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Abstract

This PhD thesis investigates the role of graphene-based derivatives and carbon nanotubes (CNTS) in
modifying nitrocellulose (NC) membranes in order to develop a novel approach for the extraction and
fluorescence-based detection of short oligonucleotides from complex ionic media. The overall goal is to
design a novel, simple, low-cost, and reliable optical platform capable of overcoming current limitations in
biosensing associated with the isolation and detection of low-abundance nucleic acids, as well as platform
stability in biological samples. To achieve this goal, three research directions were pursued, focusing on the
progressive design and optimization of NC membranes modified with graphene derivatives and CNTs. To
begin with, the primary research direction explored the development of a graphene oxide (GO)-modified NC
membrane as a baseline platform, enabling the investigation of extraction and fluorescence detection of short
oligonucleotides in complex media. This stage provided fundamental insight into the role of incubation time
and medium composition in governing extraction efficiency, signal generation, and platform stability in
aqueous environments.

Building on these findings, the second research direction focused on the modification of NC
membranes with amino-polyethylene glycol-functionalized reduced graphene oxide (NH.-PEG-rGO),
resulting in enhanced extraction and fluorescence-based detection of oligonucleotides. Particular attention
was given to the role of complex ionic media, demonstrating that divalent ions, especially Mg?*, significantly
influence adsorption-desorption processes and fluorescence response, leading to improved extraction
efficiency under optimized conditions.

In the final research, the platform design was further advanced through the combined use of NHa-
PEG-rGO and single-walled carbon nanotubes (SWCNTSs), exploiting their complementary adsorption
capacity and fluorescence quenching properties. These results highlighting the synergistic effect between
SWCNTs and NH:-PEG-rGO, where increased surface area, improved structural stability, and enhanced
electronic interactions, together with the complexity of the ion-containing media, contribute to stronger
oligonucleotide adsorption and more efficient fluorescence signal modulation.

Overall, this thesis contributes to the field of biosensing by providing a systematic understanding of
how graphene-based nanomaterials, carbon nanotubes, and ionic environments interact at the solid-liquid
interface to control oligonucleotide extraction and fluorescence-based detection. The findings support the
development of efficient, scalable, and application-oriented optical platforms, with potential to advance
optical biosensing technologies and enable their integration into practical diagnostic and point-of-care

applications.



Summary of the doctoral thesis

General objectives

Recent developments in biosensing technology have shown the necessity for analytical
platforms that are not only highly sensitive and selective but also easy to use, reliable, and adaptable
to challenging biological conditions. These factors are particularly important in regenerative
medicine, especially in the study of bone-related diseases such as osteosarcoma, multiple myeloma,
bone metastasis, and osteoporosis where the detection of low-abundance biomolecules, particularly
short oligonucleotides, is essential for monitoring early molecular changes, cell behavior,
osteogenic differentiation, extracellular matrix remodeling, and therapeutic response. Yet, the small
size of oligonucleotides presents challenges, as even conventional techniques struggle to extract,
and to detect them efficiently due to their low abundance and increased susceptibility to degradation
in biological samples. Driven by these challenges and the growing need for rapid, sensitive, and
reliable analytical methods, this thesis addresses the gap in biosensing by investigating the use of
graphene derivatives and carbon nanotubes to develop optical sensitive platforms for short
oligonucleotide extraction and detection.

The main goal of this thesis is to investigate how graphene-based derivatives and carbon
nanotubes can be used to modify nitrocellulose (NC) membranes in order to develop a novel
approach for the extraction and fluorescence-based detection of short oligonucleotides, while
examining the role of material composition, surface modification, and the complexity of the ionic
adsorption medium in modulating platform analytical performance. Through this approach, the
thesis provides a deeper understanding of how graphene derivatives, carbon nanotubes, and the ionic
conditions influence short oligonucleotide extraction and fluorescence response at the NC
membrane interface, where close-range adsorption and interfacial electron transfer govern signal
quenching, leading to improved analytical contrast, enhanced stability, and reduced membrane
degradation under complex biological conditions.

The thesis is organized into two main parts: the first part provides the current state of the art
in biosensing, outlines the general objectives of the thesis, and offers an overview focused on
analytical methods, transduction strategies, and advanced materials used in oligonucleotide
detection and related biomedical applications, while the second part presents the original research
contributions of this thesis, with focus on the design and optimization of graphene derivatives and

carbon nanotubes based optical sensitive platforms for short oligonucleotide extraction and



detection. All the data supporting this thesis are presented throughout the following chapters that
are briefly described below:

Chapter 1 introduces the state of the art in biosensing and outlines the general objectives that
underpin the structure of this thesis. Building on this foundation, Chapter 2 establishes the
theoretical basis for the selected methods and materials, following the literature review. It concludes
that fluorescence-based optical approaches, using fluorophores such as fluorescein in combination
with graphene derivatives and carbon nanotubes as quenchers, integrated on NC membranes as solid
supports, can effectively overcome the analytical challenges in biosensing associated with the
extraction and detection of short oligonucleotides in biological samples.

Following these considerations, Chapter 3 presents the first original part of this thesis,
focusing on the development of an optical platform based on the modification of NC membranes
with graphene oxide (GO) for oligonucleotide extraction. The successful fabrication of the platform
was confirmed through physicochemical characterization using Fourier Transform Infrared
Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), and wettability measurements. The
adsorption performance of the developed platform was evaluated using fluorescently labeled sSDNA
sequence in complex media at pH 7.0, based on water, Alpha Minimum Essential Medium (aMEM),
and aMEM supplemented with fetal bovine serum (FBS), over different incubation periods. The
fluorescently labeled single-stranded deoxyribonucleic acid sSDNA was then detected by incubating
the membranes in a desorption solution at pH 8.0, allowing the release of oligonucleotides from the
obtained platform into a solution suitable for fluorescence analysis. The results demonstrated that
extraction efficiency and fluorescence responses are strongly influenced by both the surface
modification of the NC membrane with GO and the experimental conditions, particularly incubation
time and medium composition. These findings enabled the identification of the most suitable
working conditions for subsequent studies, forming the basis of this thesis for further optimization
of the platform in Chapter 4.

Representing the second original part of this thesis, this chapter focuses on the modification
of NC membranes with amino-polyethylene glycol functionalized reduced graphene oxide (NH--
PEG-rGO) to enhance oligonucleotide extraction and fluorescence-based detection. The surface
modification of the developed platform was investigated in detail, supported by physicochemical
characterization using FTIR, SEM, and wettability analysis, which revealed significant
morphological and interfacial changes, including increased hydrophobicity of the modified
membrane. In parallel, particular attention is given to the role of the optimized complex media

identified in the previous chapter, demonstrating that both the supplementation and the type of
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divalent ions, such as Mg?" and Mn?*', strongly influence oligonucleotide immobilization and
fluorescence response. The results indicated that MgCl.-containing media provide the most
favorable conditions, significantly enhancing extraction efficiency compared with the unmodified
platform, thereby highlighting the critical role of both ionic composition and surface modification
in modulating platform performance at the membrane interface.

Extending these findings, Chapter 5, which represents the third original part of this thesis,
further advances the platform design through the combined use of NH.-PEG-rGO and single-walled
carbon nanotubes (SWCNTSs), aiming to improve extraction efficiency and fluorescence signal
modulation by exploiting the complementary adsorption and quenching properties of these carbon-
based nanomaterials. This chapter supports the platform modification through comprehensive
physicochemical and structural analyses, including FTIR, Raman Spectroscopy, X-ray
Photoelectron Spectroscopy (XPS), SEM, and wettability measurements, which confirm successful
integration and interfacial changes. In this context, the influence of ionic conditions is further
elucidated, demonstrating that divalent ion-containing media, particularly MgCl., promote stronger
interactions between the modified membrane and oligonucleotides, leading to enhanced
fluorescence response and higher extraction yields. The optimized platform exhibits an improved
analytical performance compared with previously developed systems, confirming the synergistic
effect of material composition and complexity of the ionic conditions.

The results are consolidated in Chapter 6, which presents the general conclusions of the thesis
and summarizes the main original scientific contributions obtained during the PhD program,
emphasizing the potential of the developed graphene-based derivatives and CNTs optical
fluorescence platforms for oligonucleotide extraction and detection. In addition, this chapter
outlines perspectives for further optimization of the optical platforms, integration into advanced
biosensing systems, and potential applications in personalized medicine and real-time monitoring.

In summary, this thesis contributes to the field of biosensing by demonstrating how graphene
derivatives and carbon nanotubes can enhance the performance of NC membranes for the extraction
and fluorescence-based detection of short oligonucleotides. The findings highlight the importance
of surface modification, pH, ionic conditions, and material complementarity in improving extraction
efficiency, signal modulation, and analytical reliability in complex ionic media. By elucidating the
interaction between optical platform, composition of the complex ionic medium, and fluorescence
mechanisms, this thesis provides a pathway for the further development of simple, low-cost, and
sensitive optical biosensing platforms, highlighting the need for continued research to address

current limitations in biosensors performance.



Research motivation

Bone tissue engineering (BTE) is an area of regenerative medicine focused on restoring or
regenerating damaged bone by bringing together biomaterials, cells, and bioactive molecules to
support osteogenesis, vascularization, and structural integration. Nevertheless, at the current stage,
the intrinsic complexity of bone healing and the limited ability to directly monitor molecular and
genetic processes in real time remain key constraints of current approaches, thereby underscoring
the need for advanced detection methods [1-3]. In this context, reliable detection methods for bone-
related biomolecules are essential for monitoring osteogenic activity, matrix formation, functional
integration of regenerative strategies, or even gene expression and suppression pathways
associated with bone-related diseases. Detection methods are pivotal analytical approaches in
biosensing that transduce molecular interaction into measurable signals for analyte identification
and quantification [4-6]. The global biosensors market shows strong growth, valued at
approximately 34.71 billion USD in 2026 and projected to reach 63.96 billion USD by 2033,
corresponding to a compound annual growth rate of about 9.12%, driven by the accelerated
adoption of biosensing mechanism and the increasing integration of artificial intelligence in
diagnostic and monitoring applications [7]. So far, biosensing mechanisms encompass a broad
range of transduction strategies, such as electrochemical, mechanical, optical, thermal, magnetic,
and spectrochemical approaches, each offering distinct analytical advantages in sensitivity,
selectivity, response time, and suitability for specific application settings. In this perspective,
electrochemical platforms dominate the current commercial applications regardless of their
limitations related to sensitivity, stability, and matrix interference [8, 9], while mechanical and
thermal methodologies are predominantly constrained to research settings due to fabrication
complexity and scalability constraints [10-13]. Likewise, magnetic and spectrometric approaches
are advancing towards early commercialization and extensive analytical application, respectively;
however, both remain limited in broader usage by specialized instrumentation, labelling
techniques, and limited portability [14-17]. Building on this view, optical biosensors are attracting
growing interest as complementary platforms, driven by their high intrinsic sensitivity, real-time
and label-free detection capacity, and compatibility with miniaturized and point-of-care designs
[18, 19].

Optical biosensing is an analytical technique that leverages the interaction between light and
biofunctionalized systems to transduce molecular recognition events into detectable optical

signals, utilizing fundamental phenomena such as absorption, fluorescence, scattering, plasmonic,



and resonance effects, enabling high-fidelity detection of biological analytes [20, 21]. Absorbance-
based detection offers simple instrumentation, high stability, and a direct quantitative output;
however, it is fundamentally constrained by low sensitivity and poor analyte selectivity in complex
matrices [22, 23]. By comparison, elastic and inelastic scattering processes offer rich, label-free
chemical information; yet, they are limited by the weak signal intensities, susceptibility to
background interference, and dependence on advanced instrumentation, which restrict rapid
analysis and detection at low analyte concentrations [24, 25]. Resonance- and plasmon-
based processes offer enhanced sensitivity and label-free detection by leveraging the strong light-
matter interactions at the nanoscale; nevertheless, these approaches remain highly dependent on
refractive index fluctuations, nanoscale geometry, and precise optical alignment, which can
compromise stability and quantitative accuracy [26, 27]. Together, these limitations have driven
the shift toward fluorescence-based processes, which remain among the most versatile and widely
adopted detection schemes, enabling sensitive and specific monitoring of biomolecular
interactions through spontaneous emission from excited fluorophores [28, 29]. Additionally,
owing to their inherent high sensitivity, strong molecular specificity, and wide dynamic range,
fluorescence-based approaches enable real-time signal transduction using relatively simple and
cost-efficient instrumentation, facilitating easy integration at micro- and nanoscale in wearable,
point-of-care, and high-throughput diagnostic systems [30-33].

Within fluorescence-based transduction strategies, photoinduced electron transfer (PET),
Forster resonance energy transfer (FRET), and intramolecular charge transfer (ICT) are among the
most extensively used mechanisms. FRET is a non-radiative energy transfer process in which
excitation energy is passed from a donor fluorophore to a nearby acceptor in a manner that strongly
depends on the distance between them [31, 34, 35]; PET, on the other hand, involves charge-
transfer processes that modulate emission via quenching or enhancement [36, 37], while ICT arises
from redistribution of electron density within a single fluorophore upon excitation [38, 39], leading
to environment-sensitive spectral shifts. Among these transduction pathways, FRET remains the
most effective and widely used mechanism, primarily because it offer a direct, quantitative, and
predictable relationship between signal output and nanoscale donor-acceptor separation, providing
highly sensitive detection, reduced background interference, and easier reproducibility in complex
biosensing environments [40, 41]. As a result, FRET-based systems have been widely
implemented in biosensing platforms for detecting pathogenic microorganisms, proteins,
particular genes, nucleotide sequences, and small molecules [34, 35, 40-42]. In such platforms,

fluorophore selection is decisive, as combinations of metal-ligand complexes, quantum dots, and
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organic dyes offer distinct advantages in terms of photostability, emission efficiency, and spectral
versatility, arising from differences in excited-state relaxation pathways [43, 44]. Although, metal-
ligand fluorophores and quantum dots offer high brightness, the capability to tune their emission
as a function of composition and size, and improved photostability [45-48]; however, their
practical utilization is limited by complex synthesis routes, potential toxicity associated with metal
components, fluorescence blinking phenomena, surface- and environment-dependent quenching,
and difficulties in achieving reproducible bioconjugation and long-term colloidal stability [45-50].
In biological media, these limitations may affect signal reliability and prevent quantitative
interpretation, regardless of their advantageous optical performance. Therefore, organic
fluorophores are the most used and reliable probes, providing well-characterized luminescence,
facile chemical functionalization, predictable biocompatibility, and uniform emission
characteristics that facilitate robust, quantitative sensing and imaging across a variety of
experimental platforms [51, 52]. Within this class, fluorescein holds a pivotal role among widely
utilized organic fluorophores, as it is one of the most extensively studied and broadly employed
dyes due to its high molar absorptivity, large fluorescence quantum vyield in agueous media, and
well-defined photophysical properties [53, 54]. Its precise excitation and emission, strong
brightness at physiological pH, and capability for easy structural modification have enabled the
careful design of a broad range of probes for metal ions (e.g. Mg?*, Mn?*, small molecules, and
biological targets, while predictable environmental response, such as pH sensitivity and
controllable PET or FRET pathways, help ensure reliable signal transduction in complex
biological media [53-55].

In fluorescence biosensors, both the properties of the fluorophore and its quenching
behavior are important, as controlled quenching is the key for signal transduction, background
suppression, and improved sensitivity. Fluorescence quenching refers to the reduction of emission
intensity through nonradiative energy or electron transfer processes that occur upon interaction
with a quencher, thereby modifying the excited-state deactivation pathways [56]. Accordingly, a
wide range of quenchers have been broadly integrated in fluorescent biosensing applications,
including metal ions, metal oxides (MOFs), covalent organic frameworks (COFs), and carbon-
based nanomaterials due to their effectiveness in regulating fluorescence responses [57-60].
Within this group, carbon-based nanomaterials, including graphene, graphene derivatives, and
carbon nanotubes (CNTSs), have emerged as highly efficient quenchers due to their broad
absorption, pronounced distance-dependent quenching, large surface area, and strong electronic

coupling with fluorophores [60, 61]. These features facilitate efficient adsorption of
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oligonucleotides, and other probes, promote close fluorophore surface proximity required for
guenching, and support reliable signal modulation, which has led to the extensive use of graphene-
based nanomaterials in fluorescence biosensors, especially for deoxyribonucleic acid (DNA)
detection applications [62].

Single-stranded DNA is a single-chain oligonucleotide that enables highly selective
molecular recognition and sensitive genetic analysis, playing a central role in monitoring
biological and regenerative processes, while its reliability depends on extraction and detection
methods that preserve purity and sequence integrity. The effective isolation and detection of
sSDNA is essential as sequence-specific identification, hybridization-driven assembly, and signal
transduction processes are fundamentally dependent on nucleic acid integrity. Therefore,
variations in yield, purity, length distribution, and conformational state directly influence detection
sensitivity, quantitative reliability, and functional performance in diagnostic, biosensing, and
regenerative systems. Despite its importance, sSDNA extraction remains challenging, as current
extraction methods (e.g., silica column, magnetic beads, enzymatic extraction) often rely on
multistep chemical or physical processes that suffer from low recovery, susceptibility to
degradation, and co-extraction of inhibitors or contaminants, while method-dependent trade-offs
between purity, efficiency, cost, and reproducibility continue to hinder standardization across
applications [63, 64].

This thesis addresses these limitations by following an optical transduction strategy,
identified through a comparative evaluation of electrochemical and optical biosensing approaches
as the most appropriate framework for oligonucleotide extraction and detection from complex
media. On this basis, this thesis combines fluorescence-based detection of short oligonucleotides
with graphene derivatives, CNTs and nitrocellulose (NC) membranes as solid supports to enable
efficient ssDNA isolation and optical measurements. The use of these materials in combination
comes from the synergy between NC membranes and carbon-based materials, which arises from
their complementary physicochemical properties: NC provides a high binding capacity and strong
electrostatic interactions with single-stranded DNA, facilitating efficient adsorption and isolation,
while graphene derivatives enhance surface functionality and capture efficiency and
simultaneously act as efficient fluorescence quenchers. This process is governed by close-range
surface adsorption and interfacial electron transfer, resulting in effective signal quenching and
improved analytical contrast, while also contributing to reduced membrane degradation and

increased stability under complex biological conditions.



State-of-the-art

One of the main contributions of this thesis to the current state-of-the-art lies in the
integration of graphene derivatives and CNTs with NC membranes for the development of optical
sensitive platforms dedicated to short oligonucleotide extraction and fluorescence-based detection.
While carbon nanomaterials are extensively studied in biosensing, and NC membranes are
commonly used as solid supports in analytical assays, their integration into a single platform for
both extraction and optical detection of short oligonucleotides remains limited, as most studies
have addressed either the fluorescence quenching properties of the carbon nanomaterials or NC
membrane-based separation techniques as independent approaches. Moreover, although
fluorescence-based optical approaches using fluorophores such as fluorescein in combination with
graphene derivatives or CNTs as quenchers have been previously reported, their integration with
NC membranes, together with the influence of complex ionic media and pH variation on the
modulation of adsorption-desorption efficiency of short oligonucleotides and fluorescence
response, has not been comprehensively investigated. In particular, the influence of divalent ions
such as Mg?" and Mn?* on oligonucleotide surface interactions and signal modulation remains
insufficiently studied in the context of solid-phase extraction and detection platforms. To the best
of our knowledge, as the studies associated with the main objective of this thesis span the period
2023-2025 (based on publication years), no prior studies in biosensing field had investigated this
combination of methods and materials for the extraction and detection of short oligonucleotides.

The present thesis builds upon these gaps in biosensing for extraction and detection of short
oligonucleotides by proposing a stepwise development of optical-based fluorescence sensing
platforms, progressing from GO-modified NC membrane platform to a more complex platform
based on amino-polyethylene glycol functionalized reduced graphene oxide (NH2-PEG-rGO) and
single-walled carbon nanotubes (SWCNTSs). This approach allows not only the evaluation of
individual material contributions but also the investigation of their complementary effects,
together with the influence of the complex ionic medium components, on extraction performance
and fluorescence-based detection of short oligonucleotides. In this context, the thesis provides a
more integrated perspective on how complementarity of the material composition, surface
chemistry, pH, and ions, collectively influence biosensing performance, contributing to the
advancement of simple, low-cost, and reliable optical platforms for short oligonucleotide
extraction and detection in complex biological systems.



General and Specific Objectives of the Thesis.

Building on the considerations and gaps identified in the previous subchapter, the general
objective of this thesis is to investigate how graphene-based derivatives and carbon nanotubes can
be used to modify nitrocellulose membranes, as novel approach for the extraction and
fluorescence-based detection of short oligonucleotides from complex ionic media, while exploring
the role of material composition, surface modification, and complexity of the media in modulating
platform analytical performance. To achieve this objective, the present thesis was structured
around three secondary objectives:

First objective: Development and evaluation of GO-modified NC platform for short

oligonucleotide extraction and detection. To accomplish this, a baseline optical platform was first

fabricated through the modification of NC membranes with GO, followed by the evaluation of its
extraction performance and fluorescence response under relevant experimental conditions, as
described in the activities (A) presented below:

Al. Fabrication of GO-modified NC platform.

A2.  Physicochemical characterization of the obtained platform using Fourier Transform
Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), and wettability
analysis.

A3.  Evaluation of the extraction performance using fluorescently labeled ssDNA (<50 nt) as
target oligonucleotide in agueous and complex media, including Alpha Minimum Essential
Medium (aMEM), and oMEM supplemented with fetal bovine serum (FBS), at
physiological pH (=7.0), over different incubation times (30, 45, and 60 minutes).

A4. Investigation of the desorption process using alkaline conditions (Tris-HCI buffer, pH
~8.0) to enable oligonucleotide release and fluorescence-based detection.

A5.  Development and validation of an equation for converting fluorescence intensity (r.f.u.)
into oligonucleotide mass (pg), based on calibration with known concentrations of
fluorescently labeled ssDNA.

A6. Identification of optimal working conditions by analyzing the influence of incubation time,
medium composition, and pH on extraction efficiency and fluorescence response.

Second objective: Building on the previous objective, this stage focuses on enhancing the stability

and efficiency of the optical platform for oligonucleotide extraction and detection through the

modification of NC membranes with NH.-PEG-rGO and the optimization of complex solution



conditions through the control of the ionic medium. To accomplish this, the following activities

were performed:

Al
A2.

A3.

A4,

Fabrication of the NH2-PEG-rGO modified NC platform.

Investigation of the NH.-PEG-rGO influence in the modification of NC membrane through
structural, morphological, and wettability analysis.

Supplementation of the optimized complex media identified in the first objective with
various divalent ions (Mg?*, Mn?*), followed by the evaluation on the oligonucleotide
extraction performance of the obtained platform after 60 minutes of incubation.

Analysis of the effect of ionic complex media composition and strength on fluorescence

response of the optical platform their correlation with extraction performance.

Third objective: Following the optimization achieved in the previous objective, the third
secondary objective introduces SWCNTs with NH2-PEG-rGO to modify NC membranes as an

additional modification component, aiming to further improve stability in aqueous environment,

extraction performance, and fluorescence response through complementary adsorption and

quenching effects. To achieve this, the following described activities were performed:

Al

A2.

A3.

A4,

Fabrication of the optical platform based on NC membranes modified with a combination
of NH>-PEG-rGO and SWCNTSs.

Structural and physicochemical investigation of the obtained optical platform using FTIR,
Raman spectroscopy, X-ray Photoelectron Spectroscopy (XPS), SEM, and wettability
analysis.

Investigation of the optical platform performance after incubation in ionic complex media,
obtained in the second objective, focusing on oligonucleotide-surface interactions and
extraction efficiency.

Evaluation of fluorescence-based signal generation and modulation after incubation of the
obtained optical platform in the ionic complex media, with emphasis on signal intensity,

guenching efficiency, and their correlation with extraction performance.
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General conclusions

The field of biosensing, particularly in the context of nucleic acid analysis, has evolved
significantly in recent years; however, the efficient extraction and detection of short
oligonucleotides from complex biological environments remain limited due to their low abundance
and increased susceptibility to degradation in biological samples. Despite these limitations, the
results obtained in this thesis demonstrate that further research in this direction is warranted, given
the potential to improve analytical performance and to develop more rapid, sensitive, and reliable
biosensing platforms.

The main objective of this thesis proposed a novel approach by investigate how graphene-
based derivatives and carbon nanotubes can be used to modify NC membranes, for the extraction
and fluorescence-based detection of short oligonucleotides from ionic complex media, while
examining the influence of material composition, surface modification, and complexity of the ionic
conditions on platform analytical performance. This objective was structured into three secondary
objectives, each contributing to the progressive optimization of the platform and to a deeper
understanding of the relationship between material properties, interfacial interactions, and
analytical performance.

The first objective was to develop a GO-modified NC platform for the extraction and
fluorescence-based detection of short oligonucleotides. The successful fabrication of the GO-
modified NC membrane was confirmed through FTIR, SEM, and wettability analyses evidenced
by surface chemistry and morphology. These changes translated into an improved stability and
interaction between the membrane and oligonucleotides, enhancing adsorption and subsequent
detection. The extraction performance of the developed platform was evaluated using fluorescently
labeled ssDNA samples immersed in three complex solutios at pH 7 based on H,O, cMEM, and
aMEM supplemented with FBS, over different incubation periods (30, 45, and 60 minutes). The
fluorescently labeled ssDNA was then detected by incubating the membranes in a desorption
solution at pH 8.0, allowing the release of oligonucleotides from the obtained platform into a
solution suitable for fluorescence analysis. After converting the obtained fluorescence results into
quantitative units, the results showed that, among the tested media, the aMEM-containing medium
provided the most favorable conditions, highlighting the importance of medium composition in
modulating nucleic acid-surface interactions. In addition, the influence of incubation time was
clearly demonstrated, with optimal performance achieved after 60 minutes, indicating that

adsorption Kinetics play a critical role in determining extraction efficiency. Compared to the
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unmodified nitrocellulose membrane, which exhibited a limited immobilization capacity reflected
by low fluorescence signals (106.5 r.f.u., corresponding to 124.3 pg after 30 minutes in cMEM +
FBS), the the GO-modified NC membrane showed a substantial improvement, reaching a
maximum fluorescence signal of 294.4 r.f.u. after 60 minutes of FAM-ssDNA adsorption in
aMEM, corresponding to 343.6 pg of recovered oligonucleotide. The results demonstrated that
extraction efficiency and fluorescence responses are strongly influenced by both the surface
modification of the NC membrane with GO and the experimental conditions, particularly
incubation time and medium composition.

The second objective was to investigate the influence of surface chemistry on
oligonucleotide extraction and detection by modifying NC membranes with NH2-PEG-rGO. The
successful fabrication of the NH2-PEG-rGO modified NC membrane was confirmed through
comprehensive physicochemical characterization, including FTIR, SEM, and wettability analysis,
which revealed the formation of a uniform coating, and a transition toward a hydrophobic surface
behavior. The developed platform was evaluated under the optimized conditions established in the
previous objective, with particular emphasis on the role of the ionic condition from the complex
media. The results demonstrated that both the composition of the medium and the nature of the
divalent ions significantly influence oligonucleotide immobilization and fluorescence response.
Among the tested conditions, MgClz-containing media provided the most favorable environment,
leading to a substantial increase in extraction efficiency compared with the unmodified NC
membrane. Quantitatively, while the pristine NC membrane exhibited limited adsorption capacity,
with fluorescence values around 250 r.f.u. corresponding to approximately 286 pg of ssDNA, the
NH2-PEG-rGO-modified NC membrane showed markedly enhanced performance, reaching
fluorescence intensities above 520 r.f.u., corresponding to approximately 611 pg of extracted
ssSDNA under identical conditions. This improvement highlighted the synergistic effect of surface
functionalization and ionic environment in promoting stronger ssDNA surface interactions.
Overall, this objective demonstrated that NC membrane functionalization with NH.-PEG-rGO,
together with the modulation of ionic composition, provided an efficient approach for enhancing
short oligonucleotide extraction and fluorescence response, enabling the development of an
improved optical platform.

The third objective was to further enhance the analytical performance of the developed
platform by modifying the NC membranes with SWCNTs and NH:-PEG-rGO aiming to
investigate the complementary adsorption and fluorescence quenching properties of these carbon-
based nanomaterials. The successful fabrication of the SWCNTs/NH2-PEG-rGO modified NC
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membrane was confirmed through comprehensive physicochemical and structural
characterization, including FTIR, Raman spectroscopy, XPS, SEM, and wettability analysis,
which revealed the formation of a more uniform surface, increased hydrophobicity, and significant
interfacial modifications. The developed platform was evaluated under the same optimized
adsorption and desorption conditions established in the previous objectives, with particular
emphasis on the effect of the complex ionic media. The results demonstrated that divalent ions
play a critical role in modulating ssDNA surface interactions, with MgCl.-containing medium
providing the most favorable conditions for oligonucleotide immobilization and fluorescence
response. Compared with the unmodified NC membrane, which exhibited fluorescence values in
the range of 245-265 r.f.u. (290-320 pg), the SWCNTs/NH2-PEG-rGO modified NC membrane
showed substantially enhanced performance, reaching 420 r.f.u. (490 pg) in MnClz, 510 r.fu. (590
pg) in MnCl/MgCl., and up to 670 r.f.u. (780 pg) in MgClz-containing medium. These results
highlighted the synergistic effect between SWCNTs and NH.-PEG-rGO, where the increased
surface area, improved structural stability, and enhanced electronic interactions contribute to
stronger ssDNA adsorption and a more efficient fluorescence signal modulation. Thus, this
objective demonstrated that the complementary of SWCNTSs and NH2-PEG-rGO in modification
of NC membranes, together with complexity of the ionic medium, represents a highly effective
strategy for improving short oligonucleotide extraction and detection, enabling the development
of advanced optical biosensing platforms with superior analytical performance.

Overall, this thesis demonstrates the substantial impact of graphene-based nanomaterials and
CNTs on the development of advanced optical platforms for short oligonucleotide extraction and
fluorescence-based detection. Through the systematic design of the optical platforms based on GO,
NH2-PEG-rGO, and SWCNTSs, this thesis contributes to the field of biosensing by providing
consistent experimental evidence that NC membrane surface modification, in direct correlation
with material complementarity and complexity of the ionic medium, governs the platform stability,
the efficiency of short nucleic acid immobilization, and the fluorescent-signal modulation.
Moreover, the results obtained throughout this thesis support the development of simple, low-cost,
and scalable biosensing platforms with improved analytical performance, offering a viable
alternative to the state-of-the-art nucleic acid extraction methods, which are often limited by multi-
step procedures, the need for specialized equipment, higher operational costs, and the risk of
sample loss or contamination, particularly when handling short oligonucleotides. At the same time,
the thesis provides a novel approach that goes beyond the current state-of-the-art by integrating

graphene derivatives and CNTs with NC membranes into a single platform capable of both

13



extraction and fluorescence-based detection of short oligonucleotides, while systematically
examining how surface chemistry, and complexity of the ionic medium, particularly divalent ions
such as Mg?" and Mn?, influence adsorption-desorption processes and fluorescence response. The
favorable outcomes achieved across all objectives of this thesis underline the relevance of
continued research in this area, with clear potential to advance optical biosensing technologies and

facilitate their integration into practical diagnostic and point-of-care applications.

Original Contributions

This chapter summarizes the main original contributions derived from the research
conducted within this doctoral thesis, correlated with each paper, while also reflecting the overall

research of the PhD candidate undertaken during the doctoral program.
To begin with, the first paper, addressed in chapter 3,

1. “Graphene Oxide/Nitrocellulose Non-Covalent Hybrid as Solid Phase for Oligo-DNA

Extraction from Complex Medium”’,

corresponding to the first research objective of this thesis, focuses on the development and
investigation of a GO modified NC membrane used for the extraction and fluorescence-based
detection of short oligonucleotides. The thesis introduce a novel approach that represents a
departure from conventional strategies by integrating the surface modification of the NC
membrane with the intrinsic adsorption and fluorescence quenching properties of graphene
derivatives, an approach that, to the best of my knowledge, has not been previously explored in
biosensing for the extraction and detection of short oligonucleotides. A first key contribution of
this study is the comprehensive physicochemical characterization of the GO-modified NC
membrane, through which the authors provide a deeper understanding of the structural,
morphological, and interfacial changes, as well as of how graphene derivatives influence platform
stability and performance. A second contribution of this study is the development of an
experimental protocol for the adsorption, extraction, and detection of short oligonucleotides from
complex solutions. These solutions were prepared using three binding media based on HO,
oaMEM, and aMEM supplemented with FBS. Each medium was prepared under controlled
conditions and contained FAM-ssDNA as target oligonucleotide, SDS, BSA, NaCl, and Tris-HCI
at pH 7.0, ensuring a biologically relevant ionic and molecular environment for oligonucleotide
adsorption. Following the desorption of the GO-modified NC membrane in Tris-HCI (pH 8.0) and

subsequent fluorescent analysis of the solution, the study established that a 60-minute incubation
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period in the complex medium with aMEM is optimal for achieving efficient extraction and
sensitive detection. Another important contribution is the development of a method for converting
fluorescence intensity, expressed as r.f.u., into oligonucleotide mass, expressed as pg, based on
calibration with known concentrations of fluorescently labeled ssDNA.

Overall, this study contributes to the biosensing field by introducing a new approach based
on a GO-modified NC membrane platform for short oligonucleotide extraction and fluorescence
detection, while also providing an experimental protocol for adsorption, desorption, and detection,
as well as a method for converting fluorescence intensity into oligonucleotide mass. This
contribution is significant as it enables the identification of optimal working parameters and
establishes a solid basis for the subsequent development and optimization of advanced optical

platforms in biosensing for short oligonucleotide extraction and detection.

Building on these findings, the second study from chapter 4, published as:

2. “Solid Phase Oligo-DNA Extraction from Complex Medium Using an Aminated

Graphene/Nitrocellulose Membrane Hybrid™

advances the platform design through the modification of NC membranes with NH.-PEG-rGO,
introducing a more controlled surface chemistry, enabling improved interaction with short
oligonucleotides under complex ionic conditions. The contribution of this study lies in showing
that the performance of the oligonucleotide extraction and fluorescence detection platform
depends on both NC membrane modification and the ionic composition of the binding medium.
The results of this study showed that NH.-PEG-rGO modification produced clear morphological
and interfacial changes, confirmed by FTIR, SEM, and wettability analysis, including improved
membrane stability and a marked increase in surface hydrophobicity, which can influence
oligonucleotide-membrane interactions. Using the optimized conditions from the previous study,
the modified membranes were further evaluated in media supplemented with Mg?* and Mn?* ions.
The results showed that divalent ions play an important role in oligonucleotide immobilization and
fluorescence response, with Mg?*-containing media providing the most favorable conditions for
enhanced extraction and fluorescence-based detection of short oligonucleotides. To the best of the
authors’ knowledge, the modification of NC membranes with NH.-PEG-rGO, together with the
implementation of tailored ionic binding conditions for modulating oligonucleotide adsorption-
desorption mechanisms and fluorescence response, has not been previously explored within a

single solid-phase extraction platform. Thus, the combined analysis of surface modification and
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ionic effects provides a clearer mechanistic perspective on interfacial interactions, representing an

important step toward rational optimization of optical biosensing platforms.
Extending these findings, the third study from chapter 5, published as:

3. “Efficient Solid-Phase Extraction of Oligo-DNA from Complex Media Using a
Nitrocellulose Membrane Modified with Carbon Nanotubes and Aminated Reduced Graphene
Oxide™

further advances the platform design through the combined use of NH>-PEG-rGO and SWCNTSs,
demonstrating that the complementary adsorption and fluorescence quenching properties of these
carbon-based nanomaterials enhance both extraction efficiency and fluorescence-based detection.
The results showed in this study that the obtained platform exhibited improved stability in complex
media, together with a uniform surface, increased hydrophobicity, and significant interfacial
modifications. These features were further correlated with the enhanced functional behavior of the
platform compared with the previously developed systems, supporting stronger extraction capacity
and higher fluorescence response, while Mg?*-containing media provided the most favorable ionic
environment for promoting oligonucleotide-surface interactions and improving overall analytical
efficiency. To the best of the authors’ knowledge, the combined use of SWCNTSs and NH.-PEG-
rGO for NC membrane modification, together with controlled incubation in ionic complex
medium, has not been previously investigated in the field of biosensing for the extraction of short
oligonucleotides. This novel approach provides new insight into how the complementary between
material composition, interfacial structure, and the complexity of the ionic medium governs the
platform performance and establishes a solid basis for the further optimization of high-

performance optical detection platforms.

Perspectives

The results obtained in this thesis demonstrate that graphene-based derivatives and CNTs
optical sensitive platforms, developed through surface modification of NC membranes and careful
tuning of the complex ionic medium, represent a viable approach for the extraction and
fluorescence-based detection of short oligonucleotides. However, several directions remain open
for further investigation and optimization, particularly in the context of improving analytical
robustness, selectivity, and practical applicability. A first important perspective concerns the
refinement of interfacial design at the nanoscale, with emphasis on achieving a more controlled

and reproducible surface chemistry. Although the present work highlights the role of graphene
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derivatives and CNTs in enhancing adsorption and fluorescence modulation, further studies are
required to better control surface heterogeneity and binding-site distribution. This aspect is
essential for improving reproducibility and reducing variability in complex biological media,
where non-specific interactions and matrix effects remain significant limitations.

Another relevant direction involves the deeper integration of photophysical mechanisms
into platform design. The findings of this thesis, together with recent advances in fluorescence
biosensing, indicate that analytical performance is governed by the combined action of multiple
processes, including FRET with PET, and charge-transfer interactions. Future work should aim to
design platforms in which these mechanisms are not only exploited but deliberately engineered,
enabling more predictable and tunable signal responses. Such an approach would allow the
transition from empirical optimization to mechanism-driven design strategies.

The optimization of ionic media and binding conditions also represents a critical area for
future research. The presented results from this thesis clearly demonstrate the influence of divalent
ions, particularly Mg?*, on oligonucleotide adsorption and fluorescence response. Extending this
investigation toward more complex and physiologically relevant systems, as biological fluids,
would provide a more accurate assessment of platform performance. In this context, the use of
simulated biological media should be complemented by validation in clinical samples.

From a technological perspective, an important direction is the integration of the developed
platforms into miniaturized and portable systems. As highlighted in recent developments in optical
biosensing, there is a growing interest in point-of-care devices, microfluidic architectures, and
smartphone-based detection systems. The efficiency in biomolecule immobilization, together with
the simplicity and low cost of the NC-based platforms developed in this thesis, makes them
suitable candidates for such integration. Future work may therefore focus on coupling these
materials with microfluidic channels, optical readout modules, or digital imaging systems,
enabling real-time and on-site analysis.

In parallel, the incorporation of data-driven approaches and artificial intelligence (Al)
represents a promising direction for enhancing analytical performance. Machine learning
algorithms can be used for signal processing, spectral deconvolution, and pattern recognition,
particularly in complex datasets affected by noise, background fluorescence, or overlapping
signals. Moreover, Al-assisted design strategies could accelerate the selection of optimal material
combinations and operating conditions, reducing experimental trial-and-error.

Another key perspective relates to improving long-term stability and robustness of the

sensing platforms. Issues such as photobleaching, signal drift, and material degradation remain
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relevant, especially for repeated measurements or prolonged use. Future efforts should therefore
address the stabilization of fluorescent signals and the development of more durable surface
modifications, potentially through covalent functionalization strategies or protective coatings.
Finally, an important direction for future research is the extension of the platform toward
broader analytical applications. While this thesis focuses on short oligonucleotide extraction and
detection, the underlying principles can be adapted for the detection of other biomolecules,
including microRNAs, proteins, or small metabolites. This versatility opens the possibility of
developing multiplexed sensing platforms capable of addressing complex diagnostic needs in

biomedical and environmental contexts.
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