sensing.
Combining the results of the two approaches leads to a more comprehensive picture of the
self-assembled monolayers on the device surfaces during the amplification-hybridization
assay.
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increase the probe–probe distance on QCM electrodes. In brief, we prepared the immobilization solution by mixing 10 µL of 100 µM ssDNA-SH probe with 30 µL of 0.1% (w/v)
L-cysteine and added running buffer (0.1 mM phosphate-buffered saline (PBS), pH = 7.4)
to a volume of 200 µL. To prepare 0.01 M phosphate-buffered saline (0.01 M, PBS), we
dissolved 8.5 g sodium chloride (NaCl; purchased from Applichem, Darmstadt, Germany),
0.2 g sodium dihydrogen phosphate and 1.4 g di-sodium hydrogen phosphate (NaH2 PO4
and Na2 HPO4 ; both purchased from Merck, Darmstadt, Germany in the highest available
purity) in almost 1 L of deionized water and then adjusted to desired pH = 7.4 followed by
filling up with water to 1 L. The running buffer (0.1 mM PBS, pH 7.4) used in this study
was diluted from 0.01 M PBS by deionized water, then adjusted to the desired pH of 7.4.
Brilliant gold paste (gold colloid, 10% gold content) purchased from Heraeus, Germany,
was used for screen-printing the QCM electrode patterns on a quartz plate. Hydroxy
naphthol blue (HNB) purchased from Sigma-Aldrich (Burlington, MA, USA), was used for
easy investigation of LAMP products. Sterile deionized water (18.2 MΩ cm−1 ) served for
preparing all solutions.
2.2. Template DNA Isolation
The Department of Medical Science, Ministry of Public Health, Thailand (DMST)
provided the L. monocytogenes DMST 17303 sample for extracting the template DNA. In
detail, one colony of pure culture was picked and inoculated into 10 mL brain heart
infusion (BHI) broth (BBL, Becton Dickinson Microbiology Systems, Cockeysville, MD,
USA) followed by growing overnight at 37 ◦ C with 250 rpm shaking speed. Bacterial
cell harvesting started with centrifugation of the aforementioned culture broth by using a
fixed-angle rotor (Hettich GmbH and Co. KG, Tuttlingen, Baden-Württemberg, Germany)
at 13,000 rpm for 10 min and discarding of the supernatant. The pellet cells were washed
thrice by adding 1 mL of sterile deionized water. During washing, the bacterial cells
were suspended gently, followed by harvesting. Then, pellet cells were re-suspended in
0.1 mL sterile deionized water. Heating the cells to 100 ◦ C in a heating box served to
physically break them. Incubation time for heating and then releasing the genomic DNA
from L. monocytogenes colonies was set to ten minutes. The suspension was processed by
centrifuging at 13,000 rpm for 1 min, then carefully carrying over the supernatant to a
new microcentrifuge tube. The concentration of L. monocytogenes DMST 17303 DNA was
determined by using a NanoDropTM 2000 UV-vis Spectrophotometer (Thermo Scientific,
Waltham, MA, USA). Template DNA was diluted with sterile deionized water to a final
concentration of 400 ng/µL and used as working DNA for the LAMP procedure on the
real-time QCM/DNA approach.
2.3. QCM Sensor Measurements and Construction of ssDNA Films
Details of the QCM sensor set-up and fabrication of the sensing electrode can be found
in a previously published paper [9], which demonstrates all the necessary optimization
experiments to achieve ideal self-assembled monolayers containing an oligonucleotide
capture probe. In brief, we printed the electrode structures on both sides of AT-cut single
crystal quartz plates with 13.8 mm diameter and 168 µm thickness with brilliant gold paste
to yield QCM. To reveal the gold electrodes, QCM were burned in the oven at 400 ◦ C for
2 h after printing.
Modified QCM were placed in a custom-made PDMS cell for measurements. The
temperature was kept at 60 ◦ C by a thermostat (Thermo Haake® DC30, Gebrüder HAAKE
GmbH, Karlsruhe, Germany), which turned out the optimal temperature for LAMP amplification [21] when developing a colorimetric test for a different gene of L. monocytogenes.
This cell was then connected to a custom-made oscillator circuit to operate the device. A
frequency counter monitored the corresponding resonant frequency and transferred it to a
computer via a custom-made LabView routine.
Measurements were carried out in stopped flow mode: first, we flushed the cell
with running buffer (0.1 mM PBS, pH 7.4) and then waited for the frequency reaching
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equilibrium signal, i.e., the base line. Then, we immobilized a mixed layer of ssDNA probes
and L-cysteine molecules on the gold electrodes by carefully introducing the respective
mixed solution (5 µM ssDNA probe, 0.015% L-cysteine, 0.1 mM PBS (pH 7.4)). We followed
immobilization directly by recording the changes in frequency in-situ. The ssDNA probe
and L-cysteine molecules were randomly immobilized on the electrode surface for 60 min,
followed by washing off unbound molecules. During washing steps, we stopped the
frequency readout and re-started it after having injected the next sample into the measuring
cell.
2.4. Real-Time LAMP Monitoring with QCM
After immobilizing the self-assembled ssDNA film on the device surface, we injected
the LAMP mixture containing approximately 6.4 µg L. monocytogenes DNA (positive reaction) to generate the desired LAMP products on QCM electrodes within 60 min. The
LAMP mixture in total 200 µL consisted of 2 µM LAMP inner primer, 0.2 µM LAMP outer
primer, 1.6 mM dNTPs (New England Biolabs, Ipswich, MA, USA), 0.5 M Betaine (SigmaAldrich, USA), 5.6 mM MgSO4 (New England Biolabs, USA), 8U Bst DNA polymerase
(New England Biolabs, USA) and 1X of ThermoPol® reaction buffer. After roughly 60 min,
the measurement was paused to flush the quartz three times. In order to monitor LAMP in
real-time, the resonance frequency of LAMP amplification and hybridization signals were
recorded as a function of time.
2.5. Visual Inspection of LAMP Products
The LAMP mixture used here is the result of previously published optimization [21],
which revealed that one can use the turbidity signal at 650 nm as a measure of determining
how far the LAMP process has proceeded. It makes use of the increasing amount of white
magnesium pyrophosphate precipitate in the solution. Negative control (without template
DNA) was analyzed to verify that the LAMP mixture does not contain DNA leading to
positive results. Two percent agarose gel electrophoresis with ethidium bromide staining
following a previously published protocol [22] served to confirm ladder-like pattern of
LAMP products.
In parallel, a colorimetry approach served to screen the LAMP products, namely
Hydroxy Naphthol Blue (HNB) staining [23–26]. HNB was dissolved in sterile deionized
water to yield 1 mM solutions that exhibit a cherry-red color. This working reagent served
to determine color differences between negative test solutions (without template DNA)
and positive sample/standard solutions visually. For that purpose, we added 3 µL of 1 mM
HNB solution to each LAMP reaction batch before starting the experiment. This ensured
the optimal concentration of 0.12 mM HNB in the LAMP reaction solution. After successful
LAMP amplification of the target DNA, the colors of solutions changed.
In order to determine the different colors in a more quantifiable manner, 200 µL
LAMP-HNBs (negative and positive ones) were each pipetted into a sterile 96-well plate
(Thermo Scientific, Rochester, NY, USA). A microplate spectrophotometer (Epoch, BioTek® ,
Winooski, VT, USA) with Gen5 version 2.01 microplate data analysis software (BioTek® )
served for recording the respective absorbance spectra.
2.6. Assessing QCM Electrode Sensitivity toward LAMP Product
For assessing the sensitivity of the QCM sensors toward the target DNA, LAMP
amplification using different concentrations of L. monocytogenes DMST 17303 gDNA were
carried out. Samples contained approximately 0.8 ng to 6400 ng (6.4 µg) target DNA in
200 µL solution at the beginning time of LAMP amplification. Again, the QCM read out
the frequency shifts resulting from these different concentrations to calibrate the system.
2.7. QCM Surface Characterization
XPS measurements of LAMP amplification products hybridized on QCM electrodes
took place on a PHI5000 VersaProbe II Scanning XPS Microprobe (ULVACPHI, Japan)
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XPS measurements of LAMP amplification products hybridized on QCM electrodes
took place on a PHI5000 VersaProbe II Scanning XPS Microprobe (ULVACPHI, Japan)
equipped with a high resolution 180° hemispherical electron energy analyzer and a quartz
crystal monochromatic AlKα (1486.6 eV)
X-ray as the excitation source with 100 µm2 beam
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crystal monochromatic AlKα (1486.6 eV) X-ray as the excitation source with 100 µm2 beam
5.3 (SUT-NANOTEC-SLRI XPS) building, Thailand, but does not use the beamline itself.
area. This instrument is located at Synchrotron Light Research Institute (SLRI) beamline
All XPS measurements were carried out at room temperature in ultra-high vacuum (UHV)
5.3 (SUT-NANOTEC-SLRI XPS) building, Thailand, but does not use the beamline itself.
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Figure 1. QCM resonant frequency shift upon immobilization of thiolated-ssDNA probe with L-cysteine on the QCM
Figure
1. QCM resonant frequency shift upon immobilization of thiolated-ssDNA probe with L-cysteine on the QCM
electrode.
electrode.

The irreversible signal (∆F, Hz) can be converted into a mass change on the quartz
crystal and electrode by applying Sauerbrey’s equation [31], which is given in Equation (1)
2F02
∆F = − √
∆m
A ρq µq

(1)
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where ∆F is the measured irreversible frequency shift, ∆m the mass change (g), A the
electrode area 0.2 cm2 , ρq the density of quartz (2.648 g·cm−3 ) and µq the shear modulus
of quartz for AT-cut crystal (2.947 × 1011 g·cm−1 ·s−2 ) so that SQ or ρq µq is 2.26 × 108 cm2
g−1 s−1 and 10 MHz AT-cut Quartz was used in the study.
Inserting the respective values into the Sauerbrey’s equation at the irreversible frequency shift (−342 Hz with noise being ~5 Hz) led to estimate the mass change after
immobilization on the QCM electrode as approximately 300 ng. According to previous
work [9], the molecular ratio in the solution is roughly 1 molecule ssDNA probe per
55 molecules L-cysteine. The hybridization sensor functionalized with thiolated singlestranded DNA probes thus contains approximately 1.8 × 1013 DNA molecules (MW =
9982.52 g/mol) (see Supplementary file S1) when co-immobilizing them with L-cysteine.
3.2. Real-Time LAMP-QCM Measurement
Figure 2 shows the QCM sensor responses obtained while carrying out the LAMP
amplification reaction directly in the measuring cell. As LAMP is an isothermal process,
Biosensors 2021, 11, x FOR PEER REVIEW
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it turned out that placing the measuring cell inside a Styrofoam box for temperature
insulation is sufficient for that purpose.

Figure 2. Real-time QCM resonant frequency shift with irreversible signal of LAMP products adsorbed on QCM electrode.

Immediately
injecting
the LAMP mixture into the measuring cell, the frequency
3.3. Rapid
Screeningafter
of LAMP
Products
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In routine, to confirm the LAMP reaction was amplified at the total volume of 25 µL,
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surface occurs. After some 20 min, the signal starts decreasing further and reaches a value
by well in 2% agarose gel. After staining, the LAMP pattern shows DNA ladder products
of roughly −15 kHz. After washing, the signal remains about 14.2 kHz lower than the
of upper 200 bp compared to the GeneRuler™ 100 bp DNA ladder marker (Thermo Scistarting value, which clearly demonstrates substantial binding: this irreversible signal
entific, USA) (Figure 3A). To validate this result, samples containing the same LAMP mixresults from hybridization of LAMP amplification products with the probes on the device
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A650/A450 (with the subscripts denoting the respective wavelength in nm), respectively.
This covers both the shapes and heights of the two spectral bands and thus is a reasonable
measure for the color change. The LAMP positive control reveals a higher A650/A600 ratio,
than the negative control, namely 1.2 (1.157) as compared to 1.1 (1.070), respectively. The
A650/A450 ratios are approximately 2.6 for positive control and 3.7 for negative control, respectively (see Figure 3B,C).
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3.3. Rapid Screening of LAMP Products
In routine, to confirm the LAMP reaction was amplified at the total volume of 25 µL,
2 µL of LAMP positive control and LAMP negative control, respectively, were loaded well
by well in 2% agarose gel. After staining, the LAMP pattern shows DNA ladder products of
upper 200 bp compared to the GeneRuler™ 100 bp DNA ladder marker (Thermo Scientific,
USA) (Figure 3A). To validate this result, samples containing the same LAMP mixture with
HNB added to a total volume of 200 µL of LAMP-HNB mixture (eight times the volume
of the 25 µL LAMP mixture) were incubated at the same conditions as the measuring cell.
Evidently, the color of the solution changes: the positive control appears intense blue,
while the negative control turns out purple. The corresponding UV-Vis spectra reveal that
the color change corresponds to changes in spectral features: colors of both positive and
negative samples were characterized by the absorbance ratios A650 /A600 and A650 /A450
(with the subscripts denoting the respective wavelength in nm), respectively. This covers
both the shapes and heights of the two spectral bands and thus is a reasonable measure
for the color change. The LAMP positive control reveals a higher A650 /A600 ratio, than the
negative control, namely 1.2 (1.157) as compared to 1.1 (1.070), respectively. The A650 /A450
Biosensors 2021, 11, x FOR PEER REVIEW
9 of 15
ratios are approximately 2.6 for positive control and 3.7 for negative control, respectively
(see Figure 3B,C).
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ples. Figure 4 shows the results: when injecting a LAMP mixture containing approximately 0.8 ng of L. monocytogenes gDNA, starting amplification led to a signal onset after
27 min It is worth noting that this clearly showcases an added advantage of the QCMbased assay: turbidity measurements at 650 nm showed a signal only after 46 min [21].
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shows the results: when injecting a LAMP mixture containing approximately 0.8 ng of
L. monocytogenes gDNA, starting amplification led to a signal onset after 27 min It is
worth noting that this clearly showcases an added advantage of the QCM-based assay:
turbidity measurements at 650 nm showed a signal only after 46 min [21]. Switching to
measuring on the QCM in situ hence improves sensitivity by decreasing the measuring
time. Increasing the initial amount in the mixture to 800 ng gDNA reduces the signal onset
time to 20 min. At the highest amount tested—6400 ng—one can distinguish the signal
after 11 min. According to literature, precision at below 20% [32] confidence interval is
acceptable for such measurements. The onset times of this QCM system show relative
standard deviations from 6% to 10% of the working range of initial DNA concentration and
thus meet this requirement. The trend line also shows a clear correlation between the onset
times and initial concentrations of L. monocytogenes gDNA. In-situ QCM measurements,
especially in the lower concentration range, i.e., until adding up to 800 ng initial DNA
to the sample, reveal that the onset time of the frequency shift very strongly depends on
the initial concentration. Above that, the signal basically saturates. Given that legislation
Biosensors 2021, 11, x FOR PEER REVIEW
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168.32, and 169.52 eV, respectively, as shown in Figure 5A. Two S2p signals comprise of
2p3/2 and 2p1/2 with an area intensity ratio of 2:1 and spin-orbital splitting of ΔBE = 1.2 eV:
the sub-spectrum at a binding energy (BE) of 160.97 eV is attributed to sulfur bound to the
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from sulfur originating from each species directly bound to gold. The fitted curves of
deconvoluted S2p signals reveal (comparably weak) peaks at 160.97, 162.17, 163.02, 164.22,
168.32, and 169.52 eV, respectively, as shown in Figure 5A. Two S2p signals comprise of
2p3/2 and 2p1/2 with an area intensity ratio of 2:1 and spin-orbital splitting of ∆BE = 1.2 eV:
the sub-spectrum at a binding energy (BE) of 160.97 eV is attributed to sulfur bound to
the gold surface (Au-S). A second and third doublet shifted to higher BE at 163.02 and
168.32 eV, respectively, can be assigned to thiol (S-H) and oxidized sulfur species on the
surface [19,34–38]. The minor components at low BE most likely correspond to transitions
between physisorbed to chemisorbed sulfur species. Due to the complexity of the products
on the surface, it is not surprising to find both the physisorbed state (thiol molecules) and
transition to chemisorbed thiolates [39–41]. The physisorbed state comprises molecules
Biosensors 2021, 11, x FOR PEER REVIEW
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“lying” flat on the surface [40,42] stabilized by van der Waals interactions between
molecular species and the surface.
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ssDNA probes on the QCM surface by the presence of large amounts of nitrogen from
nucleobases and phosphorus from phosphate originating from both the DNA backbone
and magnesium pyrophosphate (by-product of LAMP) [14]. Figure 5B shows that the N1s
spectrum resolves into two peak components with BEs of 399.60 and 401.20 eV. The higher
BE peak at 401.20 eV corresponds to N1s from cytosine and adenine [43], to N–(C=O)–N
from thymine of double-stranded DNA, and to -NH2 from L-cysteine. The peak at the
lower BE peak is attributed to conjugated –N= [43].
Phosphorous from the phosphate backbone of double-stranded DNA and magnesium
pyrophosphate also indicate successful hybridization. Deconvoluting the fit in the P2p
signal range reveals a doublet with BEs of 134.84 and 134.00 eV (Figure 5D). It consists of
2p1/2 and 2p3/2 because of spin-orbital splitting of ∆BE = 0.84 eV [19] with an assumed
area intensity ratio of 1:2. Cho et al., 2012 [44] reported that a peak at ~134 eV corresponds
to phosphorus in the DNA backbone immobilized on an III–V semiconductor.
Figure 5C shows Mg1s spectra at BE of 1305.08 eV, which was ascribed from magnesium pyrophosphate [45] present on the non-selective area of the QCM surface after the
LAMP amplification.
Table 1. Peak fit parameters for five major elements on the absorbed layer in the ssDNA that hybridized the targeted LAMP
amplification products and L-cysteine.
REGIONS
2p3/2
S2p

2p1/2

N1s
Mg1s
P2p

2p3/2
2p1/2

BE Exp a , eV

BE Literature
[16,35–38,46–52], eV

Relative Area
Intensity

160.97
163.02
168.32
162.17
164.22
169.52
399.60
401.2
1305.08
134.00
134.84

~161–162
~163
~168–169

399.0–399.3
399.9–401.00
1305
133.9–134.2
134.5

91
150
363
45
75
182
186
245
1749
1800
900

284.68

284.7–286.2

8846

285.90
287.94

286.0–287.0
287.8–289.1

1921
564

C1s

a:

Assignment
Au–S
S–H
Sulfonate group

N= conjugated
>N–, N–(C=O)–N, –NH2
Mg–O
PO4− (backbone), PBS buffer
–C–C–, –C=, –CH, –CH3 ,
carbons of aliphatic
contamination.
C–N, N– C=N, C–O
N–(CO)–N, N–(CO)–C

Using Au 4f7/2 peak of 83.90 eV as a reference, an accuracy of ±0.5 eV.

Finally, the signals in the C1s region after fitting reveal three underlying components
(Figure 5E). The strongest signal centered at 284.68 eV, includes –C–C– (glycosidic carbon),
–C= (aromatic carbon C5 of cytosine and thymine), –CH (alkyl chain), and –CH3 of methyl
groups. It might also include carbons of aliphatic contaminations. The peak at 285.90 eV
can be assigned to C–N, N– C=N (carbon bound to nitrogen) and C–O (carbon of sugar
groups and sugar–phosphate bonds). The peak at the higher BE of 287.94 eV corresponds
to carbonyl groups in thymine and cytosine, i.e., N–(CO)–N, N–(CO)–C.
The single-stranded oligonucleotides containing 32 bases either are not stretched or are
oriented away from the surface normal, because they capture the target LAMP amplification
product, leading to an estimated total number of nucleotides on the QCM surface being
7.3 × 1014 molecules (calculated from the DNA formula without 50 monophosphate). The
layer of real-time LAMP amplification seems to be more densely packed than the layers of
the diluted hybridized LAMP products, which is in line with previous observations [9,38].
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4. Conclusions
LAMP-QCM brings together state-of-the-art research from both biochemistry and
analytical measuring science. This work demonstrates a systematic study for LAMP-QCM
from preparation, chemical reaction, electronic response and characterization by the use of
two typical co-immobilization (a thiolated-ssDNA probe and L-cysteine) and the LAMP
mixture solution as proof-of-concept confirmed by XPS analysis of the surface. The results
suggest that LAMP-QCM constitutes an interesting alternative to existing bioassays for
real-time monitoring of target DNA, in this case of Listeria monocytogenes, for instance, to
ensure food safety by enforcing zero tolerance.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/bios11090308/s1, file S1: Estimation of mass and molecule numbers on the working surface
(with the Sauerbrey’s equation [31]).
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