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A DNA biosensor integrating surface hybridization,
thermo-responsive coating, laminar-flow
technology and localized photothermal effect for
efficient electrochemical detection of nucleic
acidst

Ludovica Maugeri,? Giorgia Fangano,® Angelo Ferlazzo, @®*° Giuseppe Forte, @°
Antonino Gulino @°® and Salvatore Petralia @ *2°

A hybrid electrochemical DNA biosensor that integrates various technologies, such as laminar flow, surface
hybridization, DNA-microarray, thermo-responsive nanocoating and localized photothermal heating, is
presented here. A photothermal module based on gold nanostructures photoactivated by a green-light
source (532 nm) was developed for easy temperature management. The hybridization product is
electrochemically detected by a three-planar-microelectrode system upon dsDNA denaturation.
Performances of the hybrid biosensor were investigated by detection of the cDNA target, resulting in a
sensitivity of about 2.62 pA nM™* cm™ and a limit of detection of 1.5 nM, as a function of the capture probe
sequence. The findings facilitate the integration of multiple technologies, enabling the development of
low-cost and point-of-care detection systems for molecular analysis.

Introduction

Miniaturization and integration of nucleic acid analysis are
critical steps toward the development of a platform for
sample-in-answer-out  diagnostic  analysis." Commonly,
molecular testing involves multifaceted procedures, complex
laboratory infrastructures and skilled personnel. Despite the
increasing number of new technologies and innovative
diagnostic platforms, surface hybridization-based molecular
testing is still the most selective approach for nucleic acid
detection.” The strength of the surface hybridization test is its
capability to integrate the test into a microarray format for
multiplexing analysis. Easy integration of the surface-
microarray hybridization analysis into miniaturized devices
allows the development of low-cost and easy-to-use portable
systems. The high versatility of surface hybridization testing
is also demonstrated by the variety of transduction methods
(optical,® impedance® capacitive’ and electrochemical®) that
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can be used to read out the hybridization products. Although
revolutionary molecular analysis approaches have recently
been proposed, including the CRISPR-Cas technology,”
cooperative DNA triplex formation,® and multiplexing
analysis, the rapid detection and integration of pre-processing
steps are still the main limitations for the development of
miniaturized nucleic acid sensors. The integration of various
analytical technologies and nanotechnology in a unique
miniaturized system is the most effective approach to obtain
a cost-effective, easy-to-use multiplexing analysis procedure,
with high sensitivity and good specificity.” In this work, an
innovative DNA biosensor based on the integration of various
technologies, such as laminar-flow analysis (LFA), DNA-
surface hybridization, ssDNA-microarray, thermo-responsive
coating, photothermal heating and electrochemical read-out,
is presented. The used thermo-responsive coating is based on
poly(N-isopropylacrylamide) (PNM), which has high chemical
stability, low toxicity, and temperature-/pH-responsivity. It is
largely used for biomedical applications, such as drug
delivery, sensing, and catalyst agent. The thermo-responsive
behaviour of PNM is based on its low critical solution
temperature (LCST). Basically, at temperatures below the
LCST value (<33 °C), the PNM chains adopt a coil-extended
hydrophilic conformation, and above the LCST value (>33
°C), a cooperative transition occurs and PNM adopts a
hydrophobic globule conformation. In this hydrophobic
collapsed structure, the number of hydrogen bonds decreases

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and the cargo molecules as well as solvent molecules are
expelled from the chains.'”™" In detail, the proposed DNA
biosensor consists of a cellulose strip for sample separation,
an ssDNA-microarray deposited on a flexible, conductive and
transparent ITO-PET substrate, a thermo-responsive coating
made of poly(N-isopropylacrylamide) (PNM) for thermo-
triggered electrochemical-probe release and a miniaturized
photothermal heater activated by a source light (532 nm,
power 2-5 W) (Scheme 1).

Experimental section
Chemicals and materials

All reagents were purchased from Merck and used as
received. The PES-backed nitrocellulose membrane and the
MF1 glass fiber membrane were purchased from Cytiva and
used as received; the PET-ITO substrate was purchased by
Merck. Amino-modified ssDNA probes and targets were
purchased from IDT in desalting purified forms. The DNA
sequences are reported in Table S1F The photothermal
experiments were performed by irradiating each spot of the
photothermal module with CW laser 532 nm (1.8 and 5 W)
for different minutes. A standard FLIR infrared thermal
imaging camera was used to record the temperature of spots
during the light exposure. The DNA surface hybridization
experiments were carried out using a specific target perfect
match (25, 250 and 2500 nM) in 0.1 M KCI buffer. X-ray
photoelectron spectra (XPS), measured at a take-off angle of
45° with respect to the surface sample holder, with a PHI
5000 Versa Probe II system (ULVAC-PHI, INC., main chamber
base pressure 1 x 10~ Pa), were excited with monochromatic
X-ray radiation Al Ko (pass energy 5.85 eV).">"'* Calibration of
the spectra was achieved by fixing the Ag 3ds, peak of a
clean sample at 368.3 eV.”® Cyclovoltammetry (CV)
measurements were performed using a Parstat potentiostat

© 2024 The Author(s). Published by the Royal Society of Chemistry

and 220AT gold screen-printed electrodes (high-temperature
ink). A 0.1 M KCl solution with pH 7.0 was used for
electrochemical measurements. CV tests were performed at a
scanning speed of 10 mV s™" in the potential range between
-1 and 0.2 V. The sensitivity of the sensor was calculated as
the ratio of the slope of the calibration line obtained from
the maximum peak reduction current intensity to the
geometric area of the used electrode (0.125 ¢cm?)."*"> The
limit of detection (LOD) was calculated as 3¢ background/
slope.*®

ITO-Sil-ssDNA hybridization module

The hybridization module is composed of a PET-ITO
substrate properly functionalized with a reactive epoxy-silane
(Sil) coating. In particular, the ITO substrates were processed
as follows: (i) cleaning and activation with UV-O; treatment
for 600 s to remove organic residues from the surface and to
increase the hydroxyl group density at the surface; (ii) vapor
phase silanization process to produce reactive epoxy-silane
monolayer at the ITO surface. In detail, the PET-ITO
substrates were incubated in a volume of 10 mL of GPS
(3-glycidyloxypropyltrimethoxysilane) in a vacuum oven for 4
h at 110 + 1 °C. Further, the curing process was performed at
110 °C for 1 h. To confirm the effectiveness of the UV-O; and
epoxy silanization treatments, water contact angle (CA)
measurements, FTIR-ATR and XPS analyses were performed.
The ssDNA microarray fabrication was performed using the
following procedure: an aliquot of 20 uL of a phosphate
buffer (0.15 M at pH 9.32) solution of the amino-modified
ssDNA probe (20 uM) was deposed on the ITO substrates to
create a 4 X 4 microarray, and the substrates were incubated
in the chamber at 45 °C, humidity 90% for 4 hours. Then,
the substrates were rinsed with deionized water and dried
using a nitrogen flow. To confirm the effectiveness of ssSDNA
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anchoring the water contact angle (CA) measurements, FTIR-
ATR and XPS analyses were performed.

ITO-Sil-PNM module

ITO-Sil substrates were incubated with a phosphate buffer
(0.15 M) solution of amino-modified PNM (50 uM) at pH 9.32
in a chamber at 45 °C, humidity 90% for 4 hours. Then, the
substrates were rinsed with deionized water and dried using
nitrogen flow. In order to confirm the effectiveness of PNM
anchoring the water contact angle (CA) measurements, FTIR-
ATR and XPS analyses were performed. The MB entrapping
(ITO-Sil-PNM/MB) was performed by incubating the ITO-Sil-
PNM substrate with an aqueous solution of MB 1 mM
overnight at room temperature. Then, the substrates were
rinsed with deionized water to remove the excess MB and
dried under nitrogen flow.

Photothermal module

An aliquot of 20 pL of citrate stabilized gold-nanoparticles
(Au NPs) was spotted on the cellulose PS-backing membrane
to form the photothermal spot-heater. Four different spots
were created, and then the photothermal module was glued
to the bottom of the hybridization module (Scheme 1B). The
localized photothermal effect was generated by irradiating
the spots with a laser source at 532 nm under various laser
powers. The temperature was monitored by a thermocamera
(FLIR). The AuNPs were prepared by dissolving an aliquot of
75 uL of HAuCl, (5 x 10> M) in 37.5 mL of deionized Milli-Q
water; after 20 min of stirring at a temperature of 70 + 5 °C,
an aliquot of 2.5 mL of sodium citrate (28.5 mg) was added.
After 1 h of the reaction, the red-purple dispersion of AuNPs
was centrifuged at 13 000 rpm for 5 min, and the precipitated
AuNPs were purified by washing with deionized Milli-Q-water
and centrifugation.

Laminar flow module

The laminar flow module is composed of PES-backing
nitrocellulose and MF1 membrane (sample-pad). The
membranes were cut using a standard cutter.

Results and discussion
Integrated DNA biosensor

The hybrid DNA biosensor was properly designed to integrate
the laminar-flow technology, surface-hybridization reaction,
ssDNA-microarray system, localized photothermal effect and
electrochemical measurements for specific and efficient
nucleic acid recognition. The starting sample was collected
and purified by a laminar-flow module, connected to the ITO-
ssDNA-microarray (ITO-Sil-ssDNA), and ITO-Sil-PNM modules
designed for specific DNA capturing by surface-hybridization
and for thermo-released methylene blue (MB), respectively, to
act as the electrochemical probe. An innovative photothermal
module, composed of Au-nanoparticle spots, was mounted
on the bottom of the hybridization module to manage the

1968 | Sens. Diagn., 2024, 3,1966-1975

View Article Online

Sensors & Diagnostics

temperature of the biosensor. The hybridization is revealed
and quantified by a redox-label probe MB thermo-released by
the ITO-Sil-PNM module upon the light stimuli. The MB
probe is a specific dsDNA intercalator. The amount of MB
released by denaturation of ITO-Sil-dsDNA/MB is related to
the amount of the hybridization product (dsDNA) and
quantitatively measured by a three-printed-electrodes sensor
mounted on the top of the microarray module (Scheme 1).
The formation of the dsDNA/MB complex has been the
subject of extensive investigation in the literature.'”” The
findings indicate that the MB interacts with double-stranded
DNA predominantly through a semi-intercalation binding
mode, confirming that the MB, as well as other ligands such
as ethidium bromide, engage in a multimodal binding with
DNA."

ITO-Sil-DNA microarray

The ITO-Sil-ssDNA microarray substrate was prepared as
described in the Experimental section. In particular, it is
composed of a 2 x 2 DNA microarray containing four ssDNA
probes printed onto the PET-ITO-Sil surface (Fig. S1t). More
in detail, the PET-ITO substrate was functionalized with the
epoxy-silane layer (ITO-Sil) using a two steps process based
on the UV-O; activation and the vapor-phase silanization
process developed in our laboratory.” The effectiveness of the
epoxy-silane layer formation was confirmed by XPS analysis
and by water contact angle measurements.

Fig. S21 panel A shows the XP spectrum of the ITO-Silan
sample in the C 1s binding energy region. Three
experimental peaks are evident. A careful deconvolution of
the experimental spectrum required three Gaussians at: 285.0
eV (magenta line, relative intensity 41%) due to the C-C, C-H
states and some adventitious carbon present in all air-
exposed materials; 286.6 eV due to the C-O levels of the ether
and epoxide groups of the silane (dark yellow line, relative
intensity 52%); and 289.1 eV due to some minor surface
carbonate (dark cyan line, relative intensity 7%). The analysis
thus confirms the presence of the silane bound to the ITO
substrate."®

Fig. S21 panel A also shows the XP spectrum of the ITO-
Silan sample in the O 1s binding energy region. Two peaks
are evident at 530.2 and 532.3 eV but the deconvolution of
the experimental spectrum required three Gaussians at: 530.1
eV (magenta line), characteristic of the In,O; and SnO,
metal-oxygen states; 531.8 eV (cyan line), attributed to the O-
Si group, and at 532.8 eV (wine line) due to the O-C levels.”
Fig. S2At shows the XP spectrum of ITO-Silan in the Si 2p
binding energy region that consists of a broad peak centred
at 102.7 eV, due to the Si-O group of the silane.*® Fig. S27
panel A shows the XP spectrum of the ITO-Silan sample in
the In 3d binding energy region. This spectrum is composed
of the typical In 3ds. 3, spin-orbit components located at
444.8 and 452.3 eV which closely matches the binding energy
of In*" in In,0;. The deconvolution required two spin-orbit
doublets at 444.2-445.2 eV (3ds/,) magenta line and at 451.7-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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452.7 eV (3dj,) dark yellow, in agreement with the typical
XPS of ITO.>"** Fig. 2A finally shows the XP spectrum of the
ITO-Silan sample in the Sn 3d binding energy region. The Sn
3ds/53/» spin-orbit components, located at 487.0 and 495.4
eV, are typical of the ITO.>

Static water contact angle measurements (CA) performed
at different process steps confirm the effective silanization
process of the ITO surface. In detail, after the O;-plasma
process, the surface exhibits a high wettability (CA < 10°) to
indicate the effective cleaning and oxidation processes.
Contrastingly, after the vapor phase epoxy-silanization, an
increase in surface hydrophobicity was observed (CA values
56.1° + 1.3°) to indicate the formation of the epoxy-layer
coating (ITO-Sil). The DNA-microarray was printed onto the
ITO-Sil substrate by depositing a volume of 2 pL of amino-
terminated ssDNA (20 uM, in a buffer solution of sodium
phosphate at pH 9.2) on the substrate surface. The ITO-Sil-
DNA substrates were incubated at 45 °C/90% RH for 4 h;
after three water rinses to remove the excess DNA, the
substrate was dried under nitrogen flow and stored. The
effectiveness of the DNA anchoring was confirmed by XPS
analysis.

Fig. S2Bt shows the XP spectrum of ITO-Silan-DNA in
the C 1s binding energy region. Three experimental peaks
at 285.0, 286.5 and 288.9 eV are evident. A careful
deconvolution of the experimental spectrum required five
Gaussians at: 285.0 eV (magenta line) due to the C-C and
C-H states of the aliphatic chains (relative intensity 56%);
285.8 eV (dark yellow line) due to the amine group (C-N) of
the DNA (relative intensity 4%); 286.6 eV (dark cyan line)
due to the C-O states (relative intensity 31%), (C-OH, C-O-
C and C-O-P groups); 287.8 eV (wine line) due to the C=0
levels (relative intensity 4%), and 289.0 eV (navy line) given
by the N-(C=0)-N group (relative intensity 5%).>* Fig. S2Bt
also shows the XP spectrum of the ITO-Silan-DNA in the O
1s binding energy region, which consists of two peaks at
529.8 and 531.9 eV. The spectral fitting required four
Gaussians at: 530.2 eV (magenta line) due to the ITO
substrate (vide supra); 531.3 eV (dark yellow line) due to the
DNA P=0O0 group;* 531.7 eV (dark cyan line) attributable to
O-Si (vide supra) and O=C levels, and at 532.8 eV (wine
line) attributable to the DNA C-O-C, C-O-P, C-OH groups.
Fig. S2Bf also shows the XP spectrum of ITO-Silan-DNA in
the N 1s binding energy region, which consists of a peak at
400.2 eV. The deconvolution required two Gaussians at:
399.3 eV (magenta line) due to the imine group (N=C-)
and 400.4 eV (dark yellow line) due to the contribution of
amines, carbamides, and urethanes (N-CO-N, -NH,, -N-
COO) from the DNA bases. Fig. S2Bf shows the XP
spectrum of the ITO-Silan-DNA in the P 2p binding energy
region, which consists of a broad peak at 133.6 eV,
attributable to the presence of P in the DNA backbone,
where the P 2p;/, 1/, spin-orbit splitting, as expected, is not
appreciable. The XPS of the ITO-DNA sample exhibits the
signals for In 3d, Sn 3d and Si 2p states, which agree well
with the analogues of the ITO-silane sample.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Photothermal module

The photothermal module was designed to induce a localized
temperature increase through the photothermal effect of Au-
nanoparticle spots, upon green laser light (532 nm)
photoexcitation. The photothermal module, composed of 2 x
2 photothermal Au-spots, was glued on the bottom of the
ITO-Sil-DNA-microarray module, and the temperature was
tuned by the laser power. A starting temperature of about 20
°C was recorded with the laser OFF (Fig. 1A). To promote the
surface hybridization and MB photothermal release, the
temperature of 46 °C was reached using a laser power value
of 1.8 W, while the dsDNA denaturation phase at a
temperature of about 85 °C was reached increasing the laser
power value at 5.0 W. As expected, the temperature of the
photothermal module was found to be directly proportional
to the laser power (Fig. S67).

ITO-Sil-DNA: hybridization reaction and electrochemical
detection

Fig. 1B illustrates the main steps of the ITO-Sil-DNA module.
In detail, it shows the surface-hybridization process with
MB-DNA interaction, the dsSDNA/MB denaturation with MB
releasing, and the final MB electrochemical detection.

To ascertain the capability of the ITO-Sil-DNA-microarray
module to recognize nucleic acids by a specific surface
hybridization reaction, the ITO-Sil-DNA-microarray samples were
incubated with ¢cDNA (2 uM) in the presence of the methylene
blue redox-probe (MB). The hybridization temperature of about
45 °C was induced by a localized photothermal effect, irradiating
the photothermal module as described above. After 10 min of the
hybridization reaction, the substrates were rinsed with water to
eliminate the excess of cDNA and MB. Then, an electrochemical
printed sensor was mounted on the top of the ITO-Sil-dsDNA
surface with a volume of 200 uL of KCl buffer. Then, the localized
temperature was photothermally increased to about 85 °C to
promote the dsDNA denaturation and the MB release. The
electrochemical CV measurements confirmed the effective
hybridization reaction by observing the electrochemical MB
signal (CV curve in Fig. 1B). In fact, the anodic oxidation peak,
and cathodic reduction peak related to MB,, and MB,;q species,
respectively, were observed.

ITO-Sil-PNM module

The ITO-Sil-PNM module was manufactured as described in the
Experimental section. The characterization was performed by
XPS investigation, spectroscopic measurements and AFM
analysis. Fig. 2A shows the XP spectrum of the ITO-Sil PNM in
the C 1s binding energy region. Two experimental peaks at
285.0 and 286.4 eV are evident. A careful deconvolution of the
experimental spectrum showed four Gaussians at: 285.0 eV due
to the C-C and C-H states (magenta line); 285.8 eV due to the
amine group (C-N) of the polymer (dark yellow line); 286.4 eV
due to the C-O of the silane (dark cyan line) (vide supra); and
287.7 eV due to the -N-C=0 amide levels of the PNM polymer
(wine line). The relative intensities of the above-mentioned

Sens. Diagn., 2024, 3,1966-1975 | 1969
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Gaussians are in the 6:1:4:1 ratio and perfectly match the
stoichiometry of the PNM polymer.>®
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Fig. 2 ITO-Sil-PNM characterization: A) Al Ka. excited XPS of the ITO-
Sil-PNM sample in the C 1s binding energy region: the magenta, dark
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287.7 eV Gaussian components, respectively; in the O 1s binding
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the N 1s binding energy regions. The blue line represents the
background and the red line superimposed on the experimental black
profile refers to the sum of the Gaussian components. B) ATR-FTIR
spectra for PNM and ITO-Sil-PNM.
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Fig. 2A shows the XP spectrum of ITO-Sil-PNM in the O 1s
binding energy region, which consists of two peaks at 531.6
and 533.5 eV. The deconvolution produced three Gaussians
at: 531.6 eV due to O-Si and O—C groups of the silane and
PNM polymer (magenta line); 532.9 eV due to the O-C levels
(dark yellow line), and 533.8 eV due to the presence of some
surface H,O (dark cyan line). Fig. 2A shows in addition the
XP spectrum of ITO-PNM in the N 1s binding energy region,
which consists of a peak at 399.7 eV due to the N-C=O
amide group.?” The XP spectrum of the ITO-Sil-PNM sample
for Si 2p states is shown in the ESIT (Fig. S3).

Fig. 2B illustrates the ATR-FTIR spectra for the ITO-Sil-
PNM and for PNM for comparison. The presence of
diagnostic peaks for PNM at: 3283.3 cm™' (N-H, stretching),
2968.2 cm ™' (C-H, stretching), 1638.8 cm™ (C=0O stretching,
amide I), 1541.8 cm™' (C=O stretching, amide II), 1375.5
em™ (C-H, bending) and 1132.2 em™ (C-C, stretching),
suggests the effective PNM layer formation.

ITO-Sil-PNM: photothermal MB release

Our experiments confirm that the ITO-Sil-PNM substrate
exhibits an excellent photothermal-responsive effect through
the well-known coil-to-globule transition of the PNM layer.*®
In detail, at temperature above the LCST value (~33 °C) the
PNM chain changes from the hydrophilic-coil-structure to the
hydrophobic-globule-structure, resulting in changes of the
surface hydrophobicity inducing the release of the cargo
loading on it (Fig. 3A). The surface coil-to-globule transition
was photothermally induced by light irradiation (laser 532

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00288a

Open Access Article. Published on 14 October 2024. Downloaded on 7/16/2025 9:45:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

A
T° <LCST (25°C) T° > LCST (~ 45°C)
Coil-structure Globule-structure
® °®
e ©
< I &
< ® =MB < X
( { ( (
! ) R,
\/\i/ \/ Source light \/\\
ehed ANAA
% 532nmﬁ

0.20 0.06
——ITO-Sil-PNM/MB
—MB

o
£
2

Absorbance

View Article Online

Paper

60+

55+

CA. (9

45

40 T T T T
20 25 30 35 40 45

Temperature (°C)

1.0x10°

——ITO-Sil-PNM/MB
——ITO-SillMB

400 560 660 760 860
Wavelength (nm)

Fig. 3

Time (min)

T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

E vs Ag/AgCI (V)

ITO-Sil-PNM substrate: A) surface coil-to-globule transition mechanism induced by the photothermal effect; B) C.A. at different

temperature values; C) optical absorption spectra of MB loaded onto ITO-Sil-PNM substrate and MB solution; D) absorbance values at 665 nm of
MB released versus the incubation time at 45 °C and 25 °C (inset: the absorption spectra of water solution at 45 °C); and E) CV cycles of the MB
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nm) of the photothermal module as above described. The
surface coil-to-globule transition of the ITO-Sil-PNM surface
was investigated by the static water contact angle method at
different temperatures (Fig. 3B). The increase of the C.A.
values (44.7°, 56.9°, 48.9°, 50.36°, 52.62° to 57.15 ©) with the
increase of temperature (21, 30, 33, 37, 40 to 46 °C) confirms
the effective surface coil-to-globule transition of the PNM
structure.

To assess the capability of the ITO-Sil-PNM substrate to
efficiently perform a cargo load and release process, the ITO-
Sil-PNM substrate (0.5 x 2 cm) samples were incubated with
an aqueous solution of MB for 6 h at room temperature. The
effective MB entrapment at the PNM coating was confirmed
by the optical absorption spectra of the MB-loaded ITO-Sil-
PNM substrate (Fig. 3C). The absorption spectra report the
diagnostic MB absorption band centred at 665 nm. While no
absorption peak was observed for the substrate ITO-Sil-PNM
without MB (Fig. S71). Then, the MB release was investigated
by incubating the MB-loaded ITO-Sil-PNM in a volume of 2
mL of deionized water, at the temperature of 45 °C (above
the LCST value) for 30 min. The effective MB release process
was confirmed by measuring the optical absorption at 665
nm after 5, 10, 20, 30 and 40 min of heating (black line
Fig. 3D). For comparison, the MB release from MB-loaded
ITO-Sil-PNM substrate was investigated at 25 °C (below the
LCST value). In this case, no absorption at 665 nm was

© 2024 The Author(s). Published by the Royal Society of Chemistry

recorded, to corroborate with the thermo-responsive loading-
releasing mechanism of the ITO-Sil-PNM surface. In addition,
the photothermally induced MB release from the ITO-Sil-
PNM substrate was investigated by electrochemical
measurements. In detail, the photothermal module was
mounted on the bottom of the MB-loaded ITO-Sil-PNM
substrate, then a three-electrode printed electrochemical
sensor was mounted on the top, and a volume of 200 pL of
KCl buffer 0.1 M was added as an electrochemical buffer. The
temperature of the substrate was increased to 45 °C by a
localized photothermal effect through laser irradiation (0.18
W) and the CV measurements were performed after 5 min of
irradiation. The diagnostic reduction and oxidation peaks of
the released MB at about -0.4 V and 0.3 V were recorded
(Fig. 3E, black line), to confirm the effective photothermal
release of MB from the ITO-Sil-PNM substrate. For
comparison, MB loading/photothermal release processes
were conducted on the ITO-Sil substrates (without the PNM
coating) under the same experimental conditions. In this
case, no CV signals were recorded wupon localized
photothermal heating (Fig. 3E red line). These results clearly
show that the role of PNM is crucial for the MB release
process and that the used electrode is capable of detecting
the presence of MB. In fact, the bare electrode shows an
excellent response to the presence of 2.5 uM of MB in a 0.1
M KCl solution, as shown in Fig. S4,f confirming the
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capability of the printed-electrode to detect oxidation and
reduction of MB at potentials of about —-0.35 and -0.41 V,
respectively. The same result was obtained by performing a
test on the device in the presence of MB but in the absence
of ¢cDNA and this showed that the PNM was able to release
the MB and that the electrode was capable of detecting it as
in the tests performed in the solution (Fig. 3E).

Molecular modelling studies were performed to investigate
the MB-PNM interaction during the coil-to-globule transition.
In detail, a 32-mer PNM system was assembled by CHARMM-
GUI and the MB molecule was physiosorbed onto the
polymer chains. The resulting system was placed at the
center of a 7 x 5 x 5 nm box, with water molecules, and
subjected to equilibration through a procedure consisting of
20000 steps of minimization using the steepest descent
algorithm. Then, MD simulation investigations were
performed at 315 K and three structures were selected as
system configurations for subsequent 200 ns MD
simulations. Atomic coordinates were saved with intervals of
10, 100 and 150 ns using a step of 1.0 ns, thus obtaining
three structures called PNM-MB1, PNM-MB2 and PNM-MB3.
These structures were optimized, and used for energy
calculations. The energy difference among the optimized
geometries selected from MD simulations indicated that the
initial configuration, PNM-MB1 at 10 ns has lower energy
(0.00 keal mol™) after 100 ns with PNM still in the coil-form,
an increase of energy was obtained (15.22 kcal mol™) to
indicate a strong interaction between the PNM and the MB,
while at 150 nm with PNM in globule-form structure, the
interaction between the PNM polymer and MB weakens (7.34
kcal mol™) and the MB molecule start to desorb from the
polymer after 150 ns (Fig. 4). These data suggest that the
release of MB from the PNM coating is primarily driven by
the transition of the PNM chain from the coil-to-globular
structure.

DNA biosensor testing

To demonstrate the efficiency of the DNA biosensor,
experiments were performed under different conditions
using the experimental setup illustrated in Fig. S5. Firstly,
to ascertain the effectiveness of the photothermal module,
aliquots of cDNA (2.5 uM) were loaded on the DNA
biosensor, and then electrochemical measurements were

Fig. 4 PNM-MB molecular modelling calculations; PNM in ball and
stick representation, MB in CPK representation: optimized geometries
of PNM-MB adduct for three different geometries: A) PNM-MB1 at 10
ns; B) PNM-MB2 at 100 ns; C) PNM-MB3 at 150 ns, all simulations
were performed at 315 K, water molecules are omitted for clarity.
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View Article Online

Sensors & Diagnostics

performed after photothermal denaturation phases (laser 5
W 80 °C) for 2 and 4 minutes. For comparison, experimental
controls were performed without the photothermal heating
phase (no laser). In detail, an aliquot of 200 pL of a buffer
solution containing ¢DNA (2.5 uM) was loaded onto the
sample PAD and the PNM-module was photothermally
activated for 5 min to induce the thermo-release of the MB
probe (laser at 1.8 W). After 10 min of hybridization, a
volume of 500 pL of the KCI solution was loaded on the
sample pad to eliminate the excess of cDNA and MB from
the microarray area. Then, the spot-1 containing the specific
probe was photothermally activated for 2 and 4 minutes with
laser 5 W; the localized temperature increased to about 80
°C to promote dsDNA denaturation and MB release. The
electrochemical ~CV  responses are reported in
Fig. 5A (red line 2 min laser and blue line 4 min laser). The
results clearly indicate that after 2 and 4 min of
photothermal heating (laser 5 W), the electrochemical signals
arise according to the denaturation of dsDNA and release of the
MB probe (Fig. 5A, red and blue lines). For comparison, control
experiments were performed without the photothermal heating
phase (Fig. 5A, black line NO laser). In this case, no
electrochemical signal was observed to confirm that no DNA
denaturation and no MB release occurred without the
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Fig. 5 DNA biosensor CV experiments: A) CV cycles for the detection
of cDNA 250 nM in KCL 0.1 M (scan rate 0.01 V s°%; 25 °C) at different
photothermal conditions: no laser, laser 5 W for 2 min and laser 5 W
for 4 min; B) specificity tests, peaks current at -0.4 V for each
investigated spots: P1 (specific probe), P2 (negative control), P3
(specific probe) and P4 (aspecific probe).
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photothermal heating process with laser at 5 W. Similarly, no
CV signal was observed in the experiments conducted with laser
1.8 W (5 min) irradiation, indicating that no DNA release occurs
at a temperature of 45 °C. It is noteworthy that the obtained
data revealed a higher peak intensity (I,) during the reduction
phase of MB than during the oxidation phase. This led to
considering the reduction I, for the construction of the
calibration curve obtained from measurements with different
amounts of DNA. To assess the specificity, all spots including
P2 (negative control), P3 (replicated specific probe) and P4
(unspecific probe) were tested using 4 min of photothermal-
denaturation time for each spot. The results reported in Fig. 5B
show CV signals during the interrogation of P1 (2.21 + 0.2 pA)
and P3 (1.96 + 0.25 pA) spots. While slight signals were recorded
during the interrogation of the P2 (0.16 + 0.01 pA) and P4 (0.35
+ 0.05 pA) spots, confirming the excellent specificity (>90%) of
DNA biosensor for the detection of specific CDNA target.

To ascertain the sensitivity of the DNA biosensor, different
amounts of cDNA (0, 25, 250 and 2500 nM) were tested. The
results depicted in Fig. 6A, confirm the good electrochemical
response at various cDNA amounts. Measurements show the
presence of two peaks for oxidation and reduction of the MB
(Fig. 6A). This phenomenon was not noticed when the sensor
was tested in the absence of DNA. The presence of the
oxidation peak at —0.35 V and the reduction peak at —0.40 V
indicates the presence of free MB released from the DNA
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Fig. 6 DNA biosensor sensitivity test: A) CV cycles of DNA biosensor
for the detection of different amounts of cDNA (0, 25, 250 and 2500
nM) in KCl 0.1 M (scan rate 0.01 V s™%; 25 °C); B) log-log linear
response of the peak current (uA) at 0.4 V versus cDNA (nM), (Y =
0.328X - 0.34; R? = 0.9969).
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double helix. The oxidation peak at -0.2 V and reduction
peak at —0.53 V can also be attributed to the MB/cDNA
interaction.>® Indeed, MB has a strong interaction between
the proton transfer, during the reduction, and the
biomolecule by influencing the apparent rate of the first
electron transfer step. Specifically, the hydrogen bonding
interactions between DNA and MB influence the protonation
reaction of the radical intermediate. When high
concentrations are present, the overall electron transfer
kinetics of the system increase. The acceleration of the first
phase of electron transfer (cathodic phase) causes a
reduction in the cleavage of the peak in the oxidation wave
and an increase in the cleavage in the reduction wave (anodic
peak). This electrochemical phenomenon, due to the transfer
of the second electron, is still limited by the protonation rate.
In fact, the shift towards oxidation and reduction potentials
is due to the interaction of MB with cDNA. Based on what
has been reported in the literature, it is possible that the
denaturation of the DNA double helix releases the MB that
continues to maintain an interaction with the cDNA single
strand. This causes an alteration in the ability to transfer
electrons from the MB to the electrode, thus observing a
wider electrochemical window with higher oxidation and
reduction potentials.>**° Indeed, this phenomenon is more
evident in the curve related to a higher ¢cDNA concentration.
All of this confirms that the MB intercalates between the
double helix and is subsequently released, which can be an
excellent nucleic acid tracking system. The calibration curve
in Fig. 6B shows an excellent linear range between the peak
current intensity and the logarithm of the concentration,
with a linear range of Y = 0.328X — 0.34; R* = 0.9969. A limit
of detection value (LoD) of about 1.5 nM and sensitivity of
about 2.62 pA nM™* ecm™? for the detection of cDNA were
calculated.

To assess the recovery of the assay test, samples of DNA
(P1 probe, 2500 nM) were tested. A signal of about 0.75 pA
corresponding to a concentration of about 2350 nM was
recorded, indicating a final recovery of 94%. Dry storage
stability at +5 °C was tested within 2 months. The response
of the biosensor decreased by about 5-7% from its initial
response after 2 months of storage. A long-term stability
study is in progress and the results will be published.

A comparison study between the proposed DNA biosensor
and the various biosensors reported in the literature is shown
in Table 1. In particular, the sensing strategy, limit of
detection value, and the capability to be integrated into a
point-of-care (PoC) system are compared.

Drozd and colleagues have published an SPRi-based
biosensing platform for the detection of specific DNA
sequences.”® They have investigated different DNA
immobilization and labelling strategies reaching a limit of
detection of 1.96 nM. The sensing approach was successfully
integrated into a sensor array device suitable for point-of-care
systems.*® In 2020 Xu and coworkers reported potentiometric
DNA sensors using surface plasmon resonance analyses for
the detection of DNA by hybridization reactions. Despite a
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Table 1 Comparison of DNA biosensors
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Strategy Suitable for PoC system LoD (nM) Ref.
Surface plasmon resonance High 1.96 31
TIon-selective field effect transistor Medium 0.6 32

Square wave voltammetry Medium 1.3 33
Colorimetry Medium 200 34

Cyclic voltammetry Very high 1.5 This work

good limit of detection of 0.6 nM, the proposed approach is
still not ready for integration in the point-of-care system.*”
Yesil and coworkers have developed an electrochemical DNA
biosensor based on avidin-biotin interaction integrated on a
graphite electrode (PGA/PGE) for the detection of specific
DNA sequences. The DNA biosensor shows a linear response
in the 1.5-12.5 nM range and a detection limit of 1.3 nM.
The integration of this DNA biosensor into a point-of-care
system requires more optimisation.** Recently, El Aamri and
coworkers reported an innovative colorimetric DNA biosensor
based on the reaction between phenol and sugar. The
sensing approach was tested in a 96-well plate reaching a
limit of detection of 200 nM within a linear range of 0.2-1
uM.** Also in this case, the integration of this DNA biosensor
into a point-of-care system requires further optimisation.

In summary, the DNA biosensor proposed in this work
represents a pioneering integration of multiple technologies
including microarray surface hybridization, thermo-responsive
coating and localized photothermal effect, in a miniaturized,
portable and cost-effective system for the detection of DNA
sequences with a limit of detection of 0.15 nM.

Conclusions

This work presents a hybrid DNA biosensor for the
electrochemical detection of nucleic acids, through an effective
integration of various technologies such as paper-based laminar
flow, surface-hybridization, thermo-responsive nanocoating,
electrochemical readout and photothermal heating.

The capability to detect specific oligonucleotides with a
LoD of about 1.5 nM, sensitivity of value of about 2.62 pA
nM ™" em™ and good specificity (>90%) are demonstrated.
The aptitude to recognize DNA at a low cost and the
robustness of this assay point to a diagnostic solution in a
portable and low-cost point-of-care format for the detection
of nucleic acids. Further validation of human DNA will be
performed to ascertain the assay performance with real
genomic samples.
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