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Abstract. Detecting Deoxyribonucleic Acids (DNA)
through their electrical properties is a technique that has
not been fully explored. Developing biosensors for
detecting label-free DNA without functionalizing
transducer surfaces continues to be a relevant
technological challenge. Our research group has
reported multi-frequency bioimpedance measurements
as a potential technique for estimating concentrations of
total DNA free of labeling and functionalization. Post-
processing techniques, feature extraction, and Atrtificial
Intelligence (Al) algorithms are required for automatic
classification and bioimpedance parameters
identification that might be used to detect DNA and
its concentration. This article explores multi-frequency
bioimpedance measurements assisted with magnetic
nanoparticles and post-processing Al feature extraction
to correlate characteristical bioimpedance parameters
with DNA concentrations and purity. Post-processing
estimation of the area under the Cole plot seems a
relevant feature to correlate with DNA concentration and
purity. The results indicate relevant evidence proposing
DNA characterization through nanotechnology-assisted
bioimpedance and Al.
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1 Introduction

Electrical impedance spectroscopy has been used
in the characterization of materials for a variety of
reasons [1] especially because allows for
distinguishing interface from bulk phenomena.

It is also helpful for sensing and biosensing
since the electrical properties of materials are
highly dependent on the interaction with the
environment. Indeed, different effects can be
interrogated by varying the frequency of the
electrical stimulus, which is exploited in
determining the interfacial changes induced in
sensing experiments [1,2]. This has made
impedance spectroscopy a method of choice for
much work on sensors and biosensors, particularly
with sensing units comprising nanomaterials with
large surface area to volume ratios [3] .

An impedance spectroscopy system comprises
three main units: signal processing, sensing, and
data[1] .

Miniaturized nucleic acid quantification and
sizing technologies can serve as point-of-use tools
for research and clinical applications ranging from
infectious disease and genetic testing to screening
environmental samples for virus and pathogen
detection [4]. Although much progress has been
made in the construction of portable optical
systems, ultra-compact [5,6] and portable devices
can be more easily achieved using electrical
biosensors due to the comparative ease in the
miniaturization of electronic systems [5]. The
strategy of applying coatings on nanoparticle
systems, thus forming a type of nanopatrticle called
a core-shell, manages to change the surface of this
magnetic system so that toxicity or chemical
instability is reduced by encapsulating it with
another biocompatible material. In this way, this
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Fig. 1. General methodology

system's properties are taken advantage of [3],
since it would retain the magnetic property of the
core material. Still, on its surface or shell, it would
have specific groups that can physically interact
with DNA [4].

These systems would generate a great
advantage over other existing systems since, by
applying nanotechnology, a reduction in particle
size causes an increase in the contact area of the
system; in other words, the smaller the system, the
more absorption capacity it can have. Moreover,
there is a novel approach to identifying DNA
fragments based on their frequency-dependent
dielectric properties. Multi-frequency excitation of
electric fields within a small microfluidic channel is
used to detect changes in electrical impedance as
DNA fragments, which couple into nano-sized
particles, pass through the channel [4].

Accurate detection and quantification of DNA is
a crucial part of several applications in biomedicine
and molecular diagnostics. Although much
progress has been made in sequencing and
genetic analysis technologies, there are
substantive challenges with direct DNA detection.
Multi-frequency bioimpedance, magnetic
nanoparticles, and modern artificial intelligence
techniques form a comprehensive approach to
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overcoming these challenges. Multifrequency
bioimpedance is a nhon-invasive technique for DNA
detection that can monitor changes in the electrical
properties of the biological medium. It is, therefore,
suitable for direct and non-invasive detection of
DNA concentration and is an alternative to
overcome problems related to the labeling
technique [4].

Using nanoscale magnetic particles for DNA
immobilization allows for a viable approach to
many modern approaches. The combination of
multifrequency  bioimpedance  measurements
assisted with magnetic nanoparticles anchored to
genetic material by the effect of electrostatic-type
interactions and advanced post-treatment artificial
intelligence techniques allows the detection and
quantification of DNA.

This methodology can potentially improve the
sensitivity and specificity of DNA detection and
facilitate the development of biosensors applicable
to medical diagnosis. This work explores multi-
frequency bioimpedance measurements assisted
with magnetic nanoparticles and post-processing
feature extraction based on Al to correlate
characteristical bioimpedance parameters with
DNA concentrations and purity.
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Fig. 2. TEM-multi-domain magnetite core [7]
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2 Materials and Methods

2.1 Experimental Design

To evaluate the bioimpedance’s capacity to identify
samples with pure DNA from one without a certain
purity level or concentration, we developed a
simple test using thirty waste samples consisting of
dental DNA: instead, magnetic nanopatrticles were
added for DNA purification. Fig. 1. Shows a
scheme of experimental design from DNA
extraction to DNA purification with
nanotechnology, as well as its Electrical
Bioimpedance Spectroscopy (EBiS) and UV-Vis
Spectroscopy characterization.

2.2 DNA Concentration and Purification

DNA concentration and purity were assessed by
UV-Vis spectroscopy and segmented into three
specific ranges for molecular biology assays:
concentration (<10 ng/uL, 10-25 ng/uL, >25 ng/uL)
and purity (<1.4, 1.4-1.8, >1.8). These ranges
allowed to evaluate the impact of DNA purity and
concentration on the experimental results.

For DNA purification, the geneMAG 1000 kit
(Cat. No.: 3601-1000) was used. Which is a
magnetic purification system specifically designed
to efficiently remove unincorporated staining
terminators and residual salts from sequencing
reactions. This system is based on using magnetic
nanoparticles functionalized on its surface with a
hydrodynamic diameter of 100-200 nm, which
have a multidomain core and can be easily
separated in batches by applying an external
magnetic field [7]. This feature allows rapid and
simple isolation of nanoparticles loaded with
purified DNA.

This study included the vehicle with magnetic
nanoparticles and buffer. All samples were
purified, and all DNA samples were subjected to
this purification process. This vehicle system was
developed to work with DNA samples, helping to
eliminate impurities and optimizing the quality of
the genetic material collected.

2.3 EBiS Measurements

EBiIS measurements were developed using the
ScioSpec ISX-3 system (Sciospec Scientific
Instruments Inc, Germany) in bipolar configuration
at a frequency range from 100 Hz to 10MHz in 126
logarithmically spaced steps. A 2ul sample was
gently dropped on an interdigitated microelectrode
array. EBiS measurements were made before and
after DNA purification to study the changes in EBiS
caused by impure vs. pure DNA.

3 Results
3.1 UV-Vis Measurements

Fig. 3. (a) and (b) show the UV-Vis measurements.
The bar graphs in the case of Fig. 3. (a) show the
remarkable decrease of the concentration after the
purification procedure with magnetic
nanoparticles, on the other hand in Fig.2. (b) the
increase of DNA purity is observed.

3.2 Bioimpedance Measurements
Fig. 4. illustrates the Nyquist plots obtained under

different experimental conditions, showcasing the
classification based on DNA purity and
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Table 1. The area under the Bode magnitude curve
dependent on the purity

DNA
purity
126

f Zyz  2.4095E10
1

<1.4 1.4-1.8 >1.8

2.347E10 3.2995E10

Table 2. The area under the Bode magnitude curve
dependent on the concentration

DNA

concentration 0-10 ng/ul

10-15 ng/pl

126

f Zy, 2.383422E10
1

2.315623E10

concentration before and after purification. Fig. 4
(a) and (b) show Nyquist plots classified based on
(a) DNA purity, and (b) DNA concentrations, in
both cases assisted with magnetic hanopatrticles.

Note that the post-purification concentration
ranges were divided into only two groups of
concentrations between 0-10 ng/ul and 10-25ng/ul
as it was decreased.

4 Discussion
4.1 UV-Vis Characterization

The remarkable decrease of the concentration was
observed after the purification procedure with
magnetic nanoparticles possibly due to a bad
untethering of the DNA-NPs complex, however if
the increase of the DNA purity index is observed
comparing the before and after of the absorbance
values measured at 260 nm and 280 nm obtained.
Which indicates that there was a satisfactory
purification process.

4.2 EBiS Characterization

In this study, the EBIS characterization of DNA
assisted with magnetic nanoparticles, in addition to
allowing DNA purification, allows the genetic
material to be anchored to a microelectrode
system for an EBIS characterization in which we
can observe a region of sensitivity dependent on
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concentration or purity. Therefore, all DNA
samples were analyzed, and their impedance
spectra were observed. The process was identified
according to the graphical features of impedance
data in the Nyquist plot.

By comparing the impedance data, one can find
semicircles in the middle-frequency range
centered around 20 kHz.

In the characterization of DNA anchored to
magnetic nanoparticles at frequencies between
100 Hz and 10 MHz, it is possible to observe
different frequency-dependent processes. At low
frequencies, the contributions are usually related to
the interfacial polarization and the charge effects
on the surface of the nanoparticles. However, at
higher frequencies, in the MHz range, the
dominant effects may be related to the dipole
relaxation of DNA molecules.

4.2.1 Nyquist Plot Analysis

Higher-purity samples anchored to nanoparticles
before purification exhibit larger semicircles,
indicating higher resistance, which may be
attributed to contaminants interfering with the
electrochemical process at the electrode interface
or the effect of the nanopatrticles.

After purification, the Nyquist plot sorted by DNA
purity shows a marked improvement in
homogeneity, with  well-defined semicircles
observed. Lower impedance values correlate to
higher DNA concentrations.

The NPs-assisted purification process evidence
reduced semicircle diameters, indicating a
decrease in charge transfer resistance, probably
due to removing contaminating or non-specific
binding molecules.

This improved sensitivity after purification
suggests that the NPs facilitate the removal
of impurities.

4.3 Sensibility Features Extraction

As far as parameter identification is concerned, the
semicircles observed in the mid-frequency range
serve as fingerprints for different concentration
levels, allowing a qualitative assessment of DNA
concentration from impedance data.

The difficulties encountered stemmed from the
overlapping of the semicircles in the Nyquist plot
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due to the proximity of characteristic frequencies.
Therefore, it was decided to extract specific data
from the post-purification Bode plots.

This choice is due to the fact that Bode diagrams
provide a clearer representation of the relationship
between impedance and frequency, which
facilitates the evaluation of changes in the system
after the purification process. In this way, the data
presented are consistent with the methodology
applied to evaluate the behavior of DNA anchored
to magnetic nanopatrticles.

Table 1 and Table 2 show the areas under the
curve of the Bode plots of the post-purification
results for both purity and characterization, these
areas provide sensitive data that can be integrated
into Al algorithms for more accurate analysis since
Al requires accurate and relevant data to function
optimally, proceeding with automation in turn

reducing the time and effort needed for DNA
characterization, whether based on purity or
concentration.

5 Conclusions

In this study, we propose to design a gene-sensor

based on nanotechnology-assisted relative
electrical bioimpedance measurements,
specifically in this study with magnetic

nanoparticles. The characterization of DNA
anchored to magnetic nanoparticles by EBIS
provides a solid basis for using Al algorithms to
determine DNA concentration or purity.

Al algorithms can analyze the ranges of curves
in  Nyquist plots obtained during this
characterization to identify specific patterns
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associated with different DNA concentrations and
purity levels.

This combination of advanced techniques
enables accurate and efficient evaluation,
improving the precision and speed of biomolecular
analysis, which has important implications in areas
such as biomedicine and genetic research. Not to
mention that the complete extraction of all
associated parameters, such as the identification
of characteristic frequency and slope, among
others, not obtained in this work, are crucial to
improve the accuracy and efficiency of Al models
applied in DNA characterization.

A Kkey aspect of this research is the
reproducibility of the technique used. Multiple
measurements were performed under controlled
conditions and consistent results were obtained in
each experiment, which supports the robustness of
the method for characterizing DNA anchored to
magnetic nanoparticles. In addition, the accuracy
of the analyses, such as obtaining the area under
the curve in the Bode diagrams, reinforces the
reliability of the proposed approach. The ability to
replicate these results in different samples and
under various experimental conditions suggests
that this technique has significant potential to be
used in future studies related to the interaction
between biomolecules and nanomaterials
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