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The integration of piezoelectric polymers with metallic nanostructures provides new opportunities for developing highly

responsive fluorescent sensing devices. In this work, we show that nanoimprinted poly(vinylidene fluoride) thin films coated

with a thin gold layer can amplify the fluorescence signal of Cy3-labelled DNA and improve detection sensitivity. Signal

enhancement is assigned to both the surface plasmon resonance of the nanofeatures as well as to the piezoelectric-based

enhancement of fluorescence when a mechanical pressure is applied to the substrate. Our study also reveals that moderate

mechanical force maximises the piezoelectricity-based enhancement, as larger forces degrade the substrate. This highly

sensitive platform was shown to possess good selectivity as evaluated through exposure to non-complementary sequences,

as well as good reusability through ozone UV cleaning. The work highlights the potential of hybrid metal-coated and

nanoimprinted piezoelectric substrates as a promising platform for highly sensitive and selective biosensors.

Introduction

The development of reliable and highly sensitive biosensors
remains an essential challenge in medical diagnostics, food
safety, and environmental monitoring. 2 DNA-based
biosensors, which detect analytes through interactions with
aptamers,®> DNAzymes,* or DNA probes,®> have attracted
particular attention.® Compared to enzyme or antibody-based
alternatives, they offer high thermal tolerance,”’ easy
modification,® efficient surface regeneration,® and greater
resistance to enzymatic degradation in complex biological and
environmental matrices.® Additionally, DNA probes for various
targets can be readily obtained through directed screening of
DNA libraries,’® making these biosensors readily adaptable.>
Compared to enzyme or antibody-based alternatives, they offer
high thermal tolerance,” easy modification,® efficient surface
regeneration,® and greater resistance to enzymatic degradation
in  complex biological and environmental matrices.®
Additionally, DNA probes for various targets can be readily
obtained through directed screening of DNA libraries,'® making
these biosensors readily adaptable.

Among DNA-based biosensors, those that rely on fluorescence-
based signal transduction are widespread due to their rapid
response times,! high suitability for complex biological and
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environmental matrices,’2 and multiplexing capacity.!3> While
they have been widely utilised to develop robust, cost-effective,
and easy-to-use biosensors,’* new strategies are constantly
being explored to improve their sensitivity by amplifying the
fluorescence signal.t3

As DNA-based fluorescence biosensors inherently exhibit
surface-enhanced fluorescence, one approach to amplify the
fluorescence is to tune the supporting substrate.
Nanostructured metallic substrates can interact with light and
produce localised surface plasmons, leading to surface-
enhanced fluorescence (SEF),'% 16 while piezoelectric substrates
can generate a piezoelectric potential to further enhance the
fluorescence intensity.l” Poly(vinylidene fluoride) (PVDF) is
particularly promising in this context as it is a semicrystalline
polymer whose B-phase is an all-trans planar zigzag chain
conformation, which aligns the molecular dipoles, resulting in
piezoelectric activity.!’® The piezoelectric performance is
strongly linked to the fraction of the polar B-phase, which is
sensitive to processing and post-treatment conditions.1® 20
Common strategies to increase B-phase content include
electrospinning or solution blow-spinning to produce
nanofibers, mechanical stretching of cast films, and annealing
at elevated temperatures to promote a conformational
transition from the a-phase to the PB-phase. 1% 2!These
approaches can yield PVDF with very high B-phase fractions and
enhanced piezoelectric coefficients, particularly in nanofibrous
architectures. 151621

While piezoelectric substrates can generate a piezoelectric
potential to further enhance the fluorescence intensity,”
poly(vinylidene fluoride) (PVDF) is particularly promising in this
context as PVDF not only has desirable piezoelectric properties,
but it can be easily processed and nanoimprinted with features,
followed by the application of a metallic coating to make it
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exhibit localised surface plasmon resonance.?? Our groups have
previously demonstrated that gold-coated nanohole-imprinted
PVDF enhanced the fluorescence intensity of quantum dots,
and that this fluorescence intensity could be controllably
further amplified through the piezoelectric effect of the
substrate, which was controlled via the application of
mechanical pressure.?’

Systematic studies of DNA sensing using nanoimprinted
piezoelectric substrates are limited. Earlier works have
predominantly focused on nanostructures fabricated on rigid
supports, and flexible piezoelectric polymers, such as PVDF,
have been less explored. Recent work on nanoimprinted
PVDF-HFP films combined with metallic nanostructures has
demonstrated piezoelectric-driven amplification of plasmon-
enhanced fluorescence, where an applied mechanical load
generated a piezoelectric potential that increases the local
electric field and enhances the emission of quantum dots and
DNA hybridisation assays on gold-coated substrates.’” In
addition, electro-spun PVDF and PVDF-based nanocomposites
have shown simultaneous improvements in piezoelectric
response and fluorescence, attributed to strain-induced
internal fields and a higher fraction of polar crystalline phases
that modulate radiative recombination.?® Strain-dependent
optical studies on individual ZnO nanorods further support this
concept, revealing that bending-induced piezoelectric
polarisation can tune fluorophore emission via the
piezo-phototronic effect.?* 2> Together, these reports indicate
that both PVDF-based polymers and inorganic piezoelectric
materials can act as active substrates where mechanically
generated piezoelectric potentials are exploited to control
fluorescence intensity in and related optical
applications.?

Herein, we build on our previous work and use a different
nanoimprinted substrate, a nano trench-imprinted gold-coated
PVDF,7:26 to develop a model fluorescent DNA biosensor which
exploits both surface-plasmon- and piezoelectric-enhanced
fluorescence. We explore the influence of complementary
target DNA concentration and the applied mass on the signal
enhancement, showing that the limits of detection are
improved by both the nanostructured substrate and the
piezoelectric effect of the underlying PVDF support. We also
demonstrate sensor reusability through regeneration with an
ozone UV cleaning method, as well as sensor specificity through
exposure to non-complementary target DNA. This work
establishes a dual-amplification DNA-based fluorescence
platform which can be readily adapted to diverse targets and
builds the foundations towards ultrasensitive fluorescent point-
of-care diagnostic and field-deployable sensors.

sensing

Experimental
Materials and Reagents

Poly(vinylidene fluoride) (PVDF) powder (average molecular
weight = 534,000), N-dimethylformamide (DMF, 2>99.8%),
ethanol (EtOH), and phosphate-buffered saline (PBS, pH 7.4)
were purchased from Sigma-Aldrich and used without further

2| J. Name., 2012, 00, 1-3

purification. Gold coatings were prepared using.an EMITEGH
K575X evaporation system. All aquédislOs@fitigns 00ere
prepared using Milli-Q water (18.2 MQ cm).

Substrate fabrication and gold-coated nanoimprinted PVDF
film

A 20 wt./vol% solution of PVDF was prepared by dissolving 1 g
of PVDF powder in 5 mL of DMF and stirring at 60—70 °C for 2 h.
This solution was spin-casted (home-built spin coater at 1 V for
30s) onto a glass cover slip to prepare the flat PVDF substrates
(Figure 1A), or onto a nanotrench-imprinted silicon stamp
purchased from II-VI Aerospace & Defense (110 nm depth, 417
nm period) to prepare the nanotrench-imprinted PVDF film
(Figure 1B). Following spin casting, a PVDF film thickness of 5.5
um was obtained, as measured by Sycon Instruments STM-
100/MF thickness monitor (4 kW). The solution was then
annealed at 60 °C for 5 min to stabilise the film morphology and
promote B-phase formation while avoiding deformation or
relaxation of the nanoimprinted features. The substrate was
gently peeled off to preserve the imparted morphology and
then was subjected to gold-coating by thermal evaporation at 2
nm s~' for 30 s. Gold coating produced a nominal gold thickness
of approximately 10 nm; no additional adhesion layer was used.
Surface morphology and nanoscale features were examined
with atomic force microscopy (AFM, Bruker Dimension Icon).
Fourier-transform infrared (FTIR) spectroscopy (Bruker Tensor
27) was used to identify the crystalline phases of PVDF films.
Reflectance spectra were collected with an Agilent Cary 5000
UV-Vis spectrophotometer in the wavelength range of 300-800
nm. Contact angle measurements were performed using a Kriss
DSA25, and the average contact angles of at least three drops
per substrate were reported. Electrochemical measurements
were used to determine substrate surface area (Figure S1),
where the cyclic voltammetry of 1 mM ruthenium(lIl) hexamine
was recorded at the substrate using a Biologic SP-200
potentiostat.

Piezoelectric Characterisation.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1 shows the preparation of the (A) flat and (B) nanoimprinted PVDF films. Both films are prepared by spin-coating a PVDF solution onto a silicon mould

(flat or nanoimprinted), followed by drying, annealing, and gold layer deposition.

Open-circuit voltage was measured using an Agilent
Technologies DSO1052B Digital Storage Oscilloscope (50 MHz, 1
GSa/s). Samples were contacted with electrodes and subjected
to rapid mechanical tapping using a pen to induce dynamic
loading/unloading cycles. Voltage transients were recorded in
fast acquisition mode over multiple cycles for both flat and
nanoimprinted Au-coated PVDF substrates.

Immobilization and Hybridization of the DNA

All synthetic DNA sequences were purchased from Biomers.net
GmBH and reconstituted in 10 mM PBS (pH 7). The probe
sequence was designed complementary to a short sequence
found in the housekeeping gapA gene of Klebsiella Pneumoniae
with the addition of a thiol-modification at the 3’ end (TGT GTT
TAC GAG CGG TTT CG /3ThioMC3-D). The fully complementary
target sequence for this model system was labelled at the 5’ end
with the commercial dye Cy-3 (Cy-3/CGA AAC CGC TCG TAA ACA
CA). A synthetic target from the bacterium Shigella Flexineri (Cy-
3/5'-CCT TTT CCG CGT TCC TTG A-3') was used as the non-
complementary target.

Probe Immobilisation

A stock solution of 10 uM thiolated probe DNA was prepared in
10 mM PBS (pH 7). Probe immobilisation was carried out by
incubating the gold-coated PVDF substrates with a solution
containing 1 uM probe DNA and 10 uM mercaptohexanol
(MCH) prepared in 10 mM PBS (pH 7). The substrates were left
to incubate at room temperature for 16 h to allow the thiolated
probes to bind to the gold surface. Following immobilisation,
the substrates were thoroughly rinsed with PBS to remove
unbound DNA and dried under a gentle stream of nitrogen.
Following probe immobilization, substrates were exposed to a
10 uM target DNA in 10 mM PBS (pH 7). The substrates were

This journal is © The Royal Society of Chemistry 20xx

briefly heated to 90 °C for 2 min and cooled for 1 h to promote
hybridisation, followed by washing with PBS and drying under
nitrogen.

Fluorescence Intensity Measurements.

Fluorescence spectra were acquired using a Horiba Scientific
spectrofluorometer with 532 nm excitation (1 mW laser
power),1 s integration time,and 10 accumulations per
spectrum. Data were smoothed using FFT filter (50% cutoff) to
suppress high-frequency noise while preserving peak shape.
Reported intensities represent the mean * standard error of the
mean (SEM) from n = 2027 The 532 nm diode laser was linearly
polarised, but the sample orientation relative to the grating
vector was not actively controlled, resulting in a fixed,
uncontrolled polarisation condition for all measurements. The
excitation wavelength corresponds to the UV-Vis absorption of
the fluorescent Ilabel (Figure S2). For fluorescence
measurements, the substrates were sandwiched between two
glass cover slips, with the nanoimprinted surface pointing
downwards towards the excitation laser, allowing a weight to
be placed on the top cover slip. Piezoelectric fluorescence
measurements were performed by placing the specified weight
on the top cover slip and waiting 5 s for stabilisation before
spectral acquisition. Time-dependent fluorescence
measurements show that this measurement time is within the
transient piezoelectric response. (Figure S3) All fluorescence
measurements were collected from up to twenty different 10
um spots on each substrate to minimize the impact of trench-
to-trench inhomogeneities. (Figure S4)

Finite Element Simulations

Finite element analysis was carried out wusing the
Electromagnetic Waves module in COMSOL Multiphysics. A 2D

J. Name., 2013, 00, 1-3 | 3
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representation of two periodic unit cells of the imprinted
surface was used to propagate the electromagnetic waves. The
refractive indices are taken as 1.4 + i0.02 for PVDF, while the
refractive indices of Au are taken from Rosenblatt et al.,?® An
incident beam perpendicular to the sample surface and
polarized to the x-axis is considered. This x-polarisation
corresponds to optimal coupling with the grating vector and

represents an upper bound on the plasmonic field
enhancement achievable under polarisation-matched
conditions. Perfectly Matched Layers (PML) are used to

surround the unit cell to prevent back-reflected waves. The
enhancement factor is calculated from the electric field
enhancement around the surface of the nanostructures:?®

Fe |EI*>  vr
[Eo|? Ynr + vr

where E is the electric field that is locally enhanced on the
quantum dot surface, Eo is the background electric field, and y-
and ypr are the radiative and thermal dissipated nonradiative
powers. For the calculations of the radiative and thermal
dissipated nonradiative powers, an electric point dipole was
placed near the surface. The surface integral of the time-
averaged Poynting vector around the quantum dot gave the
radiative losses, while the volume integral of the total power
dissipation density on the nearby surface provided the thermal
losses. To represent the generated piezoelectric potential from
the application of a load, a surface current density is used on
the surface. This effectively interacts with the propagation of
the incident beam.

Reusability Studies

To evaluate substrate reusability, probe-functionalized samples
were subjected to ozone UV cleaning for 40 min. After cleaning,
the substrates were immediately washed with Milli-Q water,
rinsed with ethanol, and dried under a gentle stream of
nitrogen. The efficiency of DNA removal and the preservation of
the confirmed by fluorescence
spectroscopy and AFM imaging.

nanostructures were

Results and Discussion

Nanotrench-imprinted gold-coated PVDF substrates were
prepared by spin coating a PVDF solution onto a nanoimprinted
silicon stamp, followed by annealing, and gold layer deposition.
Figure 2A shows an AFM image of the nanoimprinted PVDF
substrate prior to gold coating, revealing well-defined periodic
nanotrenches with an average periodicity of 415 + 5 nm, a
groove depth of 90 £ 10 nm, and a line width of 230 + 15 nm.
Following the deposition of a thin gold layer, the nanoscale
features are retained with an increased periodicity of 435 + 5
nm, decreased groove depth of 85 + 5 nm, and decreased line
width of 210 £ 10 nm. (Figure 2B) This indicates that a thin layer
of gold (circa 10 nm) is deposited, and conforms to the
underlying nanostructure, retaining the overall nanoimprinted
geometry.

4| J. Name., 2012, 00, 1-3

The preparation and processing route of the PVDF suybstrates,is
known to strongly influence the fraction d¥ehé BLpHA562260RAY
hence the piezoelectric activity and potential signal
amplification in biosensing applications. Herein, we focus on
spin-coated PVDF films compatible with nanoimprint
lithography and use a mild annealing step that stabilises the film
and promotes B-phase formation while preserving the
imprinted trench morphology.1®

The fraction of the pB-phase was evaluated using the
characteristic FTIR absorption bands associated with the a- and
B-phases of PVDF at wavelengths of 770 cm™ and 836 cm™,
respectively (Figure S5A). The flat films exhibited a B-phase
fraction of 76.2 + 3.6%, while the nanoimprinted films showed
74.1 + 4.5%. These values are in agreement with a previous

(A)
200
E
= 230%15 nm
£
o
$ 50l 415 Snm.
0 90£10 nm
(B)

n
=1
o

21010 nm

Height / nm

- -
(2] =3 (2]
o o =}

85¢ 5nm

0 —— ' '

2 3
Distance / um

Figure 2 shows the AFM images and profile plots of nanoimprinted
PVDF (A) before and after (B) gold-coating. The figure shows that
the nanofeatures are preserved with some changes to the
nanofeature dimension corresponding to the deposited gold layer.

report of 72% in PVDF films prepared at 20 wt%.18 Slight

deviations in the B-phase can be attributed to differences in
processing conditions, film thickness, or solvent evaporation

This journal is © The Royal Society of Chemistry 20xx
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rates.'® More aggressive B-phase preparation protocols yielding
higher B-phase contents may be beneficial for maximising
piezoelectric response; however, retaining the nanoimprinted
features is critical.

Reflectance spectra (Figure S5B) were used to compare the
optical behaviour of flat and nanoimprinted substrates. The
reflectance spectra show that flat Au-PVDF has characteristic
gold interband absorption in the 450-550 nm range, while the

nanoimprinted substrates exhibit stronger wavelength-
dependent modulation consistent with grating-coupled
plasmonic effects. This behaviour demonstrates that

nanostructuring can modulate light—matter interactions at the
surface, which is expected to influence fluorescence efficiency.
The gold-coated nanoimprinted PVDF substrates were
subsequently modified with thiolated DNA probes using gold-
thiol chemistry, resulting in a biosensor that is responsive to
complementary target DNA due to a specific hybridisation
reaction that immobilises the fluorescence probe. (Figure 3A)
The functionalization and hybridisation steps were
experimentally confirmed by contact angle measurements,
which showed a decrease in hydrophobicity (decreasing contact
angle) as the probe and target were immobilised, consistent
with the immobilisation of the charged and hydrophilic
negatively charged phosphate groups. (Figure 3B) Fluorescence
spectroscopy was also used to verify the binding of the Cy3-
labelled target DNA, as well as the specificity of the
hybridisation reaction with the probe. Figure 3C shows a
significant increase in the fluorescence intensity upon the
immobilisation of the target DNA, while a non-complementary
Cy3-labelled DNA showed no change in fluorescence intensity.
This verifies both the successful hybridisation of the target DNA,
as well as the specificity of the sensor.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 shows (A) a schematic of the probe DNA functionalisation

process on the Au-coated PVDF substrate, followed by the probe

immobilisation. (B) The contact angle measurements of bare PVDF, Au-

coated PVDF, probe DNA, and target DNA modified Au-PVDF surfaces are

also shown, verifying the successful immobilization of DNA onto the

substrate. Error bars represent the standard error calculated from three

drops measured on each substrate. (C) The fluorescence spectrum

associated with each modification step is also shown, further verifying the

successful and specific hybridization of the Cy3-labelled GapA target DNA.

A 532 nm excitation wavelength is used. The shaded area represents the

standard error from 20 different measurements at different soots on the
The potential for reusing the functionalised substrates was
investigated using ozone UV cleaning as a regeneration method.
Figure S6 shows that the fluorescence peak of 10 uM target can
be removed using an ozone UV clean, and then re-attachment
of the probe DNA and re-exposure to the target recovers the
fluorescence intensity to a level comparable with the original
signal. AFM was used to assess the effect of the cleaning
treatment on the substrate morphology, revealing that even
following cleaning, the same nanoscale features are retained
with no visible damage. (Figure S7) The height—distance profiles
confirm that the periodicity and groove depth were preserved
after treatment. (Figure S7) These results demonstrate that
ozone UV cleaning effectively removes DNA molecules without
altering the nanoscale architecture of the substrate, providing a
reliable regeneration strategy for repeated biosensing
applications.

Dual-Amplification of Fluorescence Signal

To evaluate the dual-amplification action of the gold-coated
nanoimprinted PVDF substrates, their fluorescence response as
a function of target DNA concentration is compared to that of
the gold-coated flat PVDF substrate. Figure 4A shows the

J. Name., 2013, 00, 1-3 | 5
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fluorescence response of the flat and nanoimprinted substrates
in the absence of a mechanically applied pressure (no
piezoelectric effect). Figure 4B shows that the nanoimprinted
substrate exhibits higher fluorescence intensities and lower
limits of detection compared to the flat substrate. (LODgat =
2000 pM and LODimprint = 8 pM) Limits of detection are
calculated by fitting a linear-log equation (y = a — bln x) to the
calibration data and interpolating the concentration value that
produced a response of 3.30 + Wpiank. The standard deviation (o)
is obtained through the fitting residuals of the lowest
concentration data to avoid underestimation of the variance
through blank measurements.

As shown in Figure 4C, this signal amplification is partly a
consequence of the localised surface plasmon resonance
associated with the gratings of the gold-coated nanoimprinted
substrates, where nanostructuring concentrates the
electromagnetic field at protrusions and edges, further
enhancing the fluorescence from molecules located in these

regions, as reported for nanostructured and roughened
plasmonic electrodes.’ 31 Based on the enhancement of the

6 | J. Name., 2012, 00, 1-3

mical Phys

Journal Name

electric field intensities, a 2.4-fold plasmon-based,flyarescence
emission enhancement is expected froRPtRE IREWBIAPPIEM
substrate compared to the flat substrate.

The signal amplification is also associated with the increased
geometric surface area and the three-dimensional curvature,
which provide more available binding sites per projected area
and can alleviate steric crowding between neighbouring DNA
strands.32 This facilitates denser yet accessible probe
monolayers, leading to more Cy3-labelled duplexes within the
excitation volume, and consequently higher fluorescence
intensities.32 Cyclic voltammetry was used to determine the
surface coverage of the probe molecules, showing a higher
surface coverage for the nanoimprinted substrate (7.70x10%
molecules cm2) than for the flat substrate (4.22x10% molecules
cm2). (Figure S1) This translates into an 18-fold increase in the
number of molecules excited within the 10 um fluorescence
excitation laser spot size.

To evaluate the influence of the PVDF’s piezoelectric activity on
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Figure 4 shows the (A) fluorescence spectra of flat and nanoimprinted
Au-PVDF, (B) the fluorescence intensities as a function of target DNA
concentration, and (C) a finite element simulation of the electric field
enhancement around the nanoimprinted features.
represent the standard error of at least 20 replicate measurements
carried out on the same substrate at different measurement spots.

Error bars

the fluorescence response, the performance of flat and
nanoimprinted gold-coated PVDF substrates was investigated

This journal is © The Royal Society of Chemistry 20xx
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measurements, the substrate is sandwiched between two glass
plates, and a weight is applied on top (Figure 5A-B). Figure 5C,D
shows that for the flat Au-PVDF substrate, the fluorescence
signal increased steadily as the applied weight was raised from
0.3 g to 5 g, reaching a maximum intensity at 5 g. Beyond this
point, the signal began to plateau and eventually declined at
higher weights (210 g), likely due to the decomposition of the
substrate under the applied pressure and loss of piezoelectric
activity near the excitation spot. A similar trend was observed
for the nanoimprinted gold-coated PVDF substrate (Figure
5D,F), where the optimal pressing condition was also found to
be 5 g, however, fluorescence intensities were much higher.
These results suggest that a moderate applied weight on a PVDF
substrate can enhance fluorescence efficiency, aligning with the
principle of piezoelectric-mediated signal amplification.?> While
the B-phase content of the flat and nanoimprinted substrates is
similar, open circuit measurements show that the
nanoimprinted substrate has slightly higher piezoelectric
activity, likely due to the generation of higher stresses within
the nanoimprinted structure. (Figure S8) As such, the observed
improvements in fluorescence are attributed to an enhanced
coupling between favourable mechanical deformation,
piezoelectric-induced surface charge redistribution, and
nanostructure-assisted plasmonic field enhancement.

Finite element simulations were used to model the fluorescence
enhancement arising from the piezoelectric effect. (Figure 5G-
J) The piezoelectric effect is modelled by applying a surface
current density to the gold surface. A higher applied mass
corresponds to higher stresses within the PVDF, which will
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Figure 5 (A-B) show the fluorescence measurement setup and how the piezoelectric material is activated by the applied weight on both the flat and
nanoimprinted substrates. Fluorescence intensity of (C) flat and (D) nanoimprinted Au-coated PVDF substrate under different applied weights (0.3-20 g)
with 10 M of target DNA is shown. The fluorescence spectra (E-F) corresponding to different applied weights are also provided. (G-H) shows the
simulated fluorescence enhancement values relative to the non-pressed state. (I-J) shows the changes to the electric field strength when a surface current
density is applied. (K-L) shows concentration-dependent fluorescence response of flat and nanoimprinted substrate in the non-pressed and
pressed (5 g weight) states. Error bars represent the standard error of at least 20 replicate measurements carried out on the same substrate
at different measurement spots. The fluorescence spectrum for each concentration is provided in Figure S9.

higher surface current density. Figure 5G-J shows the simulated
fluorescence enhancement as the surface current density is

density. As the surface charge relaxes, the changing surface
charge will generate a surface current density. Correspondingly,
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increased. Both the increasing fluorescence enhancements, as
well as the higher enhancements observed for the
nanoimprinted surface, are qualitatively reproduced.

The sensitivity enhancement of the dual-amplification approach
was evaluated through concentration-dependent fluorescence
studies, where the optimum weight of 5 g was used to impose
piezoelectric-enhanced fluorescence. Figure 5K-L shows that on
both the flat and nanoimprinted substrates, the piezoelectric
effect can enhance the fluorescence signal and improve the
limits of detection; however, the greatest signal improvement
is observed on the nanoimprinted substrates, where the surface
plasmon- and piezoelectric enhancements can work in tandem.
The limit of detection of the flat substrate improves from 2000
pM to 40 pM, while the limit of detection of the nanoimprinted
substrate improves from 8 pM to 0.9 pM upon piezoelectric
enhancement. These results highlight that combining nanoscale
surface features and mechanical pressure-induced piezoelectric
enhancement synergistically enhances signal strength and
biosensing sensitivity.

Conclusions

To conclude, this study demonstrated the dual-amplification
potential of gold-coated nanoimprinted PVDF substrates. Due
to the grating-like nanotrench features of the substrate, the
localised surface plasmon resonance, the higher surface areas,
and probe loadings amplified the fluorescence response and
improved the limit of detection for GapA DNA from 2000 pM to
40 pM. The application of mechanical pressure was shown to
further enhance the fluorescence response, with moderate
applied forces (5 g) being optimal, while greater forces can be
detrimental due to substrate breakdown. When the
piezoelectric enhancement acts in tandem with the
nanofeature-based enhancement, the greatest improvement in
the limit of detection was observed, reaching as low as 0.9 pM.
We also demonstrated that the substrate is robust and can be
readily regenerated and reused without a significant loss of
performance or the degradation of nanofeatures. Overall, these
findings highlight the dual-amplifying nature of nanoimprinted
gold-coated PVDF, establishing them as sensitive, specific, and
reusable platforms for DNA biosensing applications.
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