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Abstract

The analysis of deoxyribonucleic acid (DNA) plays a crucial role in the diagnosis of genetic and DNA-related diseases such
as cancer, anaemia, and cystic fibrosis. Conventional techniques, including polymerase chain reaction (PCR) combined with
denaturing gradient gel electrophoresis (DGGE), provide high analytical accuracy but are often time-consuming,
labour-intensive, and costly. Therefore, there is a need for simpler and more cost-effective detection strategies. In this study,
we present a nanostructured electrochemical platform for DNA detection based on a highly ordered gold nanoparticle
(AuNP) array. The sensing mechanism relies on electrochemical impedance spectroscopy (EIS) to monitor DNA structural
changes in real time without labelling. Chemically induced denaturation of double-stranded DNA was investigated to
evaluate the sensing performance. A significant impedance variation of approximately 20% was observed during the
denaturation process, demonstrating the sensitivity of the AuNP-based platform to DNA conformational changes. These
results confirm the feasibility of using ordered AuNP arrays combined with EIS as a simple, label-free, and cost-effective

approach for monitoring DNA interactions, offering promising potential for biomedical diagnostic applications.
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1. Introduction

The identification of specific deoxyribonucleic acid
(DNA) sequences plays a crucial role in modern
biomedical diagnostics, environmental monitoring, and
genetic research. The ability to detect pathogen-specific
nucleic acid sequences enables early disease diagnosis
and supports the selection of appropriate therapeutic
strategies [1]. Moreover, DNA analysis is widely
applied in mutation screening, gene expression
profiling, and comparative studies between healthy and
diseased tissues [2, 3]. It also can be used as a preventive
technique by checking water or food supplies for certain
pathogens [4]. Besides, the detection of specific DNA
sequences is also needed in mutation research [5].
Therefore, rapid and reliable detection of target DNA
sequences is therefore essential in both clinical and
research settings.

Techniques used for detecting specific DNA
sequences are currently time-consuming, multi-step and
expensive. Some examples are denaturation gradient gel
electrophoresis [6], Southern blotting [7], and micro
arrays [8]. However, most optical detection approaches
require labeling, staining, or enzymatic amplification,
which increases experimental complexity and may affect
measurement reliability. These drawbacks have
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motivated the development of alternative sensing
strategies that are faster, simpler, and label-free.

Electrochemical DNA biosensors have emerged as
promising platforms due to their high sensitivity, low
cost, portability, and compatibility with miniaturized
systems [9, 10]. In particular, electrochemical
impedance spectroscopy (EIS) enables label-free and
real-time monitoring of interfacial changes occurring
during DNA hybridization and denaturation [11, 12].
Because impedance measurements are sensitive to
variations in surface charge distribution, dielectric
properties, and interfacial capacitance, EIS provides an
effective approach for probing biomolecular interactions
at electrode surfaces.

Nanostructured materials, especially metallic
nanoparticles, offer significant advantages in biosensing
applications [13, 14]. Gold nanoparticles (AuNPs) are
particularly attractive owing to their excellent electrical
conductivity, chemical stability, biocompatibility, and
strong affinity for thiol-modified biomolecules [15].
When DNA strands are immobilized onto AuNP
surfaces, they remain biologically active while inducing
pronounced changes in interfacial electrical properties
upon hybridization [16]. Compared with bulk materials,
nanoparticle-based platforms amplify surface-related
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effects, thereby enhancing sensor sensitivity [17].
Various fabrication methods have been developed to
produce metal nanoparticles, including wet-chemical
synthesis [18] and cluster-beam deposition [19].
However, these approaches often encounter challenges
such as particle aggregation and limited control over
spatial  ordering. Block  copolymer  micellar
nanolithography provides a powerful alternative for
fabricating highly ordered nanoparticle arrays with
tunable size and interparticle spacing [20, 21]. This
method enables precise control of nanoparticle density,
which directly influences the amount and orientation of
immobilized DNA strands and thus the sensing
performance. The controlled spacing between
nanoparticles can also reduce aggregation effects and
ensures that probe DNA molecules are distributed more
homogeneously across the sensing surface.

Therefore, in this work, we develop a label-free
electrochemical DNA biosensor based on a highly
ordered AuNP array fabricated on silicon substrates
using a micellar approach combined with dip-coating.
Thiol-modified probe DNA strands are immobilized
onto the AuNP surface without the need for additional
linker  molecules. The  hybridization  with
complementary DNA (cDNA) and subsequent
chemically induced denaturation are monitored in real
time using electrochemical impedance spectroscopy.
The impedance variation associated with DNA duplex
formation and denaturation is used to evaluate the
sensing capability of the nanostructured platform.

2. Materials and Methods
2.1. Materials and Instrumentation

In this research, the silicon wafers used as substrates
were purchased from WaferNet Inc. (San Jose,
California, USA). These wafers were n-type doped Si
with a thickness of 525 + 15 pm and a (111) crystal
orientation. Their bulk resistivity ranged from 0.009 to
0.0111 Q-cm, while the surface roughness was
extremely low (RMS = 0.147 nm). The diblock
copolymers PS(32500)-b-P2VP(7800) were obtained
from Polymer Source (Dorval, Canada). The gold
precursor salt, HAuCly, was supplied by Sigma-Aldrich.
Thiol-modified probe DNA (5’-HS-
CGCATTCAGGATCGC-3’) and complementary DNA
(5’-GCGATCCTGAATGCG-3’) were purchased from
Thermo Fisher Scientific (Germany). PCR buffer
containing 0.05 M KCl and 0.01 M Tris-HCI (pH 8.3 at
room temperature) and sodium dodecyl sulfate (SDS)
were obtained from Roche (Belgium) and VWR
International (Belgium), respectively. Acetone and
isopropanol used for substrate cleaning were purchased
from VWR International (Belgium). A 0.01 M MES
buffer solution was prepared in the laboratory.

For instrumentation: Electrochemical impedance
measurements were carried out using an IviumStat
instrument (Ivium Technologies, Eindhoven, The

Netherlands). AFM images were obtained with a
Nanoscope Illa system (Germany). Custom-built EIS
setups were used for dip-coating, impedance analysis,
and characterizations (Vietnam).

2.2 Biosensing  Platform

Characterizations

Preparation  and

The biosensing platform was fabricated by forming
highly ordered gold nanoparticle (AuNP) arrays on
silicon substrates using the block copolymer micellar
nanolithography approach. In this method, diblock
copolymer micelles act as nanoreactors that confine
metal precursors and define the spatial arrangement of
nanoparticles.

First, a micellar solution was prepared by dissolving
the diblock copolymer PS(32500)-b-P2VP(7800) in
toluene under continuous stirring. Due to the
amphiphilic nature of the copolymer, spherical micelles
were formed in the solvent, consisting of a hydrophobic
PS corona and a P2VP core. Subsequently, an
appropriate amount of gold precursor (HAuCls) was
introduced into the micellar solution. The gold ions
selectively coordinated with the P2VP blocks inside the
micelle cores, resulting in Au-salt-loaded micelles. The
solution was stirred for approximately three days to
ensure uniform loading of the precursor within the
micelles. Afterward, the solution was filtered to remove
possible contaminants and large aggregates.

A monolayer of micelles containing the gold
precursor was then transferred onto the cleaned Si
substrates using the dip-coating technique. During the
withdrawal process, a quasi-hexagonally ordered
monolayer of micelles was formed on the surface due to
self-assembly and capillary forces. The polymer matrix
was subsequently removed by oxygen plasma etching,
leaving behind metallic gold nanoparticles anchored on
the substrate surface. As a result, a highly ordered array
of AuNPs with controlled particle size and interparticle
spacing was obtained.
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Fig. 1. The schematic of the gold nanoparticle synthesis
by the block copolymer nanolithography

The overall fabrication process of the AuNP arrays
using block copolymer nanolithography is illustrated in
Fig. 1. The quality of the micellar solutions was first
checked by AFM imaging before etching the polymer
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with the oxygen plasma. Fig. 2 shows the AFM image of
micelles and their respective AuNPs produced using the
PS(32500)-b-P2VP(7800) polymer. Important
parameters such as particle sizes, the inter-particle
distance, and the distribution of the particles can be
determined using the Gwyddion software. The size of
AuNPs and their interparticle distance are estimated at 3
nm and 40 nm, respectively. The Fig. 2 illustrates the
highly ordered distribution of dip-coated micellular
particles (left) and its AuNPs after etching (right). The
size of the AuNPs and the interparticle distance are
important parameters that will affect the sensitivity of
the biosensor. When the size of the AuNPs and the
interparticle distance decrease, the number of particles
on the same surface area will increase. As a result, the
sensitivity of the sensor increases due to the enlargement
of the coverage of the AuNPs area.

. . e, ® .- '......"".‘ g -.—
Fig. 2. AFM image of micelles after dip-coating (left)
and gold nanoparticles after etching (right) on the same
Si substrate from the solution. The scale bar is 100 nm

After depositing the gold nanoparticles on a
substrate, DNA will be attached to them. Thiolated
(SH)-DNA was used because Thiol has a high affinity
for gold. The chemisorption allows binding of
SH-terminated DNA to gold without extra preparation
of the surface or additional linker molecules to attach
DNA, which had been reported in many research groups
[22, 23] and our previous study as well [16]. Then, it is
necessary to study the target hybridization. Currently,
detection techniques that rely on an optical change
during hybridization are often used. The optical change
induced by the hybridization with fluorescent,
chemiluminescent, colorimetric, and other types of
labelled probes. The optical signal can also be created
indirectly by the use of enzymes. These enzymes then
need to generate the appropriate signals [24]. In this
study, electrochemical impedance spectroscopy (EIS)
was used to measure the electrical resistance
(impedance) change at alternating current. This
promising technique was used because it is label-free,
fast, and real-time measurements. The EIS signals figure
out both the attachment of probe DNA and the
hybridization, the denaturation of the DNA strands with
complementary DNA.

Fig. 3 illustrates the sample preparation processes for
studying the chemically induced DNA denaturation. The
AuNPs on the substrate was first covered with probe
DNAs via thiol groups associated with the probe DNA.

The complementary DNA (cDNA) were then hybridized
with the probe DNA to from double stranded DNAs
(dsDNA). For the small AuNPs of 3 nm and the
inter-particle distance of 40 nm, the number of AuNPs is
about 490 particles pm?. If each DNA strand has cross
section area of about 2 nm, it is supposed that there will
be nearly 500 probe DNA/ pm?.
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Fig. 3. The illustration of gold nanoparticle-based
platform with physisorbed probe DNA before and after
hybridization with complementary DNA (cDNA) to
form double stranded DNA (dsDNA)

2.3 Electrochemical impedance spectroscopy (EIS)
analyzer

Electrical resistance is the ability of a circuit element
to resist the flow of electrical current. A known
definition of electrical resistance is defined by Ohm’s
law [25]. However, that law has limited with only ideal
resistors. An ideal resistor follows Ohm’s law at any
current and voltage levels; the resistance level is
independent of frequency and AC current and voltage
signals are in phase with each other. Many circuit
elements have more complex behavior. For these
elements, impedance spectroscopy can be used.
Impedance is also a measurement of the ability of a
circuit element to resist the flow of electrical current.

Impedance can be measured by applying an AC
current to a cell and measuring the resulting AC
potential. In a pseudo-linear system, created by using a
small excitation signal, the response to a sinusoidal
current will be a sinusoidal potential at the same
frequency but shifted in phase. This phase shift makes
impedance a complex quantity (Equation 1). At certain
frequencies, the phase shift will be more pronounced
[26, 27].

Z=27+iz" (1)

Impedance measurements are often analyzed by
fitting the data to an equivalent electrical circuit model
which contain different connection of resistors,
capacitors, and inductors. While the impedance of a
capacitor depends on frequency, the impedance of an
ideal resistor does not. In this work, the Nyquist spectra
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will be interpreted using a modified Randles-type
equivalent circuit consisting of the solution resistance
(Rs) in series with a parallel combination of the
interfacial charge-transfer/polarization resistance (Rct)
and a constant phase element (CPE). The use of a CPE
instead of an ideal capacitor accounts for the non-ideal
capacitive behavior caused by surface heterogeneity,
roughness, and distributed time constants on the DNA
modified-AuNP array [28]. The impedance measured
data will be presented with a Nyquist plot and the
impedance values overtime at a certain frequency
[26, 27].

The EIS is useful to study with liquid electrolytes,
ionically conducting glasses and polymers, fuel cells,
corrosion, etcetera. The presence of mobile charges may
influence the measurements in several ways, for
instance, bulk resistive-capacitive effects, bulk
generation-recombination  effects, adsorption  at
electrodes, electrode reactions and diffusion [26, 27]. In
this work, the EIS was conducted with the ionic
conduction predomination.
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Fig. 4. The schematic model of the homemade
impedance spectroscopy device with temperature
control and a pumping system used in this research for
studying chemically induced DNA denaturation

Fig. 4 illustrates a schematic overview of the EIS
using in the experiments. Different fluids are able to
pump into the cell using a pumping system and a
three-way valve. In this study, phosphate-buffered saline
(1x PBS) and 0.1 M NaOH are used, but the solvents can
be changed depending on the measurements. The
backside of the sample is attached to the copper lid while
the front side is exposed to the liquid in the measurement
chamber. The working electrode is formed by the
dsDNA on nanoparticles dip-coated on highly-doped
silicon and the counter electrode is a platinum wire. The
two electrodes are connected to an impedance analyzer
that allows measuring the impedance change. The
temperature inside the fluid and a copper can be
monitored and controlled with a thermocouple. The
temperature of the liquid inside the chamber is remained
constant at 37 °C during the EIS measurements as shown
in Fig. 5. In the experiment, the 0.1M NaOH solution is
first pumped into the chamber to induce the chemical
DNA denaturation at the speed of 0.ImL/min. After
waiting for stability, the 1xPBS buffer is pumped to rinse
the denatured ssDNA out of the chamber. Finally, the
0.1M NaOH is pumped again to the chamber for studying
the impedance properties of the sensor platform.
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Fig. 5. Graphical representation of the pumping cycle
used at an EIS measurement for a sample at different
states. The pumping speed is set at 0.125 ml/min for both
PBS and NaOH solutions

3. Results and discussions

To understand the impedance properties of the
samples and their influence on the EIS measurements,
Nyquist plots were carried out by the Iviumstat
impedance/gain-phase analyzer. The Nyquist plot is
drawn after each EIS measurement for a sample with
probe DNA and cDNA. Fig. 6 shows the Nyquist plots
with different states of the biosensor platform. It can be
seen that there is almost no difference between the bare
and AuNP samples. However, when the sample is
functionalized with probe DNA and attached, it shows
different impedance properties as shown in the Nyquist
plots. This result indicates that the introduction of the
DNA layer on AuNPs significantly modifies the
interfacial electrical properties of the sensing platform,
most likely through changes in surface charge
distribution, interfacial capacitance, and local ionic
transport near the electrode surface. After hybridization
with cDNA, the impedance response changes further,
suggesting the formation of a double-stranded DNA
layer with interfacial characteristics different from those
of probe DNA alone.

In addition, a slight difference in impedance is also
observed for the same sample before and after the EIS
measurement. This effect may be attributed to partial
rearrangement of the surface-bound DNA layer during
the measurement, minor changes in the interfacial
hydration/ion distribution, or small variations in
experimental conditions such as solvent exchange and
temperature stability inside the measuring chamber. In
particular, the use of NaOH and PBS pumping cycles,
together with the reported temperature fluctuation at the
electrode during the measurement, may contribute to a
modest shift in the measured impedance. Therefore, this
small before/after difference may not be considered as
contradictory to the sensing mechanism, but rather as an
indication that the DNA-modified interface remains
dynamically  responsive to the measurement
environment.
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Fig. 6. Nyquist plots are measured for a sample at
different steps, made out of data from the Iviumstat
impedance/gain-phase analyser device

The EIS measurements were performed for a sample
with different preparation steps. First, the bare Silicon
sample was measured before it is used for fabricating the
AuNPs array. Then, the sample with AuNPs was
measured for studying the impedance properties of the
sensing platform’s surface. In the probe DNA
functionalizing step, the AuNPs on the sample was
immobilized with probe DNA (ssDNA) and measured
with the EIS before being attached with the cDNA at the
final step. During the impedance measurements, three
different setups were used. The first setup had two
chambers. Inside the first chamber, the fluids were pre-
heated and inside the second chamber, two samples were
measured. The second setup pre-heated the fluids inside
a small plastic tube. With this setup a single sample could
be measured at one time. The last setup did not provide
the pre-heating of incoming fluids. With this setup, it was
possible to connect measuring chambers in which one,
two or four samples could be measured at a given time.

The pumps of the impedance spectrometer were
programmed the same for all measurements at different
stages: before, during, and after the denaturation of the
DNA (see again in Fig. 5). Each EIS measurement was
first performed for the sample inside the chamber with a
0.1x PBS environment for 40 min (step 1). After that
0.1 M NaOH (12 min, 0.25 ml/min) was pumped into
the measuring cell (step 2). The NaOH resided for an
extra 32 min inside the measuring cell (to ensure
complete denaturation of the dsSDNAs) (step 3). The cell
was then rinsed with 0.1x PBS for 12 min (0.25 ml/min),
this washed the denatured DNA off (step 4). The
measurement was performed for 32 min with a stable
PBS environment (step 5). As a second 0.1 M NaOH
was pumped inside the measuring cell (step 6). The
second NaOH step is kept stable for measurement to
discern between the impedance change caused by the
different solvents and that caused by the denaturation of
dsDNAs (step 7). Finally, the NaOH was replaced with
PBS pumping as step 4 (step 8) and remained 32 min for
EIS measurement (step 9). The temperature was kept

constant at 37 °C during the entire measurement. During
the EIS measurement, the temperature of the
Cu-clectrode was changed. This temperature change
also influences the temperature inside the measuring
cell.
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Fig. 7. EIS measurements for a sample at different
sample preparation states (bare, gold, probe DNA,
cDNA sample). The measurements were performed for
different steps of PBS and NaOH pumping (step 1 — step
9). AZ is the change of impedance

Fig. 7 shows the displacement of the EIS
measurements. It can be seen that the impedance reduces
significantly and remained stable when the NaOH is
pumped and kept in the chamber (steps 2 and 3). After
replacing NaOH by pumping the PBS buffer (step 4), the
impedance almost increases back to the initial state for
bare, AuNP, and probe DNA samples (step 5). The
repeating steps of pumping NaOH and PBS did not
cause any change in impedance for these samples (step
9). Differently, the sample with cDNA shows a different
behaviour with a noticeable decrease in the impedance
at step 5. This means the denaturation of dsSDNAs on the
sample had influenced the impedance properties of the
sample, which was not seen on the other samples. The
difference impedance, 4Z is approximately 20% lower
than the sample with the cDNA before denaturation.
After the second NaOH and PBS cycles, the impedance
did not change between steps 5 and 9 as seen before.
This suggests the occurrence of DNA denaturation,
which is consistent with the experimental conditions and
the expected dielectric properties of dSDNA and ssDNA.
Although a deeper understanding of what causes the
change of the impedance is still needed more
investigation, it can be explained that the dsSDNA on the
sensing platform make higher impedance due to their
higher dielectric value [29]. After the DNA denaturation
process, only the ssDNA (probe DNA) left on the
platform has lower dielectric value that leads to reduce
the impedance, specifically the capacity between two
measuring electrodes.

To further evaluate the reliability and reproducibility
of the proposed sensing platform, electrochemical
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impedance spectroscopy (EIS) measurements were
conducted on two independently prepared samples
under identical experimental conditions (Fig. 9). Both
samples were functionalized with probe DNA and
hybridized with complementary DNA (cDNA)
following the same fabrication and measurement
protocol.

Impedance measurements on two
different samples
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Fig. 8. EIS measurements for 2 different samples
prepared by the same method and condition for cDNA
(sample 1 and sample 2). The measurements were
performed the same as aforementioned procedure with
different steps of PBS and NaOH pumping (step 1 — step
9). AZ’ is the change of impedance of sample 2

As observed in Fig. 8, the impedance responses of
sample 1 and sample 2 exhibit very similar trends
throughout the entire measurement cycle (steps 1-9). In
both cases, a high and stable impedance value is initially
recorded in the PBS environment (step 1). Upon
introduction of NaOH (steps 2-3), a sharp decrease in
impedance is observed, corresponding to the chemically
induced denaturation of double-stranded DNA
(dsDNA). This decrease is followed by a partial
recovery when the system is rinsed with PBS (step 4),
after which the impedance stabilizes at a lower level
compared to the initial state (step 5). This behavior is
consistent with the removal of denatured strands and the
presence of remaining single-stranded probe DNA on
the AuNP surface as seen in the cDNA sample graph
(sample 1) shown in the Fig. 7. Importantly, both
samples show similar impedance changes (4Z and 42’
of about 20%), indicating a high degree of
reproducibility in the sensing response. The magnitude
of impedance variation during the denaturation process
is consistent between the two samples, confirming that
the observed signal is not due to random fluctuations or
measurement artifacts, but rather originates from the
intrinsic physicochemical changes occurring at the
DNA-modified electrode interface.

Minor differences between the two sample
measurements can be attributed to slight variations in
nanoparticle distribution or sample preparation steps,

DNA surface coverage, or local experimental
conditions, which are inevitable in nanoscale fabrication
processes. However, these variations do not
significantly affect the overall sensing performance or
the qualitative behavior of the system. From these
observations, it can be confirmed that the strong
agreement between the impedance responses of the two
independently prepared samples demonstrates the
repeatability and reliability of the proposed AuNP-based
electrochemical DNA biosensor. This reproducibility is
essential for practical applications, particularly in
biomedical diagnostics, where consistent and reliable
detection is required.

This research develops a new DNA detection method
based on block copolymer nanofabrication and a
label-free and real-time EIS measurement with a simple
data read-out. Here, gold nanoparticles (AuNPs) with
the size of 3 nm were produced in a well-ordered array
on Si using the micellar approach and the dip-coating
technique as described in our previous study [16]. Then
strong chemisorption via Au—S bonds was used to
immobilize probe DNA modified with alkyl thiol groups
based on their strong and specific affinity. Finally, the
hybridization of cDNA with the probe DNA on sensing
platform was performed to study the impedance
properties of the double stranded DNA (dsDNA) by
using chemically induced denaturation. The change in
the impedance property on the surface of
nanostructure-based sensing platform due to the
chemically induced DNA denaturation was used to
estimate the sensitivity of the biosensors.

An important aspect of this work is the use of highly
ordered gold nanoparticle (AuNP) arrays fabricated by
block-copolymer micellar nanolithography, which
distinguishes this sensing platform from many
previously reported nanoparticle-based biosensors. In
conventional  nanoparticle  deposition = methods,
nanoparticles are often randomly distributed on the
substrate surface, resulting in significant variations in
particle density, interparticle distance, and surface
coverage. Such structural inhomogeneity can lead to
variability in DNA immobilization and reduced
reproducibility of the electrochemical response.
Nevertheless, our proposed method used in this study
enables the formation of hexagonally ordered AuNP
arrays with well-controlled nanoparticle size and
interparticle spacing. This structural regularity provides
a more uniform nanoscale interface for DNA
immobilization This highly ordered arrangement of
AuNPs is particularly beneficial for impedance-based
biosensing as electrochemical impedance spectroscopy
is highly sensitive to interfacial properties, a uniform
nanoparticle distribution helps produce more stable and
reproducible electrical signals. Furthermore, the high
density of small 3nm AuNPs increases the effective
surface area available for probe DNA attachment, which
can enhance the interaction between the sensing
interface and target DNA molecules. As a result, this
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proposed sensing platform can improve signal
consistency and sensitivity in detecting DNA structural
changes.

6. Conclusion

In this study, a label-free DNA biosensor based on a
highly ordered AuNP array was successfully developed
and evaluated by EIS. The ordered nanostructure
provided a uniform interface for probe DNA
immobilization and enabled clear detection of DNA
hybridization and denaturation. The cDNA-hybridized
sample showed a characteristic impedance decrease of
about 20% after denaturation, while control samples did
not exhibit the same behavior. Similar responses
obtained from independently prepared samples
demonstrated good repeatability of the sensing platform.
For the first time, in this study, the use of a highly
ordered AuNP array as a reproducible sensing interface
for label-free EIS-based DNA detection is developed
and evaluated. This platform shows promise for simple
and cost-effective biosensing methods, offering
promising potential for future electrochemical
biosensing applications.
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