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Introduction

Cancer is one of the leading causes of death worldwide, causing more than 10 million
deaths annually [1]. Detecting cancer in its early stages significantly enhances the sur-
vival chances of patients, but is challenging given the weak manifestation or absence
of symptoms [2]. Regular population screening emerges as a promising approach
for early-stage diagnosis [3]. However, current diagnostic methods have limitations:
invasiveness of tissue biopsy, exposure of patients to ionizing radiation by imaging-
based techniques, limited accuracy and sensitivity of stool- and blood-based tests
[2–4]. One of the promising non-invasive and sensitive screening tools that recently
gained research attention is liquid biopsy. The method is based on the detection of
circulating tumor cells, exosomes, circulating tumor nucleic acids, and other tumor-
related substances that may serve as cancer biomarkers in body fluids [2]. Circulating
tumor DNAs and RNAs, continuously released into body fluids with a half-life of
about 2.5 hours, are good candidates for real-time monitoring of tumor dynamics and
therapy response [5]. Alterations in nucleic acids contribute significantly to genetic
changes in cancer etiology and may be used for diagnosing cancer in early stages [6].

Examples of genomic biomarkers are an abnormal expression of some microR-
NAs (miRNAs), a point mutation in DNA sequences, and an altered level of DNA
methylation [2, 7]. MiRNAs are 17-25 nucleotides (nt) long non-coding RNAs that
regulate gene expression [8, 9]. Altered levels of some miRNAs can lead to the
suppression of tumor suppressor genes or modulation of oncogenes, thus promot-
ing cancer formation [8]. For instance, the concentration of miRNA-21, miRNA-126,
miRNA-155, or miRNA-191 is 10−14 −10−13 M in healthy people’s serum, but they
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are about 100 times more overexpressed in breast cancer patients’ serum [10]. Circu-
lating tumor DNAs are long fragments (about 150 nt) of DNA present in body fluids
at a concentration of about 10−10 M [2, 11]. They contain information about tumor-
specific changes, including single-nucleotide point mutations and DNA methylation
levels [12]. Single-point mutations in some genes, like KRAS, BRCA2, BRAF, and
TP53, are positively correlated with cancer development [13, 14]. DNA methylation
is defined as an addition of a methyl group (−CH3) to cytosines. Hypermethylation at
a particular gene (regional) can be found in 12% of cancer cases and hypomethylation
through a whole genome (global) is associated with 70% of cancer patients [15]. A
gold standard technique for the miRNA and DNA measurements is the fluorescence-
based detection of the targets pre-amplified by the polymerase chain reaction (PCR)
[16]. The fluorescence-based technique requires a multi-step assay and labeling with
a fluorescent dye due to weak auto-fluorescence from biological samples [17]. Hence,
there is room for developing more straightforward, faster, and more accurate tech-
niques for detecting DNAs and miRNAs in body fluids.

This thesis aims to explore alternative methods for detecting DNAs and miR-
NAs, with potential applications in liquid biopsy for cancer screening. Thus, one of
the attractive techniques that can provide molecular-specific and trace-sensitive in-
formation of a biological sample is surface-enhanced Raman spectroscopy (SERS).
The working principle is based on inelastic scattering, that is the scattering of light
with a frequency different from the frequency of the incident light [18, 19]. This
difference, called Raman shift, being a result of the molecular vibrations, is specific
to each molecule. Thus, the Raman spectrum, which represents the intensity profile
of the scattered light as a function of the Raman shift, provides information about
the qualitative and quantitative composition of an analyzed sample [20]. SERS uses
metal nanoparticles (NPs) to enhance Raman scattering through a localized surface
plasmon resonance effect [18, 21]. There are three main types of NP arrangements on
SERS substrates: NPs in a colloidal solution, NPs immobilized on a solid substrate,
and nanostructures fabricated on a substrate [22]. The motivation to study SERS for
liquid biopsy application is its potential to outperform the fluorescence-based gold
standard. Thus, label-free SERS measurement of DNAs and miRNAs can be achieved
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with more straightforward assays [23]. Labeled SERS can result in a better multiplex-
ing ability because Raman reporters have narrow bands allowing multiple of them to
be used simultaneously for the detection of several biomarkers [19, 23].

The work conducted during this Ph.D. is a part of the European project "Photonics
for healthcare: multiscale cancer diagnosis and therapy" (PHAST-ETN). This project
involves 14 beneficiaries and 8 partner organizations around Europe. As a part of
the project, I had secondments in different organizations: 2 months in Politecnico
di Torino, Turin, Italy under the supervision of Professor Davide Janner, 4.5 months
in Leibniz Institute of Photonic Technology (Leibniz-IPHT), Jena, Germany under
the guidance of Professor Michael Schmitt, 1.5 months in Tyndall National Institute,
Cork, Ireland under the direction of Professor Stefan Andersson-Engels, and 1 month
in Horiba SAS company, Lille, France under the supervision of Doctor Sébastien
Legendre.

The thesis is organized as follows:

• Chapter 1 reviews biological protocols used for target-specific SERS measure-
ment of DNAs and miRNAs. The protocols are categorized into groups based
on their working principles. The review evaluates the future potential of SERS-
based sensing to reach a clinical level, either by replacing or complementing
existing gold standards. Evaluation criteria include the detection capabilities
of SERS-based protocols and their suitability for liquid biopsy applications.
This comprehensive review is based on an analysis of over 150 papers, and the
findings are reflected in the paper [24].

• Chapter 2 presents the results of direct SERS measurement of miRNAs and
their bases with NPs immobilized on a glass substrate and NPs in a colloidal
solution. Three different types of NPs, such as AuNPs, AgNPs produced by the
Lee-Meisel method, and AgNPs fabricated by the Leopold-Lendl approach,
will be evaluated for SERS sensing of miRNAs. The work presented in this
chapter was conducted during the secondments at Politecnico di Torino and
Leibniz-IPHT.

• Chapter 3 discusses the application of a capture-based biological protocol for
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the target-specific detection of miRNAs on a solid substrate. The experiments
were performed during the secondment at Tyndall National Institute.

• Chapter 4 proposes the application of photonic crystal fibers (PCFs) as a mi-
crofluidic device for the measurement of DNAs and miRNAs. The hollow re-
gions of PCFs can be used for incorporating analytes so that a light-analyte
interaction can be used for different sensing methods. This chapter presents
two approaches for the nucleic acids measurement in PCFs. The first is the
SERS measurement of miRNAs attached to the inner surface of the solid core
PCFs by a capture-based protocol. SERS measurement in PCFs can be advan-
tageous compared to a single-point measurement in a solution or on a substrate
due to a longer interaction area between an analyte, NPs, and light [25]. The
experiments were conducted during the secondment at Tyndall National Insti-
tute. The second sensing method used for DNA detection is based on a shift
of a transmission spectrum. This shift is caused by an increased thickness of
PCF’s cladding achieved due to the bio-layer formed by the step-by-step func-
tionalization protocol. This chapter will discuss the optimization of the optical
setup used for this measurement.

• Chapter 5 presents the measurement of miRNA and its bases conducted with
a novel method, called Tip-Enhanced Raman Spectroscopy (TERS). TERS is
the technique that combines scanning probe microscopy (SPM) with Raman
spectroscopy to provide topographic and spatially resolved chemical informa-
tion. In this method, a sharp metallic tip with a nm-size apex is brought in
contact with a sample and illuminated to produce enhanced Raman scattering.
The position of the tip relative to the sample is controlled by the feedback from
SPM. As a result, a TERS signal can be measured at a particular point on the
sample, or a TERS map over a region can be recorded. TERS measurements
were performed during the secondment in Horiba SAS.

• Conclusion summarizes the results achieved in different types of measurement
of nucleic acids and evaluates the potential of each studied technique to be used
for liquid biopsy application.



Chapter 1

SERS and its application for the
genomic biomarkers detection

1.1 Gemonic biomarkers of cancer

Genomic biomarkers are defined as alterations in DNA and RNA characteristics that
can be used to distinguish between normal biological and pathogenic processes, pre-
dict the response to therapy, and assess disease progression [7]. Different types of
changes in nucleic acids can serve as genomic biomarkers, but in this thesis three
of them will be covered: deregulation of miRNA expression, DNA point mutation,
and DNA methylation. Those alterations have gained research attention as promising
biomarkers that can be detected by SERS-based protocols.

The main function of miRNAs, non-coding RNAs consisting of 17-25 nt, is the
regulation of gene expression [8, 9]. While the majority of miRNAs are intracellu-
lar, some migrate outside and can be found in various body fluids, including blood,
urine, saliva, breast milk, and others [9]. Circulating miRNAs may contribute to can-
cer development by reducing the levels of tumor suppressor genes or by increasing
the levels of oncogenes. The first case occurs when specific miRNAs, like miRNA-
21, are overexpressed, while the latter scenario happens when other miRNAs, such
as miRNA-34, are downregulated [9]. The potential of miRNAs to serve as cancer
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biomarkers was initially explored by Lawrie et al. in 2008, who observed elevated
levels of miRNA-21, miRNA-155, and miRNA-210 in serum of patients with diffuse
large C-cell lymphoma [26]. Since then many studies have been conducted in this
field. Galvao-Lima et al. compiled a list of miRNAs associated with breast, cervical,
and prostate cancers and organized them into a Venn diagram grouping according
to their relevance to one or two of the specified cancers [27]. A review conducted
by Sundarbose et al. has presented the deregulated miRNAs detected in cancer cells,
blood, plasma, serum, and tissue of patients with different types of cancer, including
breast, glioblastoma, gastric, lung, oral, ovarian, prostate, pancreatic, hepatocellular,
and others [28].

DNA point mutation is a substitution of one nucleotide by another one in DNA
sequence [29]. Point mutations depending on their location in genes can cause a va-
riety of abnormal genetic processes that may lead to cancer formation or spread [30].
Their potential as diagnostic and prognosis biomarkers has been analyzed by many
studies. For example, the genome-wide association has revealed 77 point mutations
that separately or in combination account for 30% of familial prostate cancer risks
[31]. Macinnis et al. have developed algorithms to predict a familial prostate cancer
risk based on family history and 26 point mutations [32]. Penney et al. have studied
the application of point mutations for the discrimination of two types of colorectal
cancer, mucinous and non-mucinous [33]. Garrigos et al. have analyzed 64 point mu-
tations and found out that an absence or presence of some mutations can forecast a
progression of metastatic renal cell carcinoma [34].

DNA methylation is the process of the methyl group (CH3) addition to the cytosine-
phosphate-guanine (CpG) dinucleotide of the DNA molecule [35]. The CpG dinu-
cleotide is present in the human genome either as short sequences distributed through-
out the genome or as long sequences (hundreds to thousands nt), clustered in the
promoter regions of genes and called CpG islands. Under normal conditions, the
CpG inside the islands is unmethylated, while non-clustered CpGs are usually methy-
lated [36]. Therefore, increased methylation in the CpG islands or decreased number
of methylated non-clustered CpGs through the whole genome cause two types of
abnormalities, called regional hypermethylation and global hypomethylation respec-
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tively. Regional hypermethylation can lead to the inactivation of the tumor suppressor
genes and global hypomethylation may cause chromosomal instability, mutations,
and oncogenes activation [3, 37]. Therefore, both types of abnormalities can serve
as biomarkers for different types of cancer, like breast [38], lung [39], gastric [40],
prostate, bladder, colorectal, ovarian, and other [41]. The review by Mikeska et al. has
shown that methylation-based cancer biomarkers can be detected in body liquids, like
plasma, stool, sputum, serum, bronchoalveolar lavage, bronchial aspirates, and urine
[36]. Jensen et al. have used hypermethylation in the C9orf50, KCNQ5, and CLIP4
genes to design a blood-based test for the detection of colorectal cancer [42]. The au-
thors have assessed the test on two different cohorts and achieved a good sensitivity
of about 80% at an early stage (even higher at later stages), and a high specificity of
99% for all stages [42]. Furthermore, at least 22 methylation-based cancer kits have
already reached the clinical practice [35, 43].

One of the most widely used techniques for DNA point mutation detection is
based on the amplification of the target by PCR-based methods and real-time moni-
toring by fluorescence-based techniques [44]. This versatile method is also applica-
ble for quantifying the expression levels of miRNAs and assessing DNA methylation
levels. However, both targets require specific pre-treatment steps: miRNAs should be
converted to complementary DNA by the reverse transcription process [16] and the
methylated cytosines in the DNA sequence should be converted into thymine with the
bisulfite treatment followed by the reverse transcription [45]. This method requires
labeling and complex multi-step protocols, which motivates researchers to explore
alternative sensing methods. SERS is a powerful vibrational spectroscopy technique
with a promising potential for this application. This chapter presents a description
of the SERS working principle and an overview of the biological protocol for SERS
detection of genomic biomarkers.

1.2 SERS working principle

Figure 1.1 (a) illustrates a schematic of the energy level diagram of a molecule. When
a photon is incident on the molecule with energy insufficient to promote it to a higher
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energy state, the molecule enters a virtual energy state instead [20]. This state is
unstable, prompting the molecule to rapidly return to its original state and release a
photon. Typically, this scattered photon has the same energy as the incident one, and
the process is called elastic or Rayleigh scattering. Occasionally, the molecule returns
to a level higher or lower than its initial state, causing the photon to scatter with a
decreased or increased energy which results in Stokes Raman or anti-Stokes Raman
scattering respectively [20]. The energy variation leads to a difference in wavelengths
between the incident (λinc) and scattered photons (λsc), defining a so-called Raman
shift (vRaman) [46]:

vRaman[cm−1] =
1

λinc[cm]
− 1

λsc[cm]
(1.1)

Raman scattering is caused by various molecular vibrations associated with struc-
tural changes within molecules, including ring deformation, ring breathing, and dif-
ferent bond-related motions such as stretching, bending, twisting, and others [46, 47].
Each structural change corresponds to a specific value of the Raman shift. Therefore,
the Raman spectrum, portraying the intensity profile of scattered light as a function
of the Raman shift, serves as a unique fingerprint for the illuminated molecule [20].
The positions of the Raman peaks provide a qualitative indication of the molecule’s
chemical composition, while the intensity can provide approximate quantitative in-
formation.

Raman scattering is a rare event, occurring with only 1 out of 10 million pho-
tons [20]. Therefore, amplification techniques are necessary for detecting samples in
trace concentration ranges [18]. SERS is one of the amplification techniques that uti-
lizes metal NPs for electromagnetic (EM) and chemical enhancement of Raman scat-
tering. Chemical enhancement is achieved through two processes, namely chemical
complexation and a change in charge transfer. The former results from the interaction
of absorbed light and molecules, forming an absorbate-metal complex and increas-
ing the probability of certain vibrational motions. The latter involves an exchange of
electrons between the metal NP and the analyzed sample’s molecules, modifying the
polarizability (α0) and contributing to EM enhancement [48].

Figire 1.1 (b) illustrates the principle of EM enhancement. The EM wave with
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Figure 1.1: (a) Schematic diagrams of energy states of a molecule illustrating
Rayleigh, Stokes Raman, and anti-Stokes Raman scattering. (b) Schematics of the
localized surface plasmon resonance effect: a dislocation of electrons under the influ-
ence of electromagnetic field induces a metal nanoparticle (NP) to become a dipole
and enhance the local field.

frequency w0 and amplitude E0 incident on the metal NP can drive collective oscil-
lation of its electrons, called plasmons. When the EM wave’s frequency matches the
natural frequency of oscillation, the electrons can be displaced from their original
position forming a cloud with a negative charge. This process of electrons’ excitation
is referred to as surface plasmon resonance (SPR). As a result, the metal NP acts like
an induced dipole, and its induced polarization P0 depends on the polarizability of the
electrons α0 and the EM field:

P0 = α0 ×E0(w0) (1.2)

As a result, the electric field is induced between the poles of the dipolar metal NP
which leads to the generation of a local EM field with a Raman-shifted frequency wR

and amplitude Eloc near the edges of NPs. The local EM field exceeds the incident
EM field, leading to the EM enhancement of the Raman signal by a factor of EFex:
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EFex =

[
Eloc(w0)

E0(w0)

]2

(1.3)

This process occurs in the nearest proximity to the NPs and is called localized
SPR (LSPR) [48]. A similar interaction occurs when a molecule of analyte is placed
in the local EM field of metal NPs: the molecule transforms into a dipole which
results in further Raman signal enhancement by a factor of EFR:

EFR =

[
Eloc(wR)

E0(wR)

]2

(1.4)

Two enhancement factors are comparable if wR and w0 are approximately equal.
As a result, the overall enhancement factor EFtotal of the Raman signal at the fourth
power of the EM field can be obtained [48]:

EFtotal =
|Eloc(wR)|4

|E0(w0)|4
(1.5)

This implies that even a modest increase in the field results in significant SERS
enhancement [49]. Since the LSRP effect is localized on the edge of NPs, the en-
hancement drops significantly with an increased distance from the NPs (D−10) [50].
Overall, chemical and EM enhancement results in the amplification of the Raman
fingerprint information by about 104 − 108 times [18, 21]. Further enhancement up
to 109−1012 times is observed in the so-called hot spot, a region between two neigh-
boring NPs, where the coupling of their plasmons results in the increased LSRP [48].
Figure 1.2 (a) shows three types of NP arrangement mainly used as SERS substrates,
such as an NP colloidal solution, NPs on a solid substrate, and ordered nanostructures
[22]. NP colloidal solutions are synthesized by a bottom-up approach that involves
reducing silver or gold ions with the agents and controlling the NPs aggregation [51].
The second type of substrates is produced by a self-organization process when the
NPs are attached to a silanized surface [51]. Ordered nanostructures are fabricated
through the creation of nanopatterns using lithography-based methods, followed by
the deposition of a metal layer [51]. The fabrication procedure of ordered nanos-
tructures is more complex, but they usually provide better reproducibility due to the
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uniform arrangement of the hot spots [17].

Figure 1.2: Schematics of (a) the types of the SERS substrates and (b) the SERS
spectra of RNA bases, such as adenine, guanine, cytosine, and uracil.

1.3 SERS-based bio-protocols for the genomic biomarkers
detection

The SERS-based detection of nucleic acids was first presented in 1994 by Vo-Dinh
and his colleagues [52]. A single strand of DNA or RNA is a sequence of nucleotides,
each consisting of a phosphate group, a sugar group, and one of the nitrogen bases,
such as adenine (A), thymine (T), guanine (G), cytosine (C), or uracil (U). There
are two pairs of complementary bases, such as G-C and A-T/U (for DNA/RNA re-
spectively), that can bind with each other to form double-stranded DNA (dsDNA)
or DNA-RNA structures [53]. Fig. 1.2 (b) shows the normalized SERS spectra of
four RNA bases, each having its unique characteristic peaks. For example, a peak at
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734 cm−1 is found only in the spectrum of adenine, and the peak around 658 cm−1

is characteristic of guanine. A peak around 792 cm−1 is common for both cytosine
and uracil, so these two bases should be discriminated by additional SERS infor-
mation [54]. The SERS spectra of nucleotides are similar to the respective bases
but have additional contributions from a sugar group and a phosphate group [55].
DNAs and RNAs represent a mixture of several nucleotides, so their spectrum is
constituted by the peaks of all nucleotides present in the sequence. The contribution
from each base in the sequence is different and approximately corresponds to the
rule A=2×C=20×G=20×T [56, 57]. This rule can be used to convolute the spectrum
of nucleic acid and determine the concentration of each base, thereby differentiating
the sequence of analyzed DNA or RNA [58]. Thus, the direct SERS measurement
of miRNAs [59–63] and DNA point mutations [64–70] can be achieved by discrim-
inating the sequences based on the intensity of the SERS peaks associated with five
bases. This can be done by manual analysis or an application of statistical tools, such
as the partial least squares discriminant analysis (PLS-DA) and the principal compo-
nent analysis (PCA). SERS detection of DNA methylation is conducted by evaluating
the shift of the cytosine’s peaks occurring when the base is methylated [15, 71–82].

This direct approach is simple because the assay consists only of NPs and the tar-
get analyte, but it has been demonstrated only for the measurement in water or buffer
solution in the absence of any interfering substances. For liquid biopsy application,
the target biomarker should be captured from a pool of DNAs, RNAs, proteins, and
other substances, so the target-specific biological protocol should be applied. Most
protocols involve the labeling of the target or supporting sequences with the Raman
reporter molecule. The protocols usually explore the NPs-analyte distance depen-
dency of SERS: an introduction of the target sequence induces a change in the dis-
tance between the reporter and the SERS substrate, leading to a detectable variation
of the reporter’s SERS signal. Labeled SERS is usually more sensitive than the pre-
viously described direct approach because the detection relies on the Raman reporter
molecules that have a much stronger signal than DNAs or miRNAs [53]. The am-
plitude of the signal change should depend on the target’s concentration making this
method promising for quantitative measurement.
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A literature search of the published SERS-based approaches for the detection of
miRNA level changes, DNA point mutations, and DNA methylation level alterations
has resulted in 158 papers. The earliest works were presented in 2008. The total
number of works related to miRNA detection is significantly higher (105) than the
number of papers about point mutation (34) and DNA methylation (19). The biologi-
cal protocols for all three genomic biomarkers have been classified according to their
working principle into five common groups: capture-, displacement-, sandwich-, and
cleavage-based methods, and a specialized group combining some unique assays.
Figure 1.3 illustrates all groups of the protocol and the schematics of their working
principles.

1.3.1 Capture of the target

Fig. 1.3 (a1-a4) show the first group of protocols that are based on the immobiliza-
tion of a single-stranded DNA (ssDNA) on the SERS substrate. This so-called cap-
ture DNA is selected to be complementary to the target miRNA or DNA to be able
to hybridize with it. Other sequences and interfering substances are blocked from
absorption into the SERS substrate, so selective detection is achieved.

Figure 1.3 (a1) shows the simplest capture protocol that can be used to detect
the label-free or labeled target sequences. In the label-free version, the change in the
SERS signal is caused by the appearance of the hybridized target miRNA or DNA in
the SERS active region and a formation of new bonds [83, 84]. Labeling of the target
leads to the detection of a strong signal from the Raman reporter, resulting in more
sensitive detection [85–88]. This and further presented protocols can be applied to all
three types of genomic biomarkers with some modifications. In the case of DNA point
mutation, a mismatched DNA is only one nucleotide different from the target DNA,
so it can partially hybridize with the capture strand. An additional step of washing
or an application of heat or electric potential should be applied to break the unstable
partial hybridization [85–90]. DNA methylation does not involve a sequence change,
so a preliminary bisulfite treatment is applied to convert all unmethylated cytosines
to uracil. When the sequence is changed, the problem is traced back to the detection
of DNA point mutation [91, 92].
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Figure 1.3: Summary of the SERS-based protocols for the detection of the genomic
biomarkers grouped according to their working principle.

Labeling of the target used in the previous protocol requires the target to be first
captured from the analyzed body fluid to get labeled. Therefore, in real settings, other
protocols relying on labeling of the supporting sequences should be practically more
convenient. For example, the Raman reporter can be immobilized directly on the
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surface of NPs, and the capture DNA can be placed on top of it as illustrated in
Fig. 1.3 (a2). The hybridization of the capture DNA with the target leads to mechan-
ical stretching of the reporter’s bonds and consequent frequency shift of its SERS
peak [93–95]. The peak shifts by about 0.5 cm−1 in response to the 10−17M target,
which is sufficiently large to be distinguished from the average peak’s variation of
about 0.022 cm−1 caused by some non-reproducibility of measurements [95].

The working principle of the protocol shown in Fig. 1.3 (a3) is based on the
decrease of the binding affinities of DNA towards the metal and graphene surfaces
when the double-stranded complex is formed [96]. Under the optimized conditions,
when the labeled capture DNA hybridizes with the target, the formed dsDNA can be
detached from the SERS substrate leading to a decrease in the SERS signal [96–99].

Figure 1.3 (a4) illustrates an application of a labeled hairpin DNA that allows
good control over a distance between the reporter and the metal surface [100–112].
A hairpin structure is formed by the hybridization of the two complementary ends of
the capture DNA. The hairpin brings the reporter in proximity to the SERS surface
producing a strong SERS response. The capture DNA is also complementary to the
target, causing their mutual hybridization to be sufficiently strong to open up the
hairpin. As a result, the reporter is moved at a distance equal to the length of the
hairpin DNA, and the SERS signal reduction is observed.

1.3.2 Displacement by the target

The methods schematized in Fig. 1.3 (b1 and b2) are based on disrupting partial hy-
bridization between two DNAs, referred to as capture and placeholder, by hybridizing
one of them with the target sequence. Thus, in the first protocol, the target hybridizes
with the capture DNA and the labeled placeholder strand is detached from the SERS
substrate, resulting in a signal drop [25, 113–124]. The second method shown in
Fig. 1.3 (b2) applies the hairpin capture DNA initially open due to hybridization
with the placeholder DNA. When the target sequence hybridizes with the placeholder
DNA, the liberated hairpin DNA closes and the reporter molecule is brought closer to
the substrate producing the enhanced signal [110, 125–130]. The displacement-based
methods can be combined with amplification techniques [131, 132].
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1.3.3 Formation of a sandwich

Figure 1.3 (c1-c3) combines the protocols based on a molecular sandwich approach
that applies two capture DNAs complementary to the two ends of the target. One of
them is attached to the SERS substrate, while another DNA is labeled and attached
to a metal NP. The hybridization of the target sequence with both captures brings
the NP close to the SERS substrate producing the hot spot between them. The signal
enhancement in the hot spot is larger than it is near one NP, so the original SERS
signal from the reporter molecule increases by about three times [133–145].

The same method can also be extended to the colloidal solution, where two metal
NPs play the role of both SERS-active agents [146–155]. Figure 1.3 (c2) shows that
one of the NPs can also be a magnetic particle. A magnet applied to the solution
forces the magnetic particles to remain in the solution while all other substances are
filtered. The target sequence attaches the DNAs on the metal NP and magnetic parti-
cles to each other, so the reporter remains in the solution after filtering and produces
a strong SERS signal. In the absence of the target miRNAs or DNAs, the SERS-
active NPs with labeled DNAs being unattached to the magnets leave the solution
and no SERS response from the reporter is observed [110, 156–164]. The sandwich-
based assays depicted in Fig.1.3 (c1 and c2) can be used with the pre-amplification
techniques, such as strand displacement amplification [165], hairpin-chain reaction
[166–168], rolling circle amplification [169], and PCR [170, 171].

Figure 1.3 (c3) presents an application of two hairpin DNAs complementary to
each other and attached to the NPs. The first hairpin is labeled, and its reporter is
close to the NP, producing a moderate SERS signal. The target nucleic acid opens
the first hairpin, and its liberated end hybridizes with the second hairpin due to the
more preferable hybridization. The target is released to participate in a new cycle.
The reporter molecule in the hot spot between the two NPs exhibits the SERS signal
about 3 times stronger than at the initial state [172–186].

Some protocols, mainly hairpin-based, can be considered in combination with
fluorescence-based detection. In this case, the appropriately selected Raman reporter
can also play the role of a fluorophore, while the NPs can additionally serve as a flu-
orescence quencher. The hairpins move the reporter to and from the NPs to produce
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opposite changes in the fluorescence and SERS signals [102, 110, 172, 179, 182].
This experiment also shows that the two sensing techniques have comparable perfor-
mance when applied in the same settings, implying the potential of SERS to be used
at the same level as the fluorescence-based gold standard [182].

1.3.4 Cleavage by enzymes

The cleavage-based protocols are based on the enzymes that are activated by the for-
mation of dsDNA, such as duplex-specific nuclease (DSN), T7 exonuclease, Exo III,
CRISPR-Cas12 enzyme, and S1 nuclease. Figure 1.3 (d1) shows the labeled capture
DNA which forms the double-stranded complex through hybridization with the tar-
get miRNA or DNA. This dsDNA activates the enzyme urging it to cleave the capture
strand. The reporter is detached from the substrate, leading to the SERS signal drop.
The target is released to participate in a new cycle, providing signal amplification
[129, 187–193].

As shown in Fig. 1.3 (d2), the cleavage-based method can also be integrated with
the magnetic separation in the NPs colloidal solution [130, 194–197]. The target hy-
bridization with the capture DNA induces the cleavage of the capture DNA and de-
tachment of the labeled SERS-active NPs from the magnetic particles. The NPs leave
the solution after magnetic separation, and the SERS signal reduction is observed.

1.3.5 Specialized protocols

The last group of protocols combines the assays with distinctive working principles.
For example, the protocol shown in Fig. 1.3 (e1) is based on a closed microcapsule
filled with the reporter molecules and placed on the SERS substrate. Each side wall
of the capsule is made of a pair of ssDNAs connected by the capture DNA, while
the top and bottom of the capsule are made of the two acrylamide strands [198–200].
The hybridization of the target with the capture DNA forces its detachment from the
ssDNAs and opens up the capsule. The capsule can also be formed by putting the re-
porters on the CaCO3 particle covered by a layer of positively charged oly(allylamine
hydrochloride) and a layer of negatively charged ssDNAs. The hybridization of ssD-
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NAs with the target activates the cleavage of the formed duplex [201]. In both cases,
the reporters are released from the open capsules and the SERS signal is recorded.

Figure 1.3 (e2) demonstrates a protocol designed particularly for DNA point mu-
tation. The technique applies a ligase and two DNA stands complementary to two
parts of the target, one labeled and one attached to the metal NP. Two DNAs hy-
bridize with the target so that the NP and the reporter are placed at a point of possible
mutation. If the mutation is absent, the ligase joins two DNA strands bringing the
reporter close to the NP, so the SERS signal is detected. In case of a point mutation,
the ligation does not occur and the reporter does not produce any SERS response
[202–205]. A specific point mutation can be also detected by applying a polymerase
with the displacement-based method. The capture DNA, that is attached to the labeled
placeholder DNA, starts to hybridize with the target or point mutated DNA. The poly-
merase extends the target sequence displacing the placeholder DNA and reducing the
signal from the reporter. However, the mismatched DNA can not be extended due to
the mutated nucleotide and cannot displace the placeholder [206].

Figure 1.3 (e3) presents the protocol based on the methylation-specific antibodies
(such as methyl-binding domain proteins) and applied for DNA methylation sensing
[6]. The antibodies immobilized on the SERS substrate are used as captures that can
catch the labeled DNA sequences at their methyl groups. In case of no methylation
in the sequence, the DNA is not captured and its reporter does not produce any SERS
signal [207–209]. This method is mostly suitable for a global methylation evaluation,
while all previously presented techniques combined with bisulfite treatment can be
used for the regional methylation level measurement.

1.4 Discussion

The groups of protocols are arranged in Fig. 1.3 according to the complexity of their
working principle from the simplest to the most challenging. Thus, the capture-based
assays use one supporting DNA, while the displacement-based methods require two
DNAs. The sandwich-based approach applies an additional NP, while the cleavage-
based methods need enzymes. The specialized protocols require the complex cap-
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sules or application of polymerase, ligase, and antibodies. This arrangement can be
used to find the protocol that reached a good performance with a relatively simple
assay. The performance of the protocols will be assessed by two factors: detection
ability evaluated by the protocol’s limit of detection (LOD) and applicability in body
fluids. The LOD can be estimated by 3·σ

m , where σ is the standard deviation and m is
the slope of the calibration plot [195]. The LOD should be sufficient to measure the
physiological concentration of nucleic acids in body fluids: about 10−10M for DNAs
and about 10−14M for miRNAs. Regarding the applicability, the validation of the
biological protocols should be conducted in an environment as close as possible to
body fluids. The detection of the targets was presented in different media, including
water/buffer solution, spiked serum, total RNAs/DNAs extracted from cancer, and
real urine, plasma, or serum. The biological protocols will be evaluated using Ta-
ble 1.1 which provides the best-performed example for each detection method. The
best example was selected by first filtering the papers that achieved the LOD suffi-
cient for the detection of the target biomarker or, in the absence of one, the works
with the lowest LOD. Then, among those filtered papers, the one that presented the
best applicability in body fluid was selected.

As can be seen, most protocols have the labeled techniques as the best-performed
examples. The reporters used to achieve sensitive labeled detection are listed in the ta-
ble and include: p-methoxybenzoic acid (pMBA), 6-Carboxyl-X-Rhodamine (ROX),
6-Carboxyfluorescein (FAM), Cyanine-5 (Cy5), Cyanine-3 (Cy3), Rhodamine 6G
(R6G), Adenosine-5’-Triphosphate (ATP), crystal violet (CV), 4-Mercaptobenzoic
acid (MBA), 5,5̀-dithiobis(2-nitrobenzoic acid) (DTNB), 3-mercaptophenylboronic
acid (MPBA), 5-Carboxytetramethylrhodamine (TAMRA), 1-tetradecanol (TD), 4-
aminobenzenethiol (ABT), 4-mercapto-3-nitro benzoic acid (MNBA), 1,3,3,1̀,3̀,3̀,-
hexamethyl-2,2̀-indotricarbocyanine iodide (HITC), and texas red (TR). Most labeled
protocols have shown the LODs sufficient for measuring the physiological concentra-
tion of nucleic acids, except the hairpin-assisted displacement method that detected
miRNAs at about 5×10−12M [127] and the affinity difference-based capture protocol
that recognized point mutation in about 10−8M DNA [99]. In terms of applicability,
the protocols for miRNA measurement have demonstrated the most promising poten-
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tial: all labeled capture- and sandwich-based methods were tested in real serum, and
the displacement- and cleavage-based protocols were applied in total RNAs. To com-
pare, only four out of all labeled protocols for DNA point mutation (three capture-
and one displacement-based) were tested in complex matrices, like blood, plasma,
serum, and total RNA. No protocols for DNA methylation measurement were tested
in body fluids and only one labeled sandwich-based approach was applied in total
RNA. The length of nucleic acid is another parameter that should be considered to
evaluate the applicability. To recall, the length of miRNAs in body fluids is about
17-25 nt long, and most papers have presented their protocols for detecting 22-23
nt long sequences. Circulating DNAs are longer (about 150 nt), but most protocols
for their detection were tested for 17-53 nt long sequences. Only the hairpin-assisted
capture and displacement protocols have been used for the sufficiently long DNAs
detection [105, 117]. Thus, the protocols that achieved both sufficient LODs and ap-
plicability in body fluids are the labeled capture and sandwich protocols for miRNA
detection and the labeled capture and displacement protocols for DNA point mutation
recognition.

According to Table 1.1, the label-free methods are mentioned as best-performing
examples for some protocols, including simple and affinity difference-based capture
protocols for miRNA detection [83, 98], sandwich-based assay for point mutation
recognition [143], and simple capture protocol for methylation measurement [91].
Their LODs are insufficient or at a bare minimum for the miRNAs and DNAs de-
tection. The presented applicability of the label-free techniques is also not sufficient:
only the affinity difference-based method for miRNA detection was tested in total
RNAs. The potential of some label-free methods is promising, but more work should
be conducted to consider them for liquid biopsy application.

The SERS-based techniques were found to be mostly compatible with miRNAs
due to their shorter length and higher relative difference in sequences, making ma-
nipulations with them easier. Thus, the protocols for the detection of DNA point
mutation usually apply additional pre-amplification, and post-washing steps because
recognizing the mutation of one nucleotide in a long sequence is challenging. Most
protocols for the DNA methylation measurement requires also bi-sulfite treatment.
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Table 1.1: Performance of the SERS-based protocols for the measurement of miR-
NAs, DNA point mutation, DNA methylation level. LOD - limit of detection [24].

Protocol Fig. 1.3 Label Matrix LOD (M) Ref.
miRNAs

Capture

(a1) label-free buffer 5×10−10 [83]
(a2) pMBA serum 10−17 [94]
(a3) label-free total RNA 5×10−12 [98]
(a4) ROX,FAM,Cy5 serum 10−18 [105]

Displacement
(b1) Cy3 total RNA 5×10−17 [116]
(b2) Cy5 total RNA 5×10−12 [127]

Sandwich
(c1) Cy5 serum 2×10−16 [152]
(c2) R6G,4-ATP,CV serum 3×10−16 [161]
(c3) R6G serum 3×10−17 [181]

Cleavage
(d1) MBA total RNA 3×10−16 [188]
(d2) DTNB total RNA 1×10−16 [196]

Specialized (e1) MPBA spiked serum 1×10−17 [199]

DNA point mutation

Capture

(a1) Cy3,TAMRA plasma 5×10−11 [88]
(a2) DSNB serum 10−16 [95]
(a3) TR buffer 10−8 [99]
(a4) FAM total DNA 10−13 [112]

Displacement (b1) Cy5 blood 4×10−13 [120]

Sandwich
(c1) label-free buffer 10−6 [143]
(c2) TD,HITC buffer 10−16 [163]

Cleavage (d1) DTNB spiked serum 3×10−16 [193]

Specialized (e2) ABT buffer 3×10−14 [205]

DNA methylation

Capture
(a1) label-free water 10−10 [91]
(a4) Cy5 buffer 3×10−12 [92]

Sandwich (c1) MBA,MNBA total RNA 10−12 [145]

Specialized (e3) R6G spiked serum 2×10−12 [208]
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Thus, the detection of miRNA has not only shown better LOD and applicability but
also multiplexing abilities and integration with advanced substrates. For example, the
multiplex detection of up to 9 miRNAs [101, 105, 109, 117, 121, 139, 175] and even
simultaneous measurement of miRNA and other types of biomarkers (like proteins)
have been presented [94]. Moreover, some well-performed protocols for miRNA de-
tection have been applied with the advanced SERS substrates, microfluidic systems
[102, 115, 122, 123, 176], and lateral flow assays-based devices [109].

The review has shown that SERS-based methods have some advantages over cur-
rently applied fluorescence-based detection. First of all, the sensitivity of the label-
free techniques with relatively simple assays can be improved by designing the appro-
priate SERS sensors, especially for miRNA detection. The labeled protocols based on
one-to-two-step detection (capture and displacement) can also decrease the complex-
ity of currently used assays. Furthermore, the labeled SERS techniques can provide
better multiplexing abilities due to more narrow signals from the reporters, so the
diagnostic accuracy can be improved by relying on several biomarkers. Finally, the
labeled SERS can be applied in combination with fluorescence-based methods to
overcome their limitations and reach more accurate detection.

1.5 Conclusion

In conclusion, the literature review has shown that the SERS-based detection of ge-
nomic biomarkers, especially miRNAs, has gained considerable research attention
during the last decade. Some protocols for miRNA detection already reached suffi-
cient LODs and applicability to be implemented in practice. The label-free and some
one-to-two-step labeled capture or displacement protocols have shown sensitive de-
tection of genomic biomarkers with relatively simple assays, thus having the potential
to outperform or supplement the current fluorescence-based gold standard. Moreover,
the detection of up to 9 targets has been presented opening the opportunity for more
accurate diagnostics based on several biomarkers. Further research in this direction
should be focused on improving the sensitivity and reproducibility of the SERS sen-
sors. Therefore, in the next chapters, different SERS substrates (NPs on a solid sur-
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face, NPs colloidal solutions, PCFs with immobilized NPs) will be discussed. The
results of this review have been presented in paper [24], which can hopefully attract
the interest of many researchers to this topic and stimulate work in this direction.





Chapter 2

SERS measurements of miRNAs
and its bases

2.1 SERS substrates development

As previously discussed in chapter 1, there are three types of SERS substrates: metal
NPs in a colloidal solution, arrays of NPs on a solid substrate, and uniform metal
nanostructures. This section focuses on the fabrication and testing of NPs on a solid
substrate and colloidal solutions of NPs.

2.1.1 Fabrication and testing of NPs on the solid substrate

The synthesis and testing of the NPs on a solid substrate have been conducted during
the secondment at Politecnico di Torino, Turin, Italy. The NPs which are Au seeds
covered with Ag shell were grown on top of the glass slides to achieve a wider SPR
band. The fabrication process, illustrated in Fig. 2.1 (a-d), involves the following
steps :

• Glass preparation: Glass slides were cleaned using acetone, ethanol, and pi-
ranha solution. Then, the slides were incubated in an APTES solution to achieve
silanization.
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Figure 2.1: The development and testing of the SERS substrate based on Au-Ag NPs
on the glass slide: (a-d) fabrication procedure, (e) an SEM image of the substrate, (f)
a UV/Vis spectrum of the substrate, (g) a SERS spectra of 4-Mercaptobenzoic acid
measured at concentrations from 10−9 M to 10−7 M.

• Formation of the Au core: The seeding of AuNPs is achieved by incubating the
silanized glass slides in a solution of commercial 20 nm AuNPs as shown in
Fig. 2.1 (a). AuNPs were further grown to a size of 50-60 nm by a magnetic
stirring of the glass slides in a solution of gold chloride (HAuCl4) and hydrogen
peroxide (H2O2). Figure 2.1 (b) and (c) show the change of the color of the
glass from transparent to purple after the growth of AuNPs.

• Formation of the Ag shell: the shell was grown on the surface of AuNPs by
a magnetic stirring of the glass slides in a solution containing silver nitrate
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(AgNO3), trisodium citrate (Na3C6H5O7), and ascorbic acid (C6H8O6). Fig-
ure 2.1 (d) illustrates the color transition of the glass to a brownish shade sig-
nifying the formation of the Ag shell.

The characterization of the NPs has been performed using a scanning electron mi-
croscope (SEM) and UV/Vis spectroscopy. According to the SEM image in Fig. 2.1
(e), an arrangement of NPs on the glass is relatively uniform, and their average size is
about 90 nm. The UV/Vis spectrum in Figure 2.1 (f) exhibits two distinct SPR peaks
associated with Au (470-550 nm) and Ag (350-440 nm) NPs implying the successful
formation of Au-Ag NPs.

To evaluate the glass substrate’s performance, SERS measurements of MBA used
as a test molecule, were conducted. The measurement has been performed using
Horiba’s commercial Raman equipment with the following parameters: 785 nm wave-
length, 50 mW power, 1200 gr/mm grating, 10 s acquisition time, and 3 acquisitions.
Figure 2.1 (g) displays SERS spectra of MBA at concentrations ranging from 10−9

M to 10−7 M, with a prominent peak at approximately 1586 cm−1 associated with the
molecule. The peak intensity increases up to a concentration of 10−8 M, after which
it starts to decrease. This decrease may be attributed to the progressive degradation
of the Ag shell, as the same substrate was used for all five measurements. The glass
substrates were not employed for subsequent SERS measurements of miRNAs due
to the Ag shell’s rapid degradation and long fabrication time.

2.1.2 Fabrication of NPs colloidal solution

Colloidal solutions of NPs were prepared and employed for SERS measurements
during the secondment at Leibniz-IPHT in Jena, Germany. Three colloidal solutions
of NPs were fabricated, including gold NPs and two types of silver NPs produced
using the Leopold-Lendl and Lee-Meisel protocols, referred to as AgNPs-LL and
AgNPs-LM, respectively.

AuNPs were synthesized using the citrate-reduction method introduced by Turke-
vich and colleagues in 1951 [210] and is still being applied with some modifications
[211, 212]. In short, 50 ml of 0.01% gold chloride aqueous solution was boiled in the
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Figure 2.2: UV/Vis spectra of the synthesized NPs colloidal solutions: (a) AuNPs,
(b) AgNPs-LL (diluted 1:4), (c) AgNPs-LM (diluted 1:2).
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flask under vigorous stirring. Then, 0.6 ml of 1% trisodium citrate aqueous solution
was added quickly. The solution turned dark blue and eventually stabilized at purple,
as depicted in Fig. 2.2 (a). Boiling was continued for 30 minutes with a reflux system
to maintain a constant water level.

AgNPs-LL were fabricated following the protocol presented by Leopold-Lendl
in 2003 [213]. This method involves the reaction of 1 mM silver nitrate with 1.5
mM hydroxylamine hydrochloride (NH2OH ∗ HCl) and 3 mM sodium hydroxide
(NaOH) in the total volume of 100 ml of water [214, 215]. The reaction was held
under vigorous stirring at room temperature for 30 minutes. The final color of the
NPs solution is brown-gray as illustrated in Fig. 2.2 (b).

AgNPs-LM were synthesized using the citrate-reduction method presented by
Lee and Meisel in 1982 [216]. An aqueous solution of 1 mM silver nitrate was boiled
in a 100 ml flask, followed by a quick addition of 2 ml of a 1% aqueous solution
of trisodium citrate [214]. The solution turned green-yellow and was continuously
boiled for 60 minutes under vigorous stirring, utilizing a reflux device. The final
appearance of the NPs solution is displayed in Fig. 2.2 (c).

UV/Vis measurements were conducted to characterize the NPs. In Figure 2.2 (a),
the spectrum of AuNPs (blue line) exhibits an SPR peak at approximately 530 nm.
According to Ali et al., who followed the same protocol and obtained a similar
UV/Vis spectrum, the NPs are spherical with an average diameter of around 40 nm
[212]. Figure 2.2 (b) displays the UV/Vis spectrum of AgNPs-LL (blue line) with a
peak at about 406 nm, consistent with findings in [214]. This suggests that AgNPs-
LL are also spherical and fall within the size range of 10-30 nm. In Figure 2.2 (c),
the spectrum of AgNPs-LM (blue line) presents a broader peak than that reported in
[214]. This indicates a variation in the NPs’ sizes, likely ranging from 30-80 nm. Both
AgNPs-LL and AgNPs-LM were diluted with water due to oversaturation issues with
the pure NP solution.

An aggregation of the NPs with some agents is expected to improve SERS mea-
surements for two reasons. Firstly, adding an aggregating agent after introducing the
sample into the NPs solution can lead to the clustering of NPs around the sample
molecule, potentially increasing the SERS signal by trapping the sample in hot spots
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[58]. Secondly, all three NPs have an SPR peak smaller than the laser wavelength
(785 nm) used for SERS measurements. The NPs aggregation is expected to broaden
the SPR peak to cover the desired wavelength range. Therefore, various aggregating
agents were tested with all three colloidal solutions. Figure 2.2 displays the UV/Vis
spectra of each NPs solution after aggregation with potassium chloride KCl (orange
line) and magnesium sulfate MgSO4 (green line). Water was used as an analyte in
the measurement. For most aggregated NPs, the SPR peak intensity decreased, and
a new broad peak in the 600-900 nm range emerged. This indicates cluster forma-
tion and the expansion of wavelength range suitable for achieving significant SERS
enhancement.

2.2 SERS measurement of RNA bases with NPs colloidal
solution

2.2.1 SERS measurements of bases

The next step was determining the optimal NPs colloidal solution and aggregation
conditions. All RNA bases at a concentration of 10−4 M were measured with nine
different colloidal solutions. These include three types of aggregation conditions (no
aggregation, aggregation with KCl, and aggregation with MgSO4), each applied to
three types of NPs. SERS measurements have been conducted with the WITec Ra-
man system and with the following parameters: 785 nm wavelength, 80 mW power,
300 gr/mm grating, 2 s acquisition time, and 5 acquisitions. The samples have been
measured inside a 96-well plate, by mixing 90 µl of NPs, 90 µl of an analyte, and 20
µl of aggregating agents. SERS spectra were subjected to Baek’s baseline correction
algorithm.

Figure 2.3 illustrates the results of SERS measurement of NPs conducted to check
their background (a) and the results of Raman measurement of all RNA bases per-
formed without the application of NPs (b). The SERS spectrum of AgNPs-LL ex-
hibits minimal background, while the spectra of AuNPs and AgNPs-LL show some
peaks that may influence the measured samples’ spectra. However, if the contribu-
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tion from a sample is sufficiently high, the background from AuNPs and AgNPs-LL
is expected to be negligible. According to Fig. 2.3 (b), no prominent peaks can be
detected by Raman measurement, so the use of NPs to enhance the signal is crucial.

Figure 2.3: (a) The SERS spectra of the bare NPs and (b) the Raman spectra of RNA
bases, such as adenine, guanine, cytosine, uracil.

Figure 2.4 displays SERS spectra of all four bases obtained using nine different
colloidal solutions. SERS spectra of each base exhibit several prominent peaks, that
are listed in Table 2.1. The band assignment for each peak provided in the table has
been performed according to [47]. The most distinctive peaks that will be mainly
used for the discrimination of each base in further experiments are adenine’s peak
at 734 cm−1, cytosine’s peaks at 792 cm−1 and 1303 cm−1, guanine’s peak around
658 cm−1, and uracil’s peak at 796 cm−1. Notably, uracil exhibits the least inten-
sity of the SERS peaks which is almost commensurate with the background from
NPs. Therefore, it was challenging to detect uracil and the best conditions appeared
to be the NPs aggregated with MgSO4. Other bases could be measured by most of
the conditions, but overall AuNPs without aggregation exhibit a good performance.
Consequently, the four most promising solutions have been selected for further tests:
AuNPs, AuNPs aggregated with MgSO4, AgNPs-LL aggregated with MgSO4, and
AgNPs-LM aggregated with MgSO4.
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Figure 2.4: The SERS spectra of RNA bases measured at a 10−4 M concentration: (a)
A - adenine, (b) C - cytosine, (c) G - guanine, (d) U - uracil.



2.2. SERS measurement of RNA bases with NPs colloidal solution 33

Table 2.1: Band assignment for the SERS spectra of RNA bases [47].

.

Base
Wavenumber

(cm−1)
Band assignment

A
de

ni
ne

626 6-ring deformation
734 ring breathing
961 5-ring deformation
1331 stretching C5-N7, N1-C2, C2-N3, C5-C6, bending C2/8-H
1398 stretching C4-N9, C4-C5, C6-N10, N7-C8, bending C2-H
1457 stretching C2-N3, N1-C6, bending C2-H, scissoring NH2

C
yt

os
in

e

792 ring breathing
1037 wagging CH3
1195 ring stretching C-N
1303 ring stretching C-N
1422 bending N1-H, C5-H, C6-H
1590 bend NH2

G
ua

ni
ne

658 6-ring breathing, 5-ring deformation, wagging NH2

957 5-ring deformation
1346 bending N1-H, N10-H12, stretching C2-N10
1381 ring stretching C-N, C-C, rocking NH2, bending N1/9-H
1464 ring stretching C-N, bending C8-H, N1-H, N10-H
1537 ring stretching C-N, scissoring NH2, bending N1-H
1574 scissoring NH2, stretching C2-N10

U
ra

ci
l

796 ring breathing
1045 ring deformation
1210 bending N1-H, C6-H, C5-H, stretching C6-N1
1271 stretching N3-C4, C4-C5, C6-N1, bending N1-H, C5/6-H
1398 bending N1-H, C6-H, C5-H
1533 stretching C5-C6, C6-N1 bending C6-H
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2.2.2 SERS measurements of the mixtures of bases

All bases, initially at a concentration of 10−4 M, were mixed in equal ratios, result-
ing in a total of 11 mixtures containing 2 to 4 bases. The mixtures were measured
with four colloidal solutions mentioned earlier. For clarity, the SERS spectra of mix-
tures containing adenine are consolidated and displayed in Fig. 2.5. Each spectrum is
denoted by the initial letters of the bases included in the mixture.

Figure 2.5: The SERS spectra of the mixtures of A (adenine), C (cytosine), G (gua-
nine), U (uracil) at 10−4 M measured with (a) AuNPs, (b) AuNPs aggregated with
MgSO4, (c) AgNPs-LM aggregated with MgSO4, (d) AgNPs-LL aggregated with
MgSO4.
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The prevalence of adenine in the mixtures is in agreement with the dominance
rule in DNA/RNA sequences mentioned in chapter 1. The peaks of cytosine and uracil
around 792 cm−1 and 796 cm−1 are very small but detectable by all colloidal solu-
tions except AgNPs-LL aggregated with MgSO4. Since the peaks are very close to
each other they are combined into one peak for the mixtures containing both bases.
Detecting guanine is challenging because its peak at 658 cm−1 is close to the ade-
nine’s peak at 626 cm−1. Nevertheless, in mixtures containing guanine and measured
with AgNPs-LM and AgNPs-LL, the peak broadens, indicating its presence.

Figure 2.6: SERS spectra of the mixtures of G (guanine), C (cytosine), U (uracil) at
10−4 M measured with (a) AuNPs, (b) AuNPs aggregated with MgSO4, (c) AgNPs-
LM aggregated with MgSO4, (d) AgNPs-LL aggregated with MgSO4.
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Figure 2.6 (a-d) shows that in the absence of adenine, guanine starts to dominate
over the other two bases. It is not in agreement with the dominance rule inside the
sequence, which states that cytosine should be the second dominating base. In the
mixtures, the peaks of cytosine around 792 and 1303 cm−1 are detected by all four
measurement conditions. The peak of uracil around 796 cm−1 is only detected by
AgNPs-LM aggregated with MgSO4 (see Fig. 2.6, c).

Figure 2.7: The SERS spectra of the mixture of C (cytosine) and U (uracil) at 10−4

M measured with (a) AuNPs, (b) AuNPs aggregated with MgSO4, (c) AgNPs-LM
aggregated with MgSO4, (d) AgNPs-LL aggregated with MgSO4.

Figure 2.7 (a-d) depicts the SERS spectra of the mixtures of cytosine and uracil
measured with four colloidal solutions. The spectra of C and CU have been normal-
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ized by their common peak around 792-796 cm−1. There is no significant difference
between the two spectra when measured with AuNP, both non-aggregated and ag-
gregated with MgSO4. The most noticeable difference is in the cytosine’s peak at
1303 cm−1 that can be detected by AgNPs-LM aggregated with MgSO4. It again
shows the ability of this solution to discriminate between cytosine and uracil bases.

Thus, the measurement of bases and their mixtures revealed AgNPs-LM aggre-
gated with MgSO4 to be the most sensitive SERS substrate among all tested solu-
tions. This is in agreement with the study of [54], who compared the performance of
AgNPs-LM without aggregation, aggregated with MgCl, and aggregated with MgSO4

and found out that the latter provides the best SERS enhancement of anions.

2.3 SERS measurement of miRNAs

One of the first discovered miRNAs is the let7 family, which involves 13 miRNAs
with similar sequences and functions that are associated with different types of can-
cer [217, 218]. Thus, let7a is overexpressed in the serum of breast, prostate, renal,
and colon cancer patients and is underexpressed in the serum of people with lung and
gastric cancer. Let7i is upregulated in the serum of breast and gastric patients and
downregulated in the lung and thyroid cancer patients’ serum [217]. Two miRNAs
being from the same family have highly similar sequences, with a variance of 4 nu-
cleotides. Specifically, let7a has a sequence UGAGGUAGUAGGUUGUAUAGUU,
characterized by 5 As, 8 Gs, 9 Us, and no Cs. In contrast, let7i has a sequence UGAG-
GUAGUAGUUUGUGCUGUU, consisting of 3 As, 8 Gs, 10 Us, and 1 Cs. Two miR-
NAs and the bases used in this chapter were supplied by Sigma Aldrich.

In this section, four aforementioned NPs solutions will be employed to conduct
SERS measurements of miRNAs. The objective is to assess whether AgNPs-LM is
indeed the optimal choice for this application. Figures 2.8 depict the SERS spectra
of let7a (blue) and let7i (green) across various concentrations ranging from 10−4M
to 10−8M. According to Fig. 2.8 (d), the least promising results were obtained with
AgNPs-LL. This is evidenced by the absence of characteristic peaks associated with
adenine (734 cm−1) and other bases in the miRNAs spectra. The spectra resemble
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that of a control sample, comprising RNAse-free water mixed with NPs and the ag-
gregating agent (represented by the dotted black line).

Figure 2.8: The SERS spectra of let7a and let7i at different concentrations measured
with (a) AuNPs, (b) AuNPs aggregated with MgSO4, (c) AgNPs-LM aggregated with
MgSO4, (d) AgNPs-LL aggregated with MgSO4. The peaks of A (adenine) and C/U
(common peak of cytosine and uracil) are noted.

According to Fig. 2.8 (a-c), the SERS spectra of miRNAs at 10−4M measured
by the other three colloidal solutions contain the peak of adenine around 710 cm−1.
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The peak shift can potentially be attributed to the high concentration of DENINE
with respect to the NPs size which may have led to a reduced SERS effect and the
detection of the Raman signal of adenine instead. As depicted in Fig.2.8 (a), the SERS
spectra of miRNAs at a lower concentration, measured using AuNPs, resemble the
spectrum of water, leaving miRNAs undetectable. However, AuNPs aggregated with
MgSO4 provide distinct SERS spectra of miRNAs at lower concentrations. Fig.2.8
(b) illustrates that the adenine’s peak for 10−5 M miRNAs is broadened, potentially
indicating the presence of both Raman and SERS signals from the molecule. As the
concentration decreases further, the adenine’s peak not only aligns with the expected
734 cm−1 position but also intensifies, likely due to an improved miRNA-to-NP ratio.
The lowest miRNA concentration remains undetected. Figure 2.8 (c) demonstrates
that AgNPs-LM outperforms other solutions by providing the distinctive adenine’s
peak at 734 cm−1 and the common peak of cytosine and uracil around 792 cm−1 for
all concentrations down to 10−8 M.

Thus, AgNPs-LM resulted in the best performance among all tested solutions
because of the lower detection limits and more observable cytosine peak. It confirms
the results of SERS measurement of the bases and their mixtures. The second best
solution is AuNPs aggregated with MgSO4.

2.3.1 Comparison of SERS spectra of let7a and let7i

The ratio of the number of cytosines and uracils to the number of adenines in let7a and
let7i is 1.80 and 3.67, respectively. Consequently, the following relation is expected
for the ratio of their peak around 792 cm−1 (C/U) and 734 cm−1 (A):

peakCUlet7a

peakAlet7a
<

peakCUlet7i

peakAlet7i
(2.1)

This assumption is going to be tested and, if validated, can be used to discriminate
two miRNAs from each other.

As shown previously, highly concentrated miRNAs resulted in the left-shifted
spectra, so miRNAs at the concentration from 10−6M to 10−8M with smaller incre-
ments have been measured using AgNPs-LM aggregated with MgSO4. Figure 2.9 (a)
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illustrates that the SERS spectra have prominent peaks of adenine and cytosine/uracil,
but the intensity of these peaks does not follow a linear pattern concerning miRNA
concentration. This is because any small variations in the NPs used to measure each
sample can make it difficult to obtain quantitative information. In addition, Fig. 2.9
(b) shows that the ratio of the peaks varies for both miRNAs at different concentra-
tions and does not satisfy the ratio in Eq. 2.1. This is probably because the orientation
of the miRNAs towards the NPs is not fixed, so the intensity depends on the distance
between each base and neighboring NPs.

Figure 2.9: (a) The SERS spectra of let7a and let7i at different concentrations mea-
sured with AgNPs-LM aggregated by MgSO4. (b) The ratio of the intensity of C/U’s
(common peak of cytosine and uracil) peak to the intensity of A’s (adenine) peak.

For reference, the miRNAs have been also measured with commercial substrates,
Silmeco Ag nanorods on the solid surface. Figure 2.10 shows two miRNAs at 10−4

to 10−7 M concentration measured with the commercial substrates. In general, the
results are similar to the ones achieved with AgNPs-LM. The spectra of the highest
concentration of miRNAs are left-shifted, so the Raman signal is probably prevail-
ing. The spectra of miRNAs at 10−5 and 10−6 M contain the expected adenine’s and
cytosine/uracil’s peak. To facilitate a better comparison of peak ratios, these spectra
have been normalized based on the adenine’s peak. However, the ratio of the cuto-
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Figure 2.10: The SERS spectra of let7a and let7i at different concentrations measured
on the Ag Silmeco commercial substrates. The peaks of A (adenine) and C/U (com-
mon peak of cytosine and uracil) are noted. All bases are measured with AgNPs-LM
aggregated by MgSO4 and are normalized. SERS spectra of miRNAs are normalized
by the A’s peak.

sine/uracil’s peak around 792 cm−1 to the adenine’s peak at 734 cm−1 is higher for
let7a, which does not align with Eq. 2.1. The spectra of miRNAs at 10−7 M are not
distinctive, indicating that the limit of detection for the commercial substrates falls
within the same range as that of the produced AgNPs-LM and AuNPs.

2.4 Conclusion

In conclusion, the produced AuNPs and AgNPs-LM, both aggregated with MgSO4,
have demonstrated superior performance among all the combinations of NPs and
aggregating agents. The synthesized NPs perform comparably to commercial sub-
strates, but they should be further improved to achieve more sensitive and repro-
ducible detection. Firstly, the achieved LOD of about 10−8 M is not sufficient for
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the detection of miRNAs because their concentration in body fluids is about 10−12 −
10−14M. Secondly, the random orientation of miRNAs towards metal NPs does not
allow the use of the bases’ peaks for miRNA discrimination.

One of the possible improvements can be an application of the biological proto-
cols presented in chapter 1 to get not only a target-specific detection but also a more
fixed orientation of miRNAs towards NPs. In that case, the intensity of the peaks
might offer more reliable insights into the concentration of individual bases within
the miRNA and thus be used for miRNA discrimination. Therefore, the application of
the capture-based protocol will be presented in the next chapter. Additionally, various
strategies for enhancing detection, such as integrating AgNPs-LM with microfluidics
and employing TERS probes, will be explored in subsequent chapters.
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Application of the capture-based
protocol for miRNAs detection

3.1 Experimental setup and functionalization protocol

In chapter 2, miRNAs have been measured without any biological protocols, but it
resulted in the non-fixed orientation of miRNAs and non-specific detection. In this
section, the DNAs complementary to the target miRNAs will be used to capture tar-
gets. Four oligonucleotides were ordered from Eurofins company: two miRNAs, let7a
and let7i, and two fully complementary thiolated DNAs, referred to as DNA7a and
DNA7i. The sequences of oligonucleotides are given in Table 3.1.

Table 3.1: Sequence of the miRNAs and DNAs used in the experiments. A - adenine,
C - cytosine, G - guanine, U - uracil, T - thymine.

Name Sequence
Number of

A, C, G, U, T
let7a 5’-UGAGGUAGUAGGUUGUAUAGUU-3’ 5, 0, 8, 9, 0

let7i 5’-UGAGGUAGUAGUUUGUGCUGUU-3’ 3, 1, 8, 10, 0

DNA7a 5’-thiol-AACTATACAACCTACTACCTCA-3’ 9, 8, 0, 0, 5

DNA7i 5’-thiol-AACAGCACAAACTACTACCTCA-3’ 10, 8, 1, 0, 3



44 Chapter 3. Application of the capture-based protocol for miRNAs detection

Figure 3.1: Raman setup built at Tyndall National Institute (Ireland) [219, 220] con-
sists of (a) two light sources, (b) a multi-configuration Raman acquisition unit, (c)
a spectrometer connected to (d) a computer with software. The acquisition unit can
be configured to measure (e) the samples on the solid substrates and inside (f) the
Photonic Crystal fibers.

SERS measurements have been performed with a home-built multi-configuration
Raman setup developed by [219, 220] and shown in Fig. 3.1. The system consists
of two light sources, visible used for camera observations and a 785 nm laser for
SERS measurement, a Raman acquisition unit, and a spectrometer connected to a
computer with the acquisition software. Two modes of the Raman acquisition unit are
used in this thesis: a stage for measurement of the solid and liquid SERS substrates
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(Fig. 3.1, e) and a specific fiber’s holder for the measurement with Photonic Crystal
Fibers (Fig. 3.1, f). SERS measurements have been conducted with 10 mW power,
1200 gr/mm grating, 3 acquisitions, and 10 s acquisition time.

The top-performing NPs from the previous chapter, AgNPs-LM produced us-
ing the Lee-Meisel protocol and AuNPs produced using the Turkevich method, are
employed in this experiment. The SERS substrate, illustrated in Fig.3.1 (e), was fab-
ricated by depositing a 2 µL droplet of highly concentrated Au/Ag NPs onto a CaF2

slide and allowing it to dry. Highly concentrated NPs were achieved through cen-
trifugation of 200 µL of the NPs solution at 9800 rpm for 24 minutes, followed by
removal of about 195 µL of supernatant. As a result, the NPs left in the pellet are
about 40 times more concentrated than in the original solution. Two different meth-
ods of immobilizing the capture DNAs on the substrate were investigated. In the first
method, 2 µL of each of the two DNAs at a concentration of 0.1 mM were deposited
onto the substrate and allowed to dry for 1 hour, anticipating the attachment of DNA
molecules to the NPs via their thiol groups. Another approach, adapted from [221],
involves the use of tris(2-carboxyethyl)phosphine (TCEP) to achieve a standing con-
figuration of DNAs, facilitating their binding with the target miRNAs. Thus, each of
the two DNAs at a concentration of 0.1 mM was mixed with 20 µM TCEP at a 1:1
ratio, resulting in a final concentration of DNAs at 0.05 mM. Subsequently, 2 µL of
TCEP-treated DNAs were deposited onto the substrate and left to dry for 1 hour. For
SERS measurements, the CaF2 substrate with the samples was positioned on the glass
slide covered by aluminum foil to eliminate the Raman background interference from
the glass.

3.2 SERS measurement of DNAs and miRNAs

According to the previous chapter, AgNPs-LM colloidal solution shows the best per-
formance for miRNA detection, followed by AuNPs. In this experiment, the two
NPs will be used for the measurement of DNA7a on the CaF2 substrate. Figure 3.2
presents the SERS spectra of pure and TCEP-treated DNA7a immobilized on AuNPs
(a) and AgNPs-LM (b) by following the previously described procedures. As in the
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experiments presented in chapter 2, AgNPs-LM have shown better performance for
the detection of nucleic acids: there are significant peaks of adenine around 734 and
1331 cm−1 in the spectrum of pure DNA7a. The peaks are smaller in the spectrum of
TCEP-treated DNA7a probably due to twice less concentration of DNA. AuNPs re-
sulted in a very small adenine’s peak only in the spectrum of pure DNA7a. Therefore,
in further experiments, the measurements are performed using AgNPs-LM.

Figure 3.2: The SERS spectra of pure and TCEP-treated DNA7a measured with (a)
AuNPs and (b) AgNPs-LM on the CaF2 slides. The peaks of A (adenine) are noted.

In the next measurement, the immobilized DNAs were rinsed by dropping water
and letting it dry for 15 minutes to remove crystalized sediments. Using AgNPs-LM,
three trials of measurement of DNA7a and DNA7i (pure and TCEP-treated) have
been performed. Figure 3.3 (a,b) shows that the additional washing step resulted in
the appearance of a peak around 790 cm−1. It is the combination of thymine’s peak
around 784 cm−1 and C’s peak at 792 cm−1 [47]. According to Fig. 3.3 (c), the
ratio of the intensities of combined C/T’s peak to the intensity of A’s peak at 734
cm−1 for both DNAs varies significantly, but overall it is higher for DNA7i. As can
be noticed, the TCEP treatment increases the difference between the ratios for the
two DNAs, so the ratio for the TCEP-treated DNA7i has a prominently high value.
The expectation was the opposite because the ratio of the number of cytosines and
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thymines to the number of adenines in the sequences of DNA7a and DNA7i is 1.44
and 1.10 respectively. As in the previous chapter, the ratio of the peaks was found to
be an unreliable parameter for sequence discrimination. However, DNAs can still be
used as captures for discrimination of the target miRNAs.

Figure 3.3: The SERS spectra of (a) DNA7a and (b) DNA7i measured with AgNPs-
LM on the CaF2 slides. (c) The ratio of the intensities of the peak of C/T’s (cytosine
and thymine combined peak) around 790 cm−1 to the peak of A (adenine) around
734 cm−1 calculated for all pure and TCEP-treated DNAs. The mean and standard
deviations are calculated based on 3 trials of each measurement.

The next measurement was aimed at studying the capturing of let7a by both
DNAs. After immobilization of pure and TCEP-treated DNA7a and DNA7i by the
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Figure 3.4: The SERS spectra of let7a captured by DNA7a (a,b) and DNA7i (c,d)
measured with AgNPs-LM on CaF2 slides. Two trials have been conducted of each
experiment have been conducted. The peaks of A (adenine), C/T (common peak of
cytosine and thymine), and G (guanine) are noted.

previous protocol, 2 µL of let7a at 10−4M concentration was dropped and left drying
for 1 hour. Figure 3.4 illustrates the SERS spectra obtained from two trials of mea-
surement of let7a captured by DNA7a (a,b) and DNA7i (c,d). The spectra of pure and
TCEP-treated DNAs are averaged and shown by blue and black lines on each sub-
plot. It should be noted that DNA7a and DNA7i have only 0 and 1 guanine in their
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Figure 3.5: The SERS spectra of let7a captured by DNA7a (a) and DNA7i (c) and
let7i captured by DNA7a (d) and DNA7i (b). The miRNAs/DNAs were immobilized
on AgNPs-LM by long incubation of the CaF2 slides in their solution. The peaks of A
(adenine), C/T (common peak of cytosine and thymine), and G (guanine) are noted.

sequences, so the hybridization with let7a which has 8 guanines should be reflected
in the spectrum first of all by the appearance of its peak. Those measurements have
been performed in the range of 693.4-2662.4 cm−1 due to the original settings of
the instrument, so the most prominent guanine’s peak around 658 cm−1 is out of the
range of this measurement. However, an evaluation can be made based on another
guanine’s peak around 1574 cm−1, which is absent for all spectra with DNAs and
starts to appear after the addition of let7a. The peak seems more prominent when the
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DNAs are mixed with TCEP because it stimulates the binding with miRNAs. More-
over, the guanine’s peak is more intense for the cases when let7a was captured by the
fully complementary DNA7a (Fig. 3.4 a,b) rather than by partially complementary
DNA7i (Fig. 3.4 c,d): relative intensities are about 150 versus 80-100.

The final measurement was aimed at checking another protocol of the DNAs/miRNAs
immobilization on NPs presented by [84]. The CaF2 slide with AgNPs-LM was im-
mersed into 20 µL solution of TCEP-treated DNA with the concentration of DNA
of 1µM and left for 8-12 hours at room temperature. Then, the slide was washed by
immersing it in the well with water for 5 minutes and drying it for 30 minutes. After
recording the SERS spectra of TCEP-treated DNA, the slide was further incubated
in 20 µL solution of miRNAs at a concentration of 1µM for 4-6 hours following the
wash and dry step. Then, SERS spectra of miRNAs have been recorded. Figure 3.5
illustrates that a long incubation helped to achieve good spectra for low-concentrated
sequences: the peaks of all bases are clearly distinguishable. The range of measure-
ment was changed to 221.9-2381.1 cm−1 to include the peak of guanine around
658 cm−1. As was expected, this peak is present only when miRNAs are added, but
is present both when the target miRNAs are matched with the DNAs (let7a-DNA7a
and let7i-DNA7i) and when the sequences are only partially complementary (let7a-
DNA7i and let7i-DNA7a).

3.3 Conclusion

In conclusion, this experiment has again demonstrated the superior performance of
AgNPs-LM for nucleic acid measurements so they will be used in the next chapter.
Measurement with the NPs on the CaF2 substrate resulted in good SERS spectra for
DNAs and miRNAs. Notably, the method of immobilization of DNAs and miRNAs
on the substrate influences the sensitivity of SERS measurements. Thus, a long in-
cubation (4-12 hours) of the substrate in each sample of DNAs and miRNAs can
provide good spectra at 10−6 M concentration, while only 10−4 M was detected by
dropping the samples on the substrate and leaving it for 1 hour. The hybridization of
miRNAs by DNA is detectable by the peak of guanine. However, it is challenging to
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distinguish partially mismatched miRNAs from the target due to a lack of sensitiv-
ity and reproducibility. The application of PCF for SERS measurement as a way to
achieve more sensitive and reproducible results will be explored in the next chapter.





Chapter 4

PCFs as microfluidic devices for
the DNA and miRNA detection

4.1 Photonic crystal fibers theory

Photonic crystal fibers (PCFs) are the types of optical fibers that are typically charac-
terized by hollow regions in their cross-section [46]. Due to this feature, PCFs have
been widely studied for different applications, including biosensing.

Based on the geometry of PCFs, they are divided into two groups, such as solid-
core (SC) and hollow-core (HC) PCFs. There are different types of SC-PCFs and
HC-PCFs, some of which are shown in Fig. 4.1. For example, a standard SC-PCF
shown in Fig. 4.1 (a) consists of a solid core surrounded by a periodic array of holes.
Another type called suspended-core (SuC) PCF has a core suspended in air and held
by the three silica struts (Fig. 4.1, b). The standard HC-PCF consists of the hollow
core surrounded by the periodic array of holes as shown in Fig. 4.1 (c). Another type
of HC-PCF depicted in Fig. 4.1 (d) is called tube lattice fiber (TLF). It consists of a
hollow core and some hollow tubes around it.

The light can be guided in PCFs by different mechanisms, including modified
total internal reflection (TIR), photonic bandgap, and inhibited coupling [226, 227].
Modified TIR is exploited by some SC-PCFs because their holes-inclusive cladding
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Figure 4.1: Types of PCFs: (a) standard SC-PCF reproduced from [222], (b)
suspended-core SC-PCF reproduced from [223], (c) standard HC-PCF reproduced
from [224], (d) tube lattice HC-PCF reproduced from [225].

has an effective refractive index lower than that of the solid core [226]. The photonic
bandgap mechanism, which is applied in both SC-PCFs and HC-PCFs, relies on the
periodic variation in the refractive index within the fiber’s cladding. This periodicity
leads to the creation of a photonic bandgap, where particular wavelengths of light
are not allowed to escape the hollow core and are, thus, effectively trapped within
the core [226]. The inhibited coupling confinement mechanism used in HC-PCFs
relies on the nature of the coupling between the fundamental mode (FM) of the core
and the cladding modes. The inhibited coupling fibers have quasi-continuum cladding
modes, some of which exhibit a transverse electric field distribution with rapid spatial
oscillations. Those cladding modes have weak coupling with the core’s FM, so the
latter stays confined inside the core [228].

The hollow regions of PCFs can be used for the incorporation of liquid, and their
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interaction with light over the whole length of fiber can be used for different sensing
purposes. Since the core of SC-PCFs is solid, the analyte is injected into the holes of
the cladding. In that case, it interacts with the evanescent light present in the cladding.
On the other hand, the hollow core feature of HC-PCFs allows the incorporation of
analytes directly inside the core where it can interact with guided light.

There are many studied applications of PCFs for the measurements of biomolecules,
including nucleic acids. For example, DNA can be labeled with a dye, like Cy5, that
absorbs light at a particular wavelength range. Then, the aqueous solution of the la-
beled DNA can be injected into the holes of the standard SC-PCFs. The evanescent
light partially absorbed by the dye induces changes in the transmission spectrum,
allowing the detection of DNA [229]. Another method is based on the step-by-step
immobilization of multiple molecules, including target DNA and its aptamers, inside
the TLF in order to form a bio-layer on the fiber’s walls. The created layer increases
the thickness of the cladding and this small change in geometry results in the de-
tectable shift of transmission spectrum [227, 230].

The PCFs have also been used as a microfluidic platform for the SERS-based
measurements of different biomolecules. For example, the detection of haptoglobin
has been reached by anchoring AuNPs inside the SuC-PCF and then immobilizing
thiol-modified haptoglobin. After that, the injected labeled antibody is captured by
the haptoglobin, and the SERS spectrum of the label molecule is detected [223]. The
main advantage of using PCFs for SERS measurement is the potential to improve
sensitivity and reproducibility due to the increased number of collected photons and
the longer interaction area of light with the NPs and analyte in comparison with the
single-point SERS measurement [46]. Previous experiments revealed that the tested
substrates lacked the sensitivity required for detecting low-concentration miRNAs in
body fluids and struggled with reproducibility in distinguishing different miRNAs
based on their peaks’ ratios. As a result, integrating PCFs with SERS for miRNA
measurements can be a promising solution.

In this chapter, two different methods of DNA/miRNA detection inside PCFs
will be studied. Firstly, the simulation and experimental results of the SERS-based
measurement of DNAs and miRNAs inside SuC-PCFs will be discussed. Then, the



56 Chapter 4. PCFs as microfluidic devices for the DNA and miRNA detection

setup and procedure for the transmission spectra shift-based detection inside TLFs
will be presented.

4.2 SERS-based measurement of DNAs and miRNAs inside
SuC-PCFs

SERS measurements of analytes were conducted inside SuC-PCFs with different core
and cladding sizes produced at University of Limoges, France. The PCFs have been
selected because of the promising sensitivity, reproducibility, and repeatability that
they have shown in the SERS measurement of 4-Aminothiophenol [231]. The mea-
surements were conducted during the secondment at Tyndall National Institute, Cork,
Ireland.

4.2.1 Simulations of PCFs

The model used as a reference

Preceding the experimental phase, simulations of PCFs were performed using COM-
SOL to identify optimal parameters, including NPs concentration and PCF dimen-
sions. The simulation model used in this study was adapted from the model origi-
nally proposed by Beffara [46]. As illustrated in Figure 4.2, Beffara’s approach in-
volves representing SuC-PCF as a step-index fiber (SIF) with a silica core and hollow
cladding filled with water to emulate biofluid. Additionally, an effective layer is in-
troduced where metallic NPs are anchored to the core, facilitating interaction with the
evanescent field and analyte. The effective layer, which thickness is approximated as
twice the radius of the NPs, is made of a composite material. Its dielectric constant
can be determined using the following equation:

εe f f (λ ) = εw(λ )
εm(λ )+2εw(λ )+2 f (εm(λ )− εw(λ ))

εm(λ )+2εw(λ )− f (εm(λ )− εw(λ ))
(4.1)

In this equation, εw(λ ) and εm(λ ) are the electric permitivities of water and metal
NPs respectively, and f is a filling factor of NPs. The electric permittivities at a spe-
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cific wavelength can be found in the database [232]: εw(λ ) from Hale and Querry
and εm(λ ) from Rakic. The calculated dielectric constant is used to find the refrac-
tive index of the effective layer.

Figure 4.2: (a) Schematics of the model that can be used to correspond closely to the
real SuC PCF. (b) Schematics of the SIF approximation that has been simulated by
Beffara. In both schematics, 1 (gray) represents the silica region, 2 (yellow) represents
the effective layer and 3 (blue) represents water. Reproduced from [46].

The factor proportional to the Raman intensity (FRI) can be calculated by the
following equation:

FRI = PsurL f iberCD
[

ηe f f
1− e−αL f iber

αL f iber

]2

(4.2)

It can be seen, that the Raman intensity depends on the fiber’s parameters, such
as its length (L f iber) and the perimeter of the effective layer’s surface (Psur). It also
depends on the cover density of NPs (CD), the power of the evanescence field in the
effective layer (ηe f f ), and the attenuation coefficient (α = 4π

λ
Im(ne f f )).
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Suspended-core PCFs model development

To create a more realistic representation of the SuC-PCF, a comprehensive model
will be constructed and simulated within COMSOL. As depicted in Figure 4.3 (a),
this model comprises a silica core with a diameter Dcore connected to three silica
struts with a thickness of Tstrut and three holes filled with water, each with a diameter
of Dhole. The core of the fiber is envisioned as a circle inscribed within the triangular
arrangement of the three holes, as illustrated in Figure 4.3 (b), where OK corresponds
to the half of Dcore.

Figure 4.3 (c) shows that the effective layer is drawn by inscribing the composite
shape A1B1K1C1D1 within each hole, offset by twice the radius of the immobilized
metal NPs. So, the thickness of the effective layer Te f f = 2×RNPs. The outer layer is
omitted from the model because the light beam is significantly smaller than the outer
layer’s radius, making it reasonable to assume that light does not reach this region.

Figure 4.3 (d) demonstrates the progressive stages of the model’s development.
Initially, a one-third segment of a circle with a radius Rhole =

Dhole
2 was drawn. To form

the struts, two rectangles, each with a thickness of t = Tstrut
2 were then subtracted from

both sides of this sector. The core was shaped by rounding the upper angle ̸ BLC by
incorporating the arc BKC achieved using the fillet function. The function requires
the radius of the arc R f illet , and its calculation becomes a geometric problem. The
problem is solved step by step using the schematics in Fig. 4.3 (d):

• Rectangle ANOM: AN = OM = t; AO = Rhole; ̸ AON = α = arcsin( t
Rhole

);
NO = AM = t × cot(α)

• Quadrilateral BLCO1: ̸ BLC is 120◦, as BL and LC are parallel to NO and OS,
which form a one-third of the circle; angles ̸ O1CL and ̸ O1BL are right, so
̸ BO1C = 60◦. Thus, △O1BC is equilateral and O1B = O1C = BC = R f illet .

• Right triangle △LHC scaled and drawn separately: ̸ HLC =
̸ BLC

2 = 60◦, HC =
BC
2 =

R f illet
2 , LK =OK−OL= Dcore

2 − 2t√
3
, KH =O1K−O1H =R f illet −

√
3

2 R f illet .

• Right triangle △OML scaled and drawn separately: ̸ MLO = ̸ HLC = 60◦,
OM = t,LM = OM× cot(60◦) = t√

3
,OL = OM

sin(60◦) =
2t√

3
.



4.2. SERS-based measurement of DNAs and miRNAs inside SuC-PCFs 59

Figure 4.3: Development of a SuC-PCF’s model in COMSOL: (a) the model of SuC-
PCF consisting of silica core and struts (gray), holes filled with water (blue), effective
layer (yellow); (b) schematics of the core; (c) schematics of the hole and effective
layer; (d) schematics of the calculations to construct the hole.
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Finally, the following relation within triangle △LHC can be used to determine
R f illet :

LK +KH
HC

= cot(60◦) (4.3)

Dcore
2 − 2t√

3
+R f illet −

√
3

2 R f illet

R f illet
2

=
1√
3

(4.4)

R f illet =

√
3Dcore −4t
4−2

√
3

(4.5)

After the construction of the model’s geometry, the material properties should
be assigned to each region. The core and struts are made from silica, the holes are
filled with water considering that the analyzed samples will be dissolved in water and
injected into the holes. The effective layer is a composite of metal NPs immobilized
on the surface and water. The refractive index of silica (nSi) for a specific wavelength
can be determined using the Sellmeier equation [233]. The refractive indices of water
and the effective layer are derived from the square root of their respective dielectric
constants, εw(λ ) and εe f f (λ ). The value of εe f f (λ ) is computed using equation 4.1,
in which the filling factor f depends on the volume of all NPs (VNPs) and the volume of
the effective layer (Ve f f ) as follows: f = VNPs

Ve f f
. The VNPs can be found by multiplying

the volume of each spherical NP by the number of NPs, which, in turn, depends on
the CD and the perimeter of the effective layer over the length of the fiber:

VNPs =
4
3

πR3
NP ×CD×Psur ×L f iber (4.6)

In this equation, the NPs’ radius and CD, as well as the fiber’s length are given,
while Psur can be computed. According to Fig. 4.3 (c,d), Psur can be calculated by
finding the perimeter of the ABKCD curve multiplied by 3 to consider all 3 holes.
Psur = 3 × (LAD + LBC + 2 × LAB) = 3 × (LAD + LBC + 2 × (LAM − LBL − LLM)) =

3× (Rhole × (2π

3 −2α)+R f illet × π

3 −2× (t × cot(α)− t√
3
− R f illet√

3
)).
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The Ve f f can be found by multiplying the area (A) of the effective layer by
the fiber’s length. The effective layer is a region enclosed between ABKCD and
A1B1K1C1D1, so the Ve f f is found by the following formula:

Ve f f = (AABKCD −AA1B1K1C1D1)×L f iber (4.7)

According to Fig. 4.3 (d), AABKCD = 1
3 Acircle − 2AANOM + 2A△OLM − ABLCJ +

ABKCJ =
πR2

hole
3 − 2Rhole × t + t2

√
3
− 2R2

f illet√
3

+
πR2

f illet
6 . The value of AA1B1K1C1D1 can be

found by replacing Rhole with Rin = Rhole − ( 4√
3
+2)×RNPs.

The model can be further applied for simulation after inserting the initial param-
eters and selecting the mesh (free triangular in this case).

Result of the simulation

Two models, the SIF approximation presented by Beffara and the newly developed
SuC-PCF model have been simulated. The values of the parameters are selected
based on the available equipment and fibers: λ = 785 nm,nSi = 1.4536,εw(785) =
1.7678+ 3.6910× 10−7 × i. In chapters 2 and 3, it was demonstrated that AgNPs-
LM exhibited the best performance for miRNA detection, thus making them the
choice for the upcoming experiments involving PCFs. The AgNPs-LM were charac-
terized by εAgNPs =−23.821+1.7882× i and RAgNPs = 50 nm. Three types of PCFs
are available, each with distinct specifications: PCFs with Dcore = 2 µm, Dhole =

90 µm, Tstrut = 0.86 µm, PCFs with Dcore = 3 µm, Dhole = 150 µm, Tstrut = 0.5 µm,
PCFs with Dcore = 3.5 µm, Dhole = 150 µm, Tstrut = 0.55 µm. The experiments in-
volve varying the fiber’s length within the range of 5 to 15 cm and the CD from 0.01
to 20 NPs

µm2 to maximize the Raman intensity (FRI). All parameters used in the simu-
lation are listed in Table 4.1. Figures 4.4-4.7 provide a comprehensive comparison
between the results obtained by simulating the SIF and SuC-PCF models.

Figures 4.4 and 4.5 show the field distribution in PCFs obtained by both mod-
els at CD=0.01 and 20 NPs

µm2 respectively. As can be seen, the field distribution in
SIF-approximated PCFs is similar regardless of the difference in geometry and CDs.
In the SuC-PCF model, the field varies with the geometry of the core, and its con-
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Table 4.1: Parameters used for the simulation of three PCFs using SuC-PCF model.

Parameter
Segment or region

from Fig. 4.3
PCF 1 PCF2 PCF3

Dcore 2×OK 2 µm 3 µm 3.5 µm

Dhole 2×OA 90 µm 150 µm 150 µm

Tstrut AN 0.86 µm 0.5 µm 0.55 µm

λ - 785 nm

nSi(785nm) Gray region 1.4536 [233]

εw(785) Blue region 1.7678+3.6910×10−7 × i [232]

εAgNPs(785) Yellow region −23.821+1.7882× i [232]

RAgNPs(785) - 50 nm

Te f f BB1 = 2×RNPs 100 nm

L - 5, 10, 15 cm

CD - 0.01−20 NPs
µm2

finement changes with CDs. Moreover, at CD=20 NPs
µm2 the field in the smallest fiber

extends beyond the core into the end of struts (see Fig. 4.5). This PCF has the largest
struts-to-core size ratio, so the field escapes from the small core into the large struts.
The SIF model, having no struts, is not able to consider this scenario showing that
the field remains concentrated within the core.

Figure 4.6 presents the percentage of field in the silica region (ηcore,struts) and the
effective layer (ηe f f ) relative to the CD. This percentage is an overlap calculated in
COMSOL as a ratio of the average field in the region over the field in the whole PCF.
The decrease in ηcore,struts and the opposite increase of ηe f f for all PCFs is explained
by losses of guided light due to the interaction with NPs. The sharp decrease of
ηcore,struts at CD=19.1 NPs

µm2 in the smallest PCF of the SuC-PCF model signifies a
significant change in the field distribution. According to Fig. 4.5, this is because of
the migration of the field from the core to one of the struts. The graph still shows
the presence of 60% of the field in the silica region, but it is all concentrated in silica
struts, so the light is no longer guided. Thus, 19.1 NPs

µm2 is the limit of NP concentration
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Figure 4.4: Field distribution within the PCFs at CD=0.01 NPs
µm2 obtained using the SIF

approximation (left) and developed SuC-PCF model (right).
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Figure 4.5: Field distribution within the PCFs at CD=20 NPs
µm2 obtained using the SIF

approximation (left) and developed SuC-PCF model (right).
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for the good performance of PCFs with Dcore = 2 µm. The presented SuC-PCF model
considers the struts and the core’s non-circular geometry, so it should provide more
accurate information and be more suitable for the simulation of real fibers.

Figure 4.6: Field distribution in the (a) silica region ηcore,struts and (b) effective layer
ηe f f of the PCFs obtained using the SIF approximation and the developed SuC-PCF
model.

Figure 4.7 presents the factor proportional to Raman intensity, denoted as FRI ,
plotted against the CD, as obtained by simulating two models. Initially, in all PCFs,
the intensity grows because of the increasing field within the effective layer and sub-
sequently more light interaction with NPs and analytes. However, as CD further in-
creases the losses from NPs start to prevail, so a significant decline of the FRI is
observed. The effect of length variation follows a similar trend in both models. At
smaller CDs, longer PCFs provide larger FRI due to the extended area for light, NP,
and analyte interaction. As CD increases, high losses due to the long light path out-
weigh the advantage of the extended area of interaction, so shorter PCFs perform
better. The SuC-PCF model suggests longer PCFs are preferable only at CDs below
approximately 1 NPs

µm2 , and the SIF model extends this range up to 5 NPs
µm2 .

According to Fig. 4.7, the optimal size of the PCF also depends on the CD. At
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Figure 4.7: Factor proportional to Raman intensity FRI over cover density (CD) ob-
tained for PCFs with different core sizes and lengths by simulating (a) the SIF and
(b) SuC-PCF models.
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lower CDs, fibers with a Dcore = 2 µm demonstrated the best performance. At larger
CDs, the two models provide different predictions. The SIF model indicates that the
core size of the fiber does not affect its performance. It is supported by Fig. 4.5,
where all SIF-modeled PCFs have similar field distributions at CD= 20 NPs

µm2 . The
SuC-PCF model suggests that the PCFs with Dcore = 3µm and 3.5 µm show the
same performance, while the PCF Dcore = 2µm is expected to provide lower FRI .

Thus, the SIF model suggests that the PCF with a Dcore = 2µm and a length of
5 cm demonstrates the best performance for CDs exceeding 2 NPs

µm2 , covering most
of the range. At CDs larger than 14 NPs

µm2 , the other two PCFs achieve the same per-
formance and the three fibers can be used interchangeably. On the other hand, the
SuC-PCF model predicts that a 5 cm long PCF with Dcore = 3 µm maximizes FRI

for all CDs larger than 2 NPs
µm2 . PCF with Dcore = 3.5 µm becomes also an option at

CDs exceeding 5 NPs
µm2 . Consequently, the two models resulted in two different conclu-

sions, highlighting the necessity for experimental validation to determine the model
that offers a closer prediction.

4.2.2 SERS measurements in the PCFs

Functionalization of PCFs

There are two ways of immobilization of NPs inside the PCFs, such as injection and
anchoring [46]. In the injection method, NPs are mixed with the analyte solution and
injected into the PCF. This results in the NPs being distributed freely within the holes
of the fiber. In the anchoring method, the PCF’s surface is initially silanized, and NPs
are then anchored to the walls of the fiber’s holes. Then, the aqueous solution of the
analyte is injected and the SERS measurement is conducted. The injection method is
more suitable for direct detection of the target, as it can be challenging to immobilize
DNAs on NPs in a solution. The anchoring method allows the immobilization of
the capture DNAs on the anchored NPs and the subsequent injection of the target
miRNAs.

In this experiment, the following anchoring method will be used for the SERS
measurement:
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Figure 4.8: Setup for the injection of solutions into the PCFs.

• Preparation of PCFs: Cleaning the PCF by pumping acetone into the PCF at
40 µL/min for 10 min, and then drying the PCF by injecting air for 5 minutes.
Silanization of the PCF by injecting 2% of APTES in acetone at 40 µL/min
for 30 min and leaving the solution inside the PCF for 24 hours. Washing by
pumping acetone again to remove any unbound molecules of APTES, then
drying.

• NPs immobilization: Injecting the colloidal solution of AgNPs at 20 µL/min
for 30 min and leaving the solution inside the PCF for 24 hours. Washing by
pumping deionized water at 40 µL/min, then drying.

• DNAs immobilization: Injecting 10−4M solution of DNAs into the PCF at 20
µL/min for 30 min and leaving the solution inside the PCF for 8-12 hours.
Washing by pumping deionized water at 40 µL/min, then drying.

• miRNAs capturing: Injecting 10−4M solution of miRNAs into the PCF at 20
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Figure 4.9: The SEM images of the PCF with anchored AgNPs-LM.

µL/min for 30 min and leaving the solution inside the PCF for 8-12 hours.

The injection of all solutions was conducted by using a 25G medical needle: a
solution was filled into the syringe, then the PCF was inserted into the needle from
one end. The syringe was fixed on a pumping system shown in Fig. 4.8, where the
rate and volume of injection can be controlled.

In Figure 4.9, the SEM images of the PCF with AgNPs anchored inside it are
presented at various scales. These images were captured by intentionally breaking
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one end of the PCF. The CD of NPs was determined by analyzing 1 µm by 1 µm
squares at four randomly selected locations within the SEM image with the highest
magnification. The estimated CD of approximately 13 NPs

µm2 will serve as a constant
for future analyses.

Measurements of adenine

Figure 4.10: SERS measurement of adenine in PCFs with the three different core
sizes and three different lengths.

The initial SERS measurement using PCFs aimed to validate the simulations dis-
cussed earlier. Adenine at a concentration of 10−4M was injected into three PCFs
anchored with AgNPs. These PCFs initially had a length of 15 cm and then, to study
the influence of the fiber’s length, the PCFs were cut twice to 10 cm and 5 cm. Fig-
ure 4.10 depicts the SERS spectra of adenine recorded in PCFs of varying lengths.
Notably, the length of PCF significantly affects the intensity of the adenine’s peak,
with shorter PCFs yielding higher peak intensities. The core size demonstrates negli-
gible influence on the peak’s intensity. Both findings are in agreement with the results
of the simulation of both models obtained at CD=13 NPs

µm2 as shown in Fig.4.7. There-
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fore, both models provide sufficiently accurate information for the PCF simulation at
large CDs.

The selection of PCFs with optimal parameters was based on simulation results,
experimental findings, and practical considerations. PCFs with Dcore = 2 µm were not
considered due to lower performance and the practical difficulty of injecting samples
into such small cores. The difference between Dcore = 3 µm and 3.5 µm PCFs is
minimal, but since more PCFs with Dcore = 3 µm were available, they were selected
for subsequent experiments. Regarding length, while the best results are achieved
with 5 cm long PCFs, practical limitations arise: the fiber holder’s depth is about
5 cm, making manipulations challenging. Moreover, trimming the ends before each
measurement reduces the length, so PCFs of approximately 8 cm will be used for
SERS measurements of DNAs and miRNAs.

Measurements of miRNAs and DNAs

Two trials of SERS measurement of miRNAs have been performed and the results
are illustrated in Fig. 4.11. In each trial, one PCF with anchored NPs was used for the
three subsequent measurements of the following: water (reference), 10−4 M thiolated
DNA7a immobilized on NPs, and 10−4 M let7a captured by DNA7a. In both trials,
the measurement of DNA7a alone and with captured let7a provide similar spectra
with a peak around 734 cm−1. It corresponds to the peak of adenine that is not present
in the reference spectrum of water. The similarity of the results achieved in the two
trials shows a good reproducibility of the measurements. However, the intensity of the
peak is very small considering the high concentration of the nucleic acids. Moreover,
there are no noticeable differences in the spectra of DNA alone and DNA with let7a,
like it was in the measurement with CaF2 substrates.

In the last measurement, the injection and anchoring methods were combined to
achieve better performance of PCFs. DNA7a mixed with AgNPs-LM were injected
inside the PCF with already anchored NPs. According to Fig. 4.11, the intensity of
the adenine’s peak is, indeed, significantly higher. However, even this spectrum does
not contain prominent peaks of other bases making it hard to distinguish between the
two different nucleic acids and the occurrence of the hybridization event.
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Figure 4.11: SERS measurement of DNA7a and let7a inside the PCF with Dcore =

3 µm and L=8 cm: (a) trial 1, (b) trial 2. The peaks of A (adenine) are noted.

Figure 4.12 illustrates the comparison of SERS spectra of DNA7a and let7a at
10−4 M measured on the CaF2 substrate and inside PCF anchored with AgNPs-LM.
The spectra measured on the substrate and inside PCF have different backgrounds
because of the additional SERS signal from the substrate and fiber itself, so the re-
spective reference spectrum of water was subtracted. The original spectra measured
on the substrate are taken from Fig. 3.4 (b) in Chapter 3. The spectra obtained from
measurements in PCF are taken from Fig. 4.12 (a). The spectra measured with PCFs
via anchoring DNA and miRNA have slightly lower intensity than the ones obtained
on the CaF2 substrate. The spectrum of DNA7a measured by injecting the sample into
the PCF with already anchored DNA7a resulted in the peak of adenine having almost
the same intensity as it is in the spectra measured on the substrate. The common peak
of cytosine/thymine/uracil in the spectra measured inside PCF starts to appear when
the reference spectrum is subtracted, but it is left-shifted with respect to this peak in
the spectra obtained on the substrate. Thus, fabrication and measurement procedures
should be optimized to obtain more promising results.



4.3. Transmission spectra shift-based measurement of DNAs in HC-PCFs 73

Figure 4.12: Comparison of the SERS spectra of DNA7a and let7a measured on CaF2

substrate with AgNPs-LM and in PCF with anchored AgNPs-LM obtained by sub-
tracting the respective spectrum of water from each spectrum. The peaks of A (ade-
nine), C (cytosine), T (thymine), and U (uracil) are noted.

4.3 Transmission spectra shift-based measurement of DNAs
in HC-PCFs

This section presents another PCF-based setup for the measurement of nucleic acids,
namely DNA. The setup is based on the formation of a bio-layer on the inner walls of
HC-PCFs. The bio-layer is created by the step-by-step functionalization of the PCFs
consisting of the following steps: cleaning, surface silanization, immobilization of
the peptide nucleic acid (PNA), capturing of the target DNA by the PNA, binding of
DNA with the second biotinylated PNA, and capturing of the streptavidin by biotin.
The formed bio-layer increases the thickness of the cladding and changes its effective
refractive index leading to a detectable shift of transmission spectrum [227]. The
transmission spectrum is recorded after each functionalization step to evaluate its
shift in response to a newly formed layer. Good reproducibility is crucial to achieve
reliable results, so the same conditions must be preserved at each measurement step.
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This same condition is ensured by exciting the same mode in all measurements, and
the FM is selected as a reference. The optical setup used to record the transmission
spectrum has two limitations: an excitation of the FM is difficult and the method of
checking the mode is not sufficiently reliable. The transmission spectrum shift-based
method for DNA measurement has been presented by Khozeymeh et al. [227]. This
section discusses the ways of improving the optical setup to solve the two mentioned
challenges and achieve better reproducibility of DNA detection inside HC-PCFs.

4.3.1 HC-PCF for DNA detection

The type of HC-PCF used in this experiment is TLF which consists of a silica hollow
cylinder and multiple smaller hollows attached to its inner side (see Fig. 4.13). The
number of holes in the cladding can vary, but in this experiment, TLF with 6 holes
(TLF-6) will be used. The holes have a radius of 12 µm and a thickness of 1.5 µm,
and the radius of the core is 17.5 µm.

Figure 4.13: Microscopic image, schematics, and the transmission spectra of the
TLF-6.

The light guidance in TLF-6 is based on inhibited coupling. Its transmission spec-
trum appears as an alternating sequence of high and low transmission bands as shown
in Fig. 4.13. The positions of high and low transmission bands of the spectrum can
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be estimated with the following equations respectively:
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In both equations, m is an integer number and t is the thickness of holes [227]. The
multi-step functionalization protocol for DNA detection described in [227] creates a
bio-layer on the inner walls of the holes. The refractive index of the bio-layer is about
1.5 which is very close to the refractive index of silica. Therefore, the formed bio-
layer can be considered as an extension of the hole’s walls, so the increased thickness
changes the position of bands λm+ 1

2
and λm. The previous experiments have shown

that the bands can be shifted in response to the formed bio-layer by 2.48-14.08 nm
[227].

4.3.2 Experimental setup

Figure 4.14 shows the old optical setup used for employing HC-PCFs as biosensors.
A light emitted by a super-continuum white light source in the range of 450-2400
nm is coupled into the HC-PCF by an appropriate lens. Then, the light from the PCF
passes through another lens to a CCM1–PBS252/M cage cube-mounted beam splitter
working in the 620–1000 nm range. One of the beams of light is then directed into
an AQ-6315A/-6315B optical spectrum analyzer which can measure the transmis-
sion spectrum in a 350–1750 nm range. Another beam is guided to a Zelux Camera
working in a visible range (400-700 nm). All components of the setup are placed on
the 3-axis micropositioning stages to achieve their precise small-step movements in
3 directions. The stages are used for the alignment of the system’s components to the
coupling of light into the PCF and later into the optical spectrum analyzer.

The spectrum analyzer and the camera are connected to a laptop for real-time
recording of the spectrum and monitoring of the mode excited in the fiber. The cam-
era records the modes over the whole visible range and then provides an average.
It is important to excite the same mode, preferably fundamental, in each step of the
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measurements in order to have consistency between the steps. The transmission spec-
trum is recorded after ensuring the excitation of FM by the camera in each step of the
functionalization process.

Figure 4.14: Schematics of the optical setup previously applied in the HC-PCFs ex-
periments.

There are two main challenges faced while working on this setup:

• It is difficult and time-consuming to excite FM inside the PCFs. The light
should enter the PCF perpendicular to its edge, but the micropositioning stages
under the light source and lens do not give sufficient control of the incident
angle of light.

• Using the averaged FM as a reference to achieve consistency between different
measurements can be unreliable because the wavelengths at which that mode
is achieved can vary from one measurement to another. As a result, the shift of
the transmission spectrum may be a result of the divergence in measurements,
rather than a response to the formed bio-layer.

Figure 4.15 demonstrates the schematics and photo of the new setup that has two
main improvements. First of all, two mirrors placed at the 3-axis micropositioning
stages are added in between the light source and the lens. The movement of the mir-
rors in three directions allows changing the angle at which the light enters the PCF.
As a result, the FM’s excitation is achieved faster and easier. Secondly, two band-pass
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filters are placed between the beam splitter and the camera. They pass the light with
the center wavelength at 570 nm and 633 nm and a range of 10 nm and 5 nm respec-
tively. As a result, the camera averages the modes over a small range of wavelengths
and at different places of the spectrum. By conducting three camera recordings, av-
erage (with no filter), at 570 nm and at 633 nm, the excitation of FM can be ensured
with better accuracy. The band-pass filters have been selected so that the passed light
is in the range of the wavelengths that correspond to the high transmission bands of
TLF-6. According to Fig. 4.13, the 570±5 nm and 633±2.5 nm regions are in the
second and third high transmission bands respectively.

Figure 4.15: The schematics and photo of the optical setup with the addition of two
mirrors and two band-pass filters.

In total, four sets of experiments have been conducted with the 40 cm long empty
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TLF-6. The procedure of each experiment is as follows:

• Fiber preparation: the fiber was cleaved at both ends in order to ensure a cut
perpendicular to the incident light. Two ends of the fiber were fixed at the two
micropositioning stages as shown in Fig. 4.15.

• Mirrors and filter application: A holder that allows the incorporation of up
to 4 filters was used to hold 2 filters and leave 2 empty spots used as a "no
filter" case. The holder was first set to the "no filter" position. The mirrors
were aligned until the FM was detected by the camera. Then, the mode was
checked at 570 and 633 nm by setting the right filter. The mode obtained at
one or both of the wavelengths was not necessarily FM, which supports the
assumption that the average mode is not a reliable reference.

• Measurement of case 1: the mirrors were used to achieve FM at both wave-
lengths. This case is called consistent FM because the FM was excited without
the filter (average), and at both checked wavelengths. All three camera record-
ings were saved and the transmission spectrum was recorded. Then, trial 2 was
recorded by aligning the mirrors slightly to achieve different excitation but still
preserve the FM at all checked wavelengths. This process was repeated again
in order to achieve a total of three trials of the consistent FM case.

• Measurement of case 2: the mirrors were rotated so that the average mode was
FM, but at least one filtered mode was not. This case is called inconsistent
FM to point out the discrepancy of the mode distributed over the visible wave-
length range and delusion of the FM measured without the filter. Three trials
of measurement were recorded.

• Measurement of case 3: the mirrors are aligned so that the average mode was a
higher-order mode, which resulted in the case called "not FM". Three trials of
this case were also recorded.

• Next experiments: within each experiment, the fiber was fixed in order to check
how the mirrors’ position influenced the mode when all other conditions were
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not changed. However, the functionalization process for DNA measurement
requires cleavage of the fiber’s ends after each injection step due to their dam-
age or contamination. Therefore, it is important to check how the cleavage and
change in the fiber’s position may influence the transmission spectra shift. Af-
ter the first experiment, the fiber’s ends were cleaved and the fiber was fixed
on the stages. A new experiment with 9 measurements (3 cases × 3 trials) was
performed. Then, the fiber was cleaved again and the experiment was repeated
twice more.

It should be noted that the range by which the mirrors can be rotated in 3 axes and
still remain within case 1 is smaller compared to cases 2 and 3. It already indicates
that the deviation between the trials in case 1 should be the smallest. However, the
final conclusions can be made by discussing the results in the next section.

4.3.3 Results and Discussion

Camera recordings of all measurements with and without filters are shown in Fig.4.16.
All measurements are grouped vertically according to 4 experiments and horizontally
according to 3 cases (consistent FM, inconsistent FM, and not FM).

Two conclusions can be made from this figure. Firstly, several cases have been
achieved within one experiment, so the mirrors indeed gave an opportunity to excite
different modes without cleaving the fiber or changing its position. It not only saves
time but also is important for the accuracy of the technique. Previously, the PCF was
cleaved until the required mode was excited, so it could be cleaved several times
before each measurement. This led to a significant reduction in the fiber’s length
at the end of the experiment. As a result, the length of the fiber starts to become
another parameter that brings the variation in the measurements. After the application
of mirrors, the cleavage can be conducted once before each measurement step, so the
length will not change significantly.

Secondly, some differences between the average FM in cases 1 and 2 can be no-
ticed: in the inconsistent FM cases, the average FM can be more prolongated (like in
trials 2 and 3 of experiment 4) or have some sharp edges (like in trial 3 of experiment
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Figure 4.16: Modes recorded by the camera (with and without filters) during the
experiments with the empty TLF-6.
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2 and all trials in experiment 3). However, the differences in those patterns are not
reliable signatures of inconsistent FM and are not present in all the measurements
in case 2. Therefore, without checking the mode with different band-pass filters it
is hard to distinguish between consistent and inconsistent FMs. In the future, it is
planned to use more band-pass filters with different center wavelengths covering all
high-transmission bands of TLF-6 in order to check the mode at other positions.

Therefore, the optical setup has significantly improved by the addition of mirrors
and filters. The next step is to check how the difference in the excited mode may
influence the transmission spectra.

Figures 4.17 (a-d) demonstrate the transmission spectra of all trials within exper-
iments 1-4 respectively. The spectra are shown as green, yellow, and red to represent
cases 1, 2, and 3 respectively. The shift of the spectra is compared in a region when
a high transmission band is going into a low transmission band at transmission equal
to -61 dB. The mean and standard deviations are also depicted by green, yellow, and
red colors corresponding to each case. The general pattern in all 3 experiments is that
the mean for case 3 when the average mode is not FM (red) is noticeably left-shifted
with respect to the consistent FM case (green). The shift varies from 1.09 to 2.94
nm, which can be significant considering that the shift in response to the bio-layer is
expected to be in the range of 2.48-14.08 nm. Therefore, preserving the same average
excited mode in different measurements was important in the experiments presented
in previous works.

The shift of the mean for the inconsistent FM case (yellow) with respect to the
consistent FM scenario (green) is smaller. It varies from 0.09 to 1.23 nm which still
can influence the accuracy of measurements. Moreover, in most cases, the deviation
within the trials of the inconsistent FM case is larger than it is in the measurements
with consistent FM. This shows that it is insufficient to check the average mode only
and the filters should be used to improve reproducibility and decrease the errors in
DNA measurements.

An interesting feature can also be noticed in the results of experiment 4. Accord-
ing to Fig. 4.16, in the inconsistent FM case, the mode recorded at 570 nm is FM in all
trials of experiment 4. According to Fig. 4.17 (d), the mean is still shifted with respect
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to the consistent FM case by about 0.17 to 1.07 nm and the deviation is larger than in
the consistent FM case. Therefore, even if the average mode and the mode checked
at one of the wavelengths are FM, there can still be a shift. So, the application of one
band-pass filter is not sufficient.

Figure 4.17: Transmission spectra recorded during each of the four experiments with
the empty TLF-6.

Figure 4.18 demonstrates the transmission spectra from all experiments combined
into one figure in order to evaluate the reproducibility of all experiments. As can be
seen, the mean value for cases 3 and 2 has been left-shifted with respect to case 1 by
1.4-2.4 and 0.5-0.7 nm respectively. Since the values are within a similar range as the
shifts in each individual experiment, it shows that the cleavage and small changes in
the fiber’s position do not contribute significantly to the transmission spectrum shift
and the experiment-to-experiment reproducibility is good.

The standard deviation for case 1 varies from 0.75 to 1.24 nm, which is slightly
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Figure 4.18: Transmission spectra recorded during all experiments with the empty
TLF-6.

smaller than for case 2 (0.93-1.25 nm) and case 3 (0.97-1.88 nm). These deviations
seem to be smaller for the second and the third bands probably because the wave-
length ranges checked with the filters are located there. It can also explain the rel-
atively large standard deviation within case 1 found for the first transmission band
in experiment 1 (see Fig. 4.17 c) and for the last high transmission band in experi-
ments 1 and 2 (see Fig. 4.17 a and b respectively). There is a possibility that some
of the trials did not achieve the FM in the first or last bands, contributing to the in-
creased deviation. Therefore, the application of the band-pass filters with the center
wavelengths within each of the high transmission bands can be advantageous.

In general, reducing the deviation between the measurements is important consid-
ering that the transmission spectra shift due to the bio-layer formation is about 2.48-
14.08 nm. The application of filters allows to reliably assign the whole detected shift
to the changed bio-layer so the accuracy and sensitivity of the PCF-based biosensor
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can be increased.

4.4 Conclusion

To conclude, this chapter has presented the PCFs used as an optofluidic device for
the detection of nucleic acids by two different approaches: SERS measurement and
transmission spectra shift-based measurement.

SERS measurement of miRNAs inside SuC-PCFs was achieved by anchoring
NPs and immobilizing the thiolated capture DNAs. The optimal parameters for the
experiments were selected by simulating the newly developed SuC-PCF model in
COMSOL. According to the simulations, the PCF with Dcore = 3µm and a length of
8 cm has been selected for the measurement of 10−4M of capture DNAs and miR-
NAs. SERS measurement of DNA and miRNA immobilized by anchoring method
resulted in SERS spectra slightly less intense than that achieved during the measure-
ments on the CaF2 substrates conducted in the previous chapter. SERS measurement
of DNA mixed with AgNPs-LM and injected into the PCF with already anchored
NPs and DNA (to enhance detection abilities) has resulted in a better SERS signal.
However, in this way, it is more challenging to use a capture-based protocol because
DNAs are not fixed on the walls. The peak of adenine around 734 cm−1 is the only
sufficiently intense peak in both types of measurement in the PCFs, so it is hard to
discriminate different DNAs and the event of miRNA hybridization. Although the
expected enhanced performance was not reached, there is room for improvement. As
shown in Chapter 3, the method of DNA and miRNA immobilization on the substrate
can significantly influence the results. The process of PCF functionalization can also
be optimized. The type or size of NPs can be adjusted by conducting more simu-
lations with the proposed model. Other parameters can be optimized by conducting
more experiments, like the CD of NPs and the PCF’s functionalization protocol (time
of incubation, speed of injection). Moreover, the injection method for NP immobi-
lization can also be simulated in the model and tested experimentally by comparing
the detection in PCFs and in NPs colloidal solution.

The transmission spectra shift-based measurement of DNAs inside HC-PCFs is
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also a promising research direction. Therefore, the optimization of the optical setup
for this measurement has been presented in this chapter. The first improvement is
achieved by the addition of two mirrors in between the light source and the lens that
direct the light into the fiber. In the previous setup, the excited mode could only be
changed by cleaving the fiber, so the excitation of FM required multiple cleavages in
each step of the experiment and took time. The application of mirrors has allowed
changing the incident angle of light and achieving many different modes without
cleavage or changing the fiber’s position (about 9 modes are shown within 1 trial).
The FM can be excited faster and easier. The number of cleavages per measurement
can be reduced preserving the length of the fiber during the several-step experiment
and thus, reducing the influence of changed length on the results. Another improve-
ment was the introduction of the two band-pass filters between the beam splitter and
the camera. An application of the band-pass filters revealed that the mode recorded at
particular wavelength regions can differ from the average one. The left-shifted mean
value and increase of the standard deviation were observed when the excited FM
was not consistent over the whole wavelength range. Therefore, the averaged FM
should not be used as a reliable reference to obtain stable measurement conditions
and instead, the mode should be checked at least at two other wavelength regions.
Future work will be focused on the application of more band-pass filters in other
high-transmission band regions to achieve further improvement in measurement re-
producibility. Then, the optimized optical setup will be used for DNA measurements.

It should be noted that the step-to-step deviation in both types of measurement
inside PCFs (SERS and transmission shift spectra-based) can be reduced by design-
ing setups that do not require PCF’s dismounting for each functionalization step. This
can be considered as a future work.





Chapter 5

MiRNAs measurement with TERS
probes

5.1 TERS working principle

Tip-enhanced Raman Spectroscopy (TERS) is an emerging technique that combines
Raman spectroscopy with scanning probe microscopy (SPM) [234]. As shown in
Fig. 5.1, the working principle of TERS is based on a sharp nm-sized SPM tip coated
with plasmonic metals, like silver or gold. As silver oxidizes more quickly, gold is
usually preferred for its higher long-term stability. When the last metal NP on the tip’s
apex is illuminated by the laser and brought in contact with the sample, it induces
chemical and EM enhancements similar to those discussed for SERS in Chapter 1.
Overall TERS enhancement factor can be calculated as follows [235]:

EFT ERS =

(
In f + I f f

I f f
−1

)
Vf f

Vn f
(5.1)

In this equation, In f and I f f are the near-field and far-field Raman peak’s intensi-
ties measured when the tip is in and out of contact with the sample respectively. Vf f

is a far-field focal volume that is calculated by multiplying a laser beam area by the
height of the effective focus depth. Vn f is a near-field focal volume found from the
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volume of a cone with the radius equal to the tip’s radius of curvature (Rtip) and the
height equal to the near-field separation [235].

Figure 5.1: (a) Schematics illustrating the working principle of TERS: the metal-
coated TERS tip is illuminated by the excitation laser and brought into contact with
the sample, so Raman scattering is amplified by the chemical and EM enhancement.
(b) COMSOL simulation of the TERS tip: the wave with electric field E and wave
vector k is incident on the apex of the metal-coated tip causing the local EM field
enhancement. Adapted from Kumar et al. [236].

The main advantage of TERS over SERS is its ability to provide accurate spatially
resolved chemical analysis of the sample. As was mentioned, enhancement of the
local EM field via the LSRP mechanism is heavily influenced by the size, shape, and
roughness of the metal NPs. In SERS, different regions of the sample interact with
different NPs located within a SERS substrate. Moreover, a laser has a broad spot
size, so the SERS signal even in a single measurement arises from the contribution
of several NPs [237]. Any non-uniformity of NPs introduces variations in the EM
enhancement, so the intensity of the SERS signal can vary within the substrate. On the
other hand, TERS measurement of different regions of the sample and even of various
samples can be performed by the same NP on the apex of the single TERS tip. The
enhancement factor is expected to be constant and spatially resolved measurement
can be achieved.
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Figure 5.2: Feedback mechanisms used in TERS: contact/tapping AFM (a), shear
force AFM (b), and STM (c). Adapted from Kumar et al. [236].

The control of the tip’s position relative to the sample is achieved through one of
the SPM techniques, such as contact/tapping atomic force microscopy (AFM), shear
force AFM, or scanning tunneling microscope (STM) [236]. In the contact/tapping
AFM, illustrated in Fig. 5.2 (a), the metal-coated tip is attached to a cantilever. In
contact mode, a deflective force is applied on the cantilever, so that the tip has a
repulsive interaction with the sample surface. In tapping mode, the tip is forced to
oscillate with a certain amplitude. The deflective force in contact mode and the am-
plitude of oscillation in tapping mode are kept constant by the feedback, while the tip
scans the surface. The feedback mechanism controls the tip’s movement according to
the change in the height of the sample surface. The light coming from a small diode
laser is focused on top of the cantilever and detected by a photodetector which can
detect any deviation caused by the tip’s movement. This light is different from the
light of the Raman instrument, which focuses on the tip apex. Thanks to the photodi-
ode sensitivity and the feedback rapidity, AFM allows imaging surface topographies
with a spatial resolution down to 20 nm [235, 236]. In the shear-force AFM, the tip
is mounted on one of the prongs of the tuning fork that oscillates in the lateral direc-
tion as depicted in Fig. 5.2 (b). The oscillation is affected by the movement of the tip
that tries to preserve the same shear force with the sample’s surface. Change in the
oscillations is used to reconstruct the sample’s topography with a resolution of about
100 nm [236, 238]. According to Fig. 5.2 (c), the working principle of STM-TERS
is based on a bias voltage applied between the metal tip and the sample placed on
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the conductive substrate. An induced tunneling current is used as feedback to keep
a constant tip-to-sample distance and reconstruct the surface topography with high
resolution (0.5-1.7 nm) [236].

Figure 5.3: (a) TERS spectra of DNA bases (adenine, thymine, guanine, cytosine) at
picomole concentration absorbed on Au substrate and measured with Au STM tip.
The measurement was conducted by a 632.8 nm laser with 2 mW power. Adapted
from Domke et al. [239]. Copyright 2007 American Chemical Society. (b) AFM
image and TERS spectra of RNA strand. The measurement was performed by a 530.9
nm laser with 1 mW power. Adapted from Bailo et al. [240]. Copyright 2008, Wiley-
VCH Verlag GmbH and Co. KGaA, Weinheim, Germany.

The concept of TERS was first proposed in 1985 by Wessel and experimentally
validated in 2000, making TERS a relatively new technology. However, TERS has
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already been studied for label-free measurement of various biological samples, in-
cluding nucleic acids, peptides, proteins, pathogens, and others [236]. Thus, Domke
et al. conducted STM-TERS measurements of four bases of DNA, namely adenine,
thymine, guanine, and cytosine, at picomole concentration. The experiment was con-
ducted by the 632.8 nm laser with 2 mW power. Figure 5.3 (a) illustrates that the
obtained TERS spectra of bases are similar to the SERS spectra presented in Chap-
ter 2. Bailo et al. presented AFM-TERS measurements of a single-stranded 20 nm-
long RNA homopolymer of cytosine. According to Fig. 5.3 (b), TERS spectra are
reproducible along the strand of RNA. The spectra consist of the peaks of cytosine,
most prominent of which are around 792 cm−1, 1248 cm−1, 1303 cm−1, 1373 cm−1,
and 1590 cm−1. The peaks around 1248 cm−1 and 1373 cm−1 are very intense in the
TERS spectrum of RNA, but almost negligible in the TERS (Fig. 5.3, a) and SERS
(Fig. 2.4, b) spectrum of cytosine.

5.2 Experimental setup

The experimental setup used for AFM-TERS measurement has been developed by
Horiba company and is shown in Fig. 5.4. The setup consists of the LabRAM HR
Evolution Raman spectrometer (a) connected to the OmegaScope 1000 platform (b)
that hosts an optical microscope and an SPM microscope (c). Au-coated AFM-TERS
tip and Au-coated silicon substrate with a sample are placed inside the SPM mi-
croscope as depicted in Fig. 5.4 (d). The measurements of four bases of miRNA
at 10−4M − 10−3M concentrations have been performed by dropping 2 µL of each
sample on the substrate and drying it with the compressed air. Then, the substrate is
placed on a movable stage inside the SPM microscope. AFM-TERS probe (Fig. 5.4,
e) is placed under the substrate and a laser is focused on the apex of the tip to produce
a hot spot as illustrated in Fig. 5.4 (f). In this setup, the tip is fixed and the substrate
is moved relative to the tip by using the AFM feedback. The detailed description of
the setup is presented by [235, 241].

The measurements have been conducted with the 633 nm laser. Firstly, a grating
with 150 gr/mm has been used for measuring adenine, cytosine, uracil, and guanine
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Figure 5.4: AFM-TERS setup in Horiba SAS company (Lille, France) consists of a
LabRAM HR Evolution Raman spectrometer (a) connected to an OmegaScope 1000
platform (b) with a piezo-controlled objective and a SmartSPM microscope (c) [235].
Au-coated silicon substrate with a dried drop of sample (d) is fixed on a movable stage
of the SPM microscope under the AFM-TERS probe (e). The laser is focused on the
tip of the AFM-TERS probe (f) for TERS measurements.

at 10−4M. Guanine has been remeasured at a higher concentration because a good
spectrum of guanine at 10−4M has not been achieved. Since the range of interest is
not broad, the grating has been changed to 600 gr/mm to get higher resolution in the
subsequent measurements of guanine and miRNA at 10−3M. The laser power was
adjusted to each sample during the measurement: adenine was measured with 0.124
mW; cytosine and guanine were measured with 0.397 mW; uracil and miRNA with
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0.62 mW. TERS spectra of bases have been collected with 50 acquisitions and 0.45 s
acquisition time, a TERS map of guanine was measured with 40 acquisitions and 0.45
s acquisition time, and miRNA was detected with 3 acquisitions and 10 s acquisition
time.

5.3 AFM-TERS measurements of bases and miRNA

Figure 5.5 illustrates the AFM image and TERS spectrum of each of the bases of
RNA, such as adenine (a), cytosine (b), guanine (c), and uracil (d). The AFM images
reveal grain-like particles of about 100-500 nm in size present for all bases. TERS
measurements were performed at the places marked by a red cross on each AFM
image. TERS spectra of each base shown by red color in Fig. 5.5 contain the peaks
that are shifted by several cm−1 with respect to the SERS peaks of the respective bases
listed in Table 2.1. For example, the following TERS peaks correspond to the SERS
peaks given in parentheses: 740 (734), 960 (961), 1334 (1331), and 1461 (1457) cm−1

for adenine; 795 (792) and 1041 (1037) cm−1 for cytosine; 660 (658), 962 (957), 1353
(1346), 1384 (1381), and 1461 (1464) cm−1 for guanine; 797 (796), 1051 (1045), and
1397 (1398) cm−1 for uracil. The far-field spectra of all bases (blue), recorded when
the tip is out of contact with the samples, do not contain the observable peaks of the
bases. Therefore, the peaks detected in the TERS spectra are indeed coming from the
TERS enhancement.

Figure 5.6 illustrates the results of the AFM-TERS measurement of the let7i
miRNA at 10−3M concentration. The large-scale AFM image (a) reveals structures
that may be clusters of miRNA strands. At a smaller scale (b), a 500 nm long strand,
probably a strand of miRNA, can be observed. The far-field and TERS spectra were
recorded on a spot of the strand marked by the red cross. Figure 5.6 (c) shows
that the far-field spectrum (blue) does not contain any significant peaks, while the
TERS spectrum (red) has multiple intense peaks. The peaks mostly correspond to
the SERS/TERS peaks of miRNA bases shown in Fig. 2.4 and 5.5, but are shifted
by several cm−1. For example, the highest guanine peak around 660 cm−1 is com-
bined with the adenine’s peak around 626 cm−1 in the miRNA spectrum resulting
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Figure 5.5: AFM images and TERS spectra of RNA bases: (a) 10−4M adenine, (b)
10−4M cytosine, (c) 10−3M guanine, (d) 10−4M uracil. A red cross shows the points
where the TERS spectra were taken. The bases were measured by 633 nm laser, 0.45
s acquisition time, and 50 acquisitions. Power and grating have been adjusted to each
base: adenine - 0.124 mW and 150 gr/mm; cytosine - 0.397 mW and 150 gr/mm;
guanine - 0.397 mW and 600 gr/mm; uracil - 0.62 mW and 150 gr/mm.

in a single peak around 641 cm−1. The most intense peaks of adenine (around 740
cm−1), cytosine (around 795 cm−1), and uracil (around 797 cm−1) can be found in
the miRNA spectrum at around 731 cm−1 and 801 cm−1. Notably, those peaks are not
the most intense in the miRNA spectrum and are dominated by other peaks (around
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Figure 5.6: AFM images (a, b) and TERS spectra (c) of let7i at 10−3M concentration.
A red cross shows the points where the TERS spectra were taken.

1214 cm−1, 1547 cm−1, 1595 cm−1). This is in agreement with the results presented
by Bailo et al., where the spectrum of RNA shown in Fig. 5.3 (b) exhibits more in-
tense peaks in the 1200-1500 cm−1 region compared to the spectrum of the cytosine
base shown in Fig.5.3 (a).

The ability of TERS to measure a particular point of interest selected on the
AFM map is one of its advantages over SERS. Another benefit of this technology,
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Figure 5.7: AFM-TERS measurement of guanine at 10−3M concentration: (a) AFM
map, (b) TERS map groping the regions with similar spectra (red, green, black),
(c) Average TERS spectra of the signals collected at red (contaminants) and green
(guanine) regions from TERS map.

such as spatially resolved chemical measurement was exploited for the acquisition
of an AFM-TERS map of the guanine sample at 10−3M concentration. The AFM
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image was recorded over the 1×1 µm2 region given in Fig. 5.7 (a), consists of dark
regions with the lowest height and bright areas representing up to 16 nm high protu-
berances which are probably clusters of guanine molecules. The TERS map consist-
ing of 25×25 TERS measurements have been recorded over a 200×200 nm2 region
of the guanine sample marked by a black square on the AFM image. The analysis of
the hyperspectral TERS map has shown the variation of spectra from one pixel to an-
other. Although only guanine was expected to be on the sample, some contaminants
(probably other bases) might have polluted it during the phase of preparation and
rinsing. Multivariate Curve Resolution (MCR) with two principal components has
been applied for treating the hyperspectral TERS map and resulted in two loadings
accounting together for 90.9% of the spectral variance. Figure 5.7 (c) shows that the
first loading corresponds to the guanine spectrum (green), while the other indeed con-
tains signatures of contaminants. Figure 5.7 (b) shows the MCR-treated TERS map,
in which the green and red regions correspond to the zones with the predominance
of the guanine and contaminants loading, respectively. In darker zones on the TERS
map, both signals are weaker, probably because of the non-uniform distribution of
the sample. Thus, TERS measurement can be useful to conduct chemical analysis
over the area of the sample and discriminate which types of molecules are present in
different regions.

5.4 Conclusion

In conclusion, AFM-TERS measurements presented in this chapter have shown the
ability of TERS to provide localized and spatially resolved chemical information
about the sample. The measurements have been conducted with highly concentrated
bases and miRNAs, but good spectra were achieved with a small power of 0.124-0.63
mW. In comparison, the power used by Domke et al. for the TERS measurement of
miRNAs is 2 mW, and the SERS measurement of miRNAs presented in Chapter
1 was performed with 80 mW power (with another laser and in liquid). Therefore,
TERS has a good potential but more experiments with lower concentrated miRNAs
and more resolved maps should be conducted.





Conclusion

This thesis aimed to study different methods of the detection of genomic biomarkers
of cancer for liquid biopsy application as a potential non-invasive population screen-
ing method. Chapter 1 discussed three types of alterations in nucleic acids that may
serve as cancer genomic biomarkers, including deregulation of miRNAs, point muta-
tions in DNAs, and altered DNA methylation levels. This chapter also describes the
working principle of SERS and reviews the biological protocols for target-specific
sensing of the mentioned genomic biomarkers. The protocols were grouped into 5
categories and arranged according to the complexity of their design. Performance
evaluation of the protocols was conducted based on two parameters, such as detection
abilities and applicability in body fluids. The assessment has shown that the labeled
on-to-two-step capture and displacement protocols with relatively simple assays can
achieve optimal performance for liquid biopsy applications. Some label-free methods
also have good potential if more advanced and sensitive SERS sensors are developed.
The findings of this chapter have been summarized in the review paper.

After that, different types of SERS substrates were developed and tested, starting
from Au-Ag NPs grown on the glass substrate, colloidal solutions of Au and AgNPs
synthesized by different methods, and AgNPs dropped on the CaF2 substrates. The
work with those substrates has been conducted during the secondments at different
Universities, including Politecnico di Torino, Leibniz-IPHT, and Tyndall National
Institute. The results are presented in Chapters 2-3. The measurement of RNA bases
has shown that out of all substrates the best LOD has been achieved by AgNPs-
LM colloidal solution produced by the Lee-Meisel approach. Two miRNAs, let7a
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and let7i, were successfully measured down to 10−8 M. However, their physiolog-
ical concentration in body fluids is about 10−14 − 10−12 M and the detection was
not target-specific. Therefore, AgNPs-LM were dropped on the CaF2 substrate and
the label-free capture-based protocol was implemented. Two capture DNAs, comple-
mentary to each miRNA, were immobilized on the substrate by dropping a sample or
a long incubation of the substrate inside the sample. The second approach was more
effective and resulted in the detection of capture DNAs and target miRNAs at 10−6

M. The event of miRNA hybridization to capture was detected, but the discrimination
of the 3-nucleotide mismatched miRNA was found to be challenging due to partial
hybridization.

The next research topic studied in this thesis was the SERS measurement of nu-
cleic acids in PCFs presented in Chapter 4. The expected advantage of using PCF
was the longer interaction of light with NPs and analyte, promising increased sensi-
tivity and reproducibility. The special COMSOL model to simulate SuC-PCFs SERS
response was developed and tested. The results of the simulation of this model were
validated by SERS measurement of adenine with sizes of PCFs. The optimal PCF
with Dcore = 3 µm and a length of 8 cm was used for the measurement of capture
DNA and target miRNA at 10−4 M. The prominent peak of adenine around 734 cm−1

was detected in the spectra of both DNA and miRNA capture by DNA, but due to the
low intensity of other peaks, it was hard to distinguish between them. The spectra
were compared with the spectra of the same DNA and miRNA measured at the same
concentration on the CaF2 substrate after removing the respective reference spectra of
water. According to this evaluation, the performance of PCFs at the current stage of
development is slightly worse than the one of substrates. However, this type of mea-
surement involves many different parameters that should be carefully optimized (size
and types of NPs, process of functionalization, and others). The developed COMSOl
model and future experiments can be used to improve the detection abilities of this
technique.

As can be seen, the main detection technique that has been explored in this thesis
is SERS. Other two methods, transmission spectra shift-based technique and TERS,
have been studied to complement the SERS-based experiments. Thus, the first one
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allowed a better understanding of the working principle of PCFs and their functional-
ization process. This knowledge was useful in planning the working process of SERS-
based measurement inside PCFs. The transmission spectra shift-based detection can
be applied for the measurement of DNA at 5 µm concentration inside HC-PCF. In
this thesis, two methods of the optimization of the optical setup for the measurement
were presented: an addition of mirrors for better control of light coming into PCF and
an application of the band-pass filters for a more accurate monitoring of the excited
mode. The measurements were conducted at the University of Parma and the results
are presented in Chapter 4.

The second technique discussed in Chapter 5 is TERS, which is the combination
of Raman spectroscopy and SPM, used to provide spatially resolved chemical mea-
surements. The measurement of RNA bases has been achieved with a much lower
power (less than 1 mW) than the SERS measurement in colloidal solution (80 mW),
but the detection limit is about 10−4 M. The AFM-TERS map of the guanine base
was recorded to show the ability for spatially resolved chemical measurement that is
hard to achieve with SERS due to the non-uniformity of NPs on a single substrate.
TERS measurement of let7i at 10−3 M resulted in a quite intense signal with peaks
similar to the SERS peaks. The measurements were performed in Horiba SAS com-
pany to gain more knowledge of the principles of Raman signal amplifications. The
technique is not widely explored for the measurement of nucleic acids and the results
presented in this thesis do not show sufficient LODs. However, AFM-TERS is highly
dependent on the condition of the tip, so due to the potential of localized and spatially
resolved analysis, this technique should be studied more.

In conclusion, SERS and TERS measurements of nucleic acids, especially miR-
NAs, have promising potential for the detection of genomic biomarkers in body
fluids. SERS-based detection on the substrates is the most studied and developed
technique that has already achieved promising applicability and LOD with relatively
simple protocols. The main challenge to be addressed by the researchers is to de-
sign reproducible and sensitive SERS sensors. The application of PCFs could help
to improve the sensitivity and reproducibility but requires a careful design of func-
tionalization protocol. The application of TERS is also a relatively new approach that
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can bring advantage of the spatially resolved measurement but needs to be further
studied.
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