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circle of 0.5 um radius around the center of the fiber. (c) Normalized coupling coefficients between
the Gaussian beam (following the positions in, (b)) and the fundamental mode of SUC-PCFs with
different core sizes. (d) Calculated maximum and average coupling coefficient values from the values
plotted in, (c). SD in average coupling coefficient is denoted with red lines (reproduced from [225]. 87

Figure 46 (a) Schematics of the different steps realized during the stack-and-draw process, in brackets
is given the order of magnitude of the diameter. (b) Zoom-in on the preform step to define the
parameters used in the calculation made to select the different tubes. ..., 89

Figure 47 Schematics illustrating the pressurizing system used during the drawing of (a) the cane and
(b) the preform. The blue sections represent the closed capillaries. Practically, we collapsed the end of
the capillaries by torching them. P- and P* represent respectively the vacuum and the overpressure
applied in the different sections of the cane and Preform...........ccooeiiiiiii 90

Figure 48 SEM pictures of fabricated SuC-PCFs with different core sizes. (a) 0.9 um. (b) 1.1 um. (¢)
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Figure 50 (a) Presentation of the dimer: a represent the radius of the two NPs and g the gap between
them. The excitation light is polarized along the main axis. (b) Extinction coefficient as a function of
the wavelength for a single NP and for the dimer (with different gaps). SERS enhancement factors for
different gaps between the two NPs and for a single NP. Dashed line represents the SERS
enhancement averaged over the entire metallic surface for a dimer with g=2 nm. Reproduced from
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Figure 51 (a) Representation of an APTES molecule. (b) Schematics illustrating Au NPs anchored on
the walls of a SUC-PCF. Zoom: illustration of one of the configurations in which APTES and Au NPs
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Figure 53 (a) Signature spectrum of ATP. The two main peaks are located at 1080cm™ and 1590 cm™.
Inset: Structure of ATP bound to an Au NP through its thiol group. (b) Normalized SERS intensity of
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the SD measured between the Seven SPectra Per end. .........cooeoeeieiiinineseee e 96

Figure 54 (a) Schematic illustrating the broken SuC-PCF that allowed us to take the pictures of the
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SERS intensities of the 1080 cm™ peak of ATP at the free end of two 3.5 um core SuC-PCFs. (b)
Same comparison made at the needle end of the same fibers. ..., 98

Figure 57 Variations in SERS intensity of ATP peak at 1080 cm™ with the concentration of injected
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Figure 58 For each core size, comparison between the injected and anchored configurations of (a) the
average SERS intensity at 1080 cm™; error bars represent the standard deviations across two or three
samples, (b) the calculated average RSD in reproducibility, (c) the calculated average RSD in
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Figure 59 Black curve: variation of average SERS intensity of the 1080 cm™ peak of ATP, in the
anchored configuration, for 0.9 pm, 1.4 um and 3.5 pm core SuC-PCFs. The error bars represent the
standard deviation calculated for three fibers per core size. Gray curve: variation of the simulated
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different fibers. (c) Calibration curve of Raman intensity with ATP concentration showing the good
linearity of the sensor, error bars represent the SD obtained from 14 measurements. Reproduced from
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Introduction

Biochemical sensing in general is an important research domain that has tremendous applications in
various disciplines such as environmental monitoring, food industry, homeland security and healthcare.
In this manuscript, we focus on the latter and more precisely on the detection of severe diseases. To this
day, countless patients are still dying from cancer, neurodegenerative disorders, and so on. Therefore,
new sensors are still in need to facilitate early diagnosis to start the treatment as soon as possible and
improve the survival rate of the patients. In this context, traditional tissue biopsy still represents the gold
standard in many diagnoses. It consists of taking a portion of tissue to determine the stage of a disease.
Unfortunately, diseases like cancer are constantly evolving and tissue biopsy only gives an insight on
the disease stage at the time of the sampling. Since this technique is invasive, it cannot be repeatedly
performed. Thus, monitoring periodically the evolution of the disease and the effect of the treatment
becomes arduous. Recently, another form of biopsy, called liquid biopsy, has emerged. This technique
aims to detect a disease by identifying biomarkers in body fluids, such as blood, saliva, urine, ascites
and cerebrospinal fluid. The target biomarkers take many forms. For instance, in the detection of cancer,
the biomarkers can be circulating tumor cells, DNAs and non-coding micro-RNAs, extracellular vesicles
or proteins. Circulating tumor cells are cells that have entered the circulatory system after having been
separated from the tumor tissue. Circulating tumor DNAs and non-coding micro-RNAs are genetic
content of the cancerous cells that can enter the circulatory system after a cell apoptosis (death) for
example. Similar to healthy cells, tumor cells also secrete extracellular vesicles, such as exosomes, to
communicate with their surroundings. These vesicles can contain protein, lipids or genomic material
that reveal the state of the original cell. All these biomarkers are present in body fluids, and their
concentration may be linked to the disease stage. They can also be used to monitor the efficiency of
treatment. This technique is much less invasive compared to biopsy tissue and can thus be used more
regularly in order to evaluate the evolution of the disease or the efficiency of the treatment.
Unfortunately, body fluids are very complex mixtures and detecting trace amount of a target biomarker
can be extremely challenging.

Among the techniques that could allow detecting the biomarkers, Raman spectroscopy presents several
advantages. It allows characterizing the chemical nature, chemical structure as well as the orientation of
many analytes. In addition, the sharp signature peaks of Raman scattering allow multiplex detection,
which can be useful for studying complex fluids. This technique is based on the interaction of an
excitation light with an analyte, and for a long time, it has been neglected due to the extremely low
intensity of the Raman signal. However, the discovery of surface enhanced Raman spectroscopy (SERS)
and the development of nanoscience helped in democratizing this sensing technique. It was
demonstrated that nanoparticles (NPs) made of noble metal were able to enhance locally both the
excitation light and the Raman signal, resulting in enhancement factor ranging from 10° to 10%. This
allowed overcoming the main limitation of Raman spectroscopy while preserving the fingerprint spectra
of the molecules. Even though single molecule sensing was reported under constrained conditions,
current substrates still lack sensitivity and reliability for real-life applications. Nanopatterning helped in
improving the sensitivity and reliability of state-of-the-art SERS substrates. Nevertheless, there is still a
great demand for improved sensitivity and reliability, especially for the detection of biomarkers in
clinical bio fluids.

A solution could be to use optical fibers as substrates. Indeed, they are known for their compactness,
and their flexibility. In addition, they allow for a low-loss guiding of the light in their core. A special
class of fibers, i.e. photonic crystal fibers (PCFs), possess holes that run along their entire length. These
holes allow for the incorporation of liquid or gas inside the fiber. Therefore, PCFs represent an ideal
candidate for SERS sensing since they exhibit the advantages of optical fibers while allowing for a
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potential larger surface of interaction between the light and the analyte. Indeed, since the analyte is
inside the sensing medium, the light can interact with it for relatively long lengths. This increased
interaction surface area results in an increased sensitivity. In addition, since the light can interact with a
much larger number of NPs along the fiber length, PCFs should also improve the reliability of planar
substrates, which is currently limited by the precision of nanofabrication techniques. In summary, SERS-
based PCFs feature the remarkable advantages of optical fibers while preserving the great identification
properties of SERS. In this context, they should simultaneously improve the sensitivity and the reliability
of SERS sensors while being compatible with the development of optofluidic platforms with one-step
collection/readout processes. All these interests could help in overcoming the remaining limitations that
currently forbid SERS for advancing as the gold standard in many biosensing procedures.

The Laboratory of bio-optical imaging (LBOI) from Singapore Biolmaging Consortium (SBIC),
A*STAR, is specialized in bio-imaging and optical sensing. They develop photoacoustic imaging
devices [1] and innovative Raman spectroscopy techniques [2,3]. A few years ago, they started studying
the interest of optical fibers for SERS biosensing. Using commercial PCFs, they achieved multiplex
detection of cancer biomarkers [4,5]. However, this type of fiber was not specifically designed for SERS
sensing and a fiber specifically fabricated for this application could have helped in improving the results
further. On the other hand, the team Fiber photonics in XLIM research institute, a joint research unit
between CNRS and the University of Limoges (France), is specialized in the fabrication of optical fibers.
They develop specialized optical fibers for various applications, such as high-power lasers [6,7], ultra-
short pulsed lasers [8,9] and sensing [10]. Thus, a collaboration between SBIC and XLIM to fabricate
specifically designed SERS-based fiber sensors appears logic and meaningful. In this context, they
developed a novel design of PCF that improved by three orders of magnitude the detection of
Rhodamine 6G (R6G) [11]. They also demonstrated the potential of this fiber for biosensing by detecting
2.5 fmol of sialic acid at the surface of a single cell while previous reported techniques required 10° cells
[12]. Based on these very promising results, they obtained a joint grant for a PhD student to further
improve their SERS-active fiber probes. | began my PhD in XLIM to fabricate new optical fibers, which
parameters have been specifically designed to improve SERS sensing and | spent the other half of my
PhD at SBIC, in Singapore, to realize biosensing experiments with the fabricated fibers. With this
scheme, | benefitted from a strong expertise in fiber fabrication while I was in France and in the SERS
and biosensing domain from Singapore.

The ultimate goal of my PhD was to design and fabricate SERS-based fiber probes that could be used
routinely in a clinical environment in the future. In other words, to be clinically viable, these sensors
need to be practical and present an improvement compared to the gold standards, such as enzyme-linked
immunosorbent assay (ELISA), polymerase chain reaction (PCR), immunofluorescence or Western-
Blot. The ideal sensor should be more sensitive, more reliable, easy to handle, faster and cheaper than
the current techniques. To develop a sensor that could overcome most, if not all, of the limitations of
existing methods, we listed out several important requirements. The first one was to improve the
sensitivity of actual SERS-based fiber sensors. In this way, diseases could be detected at early stages,
when the concentration of biomarkers is still low in the body. It also means that biomarkers could be
detected in small volume. This is important to create probes that are less invasive as possible. The second
requirement was to improve the reliability of the sensors. Indeed, unreliable sensors could lead to false
positive and lead to wrong diagnosis. Another requirement was to improve the practicability of the
sensor, since at the end, it should be used by clinicians who are not necessarily familiar with the optical
fibers. Finally, we also aim to prepare a probe that could eventually replace the current biopsy needle-
based two-step sample collection and readout process by realizing it with a one-step sample collection
of body fluids and sensing to achieve a faster disease diagnosis.
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As we saw previously, SERS is a powerful technique of detection. In the first chapter of this manuscript,
we will demonstrate its interest for biosensing. The description of the physical phenomenon will allow
revealing the great features of SERS from the origin of the sharp peaks that allow for multiplex detection
to the giant increase in the electromagnetic field that allows for detection of trace amount of analyte. In
a second time, the review of SERS substrates will point out the limitations that need to be addressed so
that SERS sensors can be used more routinely in a clinical environment. Finally, we will review
promising biosensing studies realized with both label-free and labeled SERS to demonstrate the
versatility of this detection technique and to illustrate the possibility to detect relevant biomarkers for
liquid biopsy.

Since PCFs possess holes that allow for the incorporation of fluids inside them, they raised the interest
of many researchers for sensing in general and more particularly for SERS. In the second chapter,
studying the different fiber topologies available will demonstrate why fibers, and more specifically
PCFs, represent a good alternative to standard planar SERS substrates. In particular, it will detail how
PCFs can overcome the limitations presented in chapter I. More than just a simple state-of-the-art, the
review of reported work will highlight the relevance of optical fibers for biosensing. In addition, it will
show that PCFs allow detecting, in a clinical range, biomarkers for various diseases. Finally, we will
discuss the different options available that would allow improving the current SERS-based fiber probe
to benefit from the best sensitivity and reliability.

Based on the observations made in the state-of-the-art in chapter I, we decided to focus our work on an
already reported fiber topology, i.e. suspended core PCF (SuC-PCF), since it presented several
advantages over the other fiber designs. Unfortunately, so far the reported studies are contradictory and
do not allow selecting the fiber parameters that would give the best sensitivity and reliability sensor. In
chapter 111, we propose to optimize different aspects of the fiber in order to create the most sensitive,
reliable and practical fiber probe possible. The effect of the core size, the size of the cladding holes, the
technique used to make the fiber SERS-active and other aspects will be discussed in full detail through
simulations and experiments. In a second time, as a proof of concept, we will present the exciting results
of a clinical study to show that our fiber sensors could be used for liquid biopsy in order to detect severe
diseases at an early stage.

Although we achieved remarkable results with the optimized SuC-PCF, we noted during our
investigations and based on the reported work that the sensitivity of SERS-based fiber probes was
limited by the topology of the fiber. To further improve it, we will present in chapter IV an innovative
fiber design specially conceived to increase the interaction surface between the excitation light and the
analyte. The logic behind the conception will be detailed and simulation will illustrate how the fiber
topology can increase the sensitivity of the sensor. Unfortunately, the novel design is not compatible
with standard excitation techniques, such as focusing the laser directly into the core. Therefore, several
envisioned techniques that can be used to properly excite the core will be discussed. Finally, to
experimentally demonstrate the interest of the new topology, we will compare its sensitivity to that of
our best SUC-PCFs.

Flavien BEFFARA | Ph.D. Thesis | University of Limoges | 2021 21
License CC BY-NC-ND 4.0



Flavien BEFFARA | Ph.D. Thesis | University of Limoges | 2021
License CC BY-NC-ND 4.0

22



Chapter I. Introduction to Raman scattering and surface
enhanced Raman spectroscopy

Flavien BEFFARA | Ph.D. Thesis | University of Limoges | 2021
License CC BY-NC-ND 4.0

23



Flavien BEFFARA | Ph.D. Thesis | University of Limoges | 2021
License CC BY-NC-ND 4.0

24



Chapter I. Introduction to Raman scattering and surface enhanced Raman spectroscopy

1.1. Introduction

In this chapter, we present the Raman scattering from its origin to its application as a detection technique.
We develop the general theoretical background required to understand the tests conducted in chapters 3
and 4. We also present the inherent limitations of Raman scattering that forbade it to become more
widely used.

Subsequently, we present how surface enhanced Raman scattering (SERS) overcame these limitations
and allowed for Raman scattering to be more and more used since the late 1970s. We describe the
physical phenomenon by detailing both electromagnetic and chemical mechanisms. We also present the
different requirements needed to achieve the most effective configuration.

Finally, we present a state-of-the-art of the different types of SERS substrates ranging from colloidal
solutions to nanopatterned surfaces. We present both under research and already commercialized SERS
substrates to situate precisely our work in the current context of SERS sensing.

I.2. Raman scattering

1.2.1. Discovery

In the early twentieth century, many scientists were working on light scattering. In 1910, Rayleigh
published Colours of the Sea and Sky [13], in which he laid the foundations for the elastic scattering. In
1923, Adolf Smekal predicted that a monochromatic light could be scattered in shorter and longer
wavelengths, in addition to the original wavelength [14]. He stated that these shifts corresponded to the
energy difference between two states of a molecule, thus paving the way for the discovery of inelastic
scattering.

In 1928, Chandrasekara Venkata Raman and Kariamanikkam Srinivasa Krishnan published a paper
entitled “A New Type of Secondary Radiation” in which they confirmed Smekal’s theory [15]. They
used a blue-violet filter to select a small range of wavelengths from a beam of sunlight and focused it
on a purified liquid or its vapor. After positioning a yellow-green filter between the scattering material
and the observer’s eye, a feeble light was visible, proving that the excitation light was scattered at longer
wavelengths when encountering the material. If only Rayleigh scattering was happening, the scattered
photons would possess the same wavelength as the excitation ones and would be stopped by the second
filter. Though Grigory Landsberg and Leonid Mandelstam independently demonstrated the same effect
in crystalline quartz also in 1928, Raman’s experiment was the first report to validate Smekal’s
hypothesis and to this day this type of scattering bears his name.

1.2.2. Principle and application to Raman spectroscopy

When a monochromatic beam at A is focused on a molecule, the incident photons are either transmitted,
reflected or absorbed. In addition, as introduced above, a small portion will be scattered at the same
wavelength Ao (Rayleigh scattering) and an even smaller portion will be scattered with a wavelength
shift (Raman scattering), as illustrated in Figure 1.
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Figure 1 Schematic illustrating the two scattering phenomena occurring when a molecule is submitted to an
electromagnetic field.

Raman scattering corresponds to the interaction of the incident light wave with the polarizability of the
molecule. When submitted to an electromagnetic field E, the cloud of electrons of the molecule is
distorted due to Lorentz force, which, in turn, results in the creation of a radiating dipole. The resulting
polarization P can be defined as:

P = [a]E (1)

With: [«] the polarizability tensor, i.e. the capacity of the electronic cloud to be distorted when exposed
to E. In the case of Raman scattering (inelastic scattering), the radiating dipole oscillates with a
frequency different from the frequency of the incident light, this results in the emission of a photon with
a different energy than the incident one. Indeed, the energy of an incident photon is given by Planck-
Einstein relation:

c
E0=h.v0=h% )

With: E,: energy of a photon (J), h = 6.62.10-3*: Planck constant (J.s), v,: frequency of the incident

electromagnetic field (Hz), c: speed of light (m.s™), 1,: wavelength of the incident electromagnetic field

(m).

As explained above, the incident photon will excite the molecule by giving its energy. When the
molecule vibrates and emits a photon, three emission types are possible. The first one is the emission of
a photon with the same wavelength as the incident light and corresponds to Rayleigh scattering. The
remaining two are emissions with wavelength shift. If the molecule dissipates more energy by emitting
an optical phonon for instance, it will emit a photon that possesses a smaller energy than the incident
one. Because the energy of the emitted photon is smaller, the wavelength is bigger and thus the emitted
light is shifted towards red wavelengths. This is the Stokes Raman scattering. On the contrary, if the
molecule absorbs a phonon, it will be able to emit a photon with a bigger energy than the incident one.
According to Planck-Einstein relation, the wavelength of this photon will be blue-shifted compared to
the incident light. This is anti-Stokes Raman scattering. Figure 2 summarizes the three types of scattering
possible. However, anti-Stokes scattering is less intense than Stokes scattering; thus, many Raman
spectroscopy techniques are based on Stokes scattering. This will be the case in the following of this
manuscript.

When the molecule is excited by the incident light, several variations in the molecule structure can occur,
such as stretching, bending, twisting or rotation. Each of these structural variations corresponds to a
well-known Raman peak. Because every molecule possesses a unique three-dimensional structure, they
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also possess a unique combination of Raman peaks, i.e. Raman spectrum. This spectrum is a true
fingerprint of the molecule. Therefore, since the molecules can be uniquely identifiable, it resulted in a
new method of detection: Raman spectroscopy. The position of the Raman peaks in the spectrum is
independent from the excitation wavelength and excitation power. For instance, a molecule excited with
532 nm or 785 nm laser exhibits similar spectra. Thus, to have the same abscissa scale between the
spectra whatever the excitation wavelength it is customary to quantify the wavelength shift by using the
Raman shift. It is defined by:

1 1
Raman shift = — 3

Aincident Ascattered

With: Raman shift (in cm™) and Aincigene: Ascatterea the incident and scattered wavelengths (in cm).

Anti-Stokes Raman scattering Rayleigh scattering Stokes Raman scattering

Virtual energy states

Emitted

hoton (E
P E) Emitted

Wy

Incident
photon (E)

Y

Wy

Incident

photon (E;)

NN Wiy,

Incident

Emitted
photon (E,)

NNV

photon (E;) photon (E)

E “7h\'

m

Figure 2 Simplified energy diagram illustrating Rayleigh, Stokes and anti-Stokes scatterings.

Raman spectroscopy presents many advantages. For instance, the analyte can be directly tested under
all its forms, i.e. solid, liquid or gaseous, with minimal preparation. Furthermore, the peaks of the Raman
spectrum are extremely narrow compared to fluorescence peaks, making it highly selective. This high
selectivity is demonstrated by the possibility to achieve multiplex detection [16,17]. Finally, the intensity
of a peak can be correlated to the concentration of a chemical present in the tested sample. All these
advantages make Raman spectroscopy an ideal candidate for biosensing, however, it also possesses
several limitations.

1.2.3. Limitations

The main limitation of Raman scattering is its extremely weak cross-section. Here, the Raman cross-
section refers to the probability that a molecule absorbs a photon and emits a Raman photon. As
mentioned previously, not all the photons are scattered when they encounter a molecule. Some of them
are transmitted, reflected or absorbed. The scattered photons only represent a small portion of the total
photons. In addition, most of the scattered photons follow Rayleigh scattering (one out of ten thousand).
It is generally admitted that only one photon out of one hundred million is Raman scattered. Thus, the
resulting signal is extremely weak. It has been shown that Raman scattering cross-section is 10° to 101°
times weaker than fluorescence or infrared spectroscopy [18,19]. An ideal solution to overcome this
limitation would be to increase the useful signal for improving the sensitivity while maintaining the
same excellent selectivity.
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The first immediate solution to overcome this drawback is to increase the concentration of the analyte.
Indeed, the incident photons will encounter more molecules and the probability to emit a Raman
scattered photon will thus be more important than before. However, this solution does not really have a
sense because the point of developing a sensor is that it must be as sensitive as possible to detect the
lowest concentrations possible.

The second solution is to increase the power of the incident light and the time of measurement in order
to increase the number of photons and statistically increase the number of scattered Raman photons.
This is what C. V. Raman did in 1928 when he focused the sun light in order to be able to see the
scattered light at the end of his setup. However, increasing the power of the incident light might result
in overheating the tested sample and might denature it. The development of lasers in the 1960s and the
development of CCD detectors have significantly increased in the use of Raman spectroscopy. However,
this remained insufficient to increase significantly the interest of Raman spectroscopy.

1.3. Surface enhanced Raman scattering (SERS)

1.3.1. Principle

Even with the improvements made in Raman spectroscopy setups, the useful signals remained weak and
hard to detect at low concentrations. Therefore, a solution had to be found to detect small concentrations
of analyte with relatively low laser power. Surface enhanced Raman scattering (SERS), which appears
when a molecule is adsorbed onto nano-roughened noble metal surfaces or their colloidal nanoparticles
(NPs), drastically increases the signals while preserving the sharp Raman peaks and the possibility of
multiplex detection [20-25].

It was first observed in 1974, when pyridine was adsorbed onto a silver electrode [26]. The intensity of
the Raman signature peaks of pyridine was significantly increased when the molecules were adsorbed
on the electrode surface. Three years later, Albrecht and Creighton estimated that this enhancement can
rich factor 10°[27]. The same year, Jeanmaire and Van Duyne also established the importance of the
excitation wavelength in the enhancement phenomenon and they hypothesized that this enhancement
was due to the formation of active sites as well as an increase in surface area due to the etching of the
silver surface [28]. This theory was confirmed by Moskovits and Billman few years later when they
demonstrated the importance of surface roughness in the enhancement mechanism [29,30].

Since these first discoveries, it has been shown that SERS is based on two mechanisms. The first one is
called electromagnetic mechanism (EM) and is independent of the tested analyte. The second one, less
important, is named chemical mechanism (CM) and strongly depends on the nature of the analyte.

1.3.1.1. Electromagnetic mechanism

This mechanism is based on the enhancement of the electric field thanks to localized surface plasmon
resonance (LSPR). In a metal, the conduction electrons can move randomly inside the material.
However, when they are submitted to an electromagnetic field, these electrons orient themselves
according to this field because of Lorentz force resulting in a small delocalization (about 1033 m) as
illustrated in Figure 3. Though this delocalization is extremely small, it is important enough to create a
shift in the position of the electrical charges barycenter. Indeed, the atom nucleus, which is heavier than
the cloud of electrons, can be considered motionless. The positive and negative charges are then
separated and will attract each other until the electrons are back in their original position. The cloud of
electrons may be delocalized again if the mechanical energy did not wear off leading to oscillations of
the electrons plasma. The quantification of these plasma oscillations is called “plasmon” [31]. These
oscillations enhance the electromagnetic field near the surface between the metal and the dielectric. The
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field is maximum at the interface and decreases exponentially. The frequency at which the plasma
oscillates can be expressed as:

ne?

(4)

fpz

mm,
With: n the number of electrons, e the elementary charge of an electron and m,, the mass of an electron

[32]. We can distinguish two kinds of surface plasmons. The first one is delocalized and occurs in planar
surfaces and the second one is localized in small structures of a few nanometers, i.e. LSPR.

Electromagnetic l
Metal

nanoparticle

Electron

Electron
cloud

Figure 3 Illustration of the electron cloud delocalization undergone by a metallic nanoparticle when submitted to
an electromagnetic field.

Several factors can modify the plasmon resonance such as the material, the shape and the size of the
particles, but also the wavelength and the polarization of the excitation light and the angle with which it
encounters the particles. In the following, we will focus on the plasmon resonance theory of
nanospheres.

Using Drude model, we can express the permittivity of the metal as:

2 2 2
W w wpY
£ =1- P__—1- P__ 4 P S
metal w? + iyw w?2+y2  w(w?+y?) ©)
With y a constant specific to the metal and w,,, the plasma pulsation defined as:
ne?
wy = | (6)
Em

As we can see in equation 5, the permittivity of the metal depends non-linearly on the pulsation of the
incident light. According to the value of ®, the metal will not react in the same way with the incident
light:
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- ifo>op 2 0 < gpetqr < 1 -2 the incident wave will be transmitted
- ifop=o 2 gretaq = 0 = the plasma can resonate
- ifo<op 2 grerar < 0 =2 the incident wave will be reflected

Here, in order to simplify the explanations, we only consider the conduction electrons. In noble metals,
the core electrons are also important in the definition of the permittivity. This matter is addressed further
in [33].

Considering a metal sphere, one can express its polarizability a according to the metal permittivity (e,,),
the permittivity of the surrounding media (&,,-) and the radius of the NP (r) [33]:

a = 4mr3 = 4mr3g (7
As explained above, the polarizability represents the ability of a particle to form instantaneous dipoles.
If g tends towards infinity, the polarizability also tends towards infinity. This means that dipoles are

continuously forming. In other words, the electron cloud is always distorted, i.e. it oscillates around the
nucleus (plasmon). Therefore, equation 7 gives the condition of resonance for which the plasmon exists:

Em = —2 Egyr (8)

This relation shows that the position of the resonance depends on the metal used and on the surrounding
media. Once the plasma is oscillating, it will hugely magnify the electromagnetic field at the surface of
the NP. In Raman spectroscopy, the scattered intensity is linear with the incident field intensity EZ [34].
Thus, the Raman intensity is linked to the absolute square of E,,,; at the surface of the NP and can be
expressed as:

|Eouel? = E§ [I1 — gI* + 3cos?8(2Re(g) + 191%)] ()
With 8, the angle between the incident field vector and the vector to the position of the molecule on the
surface.

The maximum enhancement happens when the molecule is on the axis of propagation, i.e. when 8 = 0°
or & = 180° and the minimum enhancement occurs when 6 = 90°. In addition, as mentioned
previously, g needs to tend towards infinity for the plasma oscillation to occur. Thus, we can simplify
expression 9 into:

|Eout|2max = 4E§|9|2 and |Eout|2min = Eg|g|2 (10)

The ratio between the maximum and minimum enhancement being four, we can define the average
enhancement as:

|Eout|2max = 2E§|g|2 (11)

As highlighted previously, when the incident light encounters a molecule, it creates an oscillating dipole
around the molecule. The vibrational frequency of the molecule can shift the frequency of a small portion
of the incident light and it results in the emission of Stokes or anti-Stokes shifted photons.

If the molecule is in the vicinity of a metallic NP, the scattered electromagnetic field can also be
enhanced. Although, the treatment of this enhancement is more complex than for the enhancement of
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incident light [35,36], it can be simply understood with a first-order approximation, resulting in an
equation similar to equation 9 at the scattered wavelength:

|E guel® = EG [11 — g'|*> + 3cos®0(2Re(g") + 19'1%)] (12)

With g’, defined by the metal permittivity (¢',,,) and the permittivity of the surrounding media (¢'g,,)
at the scattered wavelength.

The theoretical electromagnetic enhancement factor (EF) can then be defined by:

21! 2
EF,, =M=4Iglzlg’lz (13)
|Eol*
If the Raman shift is small, the incident and scattered wavelengths are close to one another, thus g and
g' can be considered equal, and the EF varies according to g*. This is commonly known as the fourth
power enhancement of the electromagnetic field. Depending on the value of g, EF;; can reach values
up to 108-10%.

1.3.1.2. Chemical mechanism

The CM enhancement, also known as electronic enhancement, is considered to be responsible for a
much smaller enhancement and despite all the studies made so far it is less understood than the EM
enhancement. It seems to be limited to the first layer of molecules directly adsorbed on the surface of
the NP responsible for the enhancement [37,38]. The theory behind CM relies on two components: (i)
the non-resonant and (ii) the resonant transfer of an electron (or hole) to the adsorbed molecule [37].

The non-resonant transfer of an electron to the adsorbed molecule is an extremely short phenomenon,
the electron returning to the metal after less than a femtosecond in the molecule. This transfer, also
called “impulse mechanism”, happens when the electron energy does not match the resonance condition
and seems to be responsible for the excitation of a vast majority of modes resulting in an enhancement
in the range of 30-40 folds in addition to the EM enhancement. It is supposed that all the adsorbed
molecules contribute to this phenomenon [37].

On the other hand, the resonant transfer of an electron to an adsorbed molecule seems to be rarer and
happens only in certain sites (SERS-active sites). It seems to be responsible for the excitation, and thus
the enhancement of only certain modes, such as C—C stretch mode in C,H, for instance [37]. Although
this phenomenon is rarer and concerns only certain modes, it leads to a more important enhancement
than the impulse mechanism and it could enhance the favorable modes up to 103 fold.

Because it is difficult to differentiate the CM and EM enhancements, EM enhancement will usually be
considered more important in most of the cases [39], even though, the total SERS enhancement is a
combination of the two mechanisms.

1.3.1.3. Wavelength dependence

As explained previously, the SERS response of a substrate varies with the incident wavelength. Several
studies were conducted to determine the effect of the excitation wavelength on a given SERS substrate
[40—-44]. This would allow determining the best excitation wavelength for a given SERS substrate or it
would allow optimizing the parameters of the SERS substrates for a given excitation wavelength in
order to achieve the strongest enhancement possible. The experimental setups required at least a tunable
laser source, a set of adapted filters and several detectors. In the case of isolated NP, or arrays of weakly
interacting objects, McFarland et al. demonstrated that the maximum EFs did not occur when the
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excitation laser is tuned to the peak of the plasmon resonance [41]. Using benzenethiol adsorbed on Ag
NPs arrays, they showed that the maximum EFs occur when the laser wavelength is slightly blue shifted
compared to the LSPR peak. Indeed, in this configuration, both the laser and the Raman scattered signals
are strongly enhanced, which leads to the highest SERS EF. They also illustrated the fact that adsorbing
the analyte molecules on the surface of the NP arrays tends to shift the LSPR peak towards longer
wavelengths. Zhang et al. confirmed that the strongest EF occurs when the LSPR peak is situated
between the excitation wavelength and the wavelength of the vibration mode [42].

In addition, it is important to remember that the final goal of this thesis is to create SERS sensors that
might be used in clinical environment. Therefore, an extra care should be taken in the selection of the
excitation wavelength [45,46]. Indeed, body tissues, such as skin or fatty tissues, and body fluids, such
as oxygenated or deoxygenated blood, possess several transparency windows in the near-infrared region
(NIR) where the scattering and absorption of the light are the lowest: the first one is between 650 hm
and 950 nm (NIR-I); the second one is between 1000 nm and 1350 nm (NIR-I1) and the last one is
between 1500 nm and 1800 nm (NIR-I11) [46-48]. Moreover, the LSPR of coinage metals, such as silver
and gold, are situated in the visible range. Therefore, exciting the analyte with a wavelength in the first
region (NIR-1) is ideal to benefit from the best SERS enhancement possible with coinage metal and low
absorption. In the following, we will use wavelengths that fall into this range.

1.3.1.4. Distance dependence

The final aspect of SERS that needs to be taken into consideration is the distance dependence of this
phenomenon. Indeed, from a practical point of view, the distance plays an important role, especially in
biodetection. For some studies [49-54], the analyte needs to be immobilized near the metal surface
thanks to a capture layer, such as a layer of antibodies. This inevitably results in greater distance between
the metal surface and the targeted molecule. In addition, some SERS platforms monitor the variations
in Raman intensity for different distances between the Raman tag and the metallic surface to detect the
presence of an analyte [55-57].

As stated previously, the CM enhancement is extremely localized and occurs only where the molecules
are directly adsorbed onto the metal surface. However, theoretical considerations predict that the EM
enhancement occurs even though the analyte molecule is not directly adsorbed onto the metal surface.
It has been shown [58] that the SERS intensity varies with:

-10

Isgrs = (a i r) (14)
With: a the radius of curvature of the roughness feature on the metal surface. In the case of an NP, a is
the radius of the NP. r represents the distance between the metal surface and the analyte. In addition to
showing that SERS enhancement is theoretically possible when a molecule is not directly adsorbed on
a metal surface, equation 14 also demonstrates that SERS enhancement decreases extremely rapidly
with the distance from the metal surface.

So far, numerous studies have been conducted to estimate the range of the SERS enhancement. In the
early stage of SERS, Murray et al. used poly(methylmethacrylate) (PMMA) as a spacer layer between
a rough silver film and p-nitrobenzoic acid (PNBA) to determine the effect of the distance on the SERS
signal [59]. They deposited PMMA layers of few A and measured the PNBA SERS signal after each
deposition. They observed a fall-off of the enhancement by a factor 10 for every 35-50 A deposited
layers in the range 0-12 nm. In 2006, Dieringer et al. used atomic layer deposition (ALD) to coat layers
of aluminum oxide (Al>Os) with four different thicknesses onto Ag film over nanosphere (AgFON) [60].
Then, they adsorbed pyridine onto the different Al.O; films and measured the resulting SERS signal.
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The four spectra are available in Figure 4(a). After fitting the experimental data (Figure 4(b)), they were
able to determine that, for this particular configuration, the intensity of the signal was ten times lesser

after only 2.8 nm.
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Figure 4 (a) SERS spectra measured when the molecules of pyridine are adsorbed on different thicknesses of
alumina, coated on AgFON. (b) Variations of the normalized SERS intensity of 1594 cm™ peak of pyridine for the
different alumina thicknesses. Reproduced from [60].

More recently Masango et al. demonstrated that, in some cases, equation 14 failed to fit the experimental
data [61]. They deposited monolayers of Al.O3 on bare AgFONs and AgFONSs functionalized with self-
assembled monolayers of toluenethiol. Subsequently, they monitored the intensity of the 2892 cm-! peak
of trimethylaluminum with increasing distance from the AgFONSs. The experimental results are available
in Figure 5. Then, they tried to fit the experimental data with equation 15 for different curvature radii.
They noted that a section of the experimental data could be fitted by the equation with a small curvature
radius (2 nm) and the second section of the curve by the equation with a larger curvature radius (8.5 nm).
This means that small NPs were responsible for the SERS intensity close to the NPs, whereas larger NPs
were responsible for the SERS intensity further away from the NPs. In order to represent this
phenomenon, they proposed the following equation:

7r\—10 r\—10
Isgrs = Cy (1 + —) +C, (1 + —) (15)
aq a
With a, and a,, the radii of curvature of AgFON features that are responsible for the long-range and
short-range effect. C;, C, are constants that account for the relative contributions of the two terms. This
equation allowed fitting much closer to the experimental data. This study demonstrates further the
importance of the geometry of the SERS substrate. If the SERS substrate presents NPs with relatively
large variations in geometry, the distance dependence of the SERS response is more complex. In
summary, SERS enhancement depends on the topology of the metallic SERS substrate and it remains
an extremely localized phenomenon that occurs mainly in the first 10-15 nanometers near the metal
surface [62,63].
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Figure 5 Variations of the relative SERS intensity of the 2892 cm™ peak of trimethylaluminum with distance from
a bare AgFON surface and AgFON functionalized with toluenethiol self-assembled monolayers. Reproduced from
[61].

In addition, it has been shown that SERS intensity can be further enhanced in small specific locations
called hotspots. These locations can be sharp tips, nanogaps between NPs or nanogaps between an NP
and a metallic surface [64-68]. For instance, Moskovits explained the mechanism behind this
phenomenon using a dimer of metallic NPs as illustrated in Figure 6 [69]. In the two panels of Figure 6,
the little dots in the center of the dimer represent the analyte molecule. The electronic field polarizes the
NPs, creating an excess of positive charges on one side of the NPs and an excess of negative charges on
the other side. The difference between the two panels is the polarization of the light represented on the
right of the figure. In the top panel, the polarization is perpendicular to the main axis of the dimer,
whereas it is parallel in the bottom panel. From there, it results that the excesses of charge are not
localized in the same locations in the NPs. When the excitation field is polarized along the main axis of
the dimer, decreasing the distance d between the two NPs allows reducing the proximity of the charges
between the two NPs. This results in an increased electric field between the two NPs where the analyte
is situated. In addition, since the excess of charge in an NP is located towards the other NP, each NP has
an impact on the polarizability of the other, yielding an increase in the electromagnetic field. In
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Figure 6 Illustration of the mechanism that creates a giant increase of the EF in a hotspot. Reproduced from [69].
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summary, for a polarization along the main axis of the dimer, the NPs polarization results from the
excitation field and the induced dipole created in the other NP. This yield tremendous EF. However,
bringing the NPs closer when the light is polarized perpendicularly to the main axis does not allow the
same interaction between the two NPs resulting in a smaller electric field and thus a smaller EF.

Moreover, it has been shown that closing the gap between the NPs results in giant EFs. Le Ru et al.
showed that it was ~5 x 10° for a 10 nm gap between two 25 nm Au NPs and it became ~3 x 10°

. . 1
when the gap was only 2 nm [19]. It was reported that the EF is proportional to = [70]. In some cases,

the maximum enhancement inside a hotspot can be up to 300 times larger than the averaged
enhancement over the whole surface [19]. Since the EF in the hotspot is much greater, it was argued that
the majority of the EF came from the hotspot. To illustrate this, Camargo et al. fabricated two types of
silicon substrates. On the first one, they deposited isolated Ag nanocubes and, on the second one, they
deposited nanocubes dimers with narrow gaps. Then, they functionalized the two types of substrates
with 4-methylbenzenthiol (4-MBT). All the substrates exhibited the SERS signal. Subsequently, they
treated the two substrates with plasma. This removed the molecules of 4-MBT everywhere on the
substrates except inside the nanogap. The cleaned substrate with isolated Ag nanocubes no longer
exhibited the SERS signal of 4-MBT. However, the substrate with the dimers exhibited a signal similar
to the one measured prior to the plasma treatment. This means that the majority of the measured SERS
signal on the substrates with the dimers was due to the 4-MBT molecules present in the nanogap, thereby
demonstrating that the EF of hotpots contributes to a large portion of the measured SERS signal.

1.3.1.5. Total enhancement

As described before, the total theoretical SERS enhancement factor is the combination of the two
mechanisms. It can be described by:

EF,, = EM x CM (16)

The combination of EM and CM results in extremely high enhancements [71-73]. In certain
configurations, SERS EF even allows for single molecule detection [74-81]. This represents the main
advantage of SERS: it enhances tremendously useful signal while also maintaining the extremely good
selectivity of Raman scattering. Since the signal is drastically increased, the required power of the
excitation light can be decreased significantly, which helps to preserve the analyte and avoid any
deterioration.

As explained previously, it is difficult to isolate one enhancement mechanism from the other and the
total EF can be obtained experimentally [41]. The technique takes into account the EM enhancement of
both the incident and scattered signals and the CM enhancement. To calculate it, one needs to measure
the SERS intensity (Isgrs) When the analyte is in the vicinity of the metal surface and the normal Raman
intensity (Iyg) of the analyte alone. One also needs to estimate the number of molecules bound to
metallic particles surface (Ng,,r) and the number of molecules in the excitation volume (Nyq).
Experimental EF is defined as follows:

Isgrs /
ﬂ (17)

1
NR/Nvol

In summary, in order to create a SERS sensor that exhibits the best EF, one should keep in mind to
create a sensor that possesses a short distance between the analyte and the metallic surface, an excitation

EFoyp =
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wavelength adapted to both the LSPR and the Raman scattered signal and if possible create hotspots in
order to further increase the signal.

1.3.2. Fabrication of SERS substrates

1.3.2.1. Principal parameters of a SERS substrate

In this section, we introduce the parameters that will be used in the following of this manuscript to
estimate and compare the sensitivity and reliability of a SERS sensor. These two features are of key
importance in the creation process of a SERS probe. Brown et al. refer to the interplay between
sensitivity and reliability as the “SERS uncertainty principle”[82]. They suggest that the SERS
substrates exhibiting the highest enhancement are the less reproducible and vice versa. They base their
reasoning on the fact that SERS substrates using unstructured NPs often exhibits the highest SERS
enhancement and that increasing the uniformity of the enhancement across the substrate tends to
decrease the maximum enhancement. A schematic illustrating this is available in Figure 7.
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Figure 7 Diagram showing the changing characteristics of SERS structures between the unstructured and highly
structured variety. Reproduced from [82].

Similarly, in order to have sensors with clinical relevance, a compromise between sensitivity and
reliability has to be found. A sensor exhibiting good reliability but poor sensitivity might fail in the
detection of trace amount of analyte, whereas a sensor with extremely high sensitivity but with poor
reliability might result in the detection of false positive. In addition, a good clinical sensor needs to be
sensitive enough to detect low concentrations of analyte in small volumes to detect diseases at an early
stage. Selectivity and specificity are also important for biosensing since the analyte can be present in
small amount inside a complex matrix, such as blood, that may exhibit parasitic Raman signals.
Therefore, sensors that allow targeting specifically the analyte represent a giant advantage.

To determine the sensitivity of a SERS sensor, several criteria are often used. The first one is the limit
of detection (LOD). It consists of the lowest concentration of analyte the sensor can detect. Intuitively,
between several sensors, the most sensitive will be the one able to detect the lowest concentration.
Another criterion used to compare the sensitivity of several sensors is the Raman intensity obtained in
similar conditions. For example, common Raman reporters are molecules with strong Raman signature
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peaks. The intensity of one of these signature peaks can be monitored using different sensors. The
sensitivity is directly linked to the Raman intensity of this peak, i.e. the most sensitive sensor gives the
highest intensity.

The reliability corresponds to the ability of a sensor to give uniform SERS signals. Ideally, when
measuring several times the Raman signal emitted by an analyte, a SERS sensor should exhibit the exact
same spectrum every time, both in terms of Raman shift and intensity, i.e. all the signature peaks of the
analyte should be present and each peak should have the same intensity. Reliability is often defined by
two parameters: reproducibility and reliability. Reproducibility represents the ability of a unique sensor
to give uniform signals over the entire active surface, as illustrated in Figure 8. It is generally agreed
that SERS sensors exhibiting relative standard deviation (RSD) below 5% are considered extremely
reproducible [83-86]. Repeatability represents the ability of several sensors prepared in the same
condition to give uniform signals (Figure 8). It is of tremendous importance as it demonstrates the ability
to fabricate sensors that will respond similarly under the same conditions. Despite its importance for the
commercialization of SERS sensors and for them to be used in a clinical environment, repeatability is
often not presented in research papers. However, Nathan stated that a batch of SERS sensors with
variations lower than 20% could be considered acceptable [87].

M Substrate 1 E M
| M
Repeatability

% % %

e I I
Substrate 1 Substrate 2 Substrate 3

Reproduciblity

Figure 8 Schematics presenting the notions of reproducibility and repeatability. A single substrate should exhibit
uniform SERS signals under the same conditions, i.e. reproducibility. A batch of substrates prepared in the same
conditions should exhibit identical SERS response, i.e. repeatability.

Since its discovery on roughened silver electrodes, numerous substrates have been developed as SERS
sensors, which can be classed in three main sorts: colloidal solutions, NPs deposited on planar substrates
and nanopatterning. In the following, we present a non-exhaustive list of techniques used to prepare
SERS substrates in these three configurations. The idea is not to present all the existing SERS substrates,
but rather to present an overview of the major techniques used to prepare them.
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1.3.2.2. Colloidal solutions of metallic NPs

Colloidal solutions are two-phase solutions where particles are suspended in a continuous phase. Such
solutions are usually prepared through chemical reduction. A representation of the main steps is
available in Figure 9 [88]. To do so, precursor salts, such as sodium borohydride or sodium citrate, are
used to initiate the nucleation process, which consists of a combination of metallic atoms into small
groups called nuclei. The following step consists of increasing the size of the nuclei to form the final
NPs. The choice of the reducing agent is extremely important as it affects the final size of the NPs.
Strong reducing agents, such as sodium borohydride, produce relatively small NPs whereas weaker
precursors like sodium citrate give larger NPs [89]. In addition to reducing agents, chemical synthesis
of NPs requires the use of capping agents, which act as electrostatic stabilizers and keep the NPs from
agglomerating [90]. The main advantage of chemical synthesis lies in the possibility to produce a wide
variety of NPs such as nanorods, nanospheres, nanotriangles or even nanostars [89,91-94]. The different
shapes are obtained by adding surfactants during the synthesis process.

Reduction Nucleation Pri. AgNPs Coalescence  Sec. AgNPs

Figure 9 Representation of the chemical reduction process to synthesize colloidal Ag NPs. Silver ions (Ag*) form
silver atoms (Ag) when they are submitted to chemical reduction. These atoms undergo nucleation to form primary
Ag NPs that further coalesce with each other to form final Ag NPs. Reproduced from [88].

In order to limit the chemical species involved and improve the purity of the solutions, physical
techniques have also been developed. One of these techniques consists of ablating a silver or gold target
with pulsed lasers directly into the liquid [95-97]. The focused laser results in the creation of plasma
near the metallic target that will allow tearing the material from the surface. Once torn from the target,
the material will be able to interact with the liquid (water or organic solvent), which will result in the
nucleation and growth of the nuclei [98]. Unlike chemical reduction, this technique is mainly used for
the fabrication of nanospheres.

For SERS applications, the size of the particles in suspension are usually below the 100 nm range and
they are principally made of silver or gold as these two metals possess absorption peaks in the visible
range [72]. The maximum absorption wavelength of the solution, i.e. the LSPR, depends on the size of
the NPs in solution [89,99]. In addition, the choice of the selected material also plays a role in the LSPR
maximum wavelength [100]. Depending on the excitation wavelength and the resonance of the analyte
one should consider using preferably Ag or Au NPs. For a given size, Ag NPs will have its absorption
peak blue shifted compared to Au NPs. In addition, Ag is considered a more effective plasmonic
material, whereas Au is considered more chemically stable [101]. That is why bimetallic NPs are also
investigated. Several studies demonstrated that bimetallic Ag/Au NPs present stronger SERS activity
than pure Ag or Au NPs [102-104]. However, as expected, they are more complicated to fabricate than
pure NPs.
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Another important aspect of SERS sensing with NP colloids is the shape of the NPs. Indeed, it has been
demonstrated that NPs with a large number of sharp tips, i.e. nanostars exhibited significantly larger
SERS intensities [92]. Indeed, these tips act as hotspots where the SERS intensity is further enhanced
as explained in the section 1.3.1.4, thus because there are more hotspots in nanostars colloids than in any
other colloids, the resulting SERS intensity is stronger.

SERS measurements with colloidal solutions are usually done by mixing the analyte directly with the
colloidal solution. In this configuration, the analyte molecules are in the vicinity of the NPs into the
entire solution and one only needs to focus the excitation laser into the solution and collect the resulting
SERS signal. However, after the analyte is incorporated into the colloidal solution, the NPs tend to
aggregate. This aggregation reduces the diffusion of the analyte molecules between the NPs, thus
limiting the creation of hotspots. This can also affect the LSPR peak as bigger NPs exhibit redshifted
absorption compared to smaller ones [105]. The two aspects result in a decrease of the enhancement,
which in turn leads to poorer sensitivity. In order to avoid the NPs agglomeration, a technique called
SHINERS (Shell Isolated Nanoparticle Enhanced Raman Spectroscopy) has been developed in 2010
[106]. It consists of capping the metallic NPs with a shell electronically and chemically inert, such as
SiO; or AlLOs. The resulted SHINSs (Shell Isolated Nanoparticles) exhibit a better stability compared to
usual NPs. However even if the shell is extremely thin, it will necessarily lead to a smaller enhancement
as direct contact between NPs and analyte molecules are forbidden in this configuration [106].

Because both the analyte molecules and the NPs can move freely inside the sensing volume,
measurements with colloidal solutions do not usually exhibit excellent reliability. As highlighted
previously, reproducibility and repeatability are two important criteria when it comes to SERS sensing.
Thus, even though colloidal sensing is already promising, other techniques are developed to improve
the overall reliability of the sensor, such as the immobilization of NPs on a planar substrate.

1.3.2.3. Nanoparticles immobilized on planar substrates

The deposition of NPs on planar substrates benefits from two main advantages. The first one is the
improvement of the sensor reliability. Indeed, the fact that the NPs are immobilized limits the impact of
the Brownian motion of the NPs in solution. This advantage is based on the condition that the deposited
NPs are extremely well arranged on the substrate, if not, the reproducibility and repeatability may
decrease rapidly according to the quality of the deposition. The second advantage is the possibility to
fix NPs close to one another to benefit from the important enhancements of hotspots describe previously.
This interest is also limited to the quality of the deposition.

The first way to immobilize NPs on a planar substrate is by chemical anchoring. To do this, the planar
substrate needs to be functionalized by silanization. We quickly describe this technique in the case of a
silica substrate but it is worth noting that it can also be applied to a wider range of substrates such as
guartz, plasma-treated Teflon and platinum for example [107]. Briefly, silica substrates possess
hydroxyl groups (R--OH) at their surface. Putting a silane in contact with the hydroxy! groups displace
the alkoxy groups (R—O—R”) of the silane in order to form a covalent bond between the silane and the
silica [108], as shown in Figure 10 [109]. Usually, the selected silane possesses another chemical group
that will be able to bond to the metallic NPs. Once the silica substrate is functionalized, it can be dipped
in a colloidal solution containing the NPs, which will chemically bind to the additional group of the
silane.  Often  used silanes are  (3-Aminopropyltrimethoxysilane ~ (APTMS)  or
(3-Mercaptopropyl)trimethoxysilane (MPTMS). For APTMS, NPs will be able to bind with the amine
group (--NHy), whereas for MPTMS they will bind with the thiol group (--SH) [110]. The SERS signal
from the silane is usually very weak and does not interfere with the signal from the analyte. In addition,
this technique is quite flexible since a wide variety of NPs (in size, shape and material) can be
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immobilized on the substrate and relatively large surfaces, in the range of few cm?, exhibiting good
enhancement and reproducibility can be prepared [107,111,112].

Type II1
OFt Type IV
EtO__ | OEt
Type 1 Sl NH;
Type 11
NH>
EtO\ EtO - Sl/\/\ NH> I}H'Iz
2 BO7| : 4 | \
o O

dmh-ﬁ_-ﬁ_iﬁh

Figure 10 Four possible orientations of APTES molecules on -OH terminated glass substrates. Reproduced from
[109].

Another solution consists of embedding the NPs in a dielectric medium instead of immobilizing them
onto the substrate [113]. Several techniques allow fabricating such substrates, such as laser or ionic
implantation [114,115], thermal treatment of thin metallic layers [116] and electric field-assisted
diffusion [117]. Representative TEM micrographs of Ag NPs impregnated in a polycarbonate substrate
are available in Figure 11. Embedding the NPs into a matrix limits the uncontrolled aggregation of the
NPs, which result in improved sensitivity and reliability. In addition, the host material acts as a
protective layer, which maintains the SERS ability of the substrate over time. Hasell et al. obtained an
enhancement factor of 107 with the substrates prepared in Figure 11 and they were still able to obtain a
SERS response with substrates prepared over a year ago and stored in air [118]. This technique is
applicable with different types of materials, such as polymers and glasses.

Figure 11 TEM micrographs of (a) The surface located band of silver nanoparticles in a cross section of the
polycarbonate substrate. (b) A magnified section showing nanoparticles on the outside edge of the polymer. (c) A
magnified section showing nanoparticles at the limit of furthest impregnation of the nanoparticles. Reproduced
from [118].
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NPs can also be deposited or grown directly onto semiconductor or dielectric substrates using physical
vapor deposition (PVD). The substrate could have been previously nanopatterned to serve as a guide for
the NPs growth [119,120]. For instance, Gkogkou et al. patterned nanoripples at the surface of a silicon
substrate using ion beam irradiation [121]. Then, they used thermal evaporation to deposit Ag NPs in
the nanoripples. The resulting substrate is visible in Figure 12(a). The NPs were well aligned along the
nanoripples. Subsequently, they measured the optical resonances along the axis perpendicular and
parallel to the ripples. They showed that the plasmon resonance peak occurred at 514 nm in the
perpendicular direction and 745 nm in the parallel direction. Finally, they studied the impact of the light
polarization on the SERS response of 4-mercaptobenzonitrile (MBN) using two polarized lasers that
were close to the maximum resonance (514 nm and 647 nm) (Figure 12(b)). For that, they rotated the
substrate according to the polarization angle 6 and acquired SERS signals. They showed that the
measured SERS intensity of the 1079 cm™ band of MBN alternated between maxima and minima when
the substrate rotated (Figure 12(c)). Using 514 nm excitation a cos?0-dependence was found while using
647 nm excitation a sin?0-dependency was found. This corresponded well with the resonance plasmon
peaks measured on the perpendicular and parallel axis, respectively. In summary, this fabrication
technique allows controlling more precisely the NPs parameters and helps in creating homogeneous and
stable SERS substrates with large active areas. Nevertheless, the NPs here are not protected in contrast
to when they are embedded in the substrate. Thus, the substrates are not reusable after washing and their
lifetime is much shorter.
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Figure 12 (a) SEM picture showing silver nanoparticles aligned along nanoripples on silicon. (b) Raman setup for
polarized measurements. (c) Normalized intensity of the 1079 cm™ band of MBN as a function of 0 obtained with
514 nm (green triangles) and the 647 nm (red squares) excitation. The respective solid lines correspond to fits of
cos?(0) (green) and sin2(0) (red) function to the data. Reproduced from [121].

Flavien BEFFARA | Ph.D. Thesis | University of Limoges | 2021 41
License CC BY-NC-ND 4.0



Until now, we presented deposition techniques on solid planar substrates. However, several technigques
can be used to deposit NPs on flexible substrates like paper. Among these techniques, we can cite ink-
jet [122], screen printing [123], drop casting [124] or dip coating [125] for example. Paper SERS
substrates present many advantages in addition to being more flexible than hard planar substrates. They
are quite simple to fabricate, with the ink-jet technique, for example. This facilitates the storage of the
SERS substrates, since one can make them on demand thus avoiding long term storing. They are also
low cost and can be used in different ways, such as drop casting, dipstick or swab. The latter is very
interesting for detecting the presence of an analyte at the surface of an item, though it does not allow for
very precise quantitative analysis. White et al. used chromatography paper as SERS substrate by
depositing Ag NPs using an ink-jet printer [122]. They chose chromatography paper since it exhibited
a low Raman signal. However, they needed to make the active region hydrophobic so that the ink would
not spread too deep inside the paper. Later, they fabricated the Ag NPs and prepared the ink by re-
dispersing the centrifuged NPs in a water/glycerol solution. After filling reusable cartridges, they finally
printed the ink several times on the same spot on the paper to increase the density of the NPs. They also
reported a cheap and easy way to concentrate the analyte on the SERS active region of the paper. They
simply dipped the paper in the solution to test and by capillarity, the analyte moved to the active region.
With this technique, they were able to detect R6G concentration as low as 10 femtomoles in 1 pL. Screen
printing is the same procedure. The only difference lies in the printing process. Instead of using a printer,
a screen plate with a desired pattern is fabricated [126]. Then, the ink is placed on the screen and a
squeegee is used to apply the ink in the apertures of the pattern as shown in Figure 13 with PET
substrates. The advantage of this technique is that predefined arrays of NPs can be fabricated, to create
SERS hotspots for instance.
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Figure 13 Schematic illustrating the screen printing process. Reproduced from [126].

1.3.2.4. Nanopatterning

Previously, we saw that nanopatterning could be used to guide the deposition of NPs. It can also be used
to create relevant shapes on which a metal can be deposited or directly create the nanopattern on the
metal in order to create a SERS-active substrate. Several techniques can be used to create the pattern.
The first one we present is called laser ablation. It consists of ablating unwanted sections of a substrate
to obtain the desired shape using a laser. Once the pattern is created, thin layers of metal can be deposited
on the substrate surface. For example, Yang et al. created microsquares by scanning horizontally and
vertically a nanosecond laser on Si surfaces as shown in Figure 14 [127]. This also contributed to
forming silica NPs of various shapes and size in the center of the microsquares. Then, they deposited a
40 nm Ag film over the entire structure. The Ag coated silica NPs created hotspots, which lead to
increasing the SERS enhancement. Using such substrates, they were able to measure enhancement
factors superior to 10° and standard deviations of 6% across eight microsquares. In certain conditions,
the nanostructuration and the deposing of NPs can be done at the same time. For instance, Lin et al.
placed silicon wafers in aqueous solution of silver nitrate [128]. Subsequently, they wrote grating-like
patterns on the wafers using a femtosecond laser. Simultaneously, the laser induced the photoreduction
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of silver, which resulted in the formation of NPs on the wafer surface following the pattern. They
measured EF up to 10° using such substrates. In summary, laser ablation allows fabricating reliable and
sensitive SERS sensors. However, the time required to prepare large substrates is quite long.
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Figure 14 (a) Microscope picture showing the array of silica microsquares obtained by scanning horizontally and

vertically a nanosecond laser on a silica substrate. (b) SEM pictures of the surface of a microsquare showing the
silica NPs that resulted from the interaction with the laser. Reproduced from [127].

Electron beam lithography (EBL) represent another technique to create a pattern on the surface of a
substrate [129]. First, a polymer is deposited on the substrate. This polymer, called resist, is sensitive to
electrons. When an electron beam is focused onto it, its solubility changes: it can become soluble
(positive resist) or insoluble (negative resist). Therefore, by scanning precisely the focused electron
beam, one can create a pattern inside the resist. Subsequently, the substrate is plunged in a solution to
remove the soluble resist. Once the pattern is generated, the resist serves as a sacrificial mask to deposit
ametallic layer, yielding the creation of metallic NPs with well-defined geometries. Because the electron
beam is not submitted to the diffraction of light, EBL allows fabricating patterns as small as 10 nm.
Hence, EBL is well adapted to fabricate sensors whose designs have been engineered to optimize the
SERS enhancement. In addition, the fabricated sensors generally exhibit good reproducibility thanks to
the precision of the fabrication process. Another advantage of EBL is that it allows studying the
influence of the structure on the SERS response. For instance, Billot et al. fabricated gold nanowires

Figure 15 SEM images of the nanowires arrays fabricated by Billot et al. Reproduced from [130].

Flavien BEFFARA | Ph.D. Thesis | University of Limoges | 2021 43
License CC BY-NC-ND 4.0



arrays using EBL and lift-off as shown in Figure 15 [130]. They showed that the length of the nanowires
had an impact on the SERS intensity of trans-1,2-bis(4-pyridyl)ethylene. Similarly to laser ablation, for
large substrates the fabrication time and the cost remain important.

In order to fabricate periodic arrays of NPs, nanosphere lithography (NSL) represent another interesting
alternative. The most basic NSL consists of depositing a monolayer of close-packed nanospheres on a
substrate. Typically, this can be achieved through Langmuir-Blodgett, which is a deposition technique
that create well-arranged monolayers of NPs. The deposited layer of nanospheres will then serve as a
mask for deposition or etching. For instance, the deposition of a metallic layer on the substrate and
nanospheres produces a metallic film over nanosphere (MFON). Subsequently, the nanospheres can be
removed by sonication and only an array of nanotriangles remains as shown in Figure 16. It is obvious
that the size of the nanospheres has a direct impact on the dimensions of the final NPs array. This array
of NPs can be used for SERS sensing. For example, McFarland et al. used a similar array to study the
optimal position of the LSPR in regard to the excitation laser to benefit from the strongest SERS
enhancement [41]. NSL is not limited to forming nanotriangle arrays. Haynes and Van Duyne
demonstrated that a vast variety of motifs could be fabricated such as nanorings [131]. This is achievable
by changing the thickness of the metallic layer or the angle of the deposition, by moving the substrate
during the metal deposition, or by increasing the number of nanosphere layers forming the mask.

Colloidal Crystal Mask

y

Figure 16 (a) Illustration of the single layer NSL. (b) Pattern of nanotriangles obtained with single layer NSL.
Reproduced from [131].

Another technique that allows for nanopatterning is soft lithography. Here, an already nanopatterned
substrate is used as a mold or stamp to fabricate the desired substrate [132]. For instance, Ou et al.
fabricated a silicon array of nanopillars using EBL and dry silicon etching [133]. This array served as a
mold using UV-curable nanoimprint lithography (NIL) to form the daughter mold, which was used to
create the nanofingers. After that, they deposited gold on the tip of the nanofingers. Subsequently they
immersed the substrate in solvent and dried them. Because of the capillary forces, the nanofingers were
attracted to one another. A schematic illustrating the different steps is available in Figure 17. Since EBL
and NIL are two very precise techniques, they were able to fabricate arrays with different types of unit
cell. This resulted in the formation of digon, trigon, tetragon, pentagon and hexagon. Subsequently, they
studied the SERS response of each polygon and they were able to achieve an EF of ~10! with the
pentagon. Soft lithography is a simple and relatively cheap technique that allows fabricating large SERS
substrates that exhibit strong EF.
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Many other techniques are available to fabricate nanopatterns such as interference lithography or anodic
alumina template. The general idea is the same as the described methods here so we do not present them
more precisely.
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Figure 17 Different steps of NIL used by Ou et al. to fabricate nanofingers. Reproduced from [133].

1.3.2.5. Commercialized SERS substrates

The goal of this section is not to make a thorough review of all the existing commercial SERS substrates
but rather to present their general features. They consist of either NP colloidal solutions or planar SERS
substrates. For instance, Sigma-Aldrich and Nanopartz sell various types of NPs in solution [134,135].
By changing the material (gold or silver), the shape (hanospheres, nanorods, nanowires, nanoplates, ...)
and the size (from 5 nm to 400 nm for the gold nanospheres), they are able to provide a wide range of
absorption peaks. For instance, Sigma-Aldrich proposes gold nanorods with absorption peaks ranging
from 550 nm to 1064 nm. Several companies also sell already prepared planar SERS substrates. Among
them we can cite, Ocean insight, Hamamatsu, Horiba, SERSitive [136-139]. Although the fabrication
process is often not presented, they generally propose Ag or Au substrates with active regions of various
sizes and shapes (rectangle, square, circle, ...) placed on a standard microscope slide. Users simply need
to place the analyte solution in the active region and to fix the substrate under the objective of a Raman
microscope for readout.

An interesting study, conducted by Liu et al., proposed to compare the reliability and the sensitivity of
six commercial substrates [140]. These six substrates were not prepared with the same technique, and
they did not use the same NP material. The authors analyzed the SERS response of the six substrates
using three common Raman tags and 10x, 50x and 100x microscope objectives to focus the lasers. The
main results of the study were that:

- the detection of trace amount of analyte could be arduous since the six substrates exhibited
relatively strong backgrounds
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- all the substrates exhibited similar SERS intensities and thus no substrate exhibited a major
improvement in sensitivity.

- the most reproducible sensor exhibited an average RSD lower than 10% and a maximum RSD
of 14% over 49 measurements.

- the less reproducible sensors exhibited in specific conditions RSD lower than 20% but they also
exhibited several times RSD superior to 40%.

- for the six substrates, the lowest variations were obtained with the 10x objective lens.

They explained that the 10x objective allowed to average the SERS signal over a larger interaction
surface since the size of the laser spot was larger than that of the 50x and 100x objectives. The general
conclusion was that, out of the six tested substrates, only three could be applied to quantitative analysis.
In addition, the cost of commercial substrates remains high. Therefore, the poor reliability coupled to
the relatively high cost can explain the limited use of commercial SERS substrates.

1.3.3. Application of SERS substrates for biosensing

Here, we present briefly some biosensing applications in order to understand the great potential of SERS
and its versatility. Two detection schemes are available depending on the Raman-cross-section of the
target analyte. If it possesses a strong Raman cross-section, it can be detected directly, i.e. label free
detection, whereas if its cross-section is weak, it needs to be indirectly detected thanks to SERS
nanotags, i.e. labeled detection.

1.3.3.1. Label free detection

Since it discovery SERS has been used to detect an extremely wide range of biomarkers, such as DNA
sequences, viruses, bacteria and proteins. For example, Wang et al. extracted RNA from urine in order
to detect prostate cancer [141]. The main steps are presented in Figure 18. After the extraction, they
amplified the target RNA into dsDNA sequences called amplicons. Subsequently, these amplicons were
purified and incubated with positively charged Ag NPs. Finally, they measured the SERS spectra of the
target amplicons. They were able to detect prostate cancer with a good specificity (93.0%), sensitivity
(95.3%), and accuracy (94.2%). Colloidal NPs have also been used to differentiate the blood plasma of
healthy people from the plasma of people with gastric cancer [142]. Ag NPs were directly mixed with
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Figure 18 Process used to detect prostate cancer by extracting RNA from urine and measuring the SERS signal.
Reproduced from [141].
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the plasma and the mixture was excited using a polarized laser. This configuration gave particularly
good results since it demonstrated a sensitivity of 100% and a specificity of 97%.

SERS was also used to analyze cellular function within the cells. For that, NPs had to be included inside
the biological samples. As we already saw, Au NPs have a better biocompatibility and thus, they are
preferably used for this type of sensing. The shape, the size and the functionalization of the NPs can be
tuned to control which cellular barrier will be crossed by the NPs and thus, where the NPs will be located
within the cells [143]. This allowed to map the distribution of phenylalanine and DNA in intestinal
epithelial cells [144]. Colloidal NPs can also be used in microfluidic devices. For instance, Walter et al.
used Ag NPs in a microfluidic chip to identify nine strains of Escherichia Coli [145].

We saw previously that NPs could also be immobilized onto a surface. This technique was used by Xu
et al. to detect a single hemoglobin molecule [146]. They prepared a colloidal solution of Ag NPs and
mixed it with a solution of hemoglobin. Then, they deposited APTMS onto a silicon wafer so that the
NPs can be immobilized at the wafer surface. Subsequently, they acquired the SERS spectrum of
hemoglobin and they were able to detect a single molecule when the NPs formed a cluster near the
hemoglobin molecule.

Arranged arrays of metallic NPs have also been used for biosensing applications. Shanmukh et al.
fabricated an array of oblique nanorods to identify different viruses [147]. They were able to differentiate
between respiratory viruses, viruses’ strains and genetically modified viruses. The tests required lower
accumulation time and incident laser powers than previously reported.

SERS can also be combined with other detection techniques. For instance, Han et al. combined SERS
with Western Blot in order to detect several proteins [148]. A mixture of myoglobin and bovine serum
albumin (BSA) was separated through electrophoresis and immobilized on a nitrocellulose membrane
by electroblotting. Then, the molecules were stained with a solution of Ag NPs and SERS spectrum of
each molecule could be acquired. With the combination of the two techniques, they were able to detect
4 ng of myoglobin.

1.3.3.2. Labeled detection

Until now, all the presented SERS substrates were designed to detect molecules that possess a strong
Raman signal. Unfortunately, all relevant biomarkers do not necessarily possess a strong Raman cross-
section. To detect them, one can fabricate SERS labels or SERS nanotags. These nanotags are designed
to bind specifically to a target analyte and to emit a strong and characteristic Raman signal. Since the
SERS labels can only bind to the target molecule, the detection of the characteristic signal indirectly
reveals the presence of the analyte in the sample. On the contrary, the absence of the nanotag signal
allows ascertaining that the target analyte is not present in the sample.

The general steps for the fabrication of a nanotag are available in Figure 19 [149]. Usually, nanotags
consist of a plasmonic core (typically a metallic NP), a Raman tag and a protective shell. In the
following, we present the required features for these three components. The first requirement concerns
biocompatibility, and it is true for the three parts of the nanotags. Since they are used for biosensing, the
tags must be biocompatible to avoid any harm to the patient or for the analyte sample. This is why the
core of the nanotags is generally made of gold since it has a better biocompatibility than silver [150,151].
Unfortunately, silver is considered a better plasmonic material than gold. Therefore, to benefit from
sensitive and biocompatible SERS tags, the gold core of the SERS label might need to be engineered to
improve the sensitivity of the nanotags. As discussed previously, changing the size and or the shape of
the NP can help in matching the plasmon resonance to the excitation wavelength and to the signal of the
Raman reporter, resulting in stronger enhancement and better sensitivity.
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Figure 19 General steps needed to fabricate SERS nanotags. Reproduced and adapted from [149].

Regarding the Raman reporter, it has to possess a good Raman cross-section with strong peaks clear
from the Raman signal of other analytes or of the matrix containing the nanotags. This is made to ensure
that the measured signal is only due to the presence of the nanotags. Often used Raman reporters are
crystal violet, rhodamines, and malachite green [152]. Other organic molecules with good cross-sections
and the ability to bind to the NP represent a good alternative. Among them, we can cite benzenethiol or
4-aminothiophenol for instance.

Finally, the shell of the nanotags is very important. Obviously, it has to be biocompatible, since it is the
major part of the nanotags that will be in contact with the external environment. They are often made in
silica or polyethylene glycol (PEG) [153,154]. It also has to be as thin as possible to minimize the decay
of the SERS enhancement with the distance. The first interest of the shell is to maintain the Raman
reporter close to the NPs. Indeed, the Raman reporters are only adsorbed at the NP surface. Thus, the
protective shell that encircles both the NP and the Raman reporters prevent them from being separated.
It also prevents the Raman reporters from being denatured after the exposition of undesired molecules.
Another important aspect is that the shell prevents the aggregation of the NPs that might occur when the
tags are placed in the measuring environment. In addition, the shell also prevents the adsorption of
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unwanted molecules on the surface of the nanotags. If the shell did not prevent such adsorption, the
measured signal could be overshadowed by the spectra of unwanted molecules. Finally, in the opposite
vein, the shell can be functionalized with ligands, such as antibodies, aptamers or peptides. This bio
functionalization allows targeting specific biomarkers. For instance, Wang et al. monitored the
variations of intracellular pH using Ag NPs functionalized with 4-MBA and encapsulated in 30 nm layer
of silica [155]. 4-MBA is a pH-sensitive Raman reporter, i.e. the intensity of its signature peaks varies
with the pH of the solution. Thus, monitoring the intensity of the signature peaks allows detecting the
pH variations. In addition, the silica layer improved the colloidal stability and prevented other
biomolecules, such as BSA, to interact with the NPs.

Wang et al. used nanotags in a sandwich-like immunoassay to detect a pancreatic cancer biomarker [50],
MUCA4. First, they functionalized a gold substrate with MUC4 antibodies. Then, they deposited patients’
serum onto the substrate. If MUC4 were present in the serum, they could bind to the anchored antibodies
and thus they were immobilized on the substrate. Subsequently, they fabricated nanotags that consisted
of Au NPs functionalized with a Raman reporter and again MUC4 antibody. Adding the nanotags on
top of the substrate allowed them to bind to the anchored MUCA4. Finally, the SERS signal of the Raman
reporter could be measured. With this technique, they were able to differentiate healthy patients from
patients with pancreatic cancer. Using sandwich-like immunoassays, Song et al. detected a biomarker
for lung cancer in extremely low concentrations (0.01 fg/mL) [156]. They also detected immunoglobulin
G with concentration as low as 2.5 fg/mL [52].

SERS nanotags can take many forms and labeled detection is not limited to the detection of proteins.
For example, DNA sequences can be specifically detected by a method called molecular sentinel (MS).
It consists of DNA hairpin functionalized with a Raman reporter on one end and a molecule possessing
a thiol group at the other end. This thiol group allows binding to a thin film of gold deposited on close-
packed nanospheres as shown in Figure 20. The hairpin DNA has been specifically designed to be the
complementary sequence of the target DNA. At the initial state, the hairpin is closed on itself, bringing
the Raman reporter near the gold film. Upon laser excitation, a strong SERS signal is detected. Then,
the target DNA sequence is put in the vicinity of the hairpin loop. Since the hairpin DNA is the
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Figure 20 Illustration of multiplex sensing using the MS technique. Reproduced from [20].

complementary sequence, the two DNA strands hybridize with one another, which results in the
unfolding of the hairpin loop (right of Figure 20). In this situation, the Raman reporter moves away from
the gold film and the SERS signal decreases strongly. The detection mechanism can be summarized as
follows: if the SERS signal is detected, the target DNA sequence is absent from the analyte solution,
whereas if the SERS signal decreases, the target DNA is present. This technique can be applied for
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multiplex detection as illustrated in Figure 20. For that, the hairpin DNAs are functionalized with
different Raman reporters that possess different signature peaks. This configuration allowed Ngo et al.
to detect two genes that play a critical role in host immune response to viral infection [20].

1.4. Conclusion

In this chapter, we presented the theoretical basis of Raman scattering and its limitations. We also
described how SERS could be used to drastically increase the Raman signal in order to improve the
sensitivity of the sensors. We saw that SERS enhancement is based on two main mechanisms and that
the SERS signal varies importantly with numerous parameters, such as the wavelength of the excitation
laser, the geometry of the nanostructures, the distance between the analyte and the NPs. We also realized
that SERS substrates did not only need to be sensitive. For them to be used in a clinical environment,
they also needed to be more reliable. Finally, we presented different geometries for SERS sensing. The
most immediate one consists of NPs in colloidal solutions. They only required to mix the analyte
solution with the colloidal solution and to measure the SERS response. However, since the molecules
can move freely, the reliability of such sensor is limited. To improve the reproducibility and repeatability
of SERS sensors, a solution would be to immobilize the NPs onto a substrate. Several techniques like
chemical anchoring or printing allow the fixing of the NPs onto hard surfaces (glass) or ones that are
more flexible (paper). The development of nanoscience and the improvement in nanopatterning also
helped in improving the sensitivity and reliability of the sensors. SERS substrates can now be designed
so that the plasmon resonance fit the excitation wavelength and the SERS signal of the analyte. In
addition, thanks to the precision of the fabrication processes, the reliability of the sensors is also
improved. This facilitated the industrialization of the fabrication process, which resulted in the
commercialization of several SERS substrates. We then showed that SERS substrates have been used in
many forms to detect a wide range of bio-analytes. In the following chapter, we will focus on optical
fiber and more specifically on how they can be used to improve SERS sensing.
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Chapter Il. SERS-based optical fiber sensors
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Chapter 1. SERS-based optical fiber sensors

I1.1. Introduction

Since their discovery, optical fibers have been used for different purposes, such as communication or
sensing. An optical fiber is composed of a core, which guides the light, and a cladding that allows the
light to be guided inside the core. However, depending on their use, their structures may differ. The
cross-sections of fibers intended for communication are usually entirely filled, i.e. the core and the
cladding are made of solid materials (silica). When it comes to sensing, optical fibers are used to detect
and monitor a wide range of physical parameters including temperature, refractive index, fluorescence,
strain or bend. Here, two configurations are possible depending on the sensing method. The fibers can
be entirely solid (single mode fiber (SMFs) [157], multimode fibers (MMFs) [158], D-shape fibers
[159], tapers [160]) or they can feature at least one hollow region in their cross-section. It can be the
core, the cladding or both. In the following of this manuscript, this type of fiber will be called photonic
crystal fibers (PCFs), although, rigorously speaking, PCFs feature holes that are periodically arranged
in their cross-section. If we focus on SERS sensing with optical fibers, it has been realized in different
configurations. For instance, tip-enhanced Raman spectroscopy (TERS) can be achieved with all-solid
optical fibers. Briefly, it consists of coating the tip of optical fibers with a metallic SERS-active layer or
NPs and plunge the tip inside the analyte solution [158,161]. The excitation light is launched from one
end of the fiber and sensing is realized only at the other end, which is the coated tip inside the solution.
The Raman signal is coupled back to the fiber and into the spectrometer for processing. Different fibers
designs have been used in this configuration, such as SMFs, MMFs, D-shape fibers and tapers [158,161—
163].

SERS can also be realized using PCFs. As mentioned previously, compared to all-solid fibers, PCFs
feature holes in their cross-section. These holes run along the entire length of the fiber and allow the
incorporation of liquid or gas inside the fibers, which increases the interaction between the excitation
light and the analyte. The light is launched from one end of the fiber and it can interact with the analyte
for relatively long length, since the analyte is also inside the fiber, as illustrated in Figure 21(a). In
addition, PCFs also serve as a collection platform. In fact, the core can collect the Raman scattered
photons along the fiber length. Depending on the recoupling of the photons inside the core and the fiber
length, the signal collected with the fiber can be superior to the signal collected by microscope objectives
in the regular SERS platforms. In addition, PCFs exhibit relatively low loss propagation, depending on
the fiber design and configuration used. This allows guiding efficiently both the excitation laser and the
collected Raman signal over important length, thereby increasing simultaneously the interaction surface
between the laser and the NPs/analyte and the number of collected photons [164-167]. From there, we
can intuitively understand that PCFs increase the sensitivity compared to direct detection. In fact, several
studies showed that two to three orders of magnitude improvement could be observed [168,169]. For
instance, Yang et al. demonstrated that the Raman signal line of nitrogen was 700 times more intense
when detecting gaseous nitrogen using a PCF compared to bulk detection [17].

Moreover, the increased interaction surface has another advantage. Since the light can interact with a
tremendously larger number of NPs, the contribution of each NP is averaged among the contributions
of all the NPs. Comparatively, in planar substrates, the excitation light can only interact with NPs/analyte
at the focus point of the laser, which is only a few micrometers wide, as illustrated in Figure 21(b). The
direct consequence is that, in PCFs, NPs do not have to be as precisely arranged as in planar SERS
sensors in order to obtain an improved sensitivity and reliability. This is similar to the notion seen in
chapter I when Liu et al. compared the six commercial SERS substrates and found that the 10x objective
gave more reproducible signals because the excitation light was able to interact with more NPs [140].
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Furthermore, PCFs, like all optical fibers, are extremely flexible. When it comes to biosensing, this is
particularly interesting since it could help in reaching remote places of the body through an endoscope.
PCFs are also compatible with real time monitoring since the tested analyte lies within the sensing
medium. Finally, the use of PCFs is not limited to liquid analyte. They can also be used for gas detection
[16,17,170]. As mentioned previously, Yang et al. achieved an EF of 700 by filling a PCF with gaseous
nitrogen compared to bulk detection. This giant increase in sensitivity makes PCFs a real alternative to
current gas sensing devices that are rather bulky and expensive.

(@)

SERS signal

(b) -_—

SERS signal

Figure 21 Schematic representation of SERS (a) in a PCF and (b) on a planar substrate. Yellow spheres: NPs, gray
spheres: analyte molecules. The number of excited NPs and analyte molecules in (a) is much larger than that in
the focus point of the laser in (b).

Since the analyte can be injected inside the fiber, PCFs represent an incredible optofluidic platform and
several studies report PCFs implemented in microfluidic devices. For instance, Unterkofler et al.
designed a micro-fluidic circuitry that included a hollow-core PCF (HC-PCF) [171]. This allowed them
to monitor the photoaquation of cyanocobalamin to aquacobalamin when the laser could interact with a
solution of cyanocobalamin inside the fiber core. In another study, PCFs have been used to fabricate all-
in-fiber microcells [172]. They consisted of a HC-PCF filled with an analyte solution and closed at both
ends by splicing single mode fibers (SMFs). This configuration allowed the authors to detect the Raman
spectra of toluene and ethanol using laser powers six orders of magnitude lower than previously
reported. Another study illustrating the great versatility of PCFs was conducted by Zhang et al.. They
developed an in-line optofluidic Sagnac interferometer using an in-house side-channel PCF (SiC-PCF)
[173]. They were able to detect in situ each step of the biological binding between cTnT proteins and
antibodies on the core surface. ¢cTnT is a cardiac regulatory protein, which is used as a biomarker for
acute myocardial infarction. In this configuration, they achieve a limit of detection of 1 ng/mL.

All these aspects contribute to making PCFs particularly attractive for preclinical and clinical
biosensing. In the following chapter, we will present the different PCF designs that can be used for
SERS sensing. We will review some of the most promising studies that reported PCF-based SERS
sensors and we will present the different configurations currently available to achieve SERS inside a
PCF. Finally, we will discuss the advantages and drawbacks of the two main classes of PCF (solid or
hollow core) as well as the limitations that need to be addressed for the creation of a fiber-based SERS
sensor, especially when it comes to designing a clinically viable sensor.
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11.2. Photonic crystal fibers for SERS sensing

All PCFs possess at least one hollow region in their cross-section. They can be separated in two classes
depending on the structure of their core, i.e. solid-core PCF (SC-PCFs) and hollow-core PCFs (HC-
PCFs). In the following sections, we present the different properties of each class.

11.2.1. Solid-core photonic crystal fibers

The generic cross-section of an SC-PCF is available in Figure 22(a) [174]. It consists of a solid core
surrounded by a 2D-periodic pattern of holes in the cladding. In such fiber, the light is guided thanks to
total internal reflection (TIR). This guiding mechanism is the same that allow the light to be guided in
standard SMFs and MMFs. Briefly, the core possesses a refractive index higher than that of the cladding.
As illustrated by Snell-Descartes’ law, rays of light striking the surface between two materials with
different refractive indices with angles large enough are totally reflected and remain in the high-index
material. In other words, once inside the fiber core, rays of light that form an angle large enough with
the core/cladding surface stay confined inside the core (in the first order approximation). In SC-PCF,
the presence of the holes lowers the mean refractive index of the cladding yielding a difference in
refractive index that allows the light to be guided inside the solid core. With SC-PCFs, the interaction
between the excitation light and the analyte and NPs occurs thanks to the evanescent field, which is a
small portion of light that propagates in the air cladding. This portion of light is directly linked to the
size of the core. The larger the core is, the smaller the evanescent field becomes.

Figure 22 Cross-sections of (a) an SC-PCF, reproduced from [174], (b) a SuC-PCF, reproduced from [225], (c) a
SiC-PCF, reproduced from [11], (d) a core-array PCF, reproduced from [180].

Standard SC-PCFs exhibit noticeable features such as endlessly single mode propagation [175-177],
precise tailoring of group velocity dispersion curve [178] and strong evanescent field. These properties
are achieved by tuning the ratio of the hole diameter on the pitch (d/A), the pitch being the distance
between two adjacent air holes. However, their use in sensing is limited by the relative difficulty to
incorporate the analyte inside the fiber. Indeed, sensing requires that a large amount of light interacts
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with the analyte and this is achieved by decreasing the core size. Unfortunately, due to the ratio d/A, a
smaller core means smaller holes in the cladding, which limits the analyte incorporation.

To facilitate the analyte incorporation inside the fiber, large holes can be implemented in the cross-
section of the SC-PCF, as shown in Figure 22(b). This fiber design, called suspended core PCF
(SUC-PCF), consists of a small solid core surrounded by large air channels. Depending on the number
of holes, the shape of the core can vary. It could be a triangle (3 holes), a square (4 holes) or a hexagon
(6 holes) and so on. Since the cladding is almost entirely made of air, the properties of this fiber are
similar to those of a silica rod suspended in the air by thin silica struts. Although there is no periodicity
in the cladding, the light can be guided by TIR since the index of the core is higher than that of the
cladding. This remains true if liquids with a refractive index lower than the index of the core are
incorporated in the cladding holes. Here, it is worth introducing the normalized frequency (V) that
depends on the wavelength of the guided light, the diameter of the core (a) and the numerical aperture
(NA):

veTana="g [, —n2 (18)
a a [Mcore ncladdmg

A A

With: n.,,. the refractive index of the fiber core and ng;qq4ing the refractive index of the cladding.
Since the cladding is almost entirely made of liquid, except for the small silica struts, we can
approximate ngiqqaing With 1444 the refractive index of the liquid inside the holes. A fiber is
considered single mode when V is lower than 2.405. Therefore, in SUC-PCFs, for cores relatively large
or depending on the liquid inside the holes, the light can be guided in multimode regime [179]. Thus,
for multimode guiding, an extra-care needs to be taken to always excite the same mode in order to
achieve reliable and stable SERS measurements.

Another solution to facilitate the incorporation of liquid inside the fiber consists of removing a portion
of the cladding of a standard SC-PCF as shown in Figure 22(c). This fiber, called side-channel PCF
(SiC-PCF), exhibits similar properties as SC-PCFs. They can be seen as a mix of standard SC-PCFs and
SuC-PCFs. They are more complicated to fabricate since additional care needs to be taken to maintain
the side-channel open while preserving the organized structure of the cladding. Playing on the
parameters of the crystal still allows controlling precisely the guiding properties of the fiber. In addition,
the large side channel allows for fast incorporation of liquids inside the fiber, which is greatly valuable
for sensing. For instance, it has been used as an in-line opto-fluidic lab-in-fiber device [173].

Another subclass of SC-PCFs can be used for SERS sensing, namely core-array PCF. A representative
picture is available in Figure 22(d). It consists of an array of small cores hold by silica struts. The large
number of cores and their size results in large interaction surface and large fraction of evanescent field.
Core-array PCFs can be fabricated by drawing down a commercial multi-hole capillary preform to a
fiber [180], by fabricating a HC-PCF without removing the central capillaries of the core [181] or by
exciting the silica cores of a PCF cladding with an offset coupling of the light [182,183]. However, in
this configuration the light is guided in a highly multimode regime, which can limit the reliability of the
measurement. In addition, three other drawbacks limit the use of such fiber. The first one is the
propagation losses that are quite important (~1 dB/cm) [180,181]. The second one is the coupling losses
(~28 dB) [181]. They are very important and result from the difficulty to excite several “cores” at the
same time. The last one is the size of the holes that inevitably complicate the incorporation of the analyte.

11.2.2. Hollow-core photonic crystal fibers

A representative cross-section of a HC-PCF is available in Figure 23(a) [184]. In this type of fiber, the
light is no longer guided by TIR. Indeed, as we saw previously, TIR requires that the refractive index of
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the core is larger than that of the cladding, and in HC-PCFs, the refractive index of the core depends on
the analyte inside it. If the core is filled with air for example, its refractive index will be close to 1, which
is lower than the index of silica (~1.45) and thus the light should not be guided in the core. However,
the periodic pattern of air holes in the cladding creates a photonic band gap (PBG). Concisely, the PBG
corresponds to wavelength ranges where light cannot be guided in the silica cladding. Therefore, when
a laser at a forbidden wavelength is launched inside the core of the HC-PCF, the light is reflected and
cannot escape in the cladding and thus remains trapped inside the core [185,186]. In other words, the
light can be guided in the air core within specific wavelength windows. Since the periodicity of the
optogeometric parameters (pitch, refractive index of the material and refractive index in the holes) in
the cladding is responsible for the creation of the PBG, the parameters of the pattern play a role in the
position of the transmission window. Tuning the diameter of the holes and the pitch during the fiber
fabrication allows one to create HC-PCFs with carefully selected operating wavelength ranges. The best
HC-PCF exhibits relatively low-loss attenuation (1.2 dB/km) [187].

G)) (b)

Figure 23(a) HC-PCF. Reproduced from [184]. (b) Kagome PCF. Reproduced from [195]. (c) NANF. Reproduced
from [196]. (d) LC-PCF. reproduced and adapted from [198].

In HC-PCF, the excitation light is guided directly inside the analyte, thereby allowing direct interaction
and avoiding parasitic signal from the fiber material. At operating wavelengths, the interaction length
can be relatively long being limited only by the attenuation coefficient of the fiber and by the absorption
coefficient of the analyte. However, the transmission windows of HC-PCF are rather narrow (few
hundreds of nanometers). In addition, filling the HC-PCF with the analyte results in a change of the
refractive index of the core and cladding holes, which in turn results in a shift of the transmission
bandwidth [188]. This was experimentally demonstrated by Antonopoulos et al., as shown in Figure 24
[189]. Hence, when using HC-PCF in solution, the shift of the transmission window should be
anticipated so that the excitation laser and Raman signal can be guided once the fiber is filled. In
addition, a special care should be taken when coupling the light inside the fiber to avoid the coupling to
modes confined in the ring of glass surrounding the hollow core [190].
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Figure 24 (a) Transmission spectra of a HC-PCF with a transmission window centered around 1060 nm when
excited by a supercontinuum source and (b) of a HC-PCF with a transmission window centered around 1550 nm
when excited by a tungsten lamp. The spectra were taken before (light gray) and after (dark gray) filling the holes
of the HC-PCF with liquid D20O. The transmission window shift is clearly visible for both fibers when the HC-
PCF is filled. Reproduced from [189].

Another lattice, called “kagomé”, can also be used to create a HC-PCF. The triangular unit cell of
standard HC-PCFs is replaced by a star-of-David, as depicted in Figure 23(b). In Kagome HC-PCFs,
the periodic structure in the cladding acts as a Fabry-Perot resonator [191]. At resonant wavelengths,
the light can extend outside of the fiber core. However, at anti-resonant wavelengths, the light is reflected
inside the hollow core and remains confined inside the core [192]. This guiding mechanism is called
anti-resonant mechanism and it results in broader transmission windows, which decreases the impact of
the refractive index change when the fibers are filled with the analyte. Silica based Kagome HC-PCFs
have been used for generating stimulated Raman scattered light and in-fiber liquid spectroscopy [192—
194]. However, despite the fact that silica-based Kagome exhibits broader transmission windows, SERS
sensing has only been realized using PMMA fiber [165]. Unfortunately, Kagome HC-PCF exhibits high
attenuation loss (~0.5 dB/m) [195], large bend losses and stronger decay of the field before the inner
core surface compared to regular HC-PCFs (~30 dB) [193]. Therefore, both the excitation and Raman
signal are strongly attenuated. This limits the length of fiber that can be used and thus it limits their
interest for SERS-sensing. Recently, a novel type of anti-resonant HC-PCFs raised interest for their low-
loss guiding. This fiber called nested anti-resonant nodeless fiber (NANF) exhibits a record loss of
0.65 dB/km around 1550 nm when filled with air [196], which is similar to the loss demonstrated by
silica fibers. Thus, this fiber could represent a good alternative to HC-PCF since it possesses a larger
transmission bandwidth and lower attenuation loss. An SEM picture of the fiber cross-section is
available in Figure 23(c). Similar to HC-PCF, when they are filled with water, the transmission window
of such fiber is also shifted towards shorter wavelengths due to the change of refractive index [197].
More importantly, when filled with water, these fibers exhibited much stronger attenuation loss (11-16
dB/m). Here, it is worth mentioning that the attenuation loss measured takes into account the attenuation
loss of water. A solution to limit the loss could be to dry the fiber prior to the measurement. This would
eliminate the loss due to the analyte solution.

Finally, HC-PCFs can be used to guide light by TIR when only the core is filled with a liquid. Figure
23(d) represents a HC-PCF whose core has been filled with ethanol [198]. This configuration is called
liquid-core PCF (LC-PCF). The surrounding holes contain air and thus the difference of refractive index
between the liquid core and the air in the cladding allows for TIR guidance. Thanks to TIR, the resulting
transmission bandwidth is much larger than regular HC-PCF. However, here the light is guided in a
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highly multimode regime, due to the large core size. In addition, to selectively fill only the fiber core,
the external holes of the cladding were glued so that the liquid can only enter the core. This limits the
practicability of the sensor from a clinical standpoint. A more easy-to-use LC-PCF can also be achieved
using Teflon capillary and aqueous solutions [199]. Indeed, Teflon AF 2400 possesses a lower refractive
index than water (1.29 and 1.33 respectively). In this configuration, the aqueous solution forms the core
of the fiber and the Teflon is used as cladding. However, the high cost of this material, the relatively
high attenuation loss induced by fabrication “irregularities” and the highly multimode regime limit the
use of such sensor. While PCFs are very promising for SERS sensing, they are not SERS-active in
nature. They need to be prepared prior to the measurements. The following section aims to provide a
quick insight on the difference technique available to functionalize the PCFs.

11.3. Realizing SERS-active optical fibers

As we saw in chapter I, SERS relies on the interaction of an excitation light with the analyte and NPs.
The holes in the PCF cross-section allow for the incorporation of liquid or gas analyte inside the fiber
as well as the NPs responsible for the SERS enhancement. In the literature, two main configurations are
used to activate the fibers. The first one (namely injected configuration) consists of pre-mixing the
analyte solution with the colloidal NPs solution outside of the fiber, in a beaker, for example.
Subsequently, the mixture is injected inside the PCF and the fiber can be placed under the Raman
microscope for measurement. A schematic illustrating the main preparation steps is available in Figure
25(a). During the measurement, the NPs/analyte complex can move freely inside the fiber, which may
lead to poorer reliability similarly to measurements in cuvette presented in chapter I. However, this
method does not require many preparation steps, which makes it ideal for rapid detection and the SERS
interaction are not limited to the surface of the core. This is particularly interesting for HC-PCFs where
the light can interact over the entire surface of the core.

The second technique (namely anchored configuration) consists of immobilizing the NPs in the PCF
holes, on their inner surface, prior to inject the analyte solution. Once inside the fiber, the analyte will
be able to bind physically or chemically to the immobilized NPs. To anchor the NPs inside the fiber,
one can use silanization similarly to the chemical anchoring procedures presented in the section 1.3.2.3
for the immobilization of NPs on silica substrates. In planar substrates, the process often consists of
dipping the planar substrate in successive solutions to functionalize it. With fibers, the solutions are
injected successively inside the fiber holes, usually using a syringe pump. After drying the fiber, the
analyte solution (or gas) can be injected inside the PCF. Subsequently, depending on the nature of the
analyte, the molecules can bind to the anchored NPs and the fiber can be dried or the analyte can remain
in solution inside the fiber. Finally, the PCF is placed under the Raman microscope for measurement. A
schematic illustrating the main steps of this technique is available in Figure 25(b).
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Figure 25 (a) Schematic illustrating the injected configuration. 1: Mixing of analyte and NPs solutions. 2: Resulting
mixture. 3: Withdrawing of the mixture with a syringe. 4: Injection of the mixture inside the PCF. 5: SERS
measurement. (b) Schematic illustrating the anchored configuration. 1: Preparation of each solution and filling of
the syringes. 2: Successive injection of the solutions inside the PCF. The molecules of APTES bind to silica (top),
then the NPs bind to APTES (middle) and finally, the analyte molecules bind to the NPs (bottom). 3: SERS
measurement.

Now that we saw the two main techniques that are used to make PCFs SERS-active, we review the
principal achievements realized with SERS-based PCFs.
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11.4. State-of-the-art in PCF SERS-sensing

11.4.1. Evaluation of the performance of SERS-based PCFs using common Raman tags

In this section, we present a review of studies that have been conducted to better understand the different
interplays that occur in SERS sensing with PCFs.

11.4.1.1. lustration of the guiding mechanisms in solid and hollow-core PCFs

First, a study made by Han et al. allows illustrating the guiding principles of each class of PCF. They
anchored Ag NPs in a standard SC-PCF and a HC-PCF. Pictures of the two fibers are available in Figure
26. Subsequently, they injected an aqueous solution of R6G inside the cladding holes of the SC-PCF
and inside the core of the HC-PCF and they acquired the SERS spectra in forward propagation [166].
Here, the laser was coupled to the core at one end of the fiber and the SERS spectra were collected at
the other end. Measured spectra are available in Figure 27. It is worth noting that the SERS spectra from
the SC-PCF and HC-PCF exhibit some major differences. In the range 400-1200 cm™ of the SC-PCF
spectrum, the strong signature of silica is detected, with the maximum peak at 485 cm™. This signal is
not detected by the HC-PCF. On the other hand, the strong signature peak of water, near 3381 cm™, is
detected with the HC-PCF but not by the SC-PCF. These results can be explained by the guiding medium
in each PCF. In the SC-PCF, the excitation light and the Raman signal travel in the silica core, resulting
in the strong silica signal, whereas they travel in the analyte, which results in the strong water signal, in
the HC-PCF. To further illustrate this phenomenon, they studied the distribution of the scattered signal
at three Raman lines inside the two fibers using hyperspectral images. These Raman lines corresponded
to signature peaks of silica, R6G and water, i.e. 485, 1351 and 3381 cm respectively. In the SC-PCF,
despite the fact that the analyte and the NPs are inside the holes, we can see on Figure 27(a) right that
both the silica and R6G signals are concentrated in the solid core of the SC-PCF, while no identifiable
signal from water was visible. This illustrates the fact that only the photons that are coupled back to the
fiber core are transmitted and can be collected at the end of the fiber. In the HC-PCF, it can be seen on
Figure 27(b) right that silica exhibits a weak signal in a dashed ring shape. This illustrates the fact that
a small portion of the light is guided in the region between the core and the first few rows of the holes
in the cladding. For the two images on the right, we note that the main portion of the R6G and water
signals are guided inside the hollow core. This illustrates the direct excitation mentioned in the previous
paragraph.

»J‘oﬂfdc,ore PCF

~

Figure 26 Left: SEM pictures of the cross-sections of the two fibers used in the study by Han et al.. Right:
illustration of the light guiding mechanisms in the SC-PCF and LC-PCF. Reproduced from [166].
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This study demonstrates one of the drawbacks of SERS sensing with PCF. Since the interaction lengths
are relatively long, the guiding medium may exhibit a strong Raman signature that might overshadow
the signal of the analyte, especially for trace-amount detection. Depending on the signature spectrum of
the analyte, one may use an SC-PCF or a HC-PCF to avoid this overshadowing effect.
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Figure 27 SERS spectrum and hyperspectral images measured at the end of (a) an SC-PCF and (b) a HC-PCF
functionalized with Ag NPs and filled with an aqueous solution of R6G. Reproduced from [166].

11.4.1.2. Effect of the fiber length on the SERS intensity

We stated in the introduction section that PCFs increase the interaction surface and thus more NPs could
interact with the excitation light. This should result in an increase of the SERS signal. In reality, it is not
that simple. Indeed, NPs are also responsible for absorption and scattering losses. Thus, during the
propagation, each NP prevents a small portion of the light to be guided further inside the fiber but at the
same time, they increase, through LSPR, the EM field. This results in the creation of two separate
regimes. The first one occurs when the SERS enhancement is superior to the losses. Here, increasing
the density of NPs (or the fiber length) results in increasing the SERS enhancement. However, if too
many NPs are anchored in the PCF, the losses become too important. This is the second regime. Here,
the losses overcome the SERS signal and the light cannot be guided over the entire length of the fiber,
resulting in lower SERS intensity.

This matter was studied in forward propagation by Han et al. [166]. They immobilized different densities
of Ag NPs inside several SC-PCFs and HC-PCFs. Then, they filled the fibers with an aqueous solution
of R6G. Finally, they measured the SERS response of each fiber and monitored the intensity of the
1351 cm peak of R6G. Their results are presented in Figure 28. SC-PCFs with 0.1 and 0.5 particles/um?
were in the first regime mentioned above, since increasing the fiber length led to an increase in SERS
intensity. However, SC-PCFs with 3 particles/um? was in the second regime. For HC-PCFs, only the
fibers with 0.2 particles/um?2 were in the first regime, the other two fibers being in the second regime.
For long SC and HC-PCFs, increasing the NPs coverage density led to a decrease in SERS intensity. On
the other hand, high NPs density gave a strong Raman intensity for short fiber lengths. These results
illustrate perfectly the interplay between the SERS signal and the losses inherent to the NPs. It is easily
understandable that a compromise should be made regarding the density of NPs and the fiber length.
The final use of the fiber will have an impact on the fiber length. From there, one can select the density
of NPs. Short fibers can tolerate a higher coverage density while it needs to be decreased for long PCFs.
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The interplay between SERS intensity and losses will be further discussed in the case of SuC-PCF in
the following chapter.
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Figure 28 Variations of the Raman intensity of the 1351 cm™* peak of R6G with the fiber length, for several NPs
coverage density. The presented results were obtained in (a) an SC-PCF and (b) a HC-PCF. Reproduced from
[166].

This matter was also studied by Tiwari et al. [169]. By filling HC-PCFs with a mixture of R6G and Ag
NPs, they showed that increasing the fiber length from 4.7 to 6.5 cm increased proportionally the SERS
intensity of R6G signal. This means that in their case the density of NPs was not too important, since
longer fibers resulted in higher SERS intensity. They also estimated the enhancement factors (EFs) of
the NPs and of the HC-PCF separately. For that, they pumped a solution of R6G without NPs in a HC-
PCF and monitored the intensity of the 1357 cm™ peak of R6G. Subsequently, they proceeded similarly
after injecting a solution of R6G and Ag NPs. The comparison between the two configurations gave the
EF of the NPs, ~20 times here. They also measured the signal coming from a mixture of R6G and Ag
NPs in 1 cm cuvette and in 6 cm HC-PCF. This allowed them to quantify the EF due to the HC-PCF,
i.e. 16 times here. The overall EF of NPs and HC-PCF combined was superior to 300 times.

Zhang et al. studied the impact of the fiber length on the SERS intensity using an in-house SiC-PCF
[11]. They injected a mixture of Au NPs and R6G inside a fiber and they measured the SERS intensity
of the 1310 cm™ peak of R6G after repeatedly cutting the fiber. This study was realized in backscattering
configuration. In such configuration, the excitation laser is coupled to the core at one end of the fiber
and the Raman signal is collected from the same fiber end. The results showed that increasing the fiber
length resulted in increasing the SERS intensity as shown in Figure 29(a). They simulated the variation
of the SERS intensity with the fiber length as shown in Figure 29(b). They demonstrated that, in
backscattering configuration, the SERS intensity increases with the fiber length until reaching a specific
value after which increasing further the length has little effect. This optimal length corresponds to the
length after which the losses inherent to the NPs become superior to the SERS enhancement. Since the
losses are superior to the enhancement, increasing further the fiber length does not increase significantly
the SERS intensity. In addition, it is worth mentioning that increasing the concentration of NPs in the
mixture should theoretically result in decreasing the value of the optimal length, as shown in Figure
29(b).
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Figure 29 (a) Experimental variation of the SERS intensity with the fiber length for 50 nM of R6G. Inset: measured
spectra for the different SiC-PCF lengths. (b) Simulated variations of the relative SERS intensity with fiber length
for several concentrations of Au NPs in backward collection setup. Reproduced from [11].

11.4.1.3. Limitations of hollow-core PCFs for SERS sensing

We saw in section 11.2.2 that the transmission bandwidths of HC-PCFs were rather narrow (less than
300 nm). This can quickly become an issue for SERS sensing. Large Raman shifts can be situated
outside of the transmission window of the fiber, leading to important loss of the useful signal [200]. In
addition, filling entirely fibers with a solution changes the refractive index of the cladding and the core.
Since the position of the transmission window depends on the refractive indices, it is shifted once the
fiber is filled. Therefore, in order to use HC-PCFs as SERS sensors, one should carefully select the HC-
PCF and the excitation laser depending on the solution that will be injected inside the fiber. In this way,
once the fiber is filled, the excitation and Raman signals will fall within the fiber transmission window
allowing them to be guided inside the core. In their study, Tiwari et al. anticipated the bandwidth shift
using [169]:

(19)

With A’ the shifted wavelength and 4, the original wavelength at which the band gap occurred. n;;q, ng;
and ng;,- represent the refractive indices of the solvent, silica and air respectively. If no care had been
taken to anticipate the bandwidth shift, the sensitivity would have been much less. For instance, Gong
et al. measured the signal of 2-naphthalenethiol (2-NT) when mixed with 60 nm Au NPs using a SiC-
PCF and a HC-PCF in the same conditions. They found that the SiC-PCF exhibited a signal six times
stronger than the one measured with the HC-PCF [12]. One hypothesis to explain the poorer sensitivity
exhibited by the HC-PCF lies in the light guiding mechanism of the HC-PCF. In other words, once the
HC-PCF was filled with the analyte solution, the PBG shift could have decreased the sensitivity of the
HC-PCF while the SiC-PCF, where the light is guided by TIR was not subjected to this shift. The poorer
sensitivity observed for the HC-PCF could also be the result of higher losses or a weaker SERS
enhancement.
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11.4.1.4. Improvement of the sensitivity of SERS-based fiber sensors

Many studies were realized to develop the most sensitive SERS-based PCF sensor. For example, Oo et
al. reported that increasing the evanescent field of SC-PCFs could also improve the sensitivity of SERS-
based PCF probes [201]. Since the amount of evanescent field is inversely proportional to the core size,
decreasing the core size increases the amount of light overlapping in the cladding. In their paper, Oo et
al. studied the influence of the core size and the SC-PCF geometry for SERS sensing in forward
propagation. They compared the sensitivity of a classic SC-PCF with a core diameter of 2.6 um
surrounded by 6 rings of air channels with two SuC-PCFs with core diameters of 3.1 pm and 1.1 pm
cores surrounded by three large air holes. SEM pictures are available in Figure 30. For that, they
anchored Ag NPs in each fiber and they filled the fibers with a solution of R6G. They found that the
SuC-PCF with the smallest core size was the most sensitive. It could detect a concentration of 1 x 10~1°
M, while the two others could only detect concentrations as low as 1 x 10~°M. This demonstrates well
that decreasing the core size of an SC-PCF can, in some cases, improve its sensitivity. However,
decreasing the core size tends to decrease the effective index of the guided mode. Therefore, decreasing
too much the core size can result in an effective index very close to that of the analyte solution, which
can in turn compromise the guiding of the light in the core.

Figure 30 (a), (b), (c) SEM pictures of the three fibers used by Oo et al. in their study. (d), (e) and (f) simulated
electric field distribution of the fundamental mode when the three fibers are filled with ethanol. Reproduced from
[201].

To demonstrate that the geometry of the fiber has an influence on the final SERS sensitivity, Zhang et
al. designed a SiC-PCF with a 2.8 um core [11]. With it, they were able to detect a record R6G
concentration of 50 x 10~15M when injecting a mixture of Au NPs and R6G. Another approach was
used by Zhang et al. [183]. They launched the excitation light in the cladding and not in the core of an
SC-PCF. Figure 31(a) and (b) present calculated modes that propagate inside the SC-PCF with a
coupling inside the solid core and with an offset respectively. Although this method is not conventional,
they managed to obtain stronger signals of Rhodamine B (RhB) compared to when they excited the core
directly. As described earlier, Guo et al. fabricated an array of silica cores that are able to guide the light
similarly to the PCFs cladding [180]. They were able to detect concentrations of R6G lower than
100 x 10~5M thanks to 10® EF without optimizing the fiber length, the coverage density of NPs or
the excitation wavelength. However, as seen previously, such platforms exhibit high coupling loss and
multimode guiding, which can result in poorer reliability. In addition, the important losses inevitably
limit the length of the capillaries. For instance, in this study, the authors used ~3 mm long capillaries.
Such short sensors are not easy to handle, which limits their practicability.
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Figure 31 Calculated mode profile for a 785 nm laser coupled (a) in the solid core of an SC-PCF and (b) with an
offset, in the cladding. Reproduced from [183].

11.4.2. Biosensing with SERS-based PCFs

Now that we reviewed important breakthroughs in SERS sensing with SC and HC-PCFs, we present
several studies that illustrate the incredible biosensing abilities of PCFs. Similarly to planar SERS
substrates, PCFs allow probing a wide variety of biomarkers. Here, we classify the studies based on the
detection technique used, i.e. label-free Raman, label-free SERS and labeled SERS.

11.4.2.1. Label-free Raman detection

Biosensing with optical fibers can already be realized using direct Raman spectroscopy. Indeed, the
increase of sensitivity obtained through the fiber length can suffice to detect biomolecules that possess
relatively high Raman cross-sections without metallic NPs. For instance, heparin was detected by
Khetani et al. using a commercial HC-PCF [200]. This anticoagulant is often administered during
cardiac surgery and its dosage need to be precisely controlled to avoid serious bleeding during the
surgery. The actual detection techniques are rather long and may lack accuracy if the measurements are
not realized right away [202]. For this study, the authors filled 5 cm long HC-PCFs with heparin/serum
mixture. They were able to detect heparin concentration as low as 12 USP/mL thanks to an EF of ~90.
Here, USP refers to United State Pharmacopeia, which describes the strength of a drug in clinical
applications. This concentration of heparin is situated in the clinical range, which means that HC-PCF
sensors are sensitive enough to be clinically relevant. They also demonstrate that the intensity of the
1005 cm™ peak of heparin increases linearly with the concentration of heparin in the mixture, as shown
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in Figure 32. This graph is important since it allows identifying an unknown concentration of a sample
thanks to the measured Raman intensity. Although these results are very promising, there is still room
for improvement. Indeed, the transmission window of the commercial fiber used by Khetani et al. to
detect heparin was 1430-1610 nm. Using equation 19, we calculated that it was shifted between 717 and
808 nm once the fiber was filled with the heparin/serum mixture. As we can see in Figure 32, the Raman
spectra were measured between 900 and 1150 cm™, which corresponds to 845-863 nm. Thus, the
measured Raman signal was situated outside the optimum transmission window of the fiber, yielding
large attenuation losses. More adapted fibers would have exhibited stronger Raman signals and surely,
they could have detected lower concentrations of heparin.
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Figure 32 (a) Raman spectra obtain for different concentrations of heparin. Inset: zoom-in on the 1005 cm™* peak
for the lowest concentrations. (b) Intensity of 1005 cm™ peak measured for each concentration. Reproduced from
[200].

“Finger prick,” devices allow patients with diabetes to monitor the concentration of glucose in their
blood. Although it is used on a daily basis, it remains inconvenient and measures indirectly the blood
glucose. Yang et al. also used commercial HC-PCFs to detect aqueous glucose solutions in clinically
relevant concentrations [203]. They managed to detect glucose in the range 0-25 mM using lower laser
power and shorter integration time than previously reported [204,205]. This is quite noticeable since
glucose does not possess an extremely large Raman cross-section. More interestingly, they were able to
differentiate glucose from fructose in multiplex configuration thanks to the high molecular specificity
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Figure 33 Raman spectra of (a) glucose, (b) fructose and (c) mixture of glucose and fructose. Reproduced from
[203].
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allowed by Raman spectroscopy. For that, they measured the Raman signature of glucose and fructose
separately. Once mixed together, they were still able to identify the signature peaks of each molecule as
shown in Figure 33.

Yan et al. detected moxifloxacin (antibiotic) in an aqueous solution using a commercial HC-PCF
transformed in LC-PCF by selectively filling the core [206]. Figure 34 presents the transmission window
of the empty HC-PCF, between 400 and 520 nm, and the transmission window of the same fiber with
only the core filled with water. When the core is filled, the fiber exhibited a broadband transmission
window. This can be explained by the change in guidance mechanism, i.e. PBG for the HC-PCF that
became TIR for the LC-PCF, as mentioned previously. The purple dashed line represents the theoretical
transmission window of a step index fiber and the general trend of the experimental data follows the
calculated spectrum (outside the water absorption bands). In this configuration, they enhanced the
Raman signal of moxifloxacin using several excitation wavelengths (532, 676 and 752 nm),
demonstrating the benefit of a wide transmission window. Similarly to Yang et al. with heparin, they
obtained the calibration curve of the Raman intensity with growing concentrations of moxifloxacin and
they detected a limit concentration of 1.7 uM in 4 nL. This extremely small volume illustrates perfectly
one of the benefits of PCF sensing, i.e. the volume required to fill the fiber is very small, which results
in the possibility to create minimally invasive sensors.
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Figure 34 Transmission spectra of commercial HC-PCF when the core is empty and when it is selectively filled
with water. The purple dashed line represents the ideal transmission spectrum with step index guidance.
Reproduced from [206].

PCFs SERS sensors can also be used to detect gas [170,207]. They could represent a good alternative to
the actual gas sensors that are expensive, bulky and unable to provide real-time data. In addition, thanks
to the narrow peaks of Raman spectroscopy, they could be used for multiplex sensing in order to detect
a target analyte in a complex mixture. Using a commercial HC-PCF and only Raman spectroscopy,
Buric et al. detected N [16]. They demonstrated an improvement of 130 times compared to the same
measurement in free space. They also succeeded in identifying varying concentrations of methane,
ethane and propane in a mixture. A similar study reported the use of 30 cm long HC-PCF to remotely
detect toluene, acetone and 111-trichloroethane independently inside a sealed chamber [17]. A
representation of the setup used is available in Figure 35(a). They were also able to detect each gas when
mixed together in different concentrations inside the sealed chamber. A representative spectrum is
available in Figure 35(b). Here, the EF was ~700 compared to conventional detection method.
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Figure 35 (a) Schematic illustrating the setup used for gas detection with SERS-based PCF probes. (b) Raman
spectrum of the mixture of toluene, acetone and 111-trichloroethane obtained with a HC-PCF. Reproduced from
[17].

Gas identification is also relevant in biosensing. For instance, analyzing exhaled breath and more
importantly volatile organic compounds (VOCs) in the breath allowed identifying certain diseases such
as lung cancer. With this in mind, Hanf et al. used a HC-PCF to detect H, and CH4, which are marker
gases for malabsorption disorders, in a mixture of the major breath components, i.e. N2, Oz, CO, [208].
They were able to detect H, and CHj4 in the concentration range of 5-50 ppm (part per million), which
is in the clinically relevant level. The same research team reported a fully automated gas filling system
that allowed for alignment free and fast monitoring of multigas fluctuations [209]. This achievement is
quite important since limiting the handling of the PCF fibers are a key feature to create a clinically viable
sensor.

11.4.2.2. Label-free SERS detection

Here, we present important biosensing studies where the authors increased the weak Raman cross-
sections of biomolecules using metallic NPs. Khetani et al. detected adenosine using 6 cm long
commercial HC-PCF [210]. Adenosine is an important biomolecule that regulates the extracellular
physiological activity. They compared the signal measured for a solution of pure adenosine in a cuvette,
adenosine mixed with Ag NPs in a cuvette and the same mixture filled non-selectively in a HC-PCF.
The measured spectra are available in Figure 36. It is clear that both the NPs and the fiber increased
drastically the signal. Using 733 cm™ peak, they estimated the overall EF to be ~2700 between the pure
adenosine in cuvette (label-free Raman detection) and the mixture of NPs/adenosine in HC-PCF (in
fiber label-free SERS detection).

Acute myeloid leukemia is a pediatric cancer. It represents the leading cause of disease-based morbidity
in children and adolescents. Early diagnostic and monitoring of minimal residual disease are the best
chance to improve the survival rate of the patients. However, current detection techniques remain costly
and time-consuming. A proof of concept study was conducted with a commercial HC-PCF to detect
acute promyelocytic leukemia (HL60) cells [168]. They estimated that the EF was ~2700 by dividing
the signal obtained from a mixture of Ag NPs and leukemia cells injected in a HC-PCF by the signal of
leukemia cells alone in a cuvette. They also obtained a linear calibration curve for increasing
concentration of cells in the solution and they were able to measure a limit concentration of ~300
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cells/mL. What is even more interesting is that they managed to differentiate the stage of the cells
between live, necrotic and apoptotic using statistical analysis.
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Figure 36 SERS and Raman spectra of adenosine in cuvette and in HC-PCF. Reproduced from [210].

11.4.2.3. Labeled SERS detection

For real life sensing applications, some biomolecules do not possess a clear Raman signature. Detecting
trace amount in complex biological fluids can thus be arduous. A solution presented in chapter I is SERS
nanotags. A ligand specific to a biomarker, such as antibodies, is used to put the bio-analyte in contact
with NPs and a Raman reporter that possess a strong Raman cross-section. For instance, Dinish et al.
detected epidermal growth factor receptors (EGFRs) using a commercial HC-PCF and SERS nanotags
[4]. EGFRs are proteins commonly used as biomarkers in clinical environment as they are up regulated
in many cancers. The current detection techniques, such as enzyme-linked immunosorbent assay

HOOC-PEG-SH

Poly-L-Lysine PCF Core

Protein 1 Protein2 Protein 3 Nanotag with Nanotag with Nanotag with
Raman reporter 1 Raman reporter 2 Raman reporter 3

Figure 37 Top: Schematic presenting a SERS nanotag. The little blue circles represent the Raman reporter. Bottom:
Representation of multiplex detection inside a HC-PCF with three nanotags. Reproduced from [5].
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(ELISA) and fluorescence sensing, are tedious to perform and lack precision for trace amount sensing
and multiplex detection. First, the authors functionalized 8 cm long HC-PCFs with poly-L-lysine and
they injected a solution of cell lysate inside the fiber. The protein (EGFR) was able to bind to the poly-
L-lysine. Subsequently, they prepared a SERS nanotag using 60 nm gold spheres, onto which they
anchored malachite green isothiocyanate (MGITC), a well-known Raman reporter, and anti-EGFR
antibodies. A representation of the nanotags is available at the top of Figure 37. Then, they filled the
fiber with a solution containing the nanotags. The antibodies anti-EGFR at the nanotags surface were
able to bind to the anchored proteins inside the fiber and the signal of MGITC could be detected. With
this configuration, they achieved a limit of detection of ~100 pg/mL in a sample volume of ~10 nL. It is
worth mentioning here that the fiber was dried prior to the measurement in order to ascertain that the
transmission window of the HC-PCF matched the excitation laser (no shift of the transmission window).
It is worth mentioning that in HC-PCF, the light is mostly guided in the center of the core and an
important drop in intensity occurs near the core wall. Therefore, when the NPs are anchored on the inner
side of the core, they only interact with a small portion of the excitation light, which results in a decrease
in sensitivity, allowing room for improvement.

Dinish et al. also achieved multiplex detection of alpha-fetoprotein (AFP) and alpha-1-antitrypsin
(A1AT), two biomarkers for liver cancer, using a commercial HC-PCF and two separate nanotags [5].
The process was similar to the one presented before except that this time, they prepared two SERS
nanotags with different Raman reporters. They used MGITC and Cyanine5 (Cy5) because they each
possess two distinct signature peaks, as shown in Figure 38. They added anti-AFP antibodies on the Cy5
nanotags and anti-A1AT antibodies on the MGITC nanotags. In this way, the detection of the Cy5 signal
corresponded to the presence of AFP while the detection of MGITC signal corresponded to the presence
of A1AT. After preparing the nanotags, they functionalized the HC-PCF with poly-L-lysine and injected
the supernatant of Hep3b cell line. This cell is known to secrete the two target biomarkers [211,212].
Finally, they injected the mixture containing the two nanotags and they dried the fiber. They were able
to detect simultaneously the signals of Cy5 and MGITC, thereby revealing the presence of AFP and
A1AT in the cell supernatant. This study demonstrates that SERS-based fibers can very well be used for
the simultaneous detection of several biomarkers.
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Figure 38 Raman spectra of Cy5, MGITC and mixture containing Cy5 and MGITC illustrating the possibility to
obtain multiplex detection. Reproduced from [5].
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Until now, we presented mainly studies realized with commercial HC-PCFs. Nevertheless, important
detections of bio-analytes were reported using SC-PCFs. For instance, Gong et al. detected sialic acid
using an in-house SiC-PCF [12] after having shown that the SiC-PCF was more sensitive than
commercial HC-PCF, despite the fact that the study was realized in the injected configuration. Sialic
acid modulates normal and pathological processes [213]. In many cancers, it is often overexpressed at
the cell surfaces and monitoring its expression within a cell can be used to identify the tumor malignancy
and metastasis. The common detection techniques include colorimetric analysis, chromatography or
potentiometry. They lack sensitivity and/or suffer from photo-bleaching. To detect it, the authors used
HelLa cells, which are known to overexpress sialic acid receptors [214] and 4-(dihydroxyborophenyl)
acetylene (DBA) as Raman reporter. DBA was able to bind to sialic acid on the surface of HeLa cells,
as shown in Figure 39, and exhibited a relatively strong peak around 2000 cm, which is outside the
complex signature spectra of the cell and silica. Therefore, this peak could be used to monitor the
concentration of sialic acid at the surface of a single cell present in the side channel of the fiber. They
detected a record-breaking concentration of 2.5 fmol of sialic acid at the surface of a single cell showing
the extreme sensitivity that can be achieved thanks to SERS-based PCF sensors.

a b c ;
: o
Ry S ®
Kb “
o » ¥ L
Ve e & AN
5, sialicacid € , o'
LAt DBA Lot

e\‘

50000

-1 alkyne peak

1

1100 1300 1500 1700 1900 2100
Raman shift / cm?

‘% 30000

Intensity

20000 4
10000 -

0

Figure 39 (a), (b) and (c) Representation of the formation of sialic acid/DBA complex. (d) Raman spectrum
detected from DBA tagged cells in SiC-PCF. (e) Schematic illustrating the detection of sialic acid at the surface
of HeLa cells in SiC-PCF. Reproduced from [12].

Lipid peroxidation is the oxidative degradation of polysaturated lipids. Usually, it happens in relatively
small amounts in the body and the augmentation of its occurrence can be a sign of cancer or
neurodegenerative disorder [215]. A proof of concept study was realized to indirectly detect lipid
peroxidation using an in-house SiC-PCF [216]. They treated HepG2 liver cancer cells with linoleamide
alkyne (LAA) so that LAA can incorporate into the cellular membranes. Then, they added to the mixture
different concentrations of cumene hydroperoxide (CH), which is known to induce lipid peroxidation.
When lipid peroxidation occurred, LAA was oxidized, which resulted in the production of alkyne-
containing proteins. Finally, they filled a SiC-PCF with a mixture of 60 nm Au NPs and the different
previous solutions and they monitored the intensity of the alkyne peak (presented in the previous
paragraph) for cells treated with LAA alone and with increasing concentrations of CH. The cells treated
with LAA alone did not exhibit any alkyne signal, while the intensity of the peak increased with the
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concentration of CH, showing that lipid peroxidation was more important for higher CH concentrations.
This study represents another proof that SERS-based fiber probes can be used for the detection of an
extremely wide range of biomarkers. Here, it was used to detect a physiological reaction and not a
biomarker directly.

11.5. Discussion and conclusion

In this chapter, we presented a class of fiber that possesses enormous advantages for SERS sensing, i.e.
PCFs. The hollow regions in their cross-sections allow for liquid or gas incorporation inside them, which
results in increased surface of interaction between the analyte and the laser. This improves the sensitivity
and the reliability of SERS-based fiber sensors. Moreover, because the sensitivity is improved in PCFs,
it allows detecting trace amount of analyte and thanks to the size of the fibers, the required filling volume
is extremely small. In addition, the flexibility and versatility of PCFs allowed to implement PCFs in
microfluidic devices and some interesting studies have demonstrated that SERS-based PCF sensors are
not only limited to liquid biosensing. PCFs have been used to rapidly monitor the concentration of gases
relevant in the detection of disease in human breath. Finally, SERS-based fiber sensors are not limited
to biosensing. They can be employed in a much wider range of applications such as homeland security
and industrial or environmental monitoring.

Based on the studies reported so far, we pointed out the main advantages and drawbacks of each class
of PCFs. Direct interaction is possible with HC-PCFs, which avoids the collection of the parasitic signal
from silica. For instance, the peaks used to detect adenosine [210] and leukemia cells [168] could not
have been detected with an SC-PCF. Indeed, it might have been overshadowed by the silica signal
inherent to the fiber core. However, due to the guiding mechanism, HC-PCFs suffer from rather small
transmission windows. In addition, the change in refractive index results in a shift of the transmission
window, which can in turn result in lower sensitivity. We illustrated this phenomenon with the study of
heparin by Khetani et al. where they used a commercial fiber that possessed a transmission window
between 717 and 808 nm to study Raman signals between 850 and 863 nm. A solution to avoid the shift
of the transmission bandwidth consists of anchoring the analyte on the inner surface of the core and to
dry the fiber subsequently [4,5]. However, this might require heating the fiber to evaporate the solvent,
which can result in denaturing the analyte. In addition, the drop in the field distribution near the core
surface forbid a proper excitation when the NPs and the analyte molecules are anchored on the core
surface, which results in poorer sensitivity. Finally, it is important to note that the two studies cited here
could not be realized easily in a clinical environment. Indeed, for more practicability, the nanotags
should be anchored first inside the fiber and the target analyte should be injected last. In this way, the
sensor would be ready to use. Clinicians would simply need to pump the solution containing the target
analyte inside the PCF and measure the SERS signal for readout.

Several solutions can be used to overcome the small transmission windows inherent to HC-PCFs. The
first one is to use HC-PCFs that possess wider bandwidths such as Kagome HC-PCFs. However, they
exhibit higher transmission loss compared to usual HC-PCFs. Recently reported nodeless HC-PCFs
represent another interesting solution [196,217,218]. In such fiber, the light is also guided thanks to the
anti-resonant mechanism. They exhibit relatively low transmission attenuation (record belowl dB/km),
broad transmission bandwidths (440-1200 nm), low bending-loss (0.2 dB/m) and single-mode profile.
Thanks to the size of the core (superior to 30 um), they would also allow fast analyte incorporation.
Despite these promising properties, no study of SERS sensing with such design has been reported.
Another solution could be to selectively fill the core of a HC-PCF to obtain a LC-PCF and TIR guidance.
In their study of the impact of the NPs coverage density and fiber length on the SERS intensity (Figure
27), Han et al. managed to measure the signal up to 4000 cm™ (Stokes wavelength ~845 nm for
excitation at 633 nm) by selectively filling the core of the HC-PCF. Using a similar configuration, Zhang
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et al. obtained an EF of ~100 by selectively filling a HC-PCF with a solution of Ag NPs and R6G [219].
The last option to benefit from large transmission windows is to use SC-PCFs. Gong et al. demonstrated
that SiC-PCF can exhibit better sensitivity compared to HC-PCF [12]. This difference in sensitivity was
due to a difference of guiding mechanism that resulted in a more confined light in the case of SiC-PCF.

At this point, it is worth taking a step back to observe the full picture. The ultimate goal of this thesis is
to fabricate a fiber sensor that can one day be used on a daily basis in a clinical environment. This creates
some additional requirements. For instance, one of the envisioned possibilities is to create a
functionalized biopsy needle with a PCF immobilized inside it. In this way, the clinician would only
have to collect a sample from the patient body and put the needle under the microscope for readout. It
is then obvious that the length of the fiber would be limited in this configuration: it could not exceed the
length of the biopsy needle, which has an impact on the NPs coverage density.

Another important requirement that arises from the necessity to create a sensor clinically viable lies in
the SERS-activation technique. Indeed, from a practical standpoint, the injected configuration is not
well suited to create clinically viable biosensors. If we imagine that a clinician uses a PCF sensor, he
would need to mix the fluid withdrawn from the patient with the colloidal solution of NPs and inject the
mixture in the fiber prior to the measurement. This is not very convenient, and clinicians would not be
interested in such sensors. The ideal solution consists of an already-functionalized fiber inside a biopsy
needle, the clinician would only need to withdraw the fluid from the patient and measure the SERS
response immediately. Unfortunately, to this day there is no clear direction regarding which
configuration (injected or anchored) gives the most sensitive and reliable sensor.

The current procedures for clinical sensing are quite tedious. Usually, they consist of sampling from the
clinician, often with a biopsy needle, followed by a test under the respective method. The concept of
functionalized biopsy needle would deeply accelerate the procedure, since the collection and readout of
the results could be realized with the same platform. The last advantage of the anchored protocol is that
it can be used to target specific biomarkers in complex body fluids in order to look for specific diseases.
We can imagine anchoring antibodies of a targeted biomarker. When the body fluid passes in the fiber
during the sampling, the target molecules can bind to the anchored antibodies so that they are
immobilized onto the fiber walls. Although this technique is interesting, it would require the
incorporation of Raman tag for the readout, which requires an additional preparation step.

Based on all these observations, we decided to focus our work on SC-PCFs. Indeed, they benefit from
large and fix transmission bandwidths, which facilitates the selection of the fiber to fit the excitation and
Raman signal. However, despite all the studies conducted so far, some interrogations remain. The first
one concerns the ideal core size that would give the most sensitive and reliable sensor. Indeed, high
sensitivity was obtained with fiber that featured both extremely small and extremely large core
diameters. In addition, several studies tried to determine the fiber length that resulted in the strongest
SERS intensity possible. It was demonstrated that this length depends on the NPs coverage density
inside the fiber and thus, it should be adapted in every case. When it comes to NPs, no clear direction is
mentioned regarding the choice of the configuration (anchored or injected) to achieve the most sensitive
and reliable probe. Finally, the last interrogation concerns the reliability of SERS-based fiber sensors.
Indeed, almost no study focused on their reliability, although this property is of utmost importance to
fabricate clinically viable sensors. Furthermore, it is worth mentioning that most of the work reported
so far was conducted with commercial or standard PCFs that are not specifically designed for SERS
sensing (except for the SiC-PCF). During my PhD, | had the opportunity to conceive and fabricate fibers
that are specifically designed for SERS biosensing. For that, we needed to clearly understand the effect
of each fiber parameter on the final SERS response of the probe. The SERS intensity depends on the
interplay between the area of light/analyte interaction, the size of the surface that collects the Raman
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photons, the transmission losses and the coupling efficiency. Finding the best compromise between all
these parameters would result in improving the detection abilities as well as the reliability of
SERS-based fiber sensors. With this in mind, we first decided to optimize the parameters of SuC-PCFs.
Indeed, they benefit from the large transmission bandwidth of SC-PCF, while facilitating the
incorporation of the analyte thanks to the large holes in the cladding. In addition, the fraction of
evanescent field overlapping in the cladding can be precisely tailored by changing the core size. In the
following chapter, we present our work done on SuC-PCF to find the best compromise between all the
parameters inherent to the fiber and to SERS sensing. The aim was to improve the sensitivity, and the
reliability of SERS-based SuC-PCF probes with respect to the requirements created by the necessity to
conceive a clinically viable sensor. In a second time, we created a totally novel PCF topology to further
improve the sensitivity of fiber-based SERS sensors and to tailor even more precisely their response.
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Chapter I11. From basic simulation to detection of ovarian cancer
biomarker with a SuUC-PCF probe
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Chapter I11. From basic simulation to detection of ovarian cancer biomarker with a
SuC-PCF probe

We discussed in Chapter | and Chapter Il the general principles used for fiber-based SERS sensing. In
the following chapter, we focus our work on SuC-PCFs, from simulations to SERS measurements while
always keeping in mind our final goal to create a clinically relevant biosensor. The goal of this chapter
is to obtain a SUC-PCF sensor that exhibits the best compromise between sensitivity and reliability.
Unfortunately, the studies conducted so far do not allow determining precisely which core size and
which fiber length is the best suited to achieve the best SERS response. For example, Oo et al. achieved
the best sensitivity using a SuC-PCF with the smallest core diameter [201]. On the contrary, Chen et al.
showed that SC-PCFs with very large core can support a higher coverage density of NPs, which results
in a relatively good sensitivity [220]. In the same vein, Afshar et al. showed that the strongest
fluorescence signal was not obtained with the fiber that possesses the smallest core size [221]. Although
this result was obtained in fluorescence sensing and it did not take into account the effect of the NPs, it
remains inspiring. Based on these observations, we first present more precisely through simulations the
effect of the fiber parameters on the SERS sensitivity and reliability. Then, we describe the existing
protocol developed at SBIC to anchor the NP inside the PCF in order to make the fibers SERS-active
and we present its limitations. We also present the solutions implemented to overcome these limitations
and improve the anchoring protocol. In addition, we also compare the two most used techniques to
prepare SERS-based PCFs in order to have a clear idea of which technique should be used preferably.
We also compare SuC-PCFs with different core size to experimentally ascertain the results presented in
the simulation section. Finally, we demonstrate the relevance of our sensors during a clinical study. We
prepared the best SUC-PCF using the best functionalization technique and we tried to detect a biomarker
in clinical cyst fluid withdrawn from patients during surgery. Based on that, we succeeded in
differentiating the stage of ovarian cancer in several patients. This last step represents an extremely
promising proof that eventually SERS-based fiber probes could be used routinely to facilitate the early
detection of severe diseases or help clinicians to monitor the response to a treatment as well as the
success of surgery.

I11.1. Determination of the optimum suspended core PCF parameters for SERS

111.1.1. Simulation

We first simulated the most basic situation: a silica rod surrounded by water. A simple model developed
by Chen et al. allowed us to understand better the effect of the fiber parameters and the coverage density
on the SERS signal. Then, we simulated the coupling efficiency of the laser into the core of a SuC-PCF.
This is useful to understand how the excitation light can be coupled to the fiber core but also how the
Raman signal emitted at the end of a SUC-PCF can be collected by the spectrometer. Indeed, for all the
measurements presented below, we used backscattering configuration, i.e. the excitation laser was
coupled to the fiber from a microscope objective and the Raman signal was collected from the same
fiber end with the same objective. This geometry is presented in the following of this chapter, and an
illustration is available in Figure 52. Thus, the coupling efficiency from the laser to the fiber core can
also be assimilated to the coupling efficiency of the fiber to the Raman spectrometer. This simulation
allowed determining the core size that results in the best reliability for SuC-PCF sensors.
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111.1.1.1. Basic model used to approximate the final Raman intensity given by a suspended core
PCF

Chen et al. [220] developed a simplified model to provide an insight on the interplay between the Raman
gain and the loss inherent to the NPs discussed in chapter 2. This model takes into account the fiber
features, i.e. its core size and its length, the coverage density of NPs and it is designed for setups that
use forward propagation. The model proposed here aims to evaluate relatively the performances of
SC-PCFs for SERS sensing by allowing to study the effect of a fiber parameter on the SERS response.
For that, they considered the case of a rod suspended in water. To calculate the attenuation loss occurring
when the evanescent field interacts with NPs, they introduced an effective layer between the core of the
fiber and the surrounding media, i.e. the silica rod and water respectively. This effective layer is made
of a composite material that represents the real layer where the NPs are anchored onto the fiber core. It
consists of spherical inclusions of metal (NPs) inside a volume of water with a filling factor f =
Vinet /Veotar» Which is the volume of metallic inclusions per unit volume of the composite material. To
express Vi,et, We first need to know the number of NPs present in the effective layer. To do so, we
express S, the surface of the effective layer over the fiber length (Lf;per).

S = 2nRfiper X Lyiper (20)

with Ry, the radius of the fiber core. Then, the number of NPs (N) is the product of the coverage
density (CD) with the surface:

N=SxCD (21)

Finally, the volume occupied by the NPs is the volume of one NP multiplied by the number of NPs:

8
Vet == X Ryp XN = §7r2 X Reiper X CD X Rip X Leiper (22)

3
with Ry p the radius of one NP.

The total volume of the effective layer over the fiber length is defined by:
2 2
Vtotal =mX [(Rfiber + 2RNP) - Rfiber] X Lfiber (23)
Finally:

Vmet 8m X Rfiber X CD X RI%/P

= = 2
Viotar 3 X [(Rfiber + ZRNP) - R)giber]

(24)
This filling factor allows calculating the effective dielectric constant of the composite material given by
[222]:

€i(D) + 26, (1) + 2f[€;(A) — x (D]
€i() + 2ep (1) — fl&:(D) — en (D]

with €;(1) and €, (1) the complex electric permittivities of the metal and the dielectric host (water)
respectively.

€eff(1) = €n(d) (25)

The design with the effective layer used for the simulation is presented in Figure 40. Using the different
parameters presented previously and finite element method (FEM), the imaginary effective indexes and
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the portion of the evanescent field per mode are calculated. This allows calculating the modal attenuation
coefficients at the excitation and detection wavelengths a,.. and a4,.;. Here, the subscript “exc” refers
to the wavelength of the laser used to excite the analyte, while “det” refers to the wavelength of the
Stoke scattered photons.

4n (26)
Q=
A Im[neff]
From there, they approximated the factor proportional to the Raman intensity (fz;) with the following
formula:

1—¢ —QdetLfiber

Naet —————— (@7)
det adethiber

—e —QexcLfiber

fRI ~ ZaniberLfiberCD X | Nexc X

aexCLf iber

The left term represents the total NPs coverage density over the entire surface of the fiber. By integrating
the fiber particle coverage length, they averaged the power decay of the propagating fiber mode caused
by the absorption in particles. This is possible only by assuming that CD is constant over the entire
length of the fiber. The two right terms express the average excitation intensity and the average SERS
signal decay respectively. n.,. and ng.; represent the modal fractional power overlapping in the
effective layer. These two terms introduce the evanescent coupling of the excitation signal inside the
fiber holes, and the recoupling efficiency of the SERS signal inside the core. As highlighted previously,
this model aims to simply provide an insight of the SERS sensing abilities of an SC-PCF. Thus, since
the properties of the fiber are slowly evolving between the detection and Stoke signals, we make the
following approximation: A = A,,. = A4e¢. Hence, equation 27 becomes:

— . 2
1—e “Lftber] (28)

fri = 2TRfiper Lriper CD X [77 I
ALfiper

It is worth mentioning here that, although the properties of the fiber are close at 4., and 44,;, this is
not necessarily true for the plasmonic response of the sensor, as shown in Figure 50.

If we wanted to simulate the most realistic case possible, we should have simulated the design
represented in Figure 40(a), which corresponds to the real design of a SuC-PCF with an effective layer.
Instead, we simulated the design represented in Figure 40(b), which corresponds to a silica rod
surrounded by the effective layer and suspended in water. Although this design is not exactly the same
as SUC-PCFs, it represents an ideal case, where no light is guided inside the silica struts that holds the
fiber core. Except for that, the behavior of the light in silica rods is very much similar to the behavior of
the light in the core of SuC-PCFs. Therefore, since our goal is to understand the relative effects of the
core size, the fiber length and the NPs coverage density on the SERS intensity, the case of a simple rod
in water is very well adapted. It is much simpler to simulate while giving the same insight as the full
design. In the following, when we talk about fiber length and core size, it is in reality the length and the
diameter of the rod but since the results are similar between the two designs, we use the fiber
terminology.
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(a) (b)

Figure 40 (a) Design of the SuC-PCF that should have been used in the simulation to fit more closely to real fibers.
(b) Schematic of the ideal case of a silica rod surrounded by the effective layer and immersed in water. This design
was used in the simulation to approximate the design of the SuC-PCFs. 1 represents the silica core (gray), 2
represents the effective layer (yellow) and 3 represents water (blue). The dashed circle in (2) represents the core
simulated in (b).

As mentioned in the introduction to this chapter, the studies reported so far do not allow finding the fiber
features to achieve the best compromise between sensitivity and reliability. Therefore, we simulated
rods with different diameters and compared the percentage of light leaking in the effective and water
layers. This allowed us to illustrate the effect of the core size on the amount of evanescent field that
could overlap in the cladding. This is important because the evanescent field is the amount of light that
can interact with the analyte. If we do not take into account the NPs, the more light interact with the
analyte, the strongest the Raman intensity is. However, if too much light overlaps in the cladding, the
transmission loss will become too great resulting in a smaller interaction length and thus a poorer
sensitivity. Therefore, a compromise on the core size must be found to create a fiber that possesses a
relatively strong evanescent field to interact with the analyte but not too strong, so the light can be guided
for relatively long length. Now, if we consider the same case with NPs, the basic reasoning is similar: a
compromise has to be found in the core size. The difference is that NPs simultaneously enhance the
signal and increase the transmission loss due to their absorption and scattering loss, which tend to
complicate the reasoning. This is further complicated by the addition of the coupling efficiency that
determines the amount of light coupled to the fiber core. Logically, the core size also has a direct impact
on the coupling efficiency. To facilitate the understanding, this matter will be discussed further in this
manuscript, and here, we focus on the impact of the core size on the evanescent field. For this study, we
used the following parameters:

Excitation wavelength and detection wavelength: 4 = 633 nm

We used gold NPs with a coverage density: CD = 0.05 particle/um?
Fiber length: L¢;pe = 10 cm

Radius of Au NPs: Ryp = 30 nm

Thickness of the water layer: 10 um

Relative permittivity of water from Hale and Querry at 633 nm [223]: €, = 1.7734 + 3.9151 x 1078;
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Relative permittivity of gold from Rakic et al. at 633 nm [224]: ¢; = —10.577 + 1.2741i

Refractive index of silica calculated using Sellmeier equation: ng;;;cq = 1.457 at 633 nm

The results are available in Table 1, and a representation of the simulated fundamental mode is available

in Figure 41.

Table 1 Percentage of light in each layer of four SUC-PCFs with different core sizes.

Diameter of the fiber

Percentage of HE1;
mode intensity in the

Percentage of HE1;
mode intensity in the

Percentage of HE1;
mode intensity in the

core core effective layer water layer
1 um 89.05% 4.63% 6.32%
1.5 um 96.13% 1.80% 2.07%
3.5um 99.96% 0.02% 0.02%
10 ym 99.98% 0.01% 0.01%

Here, we clearly see the impact of the core size. For a core diameter of 1 um, about 11% of the intensity
propagated in the fundamental mode (HE11) overlaps in the cladding and 5% of this light will be in the
effective layer and will be responsible for most of the SERS intensity. Increasing the rod diameter to
only 1.5 um leads to a consequent drop in the evanescent field amount, since only 4% of the HE1; mode
overlaps in the cladding and only 1.80% are situated in the active area. For a core diameter of 3.5 um,
less than 1% of the intensity propagated in HE11 mode overlaps in the cladding and further increasing
the core size tends to increase further the amount of light confined inside the core.

(a) (b)
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1 5. -
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0 0
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Figure 41 (a) Fundamental mode simulated for a 1 pum rod surrounded by the effective layer and water. (b) Zoom
in the core area: the core, the effective layer and the beginning of the water layer are visible. The color scale is
applicable for (a) and (b).

Now that we saw the impact of the core size on the amount of evanescent field, we could study its impact
on the SERS response. For that, we calculated the factor proportional to the SERS intensity (f;) for
core radii ranging from 0.2 to 8 pm using equation 28. It was necessary to fix the coverage density and
the fiber length so we fixed: CD = 0.05 particle/um? and Lfiper = 10 cm. The results of the
simulation are plotted in Figure 42. For these specific values of coverage density and fiber length, the
highest fx; occurs for ~1 um core SuC-PCFs and decreases rapidly as the core radius increases. This
means that in this specific case, the factor proportional to the SERS intensity is increased with the
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evanescent field, i.e. the losses due to the NPs
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Subsequently, we realized the same simulation with varying NPs coverage densities. The results are
plotted in Figure 43. If we focus on the red curve (CD = 0.01 particle/um?), we can see that the
strongest fg; is achieved with fiber with even smaller cores, compared to the previous case,

i.e.CD = 0.05 particle/um?.
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Figure 43 Variations of the calculated fg; with the core radius for 10 cm long SuC-PCFs and different NPs

coverage densities.
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For CD = 50 particles/ um?, the maximum f, is not yet reached for SUC-PCFs with a core radius of
8 um. In this case, the losses due to the NPs are greater than their EF and in order to reach the
maximum f%;, the amount of evanescent field needs to decrease sufficiently so that less light would be
absorbed by the NPs along the fiber length. It is also worth noting that the absolute maximum f,;between
all coverage densities occurs for rather small values of CD. This is quite logic since for small values
of CD, a larger portion of light can interact with the NPs and the analyte along the fiber length without
suffering from extinction losses. This illustrates perfectly the inevitable compromise between the
amount of evanescent field (and thus the core size) and the coverage density in order to achieve the
highest SERS intensity possible.
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Figure 44 (a) Variation of the calculated f; with the core radius for 1 mm long SuC-PCFs and different NPs
coverage densities. Comparison of the calculated fz; for 1 mm and 10 cm SuC-PCFs for (b) CD =
0.01 particle/um?and (c) CD = 1 particle/um?.
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Until now, L;p., remained constant (10 cm). If we decrease the fiber length to 1 mm, a new trend
appears as shown in Figure 44(a). The lowest values of CD no longer exhibit the absolute maximum f;.
It now occurs at CD = 1 particle/um? compared to CD = 0.01 particle/um? previously. Once
again, this behavior is perfectly logic. If we consider the curve for CD = 0.01 particle/um?, the
maximum is lower than the maximum obtained for 10 cm fibers (Figure 44(b)). Indeed, we showed that
for this coverage density, the EF was greater than the losses. Because the fiber is much shorter, the light
can interact with fewer NPs and thus the resulting SERS signal is less intense. Now if we consider the
curve for CD = 1 particle/um?, we note that the maximum is more important and occurs for smaller
cores than for 10 cm fibers (Figure 44(c)). Indeed, because the fiber is shorter, it can handle a higher
coverage density before the losses become greater than the EF. We could say that the portion of the NPs
that should have been encountered during the propagation of the light if the fiber had been longer can
be anchored on the 1 mm fiber to increase thefz;. Here, we consider only the number of NPs that
increases the SERS signal and not supplementary NPs that increase mostly the losses.

To summarize, thanks to this simulation model we are able to say that three parameters influence greatly
the final Raman intensity: the fiber length, the core size and the NPs coverage density. In order to obtain
the best SERS intensity possible using PCFs, we should fix one of the parameters and find a compromise
between the remaining two. In our case, we fixed the fiber length to ~10 cm. Indeed, keeping in mind
that we want to realize biosensors that can be used in a clinical environment, fibers too long would not
be practical. However, we can very well imagine that 10 cm long PCF immobilized inside biopsy needles
could serve as a two-in-one sensor for both the sample collection and sensing. These simulations aim to
show the complex interplay that exists between the fiber parameters and the coverage density. However,
as we highlighted previously, the core size also has an impact on the coupling efficiency that in turn
determine the amount of light in the fiber core. In the following section, we simulate the coupling
efficiency of different core size SuC-PCFs in order to find out the best core size to exhibit good
sensitivity and good reliability.

111.1.1.2. Simulation of the coupling efficiency between the laser and the fiber core

In this section, we want to highlight the importance of the core size in the coupling efficiency of the
excitation light to the fiber core. We used finite element method (Comsol Multiphysics) to simulate the
electromagnetic field distribution of the fundamental mode. The topologies of the SuC-PCFs simulated
here are available in Figure 45(a) [225]. We used an excitation laser at 633 nm, which corresponds to
one of the lasers available on our SERS measurement setup. The refractive indices used were 1.457 for
the silica and 1.33 for the water in the holes. Once the distribution of the electromagnetic field was
simulated, we computed the coupling efficiency of the light between the fiber and the Raman
spectrometer by calculating the overlap integral of the electromagnetic field distributions of the
fundamental mode with that of a Gaussian beam as described in [226,227]. The Gaussian beam
represents the laser source. In order to model it, we simulated a silica rod surrounded by air, since the
fundamental mode guided by such structure is a Gaussian beam. We define the radius of the silica rod
so that the dimensions of the simulated beam are similar to the dimensions of the laser beam of the SERS
setup used to do all our experiments in the following. In our Raman setup, the laser beam was measured
to be 1.05 pum when using a 50x objective lens. The refractive index was also 1.457 for the silica rod
and 1 for the air surrounding it. Here, it is worth mentioning that Fresnel’s reflections are not included
in the simulation.

Now that we have the electromagnetic field distribution of the source and the distribution of the
fundamental mode, we can calculate the normalized amplitude coupling coefficient C,,,. The definition
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of C,, is based on the continuity of the transverse field components across the cross-section of the fibers
between the incident beam and the excited fiber modes [227]:

1 A
Cp =~ X 29
1 VBxC @)

With:
A= (BenmCey) X iy o) = By ) X oo ) + B o) X Byae)
— By (x,y) X Hj 1n(x,)) dxdy

1 31
B =5 [ Re(Exn(ey) X Hy 1 (63) — By (o) X Hy o)) ey &Y
(32)

1
€ =3[ Re (Ex(x,y) x Hy (x,) = Ey (x,y) X Hi(x,7)) dxdy

With E, ,, and H,,, the x and y components of the electric and magnetic fields of the fundamental mode
guided inside the fiber. Ey,, ;, and H,,, 1, represent the x and y components of the electric and magnetic
fields of the laser Gaussian beam.
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Figure 45 (a) Design of the simulated SuC-PCFs with different core sizes, and zoom-in on the 2D distribution of
the Poynting vector of the fundamental mode propagated in a core diameter of 3.5 um (superimposed in light gray).
(b) Distribution of the center of a Gaussian beam (corresponding to the laser beam from the Raman spectrometer)
randomly positioned (250 times) within an area limited by a circle of 0.5 um radius around the center of the fiber.
(c) Normalized coupling coefficients between the Gaussian beam (following the positions in, (b)) and the
fundamental mode of SuC-PCFs with different core sizes. (d) Calculated maximum and average coupling
coefficient values from the values plotted in, (c). SD in average coupling coefficient is denoted with red lines
(reproduced from [225].
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Finally, the center of the Gaussian beam was randomly positioned 250 times within a disk of 0.5 um
radius centered on the fiber core. This was used to simulate the possible misalignments occurring during
measurements. Indeed, even by being extremely careful, the laser beam almost never enters the
SuC-PCF exactly in the middle of the core, resulting in increased coupling losses. This calculation was
made to take into account the operability of the fibers. For that, we simulated three SuC-PCFs with
different core sizes: 1.4 um, 3.5 umand 5 pum in order to study the impact of the core size on the coupling
efficiency. The Gaussian beam used as excitation remained constant for the three cases. On Figure 45(d),
we can see that the 1.4 pm core fiber exhibits the highest coupling coefficient when the light enters the
core close to the center. However, by coupling the light slightly off-center, the coupling efficiency
drastically decreases. The 3.5 um core SuC-PCF exhibits a lower maximal coupling coefficient (0.72
instead of 0.92 for the first fiber) but a much higher average coupling coefficient (0.59 instead of 0.43).
This demonstrates that misalignments have less effect on the 3.5 um core fiber. Further increasing the
core size does not improve the coupling efficiency. Indeed, for 5 pm core SuC-PCF, thought the
deviations due to misalignments are smaller, the maximum coupling efficiency is further decreased
(0.54), which results in a decrease in the average coupling efficiency.

In conclusion, we can say that to couple the light as efficiently as possible inside a SuC-PCF, an optimum
core size exists. On the one hand, if the core is too big, the variations due to misalignments are rather
small but the maximum coupling efficiency is very low and that decreases the average coupling
efficiency. On the other hand, if the core is too small, the maximum coupling efficiency is excellent but
the misalignments largely decrease the average coupling efficiency. Therefore, selecting a SUC-PCF
with an intermediary core size helps to benefit from a relatively good maximum coupling efficiency
while limiting the impact of the misalignments, which improves the reliability of the measures. Now
that the simulations allowed us to understand better the behavior of SERS-based PCFs, we could
fabricate the fibers.

111.1.2. Fabrication of the different fibers

Several SuC-PCF with different core sizes had already been fabricated before my arrival. However, we
needed SuC-PCFs with smaller cores to increase the evanescent field overlapping in the holes. In
addition, the cladding of the existing SuC-PCFs was already extremely thin, making them quite difficult
to handle. They broke easily during cleaving or during SERS measurements. Therefore, to obtain SuC-
PCFs with smaller cores and a cladding large enough to facilitate the handling, we needed to increase
the size of the jacket tube at the preform step. By doing so, we were able to fabricate three fibers with
core size ranging from 0.9 um to 1.4um with claddings large enough to facilitate the cleaving and the
handling. For information, the previous SuC-PCFs had core sizes ranging from 2 um to 3.5 um.

In order to fabricate the SUC-PCFs, we used the stack-and-draw process, which is a widely used
technique [228]. A schematic presenting the different steps is available in Figure 46. The first step
consists of drawing capillaries from commercial silica tubes. Once drawn, three capillaries are stacked
in a jacket tube in order to form the stack preform. It is then drawn to obtain the cane. Finally, the cane
is put in another jacket tube and drawn into the fiber. It is worth noting that the fiber can be drawn
directly from the stack preform. In our case, the cane step increases the reducing factor, which allows
us to obtain SuC-PCFs with smaller cores. In addition, because we put the cane in a relatively thick
jacket tube, the final thickness of the fiber cladding is also increased. This is relatively important since
in order to increase the size of the holes and to decrease the core size, pressure is usually applied inside
the three holes. As expected, the more pressure applied inside the holes, the bigger the holes are and the
smaller the core becomes. Thus, to have small core SuC-PCFs (~1 um), we need to apply a sufficient
amount of pressure inside the holes, resulting in bigger holes and thinner cladding.
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Figure 46 (a) Schematics of the different steps realized during the stack-and-draw process, in brackets is given the
order of magnitude of the diameter. (b) Zoom-in on the preform step to define the parameters used in the calculation
made to select the different tubes.

To select the jacket tubes for the cane and the preform, we needed to do some basic calculations. It is
important to note that during the drawing, the ratio R;,/R,,: remains constant for a given tube. Based
on previous experiences, we wanted a final ratio Ry, fiper/Rout river = 1/4 When we were not applying
any pressure inside the holes, so that when we applied pressure, there would still be enough silica in the
cladding. Based on that, we can say:

Rinpreform _ Rinfiber _

1
" (33)
Rout preform tube Rout fiber 4
According to the tubes available, we fixed Ryt preform tupe = 6 mm, Which is the external radius of
the jacket tube. Hence:

Rin preform = 1.5 mm (34)

The inner radius of the jacket tube is fixed and is Ry, preform tube = 2 mm, SO We know the dimensions
of the preform to use. Indeed, we found Ry, preform = 1.5 mm and the preform has to fit in the jacket
tube SO Royt preform = Rinpreform tube = 2 mm and we can determine the ratio of the preform:

R; 1.5
inpreform -2 — 0.75 (35)
Rout preform 2

This gives us the ratio of the jacket tube we need to use for the cane. The closest match at our disposal
was a 7/10 mm tube, which possesses a ratio of 0.7.

Now that we know the size of the jacket tubes for the cane and the preform, we can select the tube for
the capillaries. We used relatively thin tubes with an inner diameter of 19 mm and an outer diameter of
21 mm. The point of selecting thin tubes was to limit the quantity of silica at the intersection of the three
capillaries during the following steps of the process in order to obtain the smallest core possible.
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According to the stack layout and the 7/10 mm jacket tube selected for the cane, we drew the capillaries
to 2.9 mm. Then, we closed the extremity of the three capillaries and prepared the stack. During the
drawing, we applied vacuum between the capillaries and the jacket tube in order to facilitate the contact
between them, as shown in Figure 47(a). Closing the capillaries helped in getting the structure. Indeed,
the warm air coming out of the furnace ascended inside the tubes and was trapped at the end of the
closed capillaries. This created a small overpressure that inflated slightly the holes. Once we drew the
fiber preform, we put it inside the 2/6 mm jacket tube. Similarly to the cane step, we applied vacuum
between the preform and the jacket tube but this time, instead of closing the top of the preform, we
applied overpressure inside it, as schematized in Figure 47(b). This helped us in controlling more
precisely the size of the holes and more importantly the size of the core of the final fiber. As mentioned
previously, the more pressure we applied, the smaller the core was.

(b) P
H '
Preforn P:
P- P P
P Pt
- 1 (e
Top view N Top view
Jacket tube
Jacket tube
Side view Side view

Figure 47 Schematics illustrating the pressurizing system used during the drawing of (a) the cane and (b) the
preform. The blue sections represent the closed capillaries. Practically, we collapsed the end of the capillaries by
torching them. P~ and P* represent respectively the vacuum and the overpressure applied in the different sections
of the cane and preform.

The parameters of the different fibers drawn are available in Table 2 and SEM pictures are available in
Figure 48. The first three fibers were drawn using the presented two intermediate steps to increase the
thickness of the cladding. The 3.5 pum core SuC-PCF in Figure 48(d) was drawn before the beginning
of my thesis using only one intermediate step, i.e. the fiber was drawn directly from the stack put in a
jacket tube. It is worth noting that we succeeded in increasing the thickness of the cladding in order to
facilitate the handling of the fibers. Indeed, the cladding of the first three SUC-PCFs (Figure 48(a), (b)
and (c)), is approximately 2 to 3 times thicker than that of the fiber represented in figure (d).

Another aspect to note is the relation between the core size and the hole size described earlier. Indeed,
we drew the first three fibers during a single session. The only difference was the pressure applied inside
the holes and the drawing speed of the capstan. The difference in speed between the speed at which the
preform descended into the furnace and the speed of the capstan allowed us to maintain the diameter of
the fiber constant (+/- 1 um). The outer diameter was not a requirement so it is not important if it is not
exactly the same between each fiber. The only constraints were the size of the holes and the size of the
core, which were controlled by the pressure inside the holes. The limitation for the size of the holes was
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that they needed to be as big as possible, so an average-sized cell could pass inside them. This facilitates
the incorporation of liquid inside them.

Table 2 Parameters of the fabricated SuC-PCFs measured with a SEM

. Struts . Cladding
. Core size . Hole diameter . Outer
Fiber (um) thl(ilknqt)ess (um) thl((Lk[?])ess diameter (um)
Figure 48(a) 0.9 0.2 55.0 38.1 185
Figure 48(b) 1.1 0.3 45.6 40.2 175
Figure 48(c) 1.4 0.5 38.7 58.7 195
Figure 48(d) 3.5 1 84 20 204

WD et | mode |[mag @ | pressure WD det | mode mag @ | pressure HV
10.0 mm| GAD |Z Cont| 600 53e-4 Pa(15.00 kV 10.1 mm| GAD [Z Cont| 600 x |3.26e-4 Pa|15.00 kV

WD | det |[mode |mag @ | pressure HV — 50 ym —— WD | det | mode |mag @ |pressure| HV — 100 ym ———
10.1 mm|BSED |Z Cont| 500 x |1.42e-3 Pa|5.00 kV XLIM 10.0 mm| GAD |Z Cont| 500 x | 130 Pa |20.00 kV XLIM

Figure 48 SEM pictures of fabricated SUC-PCFs with different core sizes. (a) 0.9 um. (b) 1.1 pm. (c) 1.4 pum and
(d) 3.5 um.

In order to estimate the coupling and transmission losses of one of the SUC-PCF, we measured the power
at the output of a 40x microscope objective lens (location 1 in Figure 49). Subsequently, we placed the
fiber so that its core was situated in the focal point of the objective lens and we measured the power at
the output of the fiber (location 2 in Figure 49). With this technique, the coupling and transmission
losses were found to be ~0.9 dB for a 3.5 um core SuC-PCF. This value was very low and illustrated
perfectly the notions seen in chapter Il and the interest of fibers for SERS sensing.
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Figure 49 Schematic illustrating the locations where the power was measured to determine the coupling loss of a
SuC-PCF.

111.2. Optimization of the anchoring protocol

Once the fibers were fabricated, we needed to make them SERS-active. To do so, we decided to anchor
the Au NPs, as this configuration is more adapted for a use in a clinical environment. Indeed, it limits
the steps were the fibers need to be handled by the user, which is preferable since clinicians are not
necessarily familiar with optical fibers. Here, we used a specially designed protocol to anchor Au NPs
inside the SUC-PCFs holes.

111.2.1. Presentation of the first developed protocol

111.2.1.1. Anchoring protocol

We saw in chapter Il that the NPs responsible for the SERS enhancement can either be injected or
anchored onto the wall of the fibers. Here, we present the first protocol developed by the team in SBIC
to anchor the NPs inside the fibers. We decided to use 60 nm gold nanospheres from BBI Solutions
(2.6x10%° particles/mL). Even though nanospheres do not exhibit the strongest SERS enhancement, due
to their lack of sharp edges (hotspots), their fabrication is more easily controlled making them much
more reliable than nanorods or nanostars. In addition, as previously mentioned, the biocompatibility of
gold is better than that of silver. By simulating Mie theory with 60 nm gold nanosphere, it can be shown
that the maximum of the absorbance occurs around 550 nm for a single Au NP surrounded on one side
by glass and on the other sides by water. In the following, all the SERS measurements were realized
using excitation lasers at 633 nm and 785 nm, which are quite far from the LSPR maximum. However,
when NPs are close to one another, the interaction occurring between them shifts the LSPR maximum
towards longer wavelengths. This results in the shift of the maximum EF also towards longer
wavelengths as shown in Figure 50 for a gold nanospheres dimer [19]. Experimentally, when we
compared the Raman signal obtained with and without NPs inside the fiber, the signal was increased by
many folds when the NPs were present illustrating further the relevance of selecting gold nanospheres.
To benefit from the best enhancement possible, the selection of NP is currently under investigations.
Different shapes, materials and sizes of the NPs are being tested with SuC-PCFs to find the combination
that gives the strongest and more reproducible SERS-based fiber probe.

That being said, we explained previously that we anchored chemically the NPs inside the SuC-PCFs.
To do so we used (3-Aminopropyl)triethoxysilane (APTES) as the silane agent that allows for the Au
NPs to be chemically attached to the silica surface of the fiber. A representation of the molecule is
available in Figure 51(a). The silane group serves as an anchor for the APTES onto silica while the
amine group binds to the NPs, as illustrated in Figure 51(b). Here, we only show one configuration in
which APTES and Au NPs can bind to the silica. The other possibilities are presented in [109]. To inject
the different solutions required for the anchoring of the NPs, we glued the fibers inside a needle, so we
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just needed to connect the fiber/needle to a syringe containing the solution and to place the whole
assembly on a syringe pump to dispense the liquids inside the fiber holes. A schematic is given in Figure
51(c).

Gold (Au) dimer in water (a=25 nm)
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Figure 50 (a) Presentation of the dimer: a represent the radius of the two NPs and g the gap between them. The
excitation light is polarized along the main axis. (b) Extinction coefficient as a function of the wavelength for a
single NP and for the dimer (with different gaps). SERS enhancement factors for different gaps between the two
NPs and for a single NP. Dashed line represents the SERS enhancement averaged over the entire metallic surface
for a dimer with g=2 nm. Reproduced from [19].

The first step consisted of cleaning the fibers with acetone. To do so, we pumped acetone for 3 min at
50 pL/min and we dried the fibers by repeatedly pushing air inside the holes to help remove any trace
of liquid. To avoid many repetitions in the description of the protocol, it is worth mentioning that we
dried the fiber after pumping every solution. After drying the fibers, we prepared a solution of 2%
APTES (Sigma-Aldrich) in acetone and dispensed it for 5 min and we left the solution inside the fibers
for an additional 2 min in order to ensure that the silica walls of the fibers would be well functionalized.
We rinsed thoroughly each fiber by pumping again acetone for 5 min. This was used to remove any
unbound molecules of APTES. Once the SuC-PCFs were functionalized, we pumped for 10 min the
colloidal solution of Au NPs and left it five more minutes inside to bind to APTES. Finally, we rinsed
the SuC-PCFs with deionized water for 5 min to remove the unbound NPs and we dried the fibers one
last time.
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Figure 51 (a) Representation of an APTES molecule. (b) Schematics illustrating Au NPs anchored on the walls of
a SUC-PCF. Zoom: illustration of one of the configurations in which APTES and Au NPs bind to silica. (c)
Schematic showing the setup used to pump liquids inside the fiber holes Zoom: illustration of the needle/SuC-PCF
assembly.

In order to test the SERS response of the prepared fibers, we prepared an aqueous solution of 10 mM of
4-aminothiophenol (ATP), which is a well-known Raman tag that has the ability to bind to the
immobilized Au NPs through its thiol group as illustrated in the insert of Figure 53(a). We left the
solution of ATP 10 min inside the SuC-PCFs, and we pushed the excess of solution with air. At this
point, the SERS response of the fibers was ready to be measured.

111.2.1.2. First Raman measurements

The Raman setup used for all the measurements done in SBIC is a Renishaw InVia. This commercial
spectrometer is set in backscattering configuration, which means that the collected Raman signal is
coupled back to the spectrometer using the same objective used for the excitation of the sample. A
schematic illustrating this configuration and the main components of the spectrometer is available in
Figure 52. The device features two lasers, one emitting at 633 nm and the second emitting at 785 nm.
The power of each laser can be controlled precisely. Two gratings are available depending on which
laser is used. The first grating possesses 1200 I/mm, and the second one has 1800 I/mm. The excitation
light and the Raman signal are coupled to and from the samples using a microscope (Leica), which
possess several objectives, namely 5x, 20x, and 50x. The signal readout is improved by a CCD detector
cooled at -70°C.

Once the fibers were ready for measurements, we cut the needle from the fiber and cleaved both ends.
Then we placed one end into a fiber holder under the Raman microscope to measure the SERS spectrum.
We focused the light on the core of the fiber using the XYZ stage of the microscope and a camera that
displayed the fiber end face. We illuminated the fiber 10 s using the 633 nm laser and no average of the
signal was done. A signature spectrum of ATP measured with our SuC-PCF is available in Figure 53(a).
The two characteristic peaks at 1080 cm™* and 1590 cm™ are clearly visible, which means that we are
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able to obtain a clear SERS signal with our SuC-PCF probes. These two peaks corresponds to stretching
modes vCS, 7a and vCC, 8a respectively [229-231].
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Figure 52 Schematic illustrating the main components of the Raman spectrometer used for the measurements.

The next step consisted of verifying that the Au NPs were anchored uniformly over the entire length of
the fiber by monitoring the intensity of the 1080 cm™ peak of ATP. To do so, we used 3.5 pum core SuC-
PCFs and for each fiber, we measured the SERS signal coming from what we called the needle end and
the free end of the fibers. As their names suggest, the needle end corresponds to the end that was glued
to the needle during the anchoring protocol and the free end was the other one. This means that the
different solutions entered inside the holes of the SUC-PCFs by the needle end. For each fiber, we
cleaved and measured first the free end and then the needle end. For each end, we acquired seven spectra
in order to average the SERS signal and avoid any outlier measurements and we subtracted the
fluorescence background using a specialized software. We present in Figure 53(b) the normalized SERS
intensity of the 1080 cm™ peak of ATP obtained at both end of two SuC-PCFs. Here, we present only
two fibers using the 633 nm laser for the sake of clarity but we did the same experiment for six SuC-
PCFs and at 785 nm. Each time, the results were similar to the ones presented here. As we can see, the
SERS intensity measured at the needle end is approximately twice stronger than the one obtained at the
free end. These results demonstrate that during the anchoring protocol Au NPs are not anchored
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uniformly inside the fibers and that more Au NPs are anchored close to the needle end. To rectify this,
we decided to modify the anchoring protocol.
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Figure 53 (a) Signature spectrum of ATP. The two main peaks are located at 1080cm™ and 1590 cm™. Inset:
Structure of ATP bound to an Au NP through its thiol group. (b) Normalized SERS intensity of the 1080 cm™* peak
of ATP for the two ends of two 3.5 um core SUC-PCFs. The error bars represent the SD measured between the
seven spectra per end.

111.2.2. New protocol used to improve the sensitivity and reliability of the sensors

111.2.2.1. Presentation of the new protocol

In many publications, APTES is left to react with silica for several hours [232-234]. In our previous
protocol, we left the solution of APTES only seven minutes inside the fiber, which is quite short. Thus,
we decided to increase the contact time between APTES and silica. In the new protocol, after washing
the fibers with acetone, we pumped APTES for 1h and we left the 2% solution of APTES in acetone
inside the SuC-PCFs over night to ensure that the molecules have more than enough time to interact
with the silica over the entire length of the fiber. Then we rinsed the SuC-PCFs with acetone. We also
increase the contact time with the colloidal solution of Au NPs. We pumped it for 1h inside the fiber
and we left it 2h more inside the holes, so the Au NPs have enough time to bind to the anchored
molecules of APTES. All the other steps described earlier remain unchanged. In order to have an idea
of how the Au NPs are distributed inside the holes, we broke one SuC-PCF along the fiber length in
order to have access to the inner walls of the fiber (Figure 54(a)) and we took SEM pictures using a field
emission scanning electron microscope (FE-SEM) from JEOL. The pictures are available in Figure 54.
In Figure 54(b), the cladding of the fiber is quite noticeable on the sides of the picture meanwhile the
Au NPs on the inner wall of the fiber are not yet visible. When we zoomed, we started to see the Au
NPs, as shown in Figure 54(c). By zooming further, the Au NPs are clearly visible. In Figure 54(c) and
(d), it is worth noting that some Au NPs formed aggregates of various sizes while others are anchored
by themselves. These two situations have an impact on the LSPR maximum and thus on the SERS
enhancement factor.

After anchoring the Au NPs, we injected 1 mM ATP and we measured the intensity of the 1080 cm*
peak of ATP at the two ends of each fiber in the same way that we did previously. The results are
available in Figure 55. Here, it is obvious that the two ends of a single SuC-PCF exhibit approximately
the same SERS intensity. This means that by increasing the incubation time of APTES and Au NPs
inside the fiber holes, we managed to anchor more uniformly the Au NPs inside the SuC-PCFs. This
finding is also verified using the 785 nm laser.
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Figure 54 (a) Schematic illustrating the broken SuC-PCF that allowed us to take the pictures of the inner wall of
the fiber. (b), (c), (d) SEM pictures of the inner wall of a SuC-PCF with Au NPs anchored using the new protocol
at different magnifications.
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Figure 55 Normalized SERS intensity of the 1080 cm™ peak of ATP for the two ends of two 3.5 um core SuC-
PCFs using the long anchoring protocol.
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111.2.2.2. Comparison between the two protocols

We just saw that the long protocol improves the uniformity of the NPs anchoring inside the entire fibers.
In addition, it also improves the sensitivity of the sensor. In the same excitation conditions, i.e., same
laser power, same excitation time and same objective lens, the fibers prepared with the long protocol
exhibit a much stronger signal (intensity of the 1080 cm™ peak of ATP). According to Figure 56, it is
clear that the long protocol helps in increasing the sensitivity of the sensors. This amelioration occurs
when measuring the SERS signal from the free end as well as for the needle end, though the increase in
intensity is more important on the free end side. This is correlated to the observations we made
previously. Indeed, because the signals from the two ends are similar with the long protocol and much
lower from the free end with the short protocol, the difference of signals observed between the two
protocols is logically larger on this side of the fibers.
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Figure 56 (a) Comparison of the effect of the short and long anchoring protocols on the normalized SERS
intensities of the 1080 cm™* peak of ATP at the free end of two 3.5 pum core SUC-PCFs. (b) Same comparison made
at the needle end of the same fibers.

Here we showed that the long protocol improved the uniformity of the NPs anchoring and the sensitivity
of 3.5 um core SuC-PCFs. However, this might not be true for fibers with smaller cores. Indeed,
increasing the incubation time of the solutions inside the fiber results in increasing the number of NPs
anchored. Thus, since smaller core SUC-PCFs exhibit larger evanescent field, this might result in
increasing further absorption and scattering losses inherent to the Au NPs. To ensure that the long
protocol was also profitable for small core SuC-PCFs, we realized the same tests (short and long
protocols) with 1.1 um core SuC-PCFs. According to simulations, this fiber exhibited approximately
10% of evanescent field, which is much larger than the 0.04% exhibited by the 3.5 pum core. Despite the
large difference in the amount of evanescent field, the trend of the study was notably the same as for
3.5 um core SuC-PCFs:

- With the short protocol, the SERS intensities are stronger at the needle end than at the free end.
- With the long protocol, the intensities are approximately the same at both ends.
- The long protocol improves the sensitivity of the sensor at both ends.

In conclusion, we can say that the long protocol improves the quality of the Au NPs anchoring along the
fibers and their general sensitivity both for small and large core SuC-PCFs. We are fully aware that even
if this protocol improves significantly SuC-PCFs probes, other improvements may result in even more
sensitive sensors, such as changing the NPs shape, size and material. However, this matter is still under
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investigation, so we used the long protocol as our standard protocol for the fiber functionalization in the
following of this manuscript.

111.3. Comparison between injected and anchored gold nanoparticles

As explained in chapter Il, two main techniques are used in SERS sensing with optical fibers to allow
the excitation of the analyte/NPs inside the fibers. The presented anchoring protocol corresponds to the
first technique. The second one is the pre-mixing of the analyte/NPs solution outside the fiber followed
by the injection. Among the literature, no clear direction is given with regard to which technique should
be used preferably. No study has been conducted to directly compare these two techniques, authors only
use one or the other without trying to understand which one is the best suited for fabricating SERS
sensors. This is why in the following section we try to answer this question.

111.3.1. Description of injected gold nanoparticles

The first element to consider with the injected configuration is the optimum concentration of Au NPs
resulting from the interplay between the Raman gain and the losses inherent to the Au NPs. To determine
it, we prepared several colloidal solutions by diluting the stock solution of Au NPs (1X) in deionized
water to result in 0.25X, 0.5X and 0.75X concentrations [235]. We also prepared 1.5X solution by
centrifuging and re-suspending the colloids after removing one-third of the total volume. In order to be
in the conditions used in the anchored configuration, we adjusted the concentration of ATP so that the
final concentration inside the ATP/NPs mixture is equal to the one used in the anchored configuration.
After preparing the different mixtures, we glued SUC-PCFs to 27G needles and we pumped the mixtures
in separate fibers. The free end of each fiber was cleaved for enabling SERS measurements with the
Raman spectrometer without parasitic effects from an overflowing analyte droplet. Once the mixtures
were pumped inside the SUC-PCFs, they could flow freely inside the holes. For this study, we used SuC-
PCFs with three different core sizes:

Dcore = 0.9 um
Dcore = 1.4 um
= Dcore = 35 u.m

Once again, we monitored the intensity of the 1080 cm™ peak of ATP. For each fiber, we made eight
measurements and removed any outliers. Then, we averaged the remaining intensities and we plotted in
Figure 57 the variations of the average intensities with the concentration of Au NPs for the different
core sizes.

We did several sets of measurements to confirm this trend and the optimum concentrations for 0.9 um
and 1.4 um core SuC-PCFs oscillated between 0.5X and 0.75X. Concerning the 3.5 um core SuC-PCFs,
the optimum concentration was 1.5X. This demonstrates that the fibers with smaller cores possess a
smaller optimum concentration of Au NPs. Given the simulations in section 111.1.1.1, this makes perfect
sense. Indeed, the amount of evanescent field that can interact with the Au NPs is much more important
for the 0.9 um and 1.4 um fibers than for the 3.5 um fiber (at least 100 times higher). Thus, the losses
due to the NPs are much more important for these two fibers and the SERS enhancement is not sufficient
to overweight them. As we saw in chapter 11, simulations made by Zhang et al. showed that in the same
conditions, the SERS intensity is supposed to reach a plateau after a certain concentration of Au NPs
(for a fixed fiber length), as shown in Figure 29 [11]. Here, for higher concentrations of Au NPs the
SERS intensity decreases. We hypothesize that this drop in intensity results from different interaction
lengths between the high and low concentration of NPs. Indeed, as discussed in the simulation section,
for high concentration of NPs, the losses are too important and the light may not be able to travel on
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lengths, as long as it is possible with low concentrations of NPs. This results inevitably in a decrease in
intensity. Another hypothesis lies in the degradation of the SERS enhancement. This degradation might
be due to the uncontrolled aggregation of Au NPs near the core, which in some cases can influence the
SERS enhancement [236]. For the 3.5 um core SUC-PCF, the optimum concentration seemed to not yet
be reached. However, further increasing the NPs concentration result in the creation of NPs aggregates,
which, in turn, leads to a decrease in sensitivity and reliability.
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Figure 57 Variations in SERS intensity of ATP peak at 1080 cm™ with the concentration of injected Au NPs for
fibers with 0.9 um, 1.4 um and 3.5 pum core; error bars represent the standard deviation across 8 measurements
obtained with the same fiber.

Now that we possess the optimum concentration for each set of fibers, we can compare it to our new
anchoring protocol in order to determine which configuration is the best suited for the creation of a
highly sensitive and reliable SERS biosensor.

111.3.2. Comparison between both configurations

Here, we want to compare both the sensitivity and the reliability of the sensors prepared with both
configurations. We determined the fiber sensitivity by measuring the intensity of the 1080 cm™ peak of
ATP in fixed experimental conditions, the most sensitive sensors were the one exhibiting the highest
intensity. The reliability was measured through reproducibility and repeatability. We expressed
reproducibility as the relative standard deviation (RSD) calculated across eight measurements done on
a single fiber sample. We measured a unique fiber sample eight times and between each measurement,
we moved the focus point of the light onto slightly different locations on the core. Then we calculated
the average and the standard deviation between these eight measurements and we calculated the ratio of
the standard deviation on the average to obtain the RSD. Concerning the repeatability, we prepared
fibers from the same batch under exactly the same conditions. For each fiber, we averaged the signal
over eight measurements. Then, we calculated the RSD from these averaged intensities to deduce the
repeatability. We plotted in Figure 58 the average SERS intensities and the RSDs of reproducibility and
repeatability obtained from two to three SuC-PCFs prepared with the two techniques. The exact values
are available in Table 3.
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Table 3 Measured average SERS intensity, calculated average reproducibility and calculated average
repeatability in anchored and injected configurations for 3 core size SUC-PCFs

Average SERS Average RSD in Average RSD in
intensity (a.u.) reproducibility repeatability
0.9 pm anchored 11113 1.04% 14.02%
0.9 pm injected 9869 7.06% 17.62%
1.4 um anchored 22037 1.10% 13.87%
1.4 pm injected 12985 2.08% 23.54%
3.5 pm anchored 23524 0.93% 8.79%
3.5 pm injected 15203 1.02% 15.12%
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Figure 58 For each core size, comparison between the injected and anchored configurations of (a) the average
SERS intensity at 1080 cm; error bars represent the standard deviations across two or three samples, (b) the
calculated average RSD in reproducibility, (c) the calculated average RSD in repeatability.

We noted that for each core size, the intensity was higher in the anchored configuration. In fact, the
signal was 11%, 41% and 35% more intense in the anchored configuration for the 0.9 um, 1.4 um and
3.5 pum core SuC-PCF respectively. This increase in intensity can be seen as a major improvement for
the sensitivity of the sensors, i.e. the new anchoring protocol helps in producing SERS probes more
sensitive than the ones produced with the injected configuration.

We explained in chapter I the importance of the reliability for a SERS sensor in order to be clinically
viable. When we compared the RSD obtained with both configurations, we observed that the signals
were much more reproducible than those obtained even with the best planar substrates (around 5%) [83—
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86], except for injected configuration with 0.9 um core SUC-PCF. This great improvement is one of the
benefits of SERS sensing with fibers. As mentioned previously, for planar substrates the excitation of
the sample occurs only on the focused spot of the laser, which is only a few micrometers wide. However,
in SERS fibers, the signal can interact with the NPs and the analyte for several centimeters. This greater
interaction surface reduces the importance of irregularities in the deposition of the NPs, which results
in higher reproducibility. To further illustrate this matter, it is worth mentioning that SuC-PCFs with
freely flowing NPs inside their holes exhibit a better reproducibility than the best planar substrates.
Another way to see the improvement due to the fiber is to refer to the SEM pictures of the anchoring
protocol (Figure 54). We can clearly see that the NPs are not perfectly and regularly arranged inside the
holes. However, the resulting reproducibility of the sensors is still excellent. Another aspect to note is
that the anchoring protocol improves the general reliability of the sensors. Indeed the reproducibility
and repeatability obtained in the anchored configuration are much better than the ones obtained with the
injected configuration. The fact that the NPs are freely flowing inside the holes of the SUC-PCFs may
explain the poorer reliability of the injected configuration.

Finally, the fact that the SUC-PCFs are intended to be used as biosensors inevitably guides the choice of
the configuration as discussed in chapter I1. The anchored configuration is more relevant from a clinical
standpoint than the injected configuration.

111.3.3. Core size study

In this section, we want to demonstrate the role of the core size on the final Raman intensity detected by
the spectrometer. Here, we only focus this study on the anchored configuration, since we showed that
for every SUC-PCFs it gives the best sensitivity and reliability. We plotted in Figure 59 the average
SERS intensity obtained with three fibers for each core size. The signal coming from each SuC-PCFs
was measured eight times and averaged to remove any outlier. As we can see, the maximum intensity is
obtained with the 3.5 um core.
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Figure 59 Black curve: variation of average SERS intensity of the 1080 cm™ peak of ATP, in the anchored
configuration, for 0.9 pum, 1.4 yum and 3.5 pm core SuC-PCFs. The error bars represent the standard deviation
calculated for three fibers per core size. Gray curve: variation of the simulated f; with the core radius of 10 cm
long rods with 30 particles/umz2.

As explained before, the core size has an impact on the amount of excitation light that overlaps in the
fiber holes. Increasing the incubation time would result in increased Au NPs deposited onto the fiber
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walls. Using numerical simulations, we showed that too much increase of NPs coverage density for
small core SUC-PCFs could result in a significant drop in the SERS intensity. Using the SEM pictures
taken to illustrate the repartition of the anchored NPs after the long protocol (Figure 54(d)), we estimated
a coverage density of ~34 particles/um2. Therefore, we plotted in light gray on the right axis of Figure
59 the fg, calculated for 10 cm rod with 30 particles/pm? using the simulated model. Here, despite some
discrepancies, the general trend of the two curves is similar: the larger the core, the stronger the SERS
intensity and fg;. This demonstrates that the simulation model used at the beginning of this chapter
works in predicting the general behavior of SUC-PCFs for SERS sensing. The discrepancies can be
explained by the difference between the simulated and real cases. For example, although the guiding
properties are similar between a rod and a SUC-PCF, they are not exactly the same. Therefore, simulating
a rod only allowed us to have an insight on the guiding properties of SuC-PCFs and not the exact ones.
In addition, simulations were realized for equally distributed NPs on the core size and, according to the
SEM pictures, this is not truly the case. Moreover, the NPs coverage density might vary between all the
tested samples. Another plausible explanation is that in the simulation, no Raman active molecules are
present, whereas in our experiment, ATP molecules were bound to the anchored NPs, which might create
some variation in the plasmonic response. Finally, in the simulation, the coupling efficiency is not taken
into account and, as we observed for small core SUC-PCFs, it can vary significantly between two
measurements. In any case, despite these discrepancies, the simulation model predicted a SERS response
that is close to the real one. According to the simulations, decreasing the coverage density for small core
SuC-PCFs should theoretically result in a stronger SERS intensity. However, we demonstrated that
relatively uniform anchoring of NPs inside PCFs requires some specific conditions, i.e. long interaction
time of the solutions inside the fiber. Since the solutions must stay for a long time inside the fiber, the
minimal number of NPs anchored cannot be extremely low. With these specific conditions, the 3.5 um
core SUC-PCF is the most sensitive of the three fibers.

Moreover, though all three fibers exhibit extremely good reproducibility of approximately 1%, the
3.5 um core fiber also exhibits the best reproducibility (RSD = 0.93%) and repeatability (RSD = 8.79%).
This could be explained by the first numerical simulation regarding the coupling efficiency. Indeed, we
showed that for fibers with smaller core size, the misalignments between the excitation light and the
center of the fiber core were responsible for a significant decrease in the coupling efficiency. This could
result in a decrease in SERS intensity, as less light will interact with the NPs and the analyte. For
instance, we consider a 0.9 um core SuC-PCF with the excitation laser coupled right in the center of the
core resulting in maximum SERS intensity. Then, if we imagine that there is a misalignment in the
position of the fiber, it will result that the laser now enters the fiber with a small offset, which leads to
poor coupling efficiency. In turn, this results in a drastic decrease in the final SERS intensity and thus
in deteriorated reproducibility. Now, we consider a 3.5 pm core SuC-PCF. For a small misalignment,
the drop in intensity is much smaller than that with the 0.9 um core fiber and results in a final measured
SERS intensity closer to the one obtained with the perfect excitation.

Similarly, the same reasoning can be applied to repeatability. A difference in excitation between two
similar small core fibers results inevitably in a greater difference in SERS intensity than for big core
SuC-PCFs. Therefore, in contrast to what was shown before [201], we think that the best fiber-based
SERS sensor is not necessarily the one with the smaller core. In any case, we have to bear in mind that
the best SuC-PCF for a given configuration remains necessarily a trade-off between every parameter
(core size, fiber length, NPs coverage density). In addition, the specifications of the Raman spectrometer
(size of the laser beam, objective lens used) play an important role in the choice of the fiber used.
Consequently, in order to fabricate the best fiber-based SERS sensor, one should fix at least one
parameter and optimize the others accordingly to benefit from the most advantages possible.
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Now that we illustrated the sensitivity and reliability of our SuC-PCFs sensors, we wanted to
demonstrate their relevance as biosensors in practical cases. For that, we detected haptoglobin, which is
a biomarker that can be used to trace the stage of ovarian cancer, in clinical cyst fluids.

I11.4. Detection of relevant biomarker in clinical body fluids

Many studies are conducted to discover new biomarkers that can help in detecting diseases at their
earliest stages. Monitoring of these new biomarkers needs to simplify and/or replace the existing
techniques in order to facilitate the earlier detection of the disease and improve the survival rate of the
patients. Regarding ovarian cancer detection, several techniques are currently used as gold standard such
as enzyme-linked immunosorbent assay (ELISA), electrochemical impedance spectroscopy, and
chromogen staining. However, they are time consuming and quite tedious to perform [237-239]. To
reduce the delay in surgery, surgeons can use intraoperative frozen section [240-242] but it suffers from
variation in accuracy as a result of large cyst size, non-uniformity of the tissue malignancy leading to
sampling error and limited availability of staining methods [242,243]. Thus, a fast and sensitive method
that could be adopted in an intraoperative setting represents a very credible alternative method.

Haptoglobin (Hp), a glycoprotein secreted by hepatocytes is usually present in very small quantity in
human serum. During an infection, an inflammation or after a trauma its concentration can rise
significantly. A few years ago, several studies found that the amount of Hp in ovarian cyst fluids (OCF)
and serum was strongly correlated to the stages of ovarian cancer [244-247]. Therefore, detecting Hp
in cyst fluids withdrawn from patients with our SERS-based SuC-PCFs would represent an excellent
first step towards the ultimate goal of detecting ovarian cancer as early as possible.

111.4.1. Sensitivity and reliability of 3.5 pm core suspended core PCF from a different batch

For this study, we used 3.5 um core SuC-PCFs. However, this fiber did not come from the same batch
used in section 111.3, i.e. they were not drawn at the same time, so we wanted to ensure that the fiber
was sensitive and reliable enough. To do so, we realized the same tests presented before. We anchored
the 60 nm Au NPs using the long protocol and we monitored the intensity of the 1080 cm™ peak of ATP
using the same set up. This time, we measured fourteen times a single fiber sample in order to obtain
the RSD relative to reproducibility. The fourteen spectra from one fiber sample are available in Figure
60(a) along with the intensity of the 1080 cm™ peak of ATP. It is clear that all the measured spectra were
similar and corresponds well to the signature spectrum of ATP (Figure 53). In addition, the variation of
intensity for the 1080 cm* peak between each spectrum is comparable to the reproducibility obtained
from the previous 3.5 um core SuC-PCF (0.93%).

We also measured six separate SUC-PCFs prepared in the same condition to estimate the repeatability
RSDThe variation of intensity for the 1080 cm™ peak and a representative spectrum for each of the six
fibers are available in Figure 60(b). Here we could see minor variations between the spectra but the two
signature peaks of ATP are still clearly visible. The variations in intensity between the six fibers are
~4.6%. This is much lower than the RSD measured for three fibers in 111.3.3. To this day, we are not
completely sure of what could explain the difference between the two 3.5 pm core SuC-PCFs. Several
causes might explain this difference. It might be due to the orientation of the fibers during the
measurement. Because the fibers are not symmetrical, we noted that the SERS intensity varied according
to the orientation of the fiber under the microscope objective. The final possibility is that the
spectrometer and the conditions in which the measurements were made were not the same. Indeed, we
noted that the humidity and the room temperature had a small impact on the SERS intensity measured
by the spectrometer. Once again, this could not explain entirely the difference. That is why we think this
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difference might be due to a combination of several factors. In any case, the reliability exhibited by the
SuC-PCFs here is quite remarkable compared to planar substrates.
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Figure 60 (a) Variations in the Raman intensity of 1080 cm™! peak (14 measurements) from the SUC-PCF showing
the excellent reproducibility of the sensor, error bars represent the SD of the 14 measurements. Inset: Acquired 14
spectra from one of the representative fibers. (b) Variations in the Raman intensity of 1080 cm™' peak from six
different fibers showing the good repeatability, error bars represent the SD of 14 measurements acquired for each
fiber; Inset: individual spectrum from six different fibers. (c) Calibration curve of Raman intensity with ATP
concentration showing the good linearity of the sensor, error bars represent the SD obtained from 14

measurements. Reproduced from [225].

The last aspect we wanted to study prior to the detection of Hp is the linearity of the sensor. This
parameter is of prime importance for biosensors as it allows obtaining the concentration of an unknown
sample. We functionalized four SuC-PCFs and we pumped 1, 10, 100 uM, and 1 mM solutions of ATP
inside the fiber holes. After drying the fibers, we measured the SERS intensity of the same peak. The
results are available in Figure 60(c). As we can see, the sensors exhibited an excellent linearity
(R?=0.97779). Now that we demonstrated the good sensitivity, reliability and linearity of this fiber

batch, we can focus our study on the detection of Hp.
111.4.2. Detection of haptoglobin in clinical cyst fluids

111.4.2.1. Protocol

We detected Hp in OCF collected during surgery on several patients diagnosed with ovarian cancer.
Each subject gave a written consent and the samples were used according to local ethics committee
approved protocol number 2000/00856 (National Healthcare Group, Singapore). After being transported
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on ice to the laboratory, the samples were centrifuged at 2,000g for 10 minutes at 4°C and the supernatant
was stored at -80°C until analysis. We chemically added a sulfhydryl group (-SH) to the Hp molecules
contained in the collected OCF so that they were able to bind to the anchored Au NPs inside the fiber
[248-251]. For that, we incubated the clinical samples with EDTA (BIO-RAD) and Traut’s reagent
(Sigma Aldrich) for 30 minutes. Then, to remove the excess of reagents, we centrifuged the mixture and
we re-suspended it in phosphate buffer saline (PBS) (1 BASE).

Once the Hp molecules were functionalized, we anchored 60 nm Au NPs onto the inner walls of the
SuC-PCF using the long anchoring protocol describe in section 111.2.2.1. Subsequently, we incubated
for 30 minutes the prepared solution of SH-modified clinical sample inside the fiber. This allowed the
modified Hp molecules to bind to the Au NPs. We rinsed the fiber with PBS and BSA (PAA
Laboratories) and dried it. At this stage, the targeted molecule, i.e. Hp were immobilized on the Au NPs
inside the fiber holes. However, Hp molecules do not possess a clear and strong Raman spectrum.
Therefore, we needed to develop a readout probe.
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Figure 61 (a) Schematic of the functionalization process inside the holes of the PCF for biomarker sensing. (b)
Coupling of the light from the objective lens of the Raman spectrometer and backscattering collection of the signal
from the fiber end. Zoom-in on the fiber end face and holes with the attached protein and read out Raman tag.
Reproduced from [225].

This was realized by attaching ATP molecules to Hp antibodies (Hp-AB). First, to activate the
carboxylic group in the antibody, we mixed equal volumes of N-hydroxysuccinimide (NHS) (Thermo
Fisher) and 1-éthyl-3-(3-diméthylaminopropyl)carbodiimide (EDC) (Thermo Fisher) with 100 pL of
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Hp-AB stock solution and we left the mixture to react for 5 minutes. Then we added 10 mM ATP
solution and left to incubate for 2 hours. This mixture was centrifuged with a membrane filter to remove
the excess of unreacted ATP and antibody.

Once the readout probes were ready, we injected the solution inside the fiber so the Hp-AB/ATP
complex can bind to the anchored Hp molecules. We rinsed the fiber one last time with PBS and water
successively and dried them. Schematics of the main steps and of the structure of the anchored assembly
are available in Figure 61. It is worth noting that this geometry is not well suited for the creation of a
rapid biosensor that could be used in clinical environment. Indeed, here the clinician would have to
inject the readout probe solution inside the fiber after having withdrawn the body fluid. The best option
would consist of anchoring all the necessary elements for the SERS sensing inside the fiber so that the
clinician only needs to withdraw the body fluid on the patient and put the fiber under the microscope for
readout. We are currently working on improving our protocol to meet these requirements. The
methodology used here simply allowed us to illustrate the sensing capabilities of our probes on clinically
relevant biomarkers in patients’ fluids.

111.4.2.2. Results

Using the same Raman setup described previously (section 111.2.1.2), we measured the SERS response
of the SUC-PCF after each step in order to ascertain that the signal we obtained after the final step
resulted from the presence of the Hp-AB/ATP after the bonding of the Hp-AB with the Hp molecules.
We plotted spectra after different steps in Figure 62(a) to illustrate this matter. For the sake of clarity,
we added an offset to the spectra after APTES and after AB-4-ATP. We can clearly see that the two
signature peaks of ATP are present after incorporating the AB-ATP probe inside the fiber while no
characteristic peaks are present after the other steps. The ATP peaks denotes the presence of the AB-
ATP probe, which can bind to the Hp molecules, i.e. Hp molecules are well anchored inside the fiber.

As mentioned previously, we tested OCF collected on patients with different stages of ovarian cancer.
In Figure 62(b), we plotted the normalized intensity of the 1080 cm™ peak of ATP obtained for three
patients A (benign), B (early cancer) and C (advanced cancer). We noted that the lowest intensity was
given by the benign OCF (~0.2). The patient with advanced cancer exhibited the highest normalized
intensity (1), while patient B exhibited an intermediate value (~0.55). We performed T tests between the
three samples to ensure that the three intensities were significantly different (P<.0001 compared to
patient A). We achieved similar results for other sets of patients. Another one is presented in Figure
62(c). Each time, the patients with the more advanced cancer exhibited the stronger SERS intensity.

In addition to our tests, the patients’ OCFs were also tested using the current gold standard used for
ovarian cancers to determine the tumor malignancy. It consists of monitoring the concentration of
CA125 (cancer antigen) in the patients’ serum. If the concentration of CA125 is less than 35 U/mL
(enzyme unit/mL), the tumor can be considered benign. Additionally, the histology of the tumors was
also tested. Table 4 summarizes the different results obtained with the complementary tests for the five
patients. It is worth noting that the results obtained with the other techniques supported our own results.
In other words, we were able to differentiate the stage of ovarian cancer using our SERS-based PCF
Sensor.

In conclusion, we can say that we managed to create a highly sensitive and reliable SERS sensor based
on PCF. With this sensor, we were able to accurately differentiate the stage of ovarian cancer by
monitoring the amount of Hp in OCF collected on several patients during their surgery. The more Hp
present in the OCF, the highest the SERS intensity was. This study should only be seen as a proof of
concept, since a large-scale study is required in order to determine the exact correlation between the
measured SERS intensity and the stage of ovarian cancer. This would allow determining a cut-off
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normalized intensity below which a tumor could be considered benign, for example. These results
remain extremely promising and illustrate perfectly the use that SERS-based PCF can play as biosensors.
We can imagine that they could be translated as a highly sensitive opto-fluidic biopsy needle for the
detection of biomarkers in body fluids and used in critical care units or operating theaters to continuously
monitor the concentration of desired biomarkers. This would eventually reduce the time and cost
involved in the current assessment of a disease severity.

Table 4 Histology and CA 125 results from OCF samples collected in five patients

Patient Tumor condition CA125 (U/mL) Histology
A Benign 11 Mucinous
cystadenoma
. Serous
B Malignant (early) 45.9 adenocarcinoma
C Malignant (advanced) 133.3 Clear cell carcinoma
D Benign 9.1 Serous cystadenoma
E Malignant (advanced) 3283 Serous carcinoma
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Figure 62 (a) SERS spectra of the bare fiber, the fiber after anchoring with APTES and after adding AB-ATP that
binds to Hp biomarkers demonstrating the specificity. All prominent peaks of ATP are observed. (b) Normalized
Raman intensity of 1080 cm™' peak from clinical OCF having different stages of cancer. ****P<,0001 denotes
significance when compared to patient A. (c) Normalized Raman intensity of 1080 cm™' peak from the second set
of clinical OCF depicting different stages of cancer. ****P<.0001 denotes significance when compared to patient
D. Reproduced from [225].
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111.5. Conclusion

SuC-PCFs have been used in many studies since the discovery of SERS-based PCF sensors. Several of
them tried to explain their behavior, and the role played by the fiber parameters on the measured SERS
intensity without succeeding in observing the full picture. In this chapter, we tried to include as many
parameters as possible to procure the best overview possible. More importantly, through simulations,
we showed the effect of the core size on the coupling of the light to the PCFs core and the mandatory
trade-off between the core size, the fiber length and the NPs coverage density that results from the
interplay between the SERS gain and the extinction losses inherent to metallic NPs. We also presented
an optimized protocol to anchor NPs inside the PCF to make it SERS-active. With the new optimized
protocol, we managed to improve the previously available high sensitivity and reliability of SERS-based
PCFs. Compared to the best planar substrates, we obtained record-breaking reproducibility and
repeatability using common Raman tags. The best SUC-PCF exhibited 1.5% variation in RSD over a
unique sample, and 4.6% over six samples prepared using the same protocol. This is very promising
since one of the major limitations of SERS for biosensing is the reliability of the measurements. Building
on these excellent results, we used our SuC-PCFs sensors in a clinical study to detect a relevant
biomarker in OCF. Though our study is only a proof-of-concept, it illustrates perfectly the great
possibilities that SERS-based PCF probes have to offer. We were able to differentiate precisely the stage
of ovarian cancer for several patients. We envision that this study could pave the way for future SERS
biosensors based on optical fibers. Though these results are very promising, there is still room for
improvement. In the following chapter, we present a totally novel fiber topology that could very well be
one of the most sensitive SERS-based PCF sensors. So far, we had described that increasing the core
size could lead to a decrease in the amount of evanescent field. Our new design could overcome this
limitation and able to achieve a good portion of the evanescent field in the cladding for interacting with
the analyte even with extremely large core of the fiber. Numerical simulations, design, fabrication and
performance analysis of this new PCF are described in detail in the next chapter.
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Chapter 1V. Ring core fibers, a novel fiber design for improving
the sensitivity of SERS based fiber sensors
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Chapter IV. Ring core fibers, a novel fiber design for improving the sensitivity of
SERS-based fiber sensors

IV.1. Observation on the limitation of sensitivity in SERS-based fiber sensors

This chapter is dedicated to a novel type of PCF specifically designed for improving the sensitivity of
SERS-based fiber sensors. Almost all the studies of PCF-based SERS sensors are realized with standard
or commercial fibers. Their primary purpose is not SERS sensing and thus their parameters are not
optimized for this application. The first solution to improve the sensitivity of fiber sensors is to increase
the amount of evanescent field that can interact with the analyte and NPs, while controlling the NPs
coverage density. The second possibility is to increase significantly the interaction area. For that, the
length of the fiber can be increased. However, in our case, for practical reasons, we fixed the fiber length
to 10 cm. The other solution to increase the interaction area is to increase the core size of the fiber.
Unfortunately, increasing the core size inevitably reduces the amount of evanescent field, as
demonstrated in chapter Il1l. For example, for a 10 um rod surrounded by water, only 0.02% of the
excitation light propagates in the cladding. Unfortunately, to this day, no SC-PCF design allows having
a large core for increased interaction surface and a good portion of the evanescent field. This indicates
that one should choose a fiber between having a good portion of evanescent field but a smaller surface
of interaction or the opposite. An ideal solution would be a fiber that possesses a large core for improving
the interaction surface while maintaining a high portion of evanescent field in order to have enough light
interacting with the analyte. This would overcome the inevitable trade-off between interaction surface
area and amount of evanescent field.

With this in mind, we developed what we called a ring core fiber (RCF). This innovative design features
a silica ring that guides the light thanks to TIR. Thus, the fiber benefits from a fix and large transmission
window and the interaction occurs through the evanescent field. The ring is held inside the fiber by thin
silica struts. The diameter of the ring should be the largest possible (ideally around 100 um or above) to
increase as much as possible the interaction area. The great advantage of this design lies in the possibility
to tune the thickness of the ring. This allows to precisely control the amount of evanescent field that
overlaps in the cladding. Hence, with this topology, the fiber benefits from a giant surface of interaction
while still having a good portion of evanescent field. A study by Chen et al. confirmed our hypothesis
to increase significantly the diameter of the core in order to achieve a higher sensitivity [220]. Indeed,
they were able to achieve a good sensitivity with a 100 um large sapphire multimode fiber. In this study,
higher sensitivity was no longer achieved due to the lower amount of evanescent field. The authors
showed that because there is less evanescent field, the NPs coverage density could be increased by two
orders of magnitude compared to SuC-PCFs while still maintaining the dominance of the SERS
enhancement over the extinction losses along the fiber length. In addition, since the surface of interaction
was much larger than that of a small core SC-PCF, the light could encounter more NPs and analyte
molecules. Thus, the combination of the increased interaction area and the much larger coverage density
can explain the relatively good sensitivity obtained with their 100 pum sapphire MMF. To demonstrate
the interest of our design, we adapted the simulation model developed by Chen et al. described in chapter
I"i.

1V.2. Simulation

IV.2.1. Adaptation of Chen’s model to the new design

The silica rod simulated previously is replaced by a silica ring floating in water and surrounded on the
inside and on the outside by the effective layer of Au NPs (see section 111.1.1.1). We present in Figure
63 the design we used for the simulation of a 100 pum diameter ring. The simulated case is an ideal case
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and does not correspond exactly to the real case since, in the simulation, the ring is not held by thin silica
struts. In chapter 111, we simulated rods of different diameters surrounded by the effective layer and
water to estimate the SERS response of SUC-PCFs. As a comparison with our new design, we present
the 3.5 um rod (ideal case) simulated previously to have a true-to-scale representation of the increase in
surface area that the ring core allows.

(a) (b)

Figure 63(a) Schematic of the RCF design used for the simulation. (b) Design simulated in chapter Il for a 3.5
pum rod. The core size in (a) and (b) are true-to-scale to have a better visualization of the surface increase. 1
represents the silica core (gray), 2 represents the effective layer (yellow, thickness not true-to-scale) and 3
represents water (blue).

The principle of effective layers described in chapter 111 is still valid for the ring core surrounded by
water and we can calculate the effective dielectric constant of the composite material similarly to
equation 25 in chapter I11. After defining the design with two effective layers, one on the inside of the
ring and one on the outside, we used FEM to compute the imaginary effective indices and the portion
of the evanescent field per mode. This allowed us to calculate the modal attenuation coefficients (@,
and a4.¢) at the wavelength of the laser used to excite the analyte and at the wavelength of the Stoke
scattered photons respectively. Here, we also consider the excitation and detection wavelength close to
one another. As a reminder, in chapter 11, the factor proportional to the SERS intensity was estimated

by:

— p~®Lfiper 2
13—] 28)

fRI = ZaniberLfiberCD X [77 1
aLfiper

In the case of the RCF, the equation becomes:

1 — e~ %Lriber 2 1 — e~ %Lriber 2
Rifiper (771 —) + Refiver (775 —> (36)

fri = 21LsiperCD X
K fiber aLfiber aLfiber

The second term in bracket results from the second effective layer on the inner side of the ring.
Ry fiper aNd Rgfiper represent the internal and external radii of the ring and n; and 7, represent the
fractions of the evanescent field that overlap in the inner and outer effective layers.
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For the first simulation, we used the following parameters:

Laser: A= 633 nm

Radius of the H>O center: 12.5 pm

Thickness of the two Au NPs layers: 60 hm

Thickness of the silica ring: tring = 500 Nnm

Lsiper= 10 cm

Thickness of the surrounding layer filled with water: 10 um

Coverage density of Au NPs: CD = 0.05 particles/um?

Relative permittivity of water from Hale and Querry at 633 nm [223]: €, = 1.7734 + 3.9151 x 1078}
Relative permittivity of gold from Rakic et al. at 633 nm [224]: ¢; = —10.577 + 1.2741i
Refractive index of silica calculated using Sellmeier equation: ng;;;., = 1.457 at 633 nm.

There was a big difference in the size of the elements of the structure, from hundreds of nanometers for
the ring thickness to tens of micrometers for the ring diameter. Even by using an adaptive mesh, i.e.
larger mesh in the water region and smaller mesh in the silica ring and effective layers to improve the
precision of the simulation, the calculation time remained quite long. Thus, to reduce it, we simulated
only a quarter of the fiber and we used specific boundary conditions so that the results could be extended
to the entire structure of the fiber.

We present in Figure 64 the 2D distribution of the Poynting vector of the first five modes guided inside
the silica ring. HE11 mode possesses the highest effective index while HEg: mode exhibited the lowest.
It is worth noting that none of them corresponds to the ring entirely excited. The different modes present
several hotspots in the Poynting vector distribution, increasing with the mode number. However, the
amount of light overlapping on the inside and outside of the ring are very similar between the five modes
as shown in Table 5. Therefore, for the calculations of fg;, we used only the mode with the highest
effective index, namely HEi: mode in the table. The second noticeable element in the table is that
logically the amount of evanescent field is quite similar on each side of the ring. This is easily
understandable since the two effective layers have the same thickness and the two layers filled with
water are far larger than the reach of the evanescent field.

Table 5 Percentage of evanescent field in every section of the simulated ring suspended in water

Hollow center Surrounding

Mode filled with '””elraAngPS silica ring O”teI;Ae‘i NPS | Jayer filled

H-0 y Y with water
HE 5.084% 3.764% 82.305% 3.764% 5.084%
HEa 5.084% 3.764% 82.304% 3.763% 5.084%
HEs; 5.085% 3.766% 82.302% 3.763% 5.085%
HE, 5.087% 3.768% 82.299% 3.762% 5.085%
HEo; 5.089% 3.770% 82.294% 3.760% 5.086%
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Figure 64 Simulated Poynting vectors of the first five simulated modes with decreasing values of nes obtained with
Deore= 25 pm, teore = 0.5 pm and CD = 0.05 particles/pum?
IV.2.2. Comparison between the new design and the standard suspended core fiber

Using the previous parameters and equation 36, we calculated that the factor proportional to the SERS
intensity for HE1; mode was: fz; = 85.27 a.u. in this case. To demonstrate the interest of the new
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design, this value needed to be compared to the one calculated with a rod in the same conditions. In
chapter 111, we calculated that for a fiber length of 10 cm and a coverage density of 0.05 particles/um2
the maximum fg; occurs for SuC-PCFs with a core radius of 0.5 pm. It was calculated to be
frr = 4.93 a.u.. This meant that, the RCF exhibits a signal 17.3 times higher than the SuC-PCF (for
the used parameters), as shown in Figure 65(a). This is due to the increase in the interaction surface
mentioned above and it demonstrates the interest of the RCF. Here, it is worth mentioning that the RCF
is also subject to the interplay between the SERS enhancement and the extinction losses. For instance,
increasing significantly the coverage density (CD = 10 particles/um?) resulted in a proportional
factor much lower: fg; = 0.4 a.u. (Figure 65(b)).
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Figure 65 (a) Calculated factor proportional to the SERS intensity for increasing diameters of the ring and the best
SuC-PCF with CD = 0.05 particles/um?2 and teore = 0.5 pum. (b) Comparison between calculated proportional factors
for two CDs and for Deore = 25 pum and teore = 0.5 um. (¢) Comparison between calculated proportional factors for
two ring thicknesses and for Deore = 25 um and CD = 0.05 particles/um2.

The second aspect that needed to be addressed is the thickness of the core (tcore). Indeed, similarly to
SuC-PCFs, it has an influence on the amount of evanescent field. We present in Table 6 the portion of
light guided in HE11 mode in every section of an RCF for the same Au NPs coverage density
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(CD = 0.05 particle/um?) and the same diameter (Dcore = 25 um) as previously, but for teoe = 1.1 um.
It was clear that less light overlapped in the two effective layers. Here, only 1.6% of the light could
interact with the analyte and the NPs. In this particular case, it led to a decrease in the factor proportional
to the SERS intensity, from 85.27 a.u. to 20.65 (Figure 65(c)). Similar to the behavior studied with the
SuC-PCFs, €D and the fiber length also had an impact on the final Raman intensity but we do not present
it here, since the general trends are similar to the results presented in Chapter IlI.

Table 6 Percentage of evanescent field in every section of the simulated ring suspended in water when

teore = 1.1um
Hollow center Surrounding
Mode filled with '””elraAé‘rNPS silica ring O”telgAe‘; NPS | layer filled
H,0O y y with water
HEw 0.848% 0.778% 96.7% 0.782% 0.852%

Finally, we fixed CD = 0.05 particle/um? and teore = 0.5 um and we increased the diameter of the ring.
This resulted in increasing the surface of interaction, which, in turn, resulted in increasing the factor
proportional to the SERS intensity. For a 50 pm ring, fz; became 169.2 a.u. We kept increasing it until
100 pm, the fx; became 336.6 a.u. (Figure 65(a)). As expected, increasing the diameter of the ring results
in increasing the enhancement factor and thus the SERS intensity. However, keeping in mind the
ultimate goal of creating a clinically viable SERS sensor, we cannot increase indefinitely the diameter
of the ring. As mentioned previously, we envision to incorporate the PCFs inside biopsy needle. Thus,
the size of usual needles limits the size of the RCF, which in turn limits the diameter of the ring. If we
consider an RCF with 100 um ring, the size of the external holes would be approximately the same as
the center hole, resulting in a 300 pm fiber. We also have to add the thickness of the cladding (twice
~100 um), which leads to a fiber with an outer diameter of ~500 um. Although we could slightly
decrease the thickness of the cladding and the diameter of the external holes to obtain a larger core, we
think that RCFs with the previously mentioned parameters represent a good compromise. They allow
for two orders of magnitude enhancements in sensitivity compared to SuC-PCFs while still fitting inside
common needles.

To summarize, in this section, we presented a novel fiber topology specially developed for increasing
the surface of SERS interactions. This fiber design allows overcoming the antagonism that forced to
choose between a good amount of evanescent field and a large surface of interaction with SC-PCFs. In
this way, a sensitivity improvement by more than two orders of magnitude can theoretically be reached.
We demonstrated that our sensor exhibits the same behavior as SUC-PCF: the NPs coverage density and
the length of the fiber played the same role. However, in the case of RCF, the parameters of the core
have two separate effects:

- Increasing Dcore increases the surface of interaction and thus the factor proportional to the SERS
intensity

- Decreasing tcore increases the amount of evanescent field

This gave us the advantage of increasing significantly the surface of interaction while still being able to
control precisely the amount of evanescent field that overlaps in the holes. Once again, this should result
in unprecedented sensitivity. In order to verify this experimentally, we fabricated RCF prototypes.

IVV.3. Fabrication process
As highlighted previously, in the simulation, the ring was floating in water. In reality, the ring is
maintained inside the fiber by thin silica struts. These struts delimit holes. In our case, we decided to
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fabricate RCF with six external holes and an additional hole in the center of the ring. This allowed us to
have relatively large holes in the cladding to facilitate the incorporation of the analyte and to maintain a
symmetrical shape for the ring, i.e. a hexagon shape as we presented here. The design of the RCF is
somewhat similar to the design of a HC-PCF. However, in the RCF, the light is not guided inside the
central hole but in the silica ring. The diameter of the ring core needs to be as big as possible so that its
relatively vast perimeter creates a large surface of interaction whereas its controlled thickness ensure
that a good amount of light interacts with the analyte.

The fibers were fabricated using the stack-and-draw process, similarly to SuC-PCFs. The main
difference lies in the structure of the stack: here, seven capillaries were stacked. It is worth mentioning
that preliminary fabrication tests of RCFs had already been fabricated by the team before the beginning
of my PhD.

We aimed to get as close as possible to the ideal case of a silica ring suspended in water. For that, some
requirements were necessary. The first one was that the ring needed to be thicker than the struts. In this
way, the light would be preferably guided inside the ring. The second requirement was that the ring
needed to be optically isolated from the struts holding it in place inside the fiber. If not, the RCF could
have been seen as a six-core SUC-PCF, since the light would be confined at the apices formed by the
struts and the ring instead of being guided in the entire ring. Therefore, to isolate the ring, we needed to
maintain the apices open to avoid any confinement of the light inside them.

(b) P
H '
P- Preforn =
- P. P+
P.
: i e
Top view B Top view

Jacket tube

Jacket tube

Side view Side view

Figure 66 Schematics illustrating the pressurizing system used during the first attempts of (a) the cane and (b) the
fiber drawings. The blue sections represent the closed capillaries. P~ and P* represent respectively the vacuum and
the overpressure applied in the different sections of the stack and preform.

Several attempts were required to obtain the final RCFs. Similar to SuC-PCFs, the first step consisted
of drawing the capillaries. We drew them from two tubes with different thicknesses. The thicker one
was put in the middle of the stack and surrounded by six thinner capillaries. We did this to respect the
first requirement, i.e. for the light to be guided preferably in the silica ring. The seven capillaries were
fused with a burner to close the top end. Once the stack was assembled and put in a jacket tube, we used
the same process as in Chapter 111 to apply vacuum between them as shown in Figure 66(a). Depending
on the value of the vacuum applied, the structure of the cane was different. We first applied -2 kPa. The
resulting cane is shown in Figure 67(a). Here, we can clearly see the structure of the stack and that the
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apices were open around the center capillary. However, based on previous experiences, there were too
open, which might have resulted in destabilizing the structure during the drawing of the fiber. We
applied more vacuum (-5 kPa) to close further the apices (Figure 67(b)). This time, the apices were
almost closed. Finally, we decreased the value of vacuum applied to -3 kPa (Figure 67(c)) and we
obtained the cane we wanted, i.e. a regular structure with apices neither too open nor too closed.

Figure 67 Pictures of the cane obtained for different values of vacuum applied between the jacket tube and the
stack with closed capillaries: (a) vacuum = -2 kPa, (b) vacuum = -5 kPa, (a) vacuum = -3 kPa.

We put one of these canes in a jacket tube. We applied pressure inside the holes of the cane and vacuum
between the cane and the jacket tube as illustrated in Figure 66(b). The main dimensions of the final
fiber are available in Table 7 and SEM pictures are available in Figure 68(a) and (b). During the drawing,
we wanted to see if increasing the outer diameter of the fiber also increased the diameter of the ring. For
that, we fixed the temperature of the furnace, the tension on the fiber, the vacuum applied between the
cane and the jacket tube, and the pressure applied in the cane holes. We changed only the descent speed
of the preform in the furnace and the speed at which the fiber was rolled on the capstan at the bottom of
the drawing tower. Figure 68(c) and (d) show the face of the RCF with an outer diameter of ~400 pm.
Its parameters are also available in Table 7. We can see that increasing the core size of ~100 um only
increases the diameter of the ring by ~10 um. Though we increased the RCF outer diameter, the
thickness of the core and the struts remained relatively unchanged since we did not modify the others
drawing parameters. It is worth noticing that for the two RCFs, the apices are well open for each fiber.
In addition, the ring is significantly thicker than the struts. As already explained, these two conditions
will facilitate the confinement of the light inside the ring. Finally, the thicknesses of the struts and the
ring are quite remarkable. They are only few hundreds of nanometers, which is two orders of magnitude
lower than the ring diameter. Fabricating a structure with these dimensions without any collapse is
already a great achievement.

Table 7 Parameters of the first RCFs drawn during my PhD

. . . Ring Struts
RCF diamcgtgfr(pm) giglr:%\?;rre(%:wr)] ng(ﬂlr?]r)neter thickness thickness
(nm) (nm)
1 295 182 40 415 110
2 390 260 49 500 115
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Figure 68 SEM pictures of (a) RCF 1, (b) zoom-in on the ring core, (¢) RCF 2 and (d) zoom-in on the ring core.
The open apices are visible on (b) and (d). The scale bars represent respectively (a) 100 um, (b) 20 um, (c) 200
pm and (d) 30 pm.

Based on the simulation and the parameters of the two fabricated RCFs, these two fibers should be more
sensitive than SuC-PCFs. However, we wanted to draw RCFs with even larger diameter to benefit from
the largest possible surface of interaction. With that in mind, we made several attempts using the same
technique but the core size was still limited compared to the size of the other holes. Thus, we decided to
try a new approach. Instead of closing the capillaries, we decided to apply pressure inside them. To do
s0, we need to close the interstitial holes between the capillaries at the top of the stack. If not, the two
chambers would not have been sealed and the pressure and vacuum could not have been applied. We
glued the center capillary to the other ones to isolate the two chambers, as shown in Figure 69.

It is worth mentioning at this point that the drawing tower has two sides, one assigned to the drawing of
capillaries and canes and the other one assigned to the drawing of fibers. On the capillary side of the
tower, the capillaries are drawn using tractors and they are regularly cut (usually every meter). On the
fiber side of the tower, the fiber is drawn by a capstan and rolled onto a spool. Several hundreds of
meters of fiber can be rolled on the spool during a single drawing. The final step of the previous fiber
drawings (SUC-PCFs and RCFs) were systematically done on the fiber side. However, this time, we
decided to draw the fiber on the cane side of the drawing tower. This allowed us to draw fibers with
outer diameter superior to 500 um more easily. To draw the last step of the RCF, we used the same
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system of pressure as for the other fibers (Figure 66(b)). During our first try, we targeted an outer
diameter of 500 pum without applying any pressure or vacuum. When the targeted outer diameter was
obtained, we turned on the vacuum and the pressure successively. This resulted in inflating the holes
and thus the outer diameter. We managed to have a ring with 110 um diameter and 0.5 pum thick, which
was what we were targeting. However, the pressure and vacuum applied also resulted in collapsing the
interstitial holes, which led to closing the apices of the RCF. We tried to change the pressure and vacuum
parameters during the drawing but the holes remained closed. A picture showing a zoom in the ring
region of this fiber with closed apices is available in Figure 70.

Top view

Side view

Figure 69 New pressurizing system used to fabricate the cane. The blue sections represent epoxy glue.

Figure 70 Zoom-in on the ring of the RCF with closed apices.

During a subsequent try, we decreased the temperature of the furnace from 2015°C to 1945°C. This
tended to decrease the viscosity of the silica, which resulted in maintaining open the apices. The only
counterpart was that we needed to apply more vacuum and pressure to inflate the holes. This gave us
more accuracy for tuning the applied pressure. We managed to draw RCF 3 with a ring diameter of
~100 pm and a thickness of 0.5 um. However, the struts were too thin and broke at some point during
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the drawing. We decreased slightly the pressure and we obtained RCF 4 with a ring diameter of ~90 um
and a thickness of 0.7 um with open apices. The dimensions of the two RCFs are summarized in Table
8, and SEM pictures are available in Figure 71. A zoom on one apex is available in Figure 72. For this
fiber also, the ring core is thicker than the struts. In addition, the diameter of the ring is similar to the
cladding diameter of a single mode fiber while its thickness is smaller than 1 pum. Therefore, the
fabrication of such fiber is remarkable and to the best of our knowledge, this is the first time such fiber
is reported.

Table 8 Parameters of the second set of RCFs drawn during my PhD. The strut thickness was too thin to be
measured precisely so we do not present their dimensions here

. . . Ring Struts
RCF diam(g;gfr(um) Eiz::%\f[\grri%;? ng(ﬂlr;a\]r)neter thickness thickness
(nm) (nm)
3 600 382 101 520 NA
4 580 330 89 740 NA

Figure 71 SEM pictures of (a) RCF 3 (outer diameter of 600 um), (b) zoom-in on the ring core, (c) RCF 4 (outer
diameter of 580 pm) and (d) zoom-in on the ring core. The open apices are visible on (b) and (d). The scale bars
represent respectively (a) 200 um, (b) 40 pm, (c) 200 um and (d) 40 pm.

This fiber represents a great innovation since it demonstrates that we are able to fabricate fibers with
large cores, i.e. large surface of interaction, while maintaining a core extremely thin that allows for
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relatively large portion of evanescent field. In addition, the open apices and the difference of thickness
between the core and the struts help in guiding the light preferably inside the silica ring. We envision
that this fiber may be very well used with other optical sensing techniques, such as fluorescence, and
exhibit remarkable properties. Now that we have fabricated the RCF with giant cores, we can focus on
the application of these fibers for sensing.

Figure 72 SEM picture presenting an open apex between the ring core and the struts holding it in place. The
scale bar represents 2 um.

IV.4. Configurations used to excite the core and SERS sensing

IV.4.1. Envisioned solutions to properly excite the ring core

Because of its dimensions and topology, it was clear that exciting properly the ring core would be a
challenge. Indeed, for SuC-PCFs, the sizes of the laser beam and the core were similar resulting in a
good coupling of the light. Here, the sizes of the laser beam under the Raman microscope and the core
were extremely different, about two orders of magnitude. Hence, the coupling of the light to the fiber
core was far from ideal. To illustrate this matter properly, we realized a series of tests. The first one
consists of directly focusing the laser on the ring using a small magnification objective lens (5x). Indeed,
small magnification objectives produce wider laser beams, which can facilitate the excitation of the
entire ring. However, as shown in Figure 73, the majority of the light was guided inside the holes and

not in the ring.

Figure 73 Picture of the output of an RCF excited by focusing the laser directly using 5x objective lens.
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The second test consists of increasing the magnification of the objective lens. This would allow us to
focus the laser on a small portion of the ring and illustrate that this configuration does not result in
exciting the entire ring. In Figure 74(a), we present a picture of the entry face of the RCF taken with a
40x objective. The red circle represents the area excited with the laser. Figure 74(b) depicts the resulting
output distribution of the light when excited by a 785 nm laser. It is clear that focusing the light only on
a small portion of the core results in exciting non-uniformly the entire ring. Since the core is not entirely
excited, it means that the benefit of a large surface of interaction is lost. In these conditions, the RCF
would not possess any advantages over SUC-PCFs.

(@)

Figure 74 (a) Picture of the entry face of the RCF. (b) Output distribution of the light when the laser is focused on
the circle of (a).

To further illustrate that; we realized SERS measurements in this configuration. For that, we prepared
the RCF using the protocol describe in chapter 1l and instead of ATP, we used 2-naphthalenethiol
(2-NT), which is another Raman tag that has the ability to bind to Au NPs through its thiol group [252].
The signature spectrum of 2-NT is available in Figure 75. This time, we used the main peak at 1380
cm?* for the study. We focused the light directly on one apex of the ring of the RCF with a 40 um core
(RCF 1) and successively measured the signal coming from each apex. We acquired four spectra for
each apex to remove any outliers, and we averaged the SERS signal. The measured SERS intensities
were varying significantly depending on the apices as shown in Figure 76. We observed that 37%
variation between the six apices with the 50x objective lens. We estimated that most of the variations
may be explained by the position of the excitation laser, which was varying slightly despite our efforts
to focus the laser on similar locations for each apex. The other source of variations might be due to the
deposition of the NPs. Indeed, between two apices, the density of NPs may vary along the length of the
fiber. We also measured the signal coming from the six sides of the ring and we obtained similar results.
This further stresses the need to excite the ring entirely. Indeed, if the ring were fully excited, the SERS
intensity would be averaged across all the apices and all the sides of the ring instead of coming from
only one of them.
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Figure 75 Signature SERS spectrum of 2-NT.
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Figure 76 SERS intensity measured on the six apices of a single RCF. The error bars represent the variations
measured across the four spectra for a single apex.

These results illustrate perfectly that exciting the core of the RCF is not trivial. To overcome these
foreseen limitations, we envisioned two possible solutions:

1) Butt-coupling the RCF to a MMF

This solution is fast, very simple to realize and allows a plug-and-play setup. We can imagine that in the
future, after developing as a biopsy needle, the clinician would only have to plug the fiber into a
connector and measure for readout. Unfortunately, although this approach allows for exciting entirely
the ring core, the coupling loss could remain relatively high.

2) Tapering the RCF on one end

In this configuration, the taper is fabricated so that the size of the ring is drastically decreased at the
input end. This would allow coupling the light using large magnification objective lens (x40 or higher)
like in SUC-PCF. Subsequently, the light would propagate in the ring until reaching the un-tapered side
of the RCF, where it would be uniformly distributed over the entire ring. We estimate that this solution
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is the best way to excite entirely the core with limited coupling loss. Unfortunately, tapering is more
time-consuming than the butt-coupling to MMF and an additional care needs to be taken to ensure that
the fabrication of the tapers is reproducible.

In the following sections, we describe in more detail each solution.
1VV.4.2. Butt-coupling to multimode fiber

1V.4.2.1. Demonstration of light injection

The first solution imagined to fully excite the core was based on the butt-coupling technique. It consisted
of exciting a MMF with a core large enough and then in butt-coupling the RCF at the output of the
MMF. In this way, the light was shone onto the entire ring, yielding an overall excitation. This technique
is fast and very simple to realize. A schematic illustration of the excitation principle is available in Figure
77. We did not represent the major part of the SERS setup since it remains unchanged compared to the
one used in chapter 1l with SUC-PCFs. The only difference lied in the fiber region. Here, instead of
focusing the laser directly into the core of the fiber probe as we did in chapter 111, we focused the light
on the large core of the MMF. Subsequently, we used XY Z precision translation platforms to align the
other end of the MMF with the RCF so that the ring was set right next to the core of the MMF.

— 1

Figure 77 Schematic illustrating the principle of RCF excitation using a MMF.

Pictures of the used RCF and measured distribution (with a camera) of the field at the output of the RCF
using the MMF excitation are available in Figure 78(a) and (b). Compared to the previous excitation
technique, we can see that this time, the entire ring is excited. It means that butt-coupling the RCF to a
MMF allows exciting properly the RCF. It is also worth mentioning that a small portion of the light is
still guided inside the center hole. To illustrate the importance of leaving the apices open during the
fabrication process, we did the same experiment with a similar fiber with closed apices. As we can see
in Figure 78(d), the light stayed confined inside the apices and it did not propagate inside the sides of
the ring. Therefore, this demonstrated that our requirement to leave the apices open during the drawing
of the fiber was extremely important so that the ring can be more uniformly excited.

We just showed that exciting properly the RCF with a MMF was possible. Subsequently, we needed to
measure two distinct coupling losses:

- The first one concerned the coupling from the MMF into the ring core to estimate the amount
of light that will be guided in the RCF.

- The second one concerned the coupling from the ring core back to the MMF to estimate the
amount of light that can enter the spectrometer.

To measure the first coupling loss, we measured the power at the MMF output (location 1 in Figure 79)
and after the RCF (location 2 in Figure 79). We estimated that the loss was about 15 dB. It is worth
mentioning that this value also includes the attenuation loss of the RCF. The measured loss was very
large and it meant that for a given power of light exiting the MMF, the portion of light that would be
guiding inside the ring core was much weaker. This limitation could be overcome by simply increasing
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the power of the laser. Logically, the more power enters the MMF, the more power exits it and enters
the ring, resulting in more light available to interact with the NPs/analyte.

Figure 78 Pictures of (a) the RCF with open apices excited by a MMF, (b) the output distribution of the light at
the end of the RCF, (c) the fiber with closed apices and (d) the distribution of the light at the end of this fiber.

The second coupling loss was a very important aspect since it would determine the amount of SERS
signal that was coupled back from the RCF into the MMF and finally to the spectrometer. To estimate
it, we excited a first section of MMF. Subsequently, we butt-coupled the RCF to excite the ring core and
we measured the power at the output of the RCF (location 2 in Figure 79). Finally, we butt-coupled a
new section of the same MMF after the ring core and measured the power at the output of this new MMF
section (location 3 in Figure 79). In this way, the difference of power between the one measured after
the RCF and after the second MMF allowed estimating the coupling loss of the light traveling from the
RCF towards the MMF. With this technique, we estimated it to be between 3 and 4 dB. It is much lower
than for the coupling from the MMF to the RCF. It is worth noting that in this configuration the
attenuation loss of the RCF is not included in the measure. Nevertheless, the measured value appears
logic because the MMF possesses a wide core that can collect a large portion of the light that propagated
in the RCF. In summary, thanks to the butt-coupling between the MMF and the RCF, the ring core could
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be entirely excited and the second coupling loss (from the RCF to the MMF) was not too important.
Thus, we could start studying the effect of the new design on the final SERS intensity.

=

Laser

1 2 3

Figure 79 Schematic illustrating the locations where the power was measured to estimate the coupling loss from
MMF towards RCF and from RCF towards MMF.

1V.4.2.2. SERS sensing with the multimode fiber and ring core fiber configuration

The ultimate goal of this section was to compare the sensitivity of the new design to the best SuC-PCF
sensor realized in chapter Ill. Here, we wanted to validate the simulation results and demonstrated
practically the interest of the new fiber design. Before being able to compare the two fiber designs, we
needed to make sure that SERS sensing was possible using MMF-RCF configuration. In other words,
we needed to check that this configuration allowed collecting a SERS signal strong enough to be
detected and processed. Subsequently, we needed to find the best MMF/RCF combination. Indeed, it
exists a wide variety of MMFs with different core sizes and numerical apertures. Finding the one that
fitted the best the RCF features would ensure that the strongest SERS signal could be detected. This
would allow us to compare the two fiber designs in the best conditions possible.

To make sure that SERS sensing could be achieved with the MMF-RCF configuration, we prepared
RCF samples using the protocol presented in chapter 111 and we used ATP as Raman tag. We present in
Figure 80(a) the SERS signal measured using the MMF excitation setup. We also measured the SERS
signal using direct focus on one of the ring apices as a means of comparison. The signal measured by
focusing the light directly onto an apex was similar to the ATP signature spectrum. However, the signal
obtained using the MMF was much weaker and did not exhibit the two characteristic peaks of ATP. This
difference in sensitivity may be explained by the two combined coupling losses (from the MMF towards
the RCF and from the RCF back to the MMF and the spectrometer). As mentioned previously, increasing
the power of the incident laser resulted in increasing the number of photons guided inside the ring, which
in turn increased the number of Raman scattered photons. More practically, when we increased the
power of the incident laser, we could see that the Raman signal of ATP was still present (Figure 80(b)).
The two ATP peaks at 1490 and 1590 cm™ were visible though they were less sharp than on the reference
spectrum. This meant that we were able to achieve SERS sensing using MMF configuration.
Unfortunately, we were forced to use large laser power to ensure that the SERS signal can be detected.
Another important remark to note on Figure 80(b) is the presence of a strong signal in the 950-1300 cm-
! range. This signal came from the silica of the two fibers and mainly from the MMF. Here, it became
problematic since it overshadowed a large portion of the ATP signal.
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Figure 80 (a) SERS spectra obtained by exciting the RCF with a MMF (dark) and by directly focusing the laser on
one apex (gray). (b) SERS spectra obtained by exciting the RCF with a MMF for larger laser power than in (a)
(dark) and ATP signature spectrum (gray).

To limit the influence of the silica signal, two approaches could be used:

- Decreasing the length of the MMF

- Replace the analyte with one that possesses signature peaks outside the silica background.
In the following, we present the results obtained with the two approaches.

Decreasing the length of the MMF

We plotted in Figure 81(a) the spectrum measured with a 70 cm long MMF. For this fiber length, the
silica was extremely intense. Subsequently, we cut the MMF repeatedly and measured the Raman
intensity of the strongest peak of silica (~480 cm™) for each fiber length (Figure 81(b)). It can be noted
that the intensity varies quite linearly with the fiber length. Thus, taking the shortest length of MMF
possible would result in decreasing significantly the silica background. Unfortunately, due to the
structure of the Renishaw spectrometer, a minimal length of 30 cm was required. As we can see in Figure
81(b), the silica signal remains quite intense for this MMF length. This yielded that we could not use
this approach to reduce significantly the influence of the silica background.
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Figure 81 (a) Silica Raman signal measured using 70 cm long MMF. (b) Variation of the Raman intensity of the
480 cm! peak of silica for different lengths of MMF.

Changing the Raman reporter

The second approach envisioned was to replace the Raman reporter with one that possesses its signature
peaks outside the silica background. In this way, they would still be detectable even with the strong
silica signal. We selected 2-NT as it exhibited the same properties as ATP (ability to bind to Au NPs)
and it possesses a strong peak at 1380 cm™. We present in Figure 82 the theoretical spectrum of 2-NT,
the spectrum measured using the MMF without subtracting the background and the same spectrum after
removing the background using a dedicated software. For more readability, we offset the three curves.
As we can see, once the silica background was removed, the signal of 2-NT was well detected. Hence,
we used this approach to limit the influence of the silica signal for the subsequent studies.
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Figure 82 SERS spectrum of 2-NT collected with an RCF using the MMF configuration (black), same spectrum
after removing the silica background (dark gray) and signature spectrum of 2-NT (light gray).

Subsequently, we could select the MMF that fitted the closest the RCF features to ensure that the RCF
was in the best conditions possible in order to maximize the SERS signal detected. At the time, we did
not have fabricated the RCFs with 101 um and 89 um core diameters (RCFs 3 and 4) so we studied the
excitation of the ring core using the RCF with the 40 um core (RCF 1). The test consisted of
butt-coupling successively the same RCF sample to MMFs that possessed different features to determine
which MMF/RCF combination exhibited the strongest SERS signal. For that, we used five MMFs with
different core diameters and numerical apertures (NA):

- MMF 1: Deore= 200 um, NA =0.22
- MMF 2: Deore= 200 pum, NA =0.39
- MMF 3: Dcore= 200 pm, NA = 0.5
- MMF 4: Deore= 400 um, NA =0.39
- MMF 5: Dcore= 400 pm, NA = 0.5

The experimental protocol was the following. First, we prepared a 10 cm long sample of RCF 1 using
the short protocol described in chapter 111. Then, we placed the RCF on the first XYZ platform. Later,
we fixed one end of MMF 1 under the Raman microscope and the other end on the second XYZ platform.
We aligned the two fibers so that the core of the MMF and the ring core were the closest possible to one
another. Then, we acquired the SERS signal repeatedly. We first moved the end of the MMF under the
microscope until we acquired the strongest SERS signal possible and we fixed the position of the
microscope platform. Subsequently, we proceeded similarly with the XYZ platforms until we obtained
the highest SERS intensity possible. Once the position of each platform was fixed, we acquired ten
spectra and averaged the signal in order to remove any outliers. Finally, we proceeded likewise with the
four other MMFs. We plotted in Figure 83 the average SERS intensities measured with each MMF. As
we can see the MMF with 200 pm core and 0.39 NA was the one that gave the strongest SERS signal.
Thus, we used this fiber as the excitation source for the comparison between the RCF and best SuC-
PCF.
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Figure 83 Average SERS intensities of the 2-NT 1380 cm™ peak measured using different MMFs to excite RCF
1. The error bars represent the standard deviation between the 10 measurements acquired to calculate the average
intensity.

Now that we were sure to be in the best conditions possible, we could compare the RCF and the 3.5 um
core SUC-PCF. To compare both fibers, they needed to be in the same configuration. Since the advantage
of the RCF over the SUC-PCF lies in a greater surface of interaction due to the large ring, we were forced
to compare them in the configuration where the ring was entirely excited, i.e. with MMF excitation. For
that, we prepared the two fibers simultaneously using the short protocol. Then we used the setup with
MMF 2 (Dcore= 200 um, NA = 0.39) previously described and we placed the SuC-PCF on the XYZ
platform. We moved the different platforms until obtaining the strongest SERS intensity and we
acquired ten spectra to average the SERS intensity of the 1380 cm™ peak of 2-NT. Then, we replaced
the SUC-PCF by the RCF with the 40 um ring (RCF 1) and we proceeded similarly. To ensure that the
trend of the results was correct, we did the same experiment four times and for each case, we normalized
the intensity based on the highest intensity between the two fibers. The results are shown in Figure 84.
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Figure 84 Comparison of the SERS intensities measured with RCF 1 and 3.5 um core SuC-PCF. The experiment
was repeated four times to ensure the authenticity of the results. The error bars represent the standard deviations
measured over the ten spectra acquired per fiber.
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We can see that, in each case, the RCF was more sensitive than the best SuC-PCF, with a signal
approximately twice stronger. To see if these results were coherent, we calculated the factors
proportional to the SERS intensity for each fiber design using equations 28 and 36. For this simulation,
we used the approximated designs of a rod for SUC-PCF and a circular ring for RCF but we applied the
parameters of the real fibers to be as close as possible to the real case. The parameters used for the
simulation are summarized in Table 9. In addition, we simulated the two fiber designs surrounded by
air this time since we dried them prior to the measurement. With these parameters, we calculated:
frisuc—pcr = 0.68 and fg; rcr = 5.43 yielding an estimated enhancement factor due to the RCF design
of approximately 8. This factor is quite far from the two orders of magnitude discussed at the beginning
of this chapter. This can be explained by the value of the coverage density. Indeed, here we simulated a
coverage density similar to the one measured on the SEM pictures of SuC-PCF in chapter I11. Although
this coverage density was optimized for 3.5 um core SuC-PCF, it was not the case for the RCF. In any
case, our experimental results fit relatively well with the simulated enhancement factor due to the RCF
design (8). The discrepancies can be explained by the approximations made during the simulation:

- not the real fiber designs (rod and circular ring)

- equal distribution of the NPs in the simulation

- not the exact density of NPs simulated

- no Raman-active molecule simulated

- no coupling efficiency taken into account in the simulation.

Table 9 Parameters of the real SUC-PCF and RCF used to simulate their estimated fz,;

Fiber Lfiver (CM) Deore (M) teore (M) (partigglpmz)
SuC-PCF 10 35 NA 30
RCF 1 10 40 0.415 30

To summarize, in this section we were able to compare the sensitivity of our new design with that of our
best SUC-PCF. This was possible by exciting entirely the ring core using a fast and simple excitation
technique. Unfortunately, the coupling losses from the MMF to the RCF (light injection) and inversely,
from the RCF to the MMF (signal collection), were very large compared to the coupling loss obtained
with a SUC-PCF by directly focusing the laser. These large losses decreased the sensitivity of the general
setup (RCF butt-coupled to a MMF) compared to the sensitivity exhibited by focusing the laser directly
onto a SUC-PCF. Hence, this setup suffers from relatively weak sensitivity. In addition, the strong silica
background of the MMF may overshadow the signal of the target analyte. Solutions could be to decrease
the length of the MMF (if the Raman microscope allows it) or to change the analyte. Nevertheless,
exciting an RCF with a MMF remains a fast and simple technique that allows creating plug-and-play
setups. With this approach, we demonstrated that in the same conditions of preparation and excitation,
non-optimized RCFs already exhibited a better sensitivity than the best SUC-PCF prepared in chapter
Il.

1V.4.3. RCF taper

1V.4.3.1. Goal of the tapering

The second solution envisioned to efficiently inject the light into the core consisted of tapering the RCF.
Tapered fibers have been used in a wide range of applications such as supercontinuum generation,
sensing or light coupling [253-258]. Depending on their use, their geometry and fabrication process
vary. The first fabrication process consists of etching the optical cladding of a fiber in order to expose
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its core. In this way, the diameter of the etched section is much smaller than the original fiber. Here, it
is worth mentioning that the core is not etched. Only the cladding is partially or entirely removed. The
other fabrication process consists of heating and stretching precisely a fiber in order to scale down its
topology. Once tapered, the fibers exhibit properties that the original fiber did not possess. For instance,
tapering an SC-PCF decreases its core size, which in turn may result in an increased evanescent field.
This is particularly attractive for sensing.

In our case, the idea was to decrease sufficiently the diameter of the ring core down to a very small circle
or even a solid core on one end so that we were able to excite the entire core by focusing the light directly
as we did in chapter Il with SuC-PCFs. The other end of the fiber remained unchanged in order to
benefit from the large surface of interaction. A schematic illustrating the excitation of the core of tapered
and un-tapered RCFs is available in Figure 85. Previously, for a regular RCF, when we excited directly
one of the RCF apices, the light stayed confined in the vicinity of this apex as represented in Figure
85(a). For tapered RCF, if the core were small enough in the tapered end, we could excite it entirely by
focusing the laser on the core using high magnification objective lenses. Then, since the entire core is
excited, the light can be guided by the entire ring at the un-tapered section of the RCF (Figure 85(b)).
To be able to excite the entire ring by directly focusing the laser, the size of the collapsed core should
be smaller than 5 um. Here, it is worth reminding the original ring diameter is ~100 um. This means
that we had to taper the RCF so that the diameter of the ring could decrease from ~100 pum large to less
than 5 um while still preserving the structure of the RCF, i.e. not breaking the struts, not closing the

external holes and not collapsing the core asymmetrically.

Figure 85 Schematic illustrating the principle of the direct excitation of the RCF with (a) an un-tapered end and
(b) a tapered end. The figures on the right represent the un-tapered face of the RCF with the expected field
distributions.

(@)

1V.4.3.2. Fabrication of tapered RCF

To fabricate the tapers, we used a Fujikura LZM 100 fusion splicer, which is a dedicated splicing system.
It features a CO; laser instead of electrodes or filaments, which helps in controlling more precisely the
size of the heating area. It comes with an on-board tapering program that allows configuring the length
of the two slopes (Lsiope), the length of the taper waist (Lwaist), the targeted diameter of the taper (Dwaist)
and the speed of the translation stage on each side of the taper. All the geometrical parameters are
presented in Figure 86. The software also allows precisely tuning the power of the CO; laser in the entire
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zone and in the waist zone. This has a direct impact on the heating temperature of the material in the
region. In the following, when we refer to heating temperatures, it implies the power of the CO- laser.

To fabricate the RCF tapers while preserving the inner structure, we needed to find the right combination
between all the parameters. Although preset programs to taper standard fibers exist, we could not
directly use them because of the unique topology of our RCF. Since all the parameters are connected,
we needed to proceed methodically. In an ideal case, the first step would consist in finding the heating
temperature (i.e. the CO; laser power) and the pulling speeds that would allow reducing the external
diameter of the fiber to reach a target value of Dwaist. Once, the right temperature and speeds would have
been found, we would have cut the taper and put one end under a microscope to observe the cross-section
of the tapered region. Based on our observations, we would have tuned the parameters one after the
other. For example, if the inner structure were too distorted, we could decrease either the heating
temperature or the heating time. Once, we would have succeeded in reaching the target outer diameter
while maintaining the inner structure, we would decrease further the new targeted Dwaist. We would
proceed similarly until reaching the desired parameters, i.e. a core size lower than 5 um so we could
excite the entire ring by focusing the laser directly onto it.

slope

1o
waist

L 4

waist

Figure 86 Schematic presenting the preset parameters used to fabricate the RCF tapers.

The procedure described in the previous paragraph would work for a homothetic reduction of the core
size. In this case, decreasing the core size from 100 um to 5 um would result in decreasing the outer
diameter from 600 um to 30 um. In our case, this would not have been possible since an outer diameter
of 30 um would result in holes smaller than 10 um. Such holes would not have been compatible with
the microfluidic application of the fiber. Therefore, we fixed the lower limit of the outer diameter to be
100 pm, leading to a diameter of a single hole superior to 30 um. This meant that we needed to find a
way to decrease the size of the core faster than the outer diameter. In the following of this section, we
present the main steps of the employed procedure.

Demonstration of the homothetic reduction

To preserve the RCFs with 89 and 101 pum cores (RCFs 3 and 4) until having found the best parameters,
we tried to taper the fibers with the closed apices, since they presented approximately the same
parameters as the RCFs. We used a fiber that features an outer diameter of 560 um, a ring diameter of
110 pm and a ring thickness of 2 um. Based on preliminary tests, we needed to fabricate short tapers to
limit the heating time. This prevented from obtaining a structure like the one in Figure 87. We set
Lwaist = 2 mm and Lgiope =5 mm. The first step was to find the parameters that allowed to homothetically
reduce the outer diameter and the core size. We tuned the temperature of the entire area and the
temperature of the waist until we obtained a taper with the inner structure perfectly maintained and a
core diameter of ~38 pum as shown in Figure 88. If we consider the outer diameters of the original fiber
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and that of the taper, the core size should have been 40 um. This demonstrates well that the reduction
occurring during the tapering is homothetic.

Figure 87 Fabricated tapers with long heating time. The structure is almost entirely collapsed.

The next step was to achieve similar results with an even smaller Dwaist. We targeted a waist diameter of
100 pum, which was the limit we had fixed. This would allow us to know what core diameter could be
reached by using a normal process. To reach this small outer diameter, we were forced to increase
slightly the length of the waist. After having increased Luwauist t0 5 mm, we fabricated a taper with
Duwaist = 115 pum and a ring diameter of 17 um. As hypothesized, when reaching the limit outer diameter
of the taper, the core was still too big to be excited by directly focusing the laser.

Figure 88 Fabricated taper of the fiber with closed apices with Dyaist = ~200 pm.
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Envisioned approaches for non-homothetic reduction

The first approach consisted of applying an overpressure inside the holes surrounding the ring. In this
way, when we heated the fiber to fabricate the taper, the core would be collapsed more easily. To apply
the overpressure, the holes of the RCF needed to be closed as shown in Figure 89(a). The second
possibility was to apply vacuum inside the central hole. The goal was the same as the previous solution,
i.e. make the core collapse more rapidly. For this solution, the holes needed to be closed as shown in
Figure 89(b). For more practicability, we selected the second option. Indeed, gluing only the central hole
turned out to be very arduous. To apply the vacuum, we simply sucked the air from the center hole using
a syringe. The value of vacuum applied could be controlled relatively precisely by tuning the volume of
air sucked from the center hole.

Central hole closed

a) Push the air inside
the external holes

I o [TTLEIrrrfree S
v

o External holes closed
(b) Suck the air inside

the center hole

I ; [TIreqreeryreer ——
&

All holes closed

Center hole open

Figure 89 Schematics illustrating the setup used to apply (a) overpressure in the external holes of an RCF during
tapering and (b) vacuum only inside the center hole. The blue sections represent epoxy glue.

Using the same tapering parameters as previously, we only played on the amount of vacuum to find the
one that allowed collapsing almost entirely the core without breaking the structure. With this
configuration, we managed to fabricate a taper that exhibited a core diameter of approximately 3 um
and an outer diameter of approximately 100 pm, as shown in Figure 90. This demonstrated that we were
able to reduce drastically the core diameter of a fiber with a topology close to the RCF (open apices)
until reaching a core size that allowed exciting the core by focusing the laser directly. In addition, the
external holes were still large enough to facilitate fluid incorporation.
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Figure 90 Fabricated taper of fiber with closed apices with Dwaist = 100 um and with vacuum applied in the center
hole.

Sucking the air inside the center hole of the good RCF

Using the fiber with closed apices allowed us to determine the values of each tapering parameter. Now
we could apply them to the real RCF. It is worth noting that the diameter and the thickness of the ring
were not exactly the same as that of the RCF with closed apices. The RCF with open apices featured a
core diameter of 89 um (110 pm previously) and a core thickness of 0.7 um (2 um previously). Although
these differences are not very large, the tapering parameters used with the closed apices RCF did not
work with the good RCF. With them, the structure of the fiber broke every time. This demonstrates the
precision required for the tuning of the parameters and the difficulty to fabricate the desired tapers.

After finely tuning the tapering parameters and the amount of vacuum applied in the center hole, we
obtained viable tapers. Representative tapers are shown in Figure 91. It is worth noting that the structure
is slightly different between the two tapers. The core of the second taper started to collapse on itself
showing that we were near the optimum parameters concerning the vacuum. Another aspect to note is
the bubble-shaped structure on each strut. We think that they might be the residue of the open apices of
the original RCF. A solution to remove them could be to leave the apices open during the closing of the
external holes before applying the vacuum inside the central hole. In this way, they would be collapsed
similarly to the core. We present in Table 10 the dimensions of the two tapers. As we can see, we were
able to obtain a core diameter around 3 pm in the waist of the taper while maintaining the external holes
wide open (67 um). Using the same parameters and the same fibers, we could fabricate reproducible
tapers. This achievement is quite remarkable since we started from a fiber with a diameter ring of 89 um.
The next step of the process consisted of ensuring that the fabricated tapers allowed to properly excite
the ring of the RCF.
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Figure 91 (a) and (c) SEM pictures representing two tapers fabricated using RCF 4 when withdrawing -0.7 mL of
air inside the center hole (b) and (d) Zoom-in on the core region for each taper.

Table 10 Parameters of the tapers fabricated from RCF 4. The core of taper 2 was too thin to be measured
precisely so we do not present its dimensions here

Outer Hollow Long Short Rin
. region dimension of | dimension of ~ing L waist
Taper diameter - - . thickness
(um) diameter the ring the ring (nm) (mm)
(Lm) (Lm) (um)
1 120 67 4.3 1.9 140 5
2 131 75 5.3 1.3 NA 5

1VV.4.3.3. Optical characterization

To demonstrate qualitatively the improvement in the light confinement inside the ring core, we focused
a laser on the tapered end of an RCF and we acquired the output field distribution at the other end. As
shown in Figure 92(a), most of the excitation light is guided inside the ring. We compared this result
with previously used excitation techniques for the same RCF. Figure 92(b) was obtained by focusing
the light directly inside the RCF using 10x objective lens and trying to maximize the repartition of the
field inside the entire ring. Most of the excitation light was guided inside the center hole and not inside
the ring. Figure 92(c) was obtained using the MMF excitation technique. Here, a good portion of the
light is guided inside the core. Nevertheless, there is still a relatively important amount of light guided
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inside the holes of the RCF. As we can see, the light is almost exclusively confined inside the ring core
with the tapered fiber whereas an important amount of light is guided inside the holes with the two other
techniques. This was exactly what we expected when we decided to fabricate the RCF taper. Although
this result is only qualitative, we could already say that the tapering helped in exciting the entire ring
core more properly. To make sure of it, we measured the coupling loss of the tapered RCF.

Figure 92 Distribution of the field at the output of an RCF with a core diameter of 89 um (RCF 4) for several
excitation techniques. (a) Tapered RCF, (b) direct focus with 10x objective lens and (¢) MMF excitation.

For that, we used the same technique as in chapter Il to estimate the coupling loss of the SuC-PCFs.
First, we measured the power of the laser after the 40x coupling objective lens. Subsequently, we
optimized the position of the tapered RCF using a XYZ platform and we measured the power at its
output. The difference between the two powers allowed to estimate the coupling and transmission losses.
Table 11 presents the values measured at each location for a 10 cm long tapered RCF, for an RCF excited
with a MMF and for a 3.5 um core SuC-PCF. Comparatively to the MMF excitation, the tapered RCF
improved drastically the coupling loss, from 15.4 dB to 2.5 dB. Although it was not as low as the
coupling loss of 3.5 um core SUC-PCF (0.9 dB), the tapered RCF exhibited a coupling loss in the same
range. This means that, at this point, we were able to compare the sensitivity of the two fiber designs
while exciting them by focusing the laser directly onto their core.

Table 11 Powers measured to estimate the coupling loss of a tapered RCF and 3.5 um core SuC-PCF

. Pl mea§ured after Power measured after Coupling and
Aler D01 SV O e the fiber (dBm) transmission loss (dB)
MMF (dBm)
Tapered RCF 13 10.5 2.5
MMF + RCF 11.4 -4 154
3.5 um core SUC-PCF 13 12.1 0.9

1V.4.3.4. SERS sensing with tapered ring core fiber

Similar to what we did in the SERS sensing section with the MMF, the goal of this section was to
compare the sensitivity of the two fiber designs using ATP. Here, it is worth mentioning that this section
was realized in XLIM research institute on an in-house setup and not on the Renishaw mentioned in
chapter I11. The general setup was substantially the same as the one presented in Figure 52. The laser
wavelength was a 785 nm, and the Raman spectrometer was a QE PRO from Ocean Optics. Before
being able to compare the two fiber topologies, we needed to ensure that the tapered configuration
allowed for SERS sensing. For that, we fabricated tapered RCFs using the fiber with a core diameter of
89 pum (RCF 4) and we used the short protocol to anchor Au NPs. Compared to the protocol described
in chapter 111, here we used APTMS instead of APTES to anchor the NPs. Subsequently, we pumped a
solution of 2 mM ATP inside the fibers so that the molecules of ATP could bind to the anchored Au
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NPs. After drying the fibers, they were ready for measurement. A spectrum measured in these conditions
is shown in Figure 93. This spectrum is similar to the signature spectrum of ATP, which meant that
tapered RCFs could be used as SERS sensors and that the built-in setup was operational.
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Figure 93 Measured SERS spectra of ATP under normalized conditions using a tapered RCF (black curve) and a
3.5 um core SuC-PCF (gray curve). We offset the two spectra for more readability.

Once we were sure that tapered RCFs could be used for SERS sensing, we could compare the sensitivity
of RCF and the 3.5 um core SuC-PCF. Here, it is worth mentioning that these results are only
preliminary results. We prepared the fibers using the short protocol and APTMS to anchor the NPs.
Once again, we used 2 mM ATP as a Raman reporter. We first studied the sensitivity of the 3.5 um core
SuC-PCF. We acquired ten spectra to remove any outliers. Subsequently, we proceeded similarly with
the tapered RCF. The measured spectra are shown in Figure 94. They were realized under fixed
conditions for the two fibers. Then, we averaged the SERS intensity of 1080 cm™ peak over the ten
measurements and we measured the RSD for each fiber. The different values are summarized in Table
12. It is worth mentioning that the acquisition parameters were the same for the two fibers. With this
first test, we could see that the averaged SERS intensity is approximately 1.8 times larger with the
tapered RCF.

Table 12 Measured SERS intensities of the 1080 cm™ peak of ATP for a 3.5 um core SuC-PCF and tapered RCF

Measured SERS
intensity of the I\./Ieasu'red S%EES
Measurement 1080 cm™ peak (a.u.) 108|(r)1tens_|lty of the
) cm™ peak (a.u.)
A £ [T G with tapered RCF
SuC-PCF
1 3984 7258
2 4040 7281
3 4020 7343
4 3988 7373
5 4037 7384
6 4059 7493
7 4085 7448
8 4061 7472
9 4083 7373
10 4118 7447
Calculated RSD 1% 1%
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Figure 94 SERS spectra measured under fixed experimental conditions with the 3.5 pm core SuC-PCF and a
tapered RCF

To estimate the validity of these results, we simulated an RCF featuring the same parameters as the real
fiber with our simplified model. To understand more easily the comparison between the measured and
simulated cases, we summarized in Table 13 the key values. First, we calculated the fz; of the RCF to
be 12.8 a.u. Once again, for this simulation, we hypothesized that the NPs coverage density was similar
to the one measured on the SEM pictures of the SuC-PCF, i.e. 30 particles/um2. We made this
assumption since we used the same anchoring protocol for the two fibers. We saw in chapter 111 that this
NPs coverage density was optimized for the 3.5 um core SuC-PCF. However, it is not optimized for the
thickness of the ring core. This explains why we did not obtain the two orders of magnitude improvement
simulated at the beginning of the chapter. To further illustrate this matter, we also simulated the same
RCF with only 0.05 particles/umz. This time, the calculated fz; was 549 a.u. Thus, an optimization of
the coverage density for the RCF is mandatory to exhibit the best sensitivity possible.

Regarding the comparison between the two fiber topologies, we had already calculated the value of the
fr; for the 3.5 pum core SUC-PCF in the MMF excitation section. We found it to be 0.68 for a coverage
density of 30 particles/um2. If we compare this value with the one simulated with the RCF in the same
conditions (fz; = 12.8), we can estimate that the RCF should improve the signal by ~19 times. However,
we demonstrated experimentally that the RCF only improved the signal by 1.8 times. This means that
relatively large discrepancies exist between the simulation and the experimental results. As mentioned
previously, the coupling efficiency is not taken into account in the simulation. We saw that tapered RCFs
exhibited stronger coupling losses (2.5 dB against 0.9 dB), which meant that for a given incident laser
power, less light was guided inside the RCF core compared to that of the SUC-PCF. Other aspects can
also explain the discrepancy between the simulated and experimental results. For instance, it is worth
reminding that the two designs used for the simulation was not the exact ones. The tapered region was
not simulated and we only considered a circular ring and a rod suspended in water. In addition, the
simulations were made for NPs that are equally distributed at the core surface, which is not the case in
reality. Furthermore, here we simulated the NPs coverage density measured on a 3.5 um core SuC-PCF
prepared with the long protocol. Therefore, it does not represent the exact coverage density anchored
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inside the two fibers. Finally, the simulation does not consider any Raman-active molecules. All these
aspects explain the relatively large discrepancy between simulated and experimental results.

Table 13 Measured average SERS intensities of the 1080 cm™ peak of ATP and simulated fg, for a 3.5 um core
SuC-PCF and tapered RCF

Measured average Simulated fr, for Simulated fg, for aCr:]zulp(;I(r:l%
Fiber SERS intensity of the | CD = 30 particles/um? CD =0.05 propagation
<l i 2
1080 cm* peak (a.u.) (au.) particles/um? (a.u.) | ©, (dB)
3.5 pm core
SUC-PCF 4048 0.68 o >
Tapered
RCF 7387 12.8 549 2.5
ResllEJllztmg 1.8 19 7843 NA

Although this is only a preliminary study, the results are very encouraging, as we have already improved
the SERS sensitivity. The next step of our experiment would be to measure precisely the average
coverage density to simulate fz; closer to the real ones. In addition, we need to measure the propagation
losses of the RCF. Only then can we conclude more precisely on the results. In addition, in order to
achieve the maximum enhancement possible with the RCF, several parameters need to be optimized.
The first two are the coverage density and the thickness of the ring core. As shown in the simulation,
decreasing the coverage density from 30 particles/um? to 0.05 particles/um? increases the fz; of the RCF
from 12.8 to 549 a.u. Compared to the best SUC-PCF (fz; = 0.68), it would result in almost three orders
of magnitude improve in sensitivity with the RCF. Increasing the thickness of the ring core could be
required for decreasing the propagation losses, as this improves the field confinement in the silica. The
other parameter that needs to be improved is the quality of the taper, i.e. removing the interstitial holes.
This would reduce further the coupling loss of the RCF, which in turn would result in a better sensitivity.

1V.5. Conclusion

In this chapter, we presented a totally novel topology of PCF especially designed to improve the
sensitivity of SERS-based fiber sensors. It is worth noting that this fiber design could also improve the
response of fluorescence-based fiber probes since it allows maintaining a good portion of evanescent
field while drastically increasing the diameter of the core and thus the interaction area. We showed
through simulations that this design could theoretically lead to an increase in sensitivity of more than
three orders of magnitude. Once the fibers were fabricated, we investigated two methods to launch the
light properly in the ring since the topology of the fiber limits the usage of standard techniques. The first
one consisted of a butt-coupling of a MMF with the RCF. The second approach consisted of tapering
one end of the RCF. On the one hand, we demonstrated that with the coupling using MMF, a bigger
portion of the light was guided inside the core, compared to the direct focusing of the laser using small
magnification objectives. However, the coupling loss was quite large between the MMF and the RCF
(~15 dB) and between the RCF and the MMF (up to 4 dB). Due to this great loss, the sensitivity exhibited
in this configuration by both the RCF and SuC-PCF were limited. In addition, the large silica signal
originating from the MMF could overshadow the signal of the analyte in the lower wavenumber region.
On the other hand, tapering the RCF tremendously improved the coupling loss (2.5 dB) and avoided the
strong background signal from silica. The RCF coupling loss was measured to be in the same range as
the loss measured with a 3.5 um core SuC-PCF (0.9 dB). Unfortunately, the tapering, and thus the
relatively low loss coupling, requires an additional fabrication process. Using these two configurations,
we were able to compare the sensitivity of two RCFs (Dcore = 40 um and 89 um) with that of our best
SuC-PCF. Each time the non-optimized RCF provided a stronger SERS intensity than the SuC-PCF.
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This demonstrates that the novel fiber topology helped in increasing the sensitivity of fiber sensors.
Finally, based on the latest simulation, it is clear that to benefit from a three orders of magnitude
improvement thanks to the RCF design, some optimizations remain. We should either fabricate new
fibers with a thicker core and thus a smaller evanescent field or we should largely decrease the NPs
coverage density. In summary, in this chapter we showed that our new fiber topology improved the
sensitivity of SERS-based fiber sensors when the entire ring could be excited. We also showed that in
order to benefit from the larger EF, we needed to optimize the interplay between the ring parameters
and the NPs coverage density.
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Conclusion and perspectives
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Conclusion and perspectives

Most of the reported SERS studies mainly focus on achieving the highest sensitivity possible without
taking into consideration of the reproducibility, repeatability and practicability of the sensors. Here, we
wanted to design a SERS-active PCF sensor with improved sensitivity and reliability that could be used
rapidly and easily in a clinical environment. This resulted in additional constraints in the entire
fabrication process. For example, the holes need to be as large as possible to facilitate the incorporation
of liquid inside the fiber. It also has an impact on the length of the fiber, and on the technique used to
functionalize it. In this manuscript, we used two approaches subsequently. (i) We started by tuning the
features of an already reported fiber design (SUC-PCF) to improve its sensitivity and reliability. This
allowed us to understand further the complex interplay between the fiber parameters and the density of
NPs. (ii) Based on reported and experimental results, we fabricated a totally novel design of PCF. This
allowed us to overcome the antagonism that forbid increasing simultaneously the surface of interaction
and excitation light in SC-PCFs.

We saw in chapter Il that the studies realized so far were conducted with commercial or standard PCFs.
The primary goal of these fibers was not SERS sensing and thus, their parameters were not adapted for
this application. In chapter I11, we wanted to improve the sensitivity, reliability and practicability of the
PCF-based probes. Some parameters of the SuC-PCF allowed to improve simultaneously the three
aspects. For example, we showed that the core size could improve the sensitivity by tuning the amount
of light that would interact with the NPs and analyte molecules. We also demonstrated that the core size
had an impact on the sensor reliability, through the coupling efficiency. It was shown that an
intermediate core size allowed to benefit from the best compromise between sensitivity and coupling
reliability. In turn, this resulted in improving the practicability of the sensor since the impact of
misalignments was reduced. In other words, it facilitates the handling of the probe by optical fibers non-
specialists. We also improved the practicability of the sensor by increasing significantly the size of the
cladding holes. This facilitates the incorporation of liquid and thereby reduces the time required to fill
the fibers. The last parameter of the fiber that could have an impact on the SERS response is the length
of the fiber. In our case, we fixed the length of the fiber to 10 cm so that the SuC-PCFs could fit inside
a biopsy needle. Once the fiber length was fixed, it was possible to select the couple core size/NPs
coverage density to achieve the best sensitivity possible.

The optimizations were not limited to the fiber parameters. We demonstrated experimentally that
anchoring the NPs inside the fiber resulted in a better sensitivity for all SuC-PCFs at our disposal. In
addition, anchoring the NPs also improved the reliability of the sensor. In this configuration, the analyte
molecules and the NPs could no longer move freely inside the fiber, which improved the reproducibility
and repeatability of the sensors. Finally, it also improved the practicability of the sensor since it reduces
the number of actions that a clinician would have to do before readout. Compared to the injected
configuration, the clinician does not have to mix the body fluid with an NPs colloidal solution with the
anchored configuration. Here, it is worth reminding that the coverage density of anchored NPs has a
giant impact on the SERS response of the sensor. Hence, it needs to be carefully adjusted together with
the PCF core size to benefit from the best sensitivity.

These optimizations led to the fabrication of SuC-PCF sensors with ~41% improvement in sensitivity
(compared to injected configuration) and a record-breaking reproducibility and repeatability of 0.9%
and 4.6% respectively. Using our best SuC-PCF sensor, i.e. 3.5 pm core SuC-PCF, we were able to
detect Hp, a biomarker for ovarian cancer in clinical cyst fluids from patients. The high reliability of the
sensors allowed us to correlate the SERS intensity measured to various stages of cancer, yielding the
repeatable differentiation between benign, borderline and malignant cancer. The results of this proof-
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of-concept study were similar to clinical standards, which demonstrates the relevance of SERS-based
fiber sensors for clinical sensing.

Although these results were very promising, we wanted to improve further the sensitivity of the sensors.
This would allow detecting biomarkers at trace levels in body fluids in extremely small sample volumes.
This is of paramount importance to create sensors the less possible invasive. For that, we fabricated a
totally novel PCF design. The concept was quite simple: we wanted to increase the surface of interaction
between the excitation light and the analyte while maintaining a good portion of the evanescent field in
the cladding. In SuC-PCF, increasing the core size inevitably resulted in decreasing the amount of
evanescent field. Our RCF design allowed to overcome this limitation. By increasing the ring diameter,
we were able to significantly increase the interaction surface. In addition, tuning the thickness of the
ring resulted in increasing the amount of evanescent field. This new fiber topology can theoretically
improve the sensitivity by two to three orders of magnitude.

In addition to the previous requirements, such as large air channels in the cladding, the new RCF required
additional features so that the light should be preferably guided by the entire ring. For that, the ring
needs to be thicker than the struts holding it and its apices need to remain open in the final fiber. We
fabricated several fibers with various ring core diameters and thicknesses. Due to the dimensions of the
RCF, standard light coupling techniques could not be used to excite the ring properly. Thus, we
envisioned two approaches to overcome this limitation. On the one hand, butt-coupling a MMF to the
RCF was a fast and easy way to excite the entire core. This excitation technique is user-friendly since it
allows plug-and-play: we could imagine a Raman setup where the user would only have to plug
functionalized RCFs to the MMF using usual fiber connectors for the signal readout. However, this
technique suffers from large coupling losses that result in a relatively poor sensitivity. Moreover,
depending on the setup and the length of MMF needed, the strong silica signal could overshadow the
signal from the analyte. On the other hand, tapering the RCF decreases drastically the coupling loss and
allows for standard light coupling techniques. However, this technique is more tedious to realize
compared to butt-coupling. With these two techniques, we demonstrated that RCFs were two times more
sensitive than our best SUC-PCF sensor. This was true even if we had not yet optimized the parameters
of the RCFs and the coverage density of the anchored NPs. Therefore, we are confident that once they
are optimized, RCFs will exhibit the two to three orders of magnitude improve in sensitivity.

Before our fiber sensors can be used for disease detection, some work remains. Regarding SuC-PCF
probes, we plan to realize a large-scale clinical study to validate the results obtained in the initial proof-
of-concept study with Hp. In addition, this study would allow us to establish a cut-off SERS intensity
value above which the ovarian cyst should be considered malignant. The second perspective is the
improvement of the detection process. Indeed, the anchoring protocol of the target analyte needs to be
reversed so that the clinician would only have to withdraw the sample and present the pre-functionalized
and active fiber under the Raman microscope for readout. Subsequently, we could realize a prototype
of functionalized PCF-based biopsy needle specifically designed to detect Hp biomarker in ovarian cyst
fluid in an operating theater setting. Finally, the last perspective is to realize tapered SuC-PCFs. This is
not mandatory for the SUC-PCF probes to be used in clinical settings but it would allow having a
relatively large core (~3.5 pm) on the un-tapered side of the fiber to improve the coupling and a relatively
large evanescent field in the tapered region where the core is smaller to improve the sensing. Of course,
this would mean to adjust the NPs coverage density so that the SERS intensity is maximum in the tapered
region. In such configuration, SuC-PCFs would benefit from good coupling efficiency on the un-tapered
region and improved sensitivity in the tapered region.

Regarding the RCF probes, more work remains before they can be used routinely in a clinical setting.
First, we would like to repeat the experiment to compare the performance of tapered RCFs and
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SUC-PCFs to precisely quantify the improvement in SERS signal achieved using the un-optimized
RCFs. As shown with simulations, decreasing the coverage density from 30 particles/um? to
0.05 particles/um? would result in an improvement of three orders of magnitude in sensitivity. Hence,
we should modify the anchoring protocol to decrease the NPs coverage density anchored inside the
RCFs. Another solution could be to fabricate a new version of the fiber with a thicker core in order to
decrease the amount of evanescent field. The second aspect to improve is the tapering of the ring core.
We must find a way to reduce the fabrication time of the tapers. In addition, it is mandatory to improve
the shape of the core of the tapered region to facilitate the light coupling and decrease the injection loss.

Subsequently, we need to quantify the reliability of the tapered fiber. Indeed, we have to ascertain with
optical characterization and SERS experiments that the fabrication process of the tapered RCF is
repeatable. This would allow us to determine the reproducibility and repeatability of tapered RCFs. A
good approach to show the relevance of the new fiber design for SERS biosensing would be to detect a
biomarker, which is difficult to detect at small concentration in body fluids or due to other limitations
in the current approaches. For instance, rapid detection of exosomes using SERS in RCFs could
represent tremendous improvement in biosensing. As explained in the general introduction of this
manuscript, exosomes are vesicles produced by eukaryotic cells that contained information on the cell
type of origin. Exosomes from healthy cells are different from exosomes produced by cancerous cells,
for example. However, to this day, the detection and isolation of exosomes remain tedious. Succeeding
in detecting cancerous exosomes rapidly with our fiber probes could pave the way to novel fast and
sensitive liquid biopsy sensors. Finally, once all this optimization work will be done, we will have to
fabricate a fully functioning prototype of functionalized biopsy needle. It consists of immobilizing a
functionalized fiber inside a biopsy needle and measure the SERS signal. This would require realizing
a new fiber functionalization protocol to attach the fiber inside the needle and to modify the
measurement protocol. Indeed, since the fiber would be entirely inside the needle, the actual technique
of cleaving the fiber after having injected the analyte solution and prior to the measurement would not
be possible. In addition, a solution facilitating the handling of fiber by a clinician who is not familiar
with optical fiber is mandatory so that these probes could be used one day in a clinical setting. An ideal
solution could be that the clinician only needs to plug the needle to a connector and directly measure the
SERS response.

To conclude, this PhD allowed me to discover and to have a better understanding of SERS sensing with
optical fibers. More importantly, we reported the best reproducibility and repeatability of SERS sensors
after optimizing the parameters of a SuC-PCF and the NPs anchoring protocol. We also showed that the
fiber with the strongest evanescent field was not mandatory to realize the best SERS sensor. Finally, we
fabricated a totally new fiber design, specifically conceived for benefitting from the best features of
optical fibers for sensing. The preliminary results showed that the new design provides about twice
better sensitivity and this was achieved without optimizing the NPs anchoring protocol and the coverage
density inside the fiber. We envision that with some refinements this novel design could exhibit record-
breaking sensitivity. Finally, in a less scientific context, | consider myself very lucky to have had the
opportunity to work for half of my PhD in France and the other half in Singapore. It was a very rewarding
experience that allowed me to see different work conditions and different cultures, both inside and
outside the laboratory.
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SERS biosensors based on special optical fibers for clinical diagnosis

Despite important breakthroughs in biosensing, we are still in need of new sensors that would facilitate
the early detection of severe diseases such as cancer. Classical tissue biopsy remains the gold standard
in many cases. Although this approach has shown its potential, it remains invasive for the patients and
the detection techniques are either tedious or lack the sensitivity to detect the disease at an early stage.
Raman spectroscopy has demonstrated its interests for biosensing. Its ability to characterize the chemical
nature, structure and the orientation of an analyte makes it an ideal candidate. The sharp Raman peaks
of a molecule can be seen as a true fingerprint. Regrettably, Raman scattered signal is extremely weak.
This limitation was overcome by surface enhanced Raman spectroscopy (SERS), since it drastically
increases the Raman scattered signal while maintaining the sharp peak of the fingerprint spectrum of a
molecule. Unfortunately, most of the current SERS substrates are 2D nano-roughened metal surfaces or
colloidal nanoparticles, which lack the sensitivity and reliability in measurement with poor repeatability
and reproducibility in the data.

In the recent years, special optical fibers have been used as SERS platforms. They feature holes that run
along their entire length. These holes allow for the analyte to be incorporated inside the fiber. Thus, such
platform represents a promising alternative to planar substrates since the analyte and the excitation light
can interact for longer length inside the fibers. In addition, optical fibers are very flexible, compact and
allow for low-loss light guiding. Therefore, such fiber sensors exhibit the outstanding detection abilities
of SERS, the advantages of optical fibers and improved sensitivity and reliability. In this manuscript,
we aim to create a biosensing platform that could be routinely used in a clinical setting. For that, we
propose to optimize the features of an already reported fiber topology. This allows us to increase its
sensitivity while simultaneously improving its reliability and practicability. With this improved sensor,
for the first time, we could detect the biomarker for ovarian cancer in clinical cyst fluids, which allowed
us to differentiate the stage of the cancer. Subsequently, we propose a novel fiber topology, specifically
designed to further increase the sensitivity of SERS-based fiber probes. This is achieved by increasing
the surface of interaction compared to standard fiber sensors. For that, the core diameter is significantly
increased and the amount of light that interacts with the analyte is precisely controlled. We envision that
such functionalized fiber sensors could be incorporated inside a biopsy needle to create a two-in-one
sensor for body fluid collection and readout that can eventually overcome the limitations associated with
existing biopsy needle platforms, which demands for two-step sample collection and readout.
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Biocapteur SERS actif basé sur les fibres optiques spéciales pour le diagnostic médical

Malgré d'importantes percées dans le domaine de la biodétection, nous avons toujours besoin de
nouveaux capteurs qui faciliteraient la détection précoce de maladies graves comme le cancer. La
biopsie tissulaire classique reste la référence dans de nombreux cas. Bien que cette approche ait montré
son potentiel, elle reste invasive pour les patients et les techniques de détection sont fastidieuses ou
manquent de sensibilité pour détecter la maladie a un stade précoce. La spectroscopie Raman a démontré
son intérét pour la biodétection. Sa capacité a caractériser la nature chimique, la structure et I'orientation
d'un analyte, en fait un candidat idéal. Les pics Raman trés nets d'une molécule peuvent étre considerés
comme une Vvéritable empreinte digitale. Malheureusement, le signal Raman diffusé est extrémement
faible. Cette limitation a été surmontée par la spectroscopie Raman exaltée de surface (SERS), car elle
augmente considérablement le signal Raman diffusé tout en maintenant la largeur des pics du spectre
d'une molécule. Malheureusement, la plupart des substrats SERS actuels sont soit des surfaces
métalliques nano-rugueuses en 2D soit des nanoparticules colloidales, qui manquent de sensibilité et de
fiabilité dans les mesures avec une faible répétabilité et reproductibilité des données.

Ces derniéres années, des fibres optiques spéciales ont été utilisées comme plateformes SERS. Elles
comportent des trous qui s'étendent sur toute leur longueur. Ces trous permettent d'incorporer lI'analyte
a l'intérieur de la fibre. Ainsi, une telle plate-forme représente une alternative prometteuse aux substrats
plans puisque l'analyte et la lumiére d'excitation peuvent interagir sur une plus grande longueur a
I'intérieur des fibres. De plus, les fibres optiques sont trés flexibles, compactes, et permettent un guidage
de la lumiere a faible perte. Par conséquent, ces capteurs a fibres présentent a la fois les capacités de
détection exceptionnelles du SERS, les avantages des fibres optiques et une sensibilité et une fiabilité
améliorées. Dans ce manuscrit, nous visons a créer une plateforme de biodétection qui pourrait étre
utilisée dans un cadre clinique. Pour cela, nous proposons d'optimiser les caractéristiques d'une topologie
de fibre déja existante. Cela nous permet d'augmenter sa sensibilité tout en améliorant sa fiabilité et sa
facilit¢ d’utilisation. Grace a ce capteur amélioré, nous avons pu pour la premicre fois détecter le
biomarqueur du cancer de l'ovaire dans les fluides de kystes cliniques, ce qui nous a permis de
différencier le stade du cancer. Par la suite, nous proposons une nouvelle topologie de fibre,
spécifiqguement congue pour augmenter encore la sensibilité des sondes a fibre basées sur le SERS. Cette
amélioration est réalisée en augmentant la surface d'interaction par rapport aux sondes a fibre standard.
Pour cela, le diametre du noyau est considérablement augmenté et la quantité de lumiere qui interagit
avec l'analyte est contr6lée avec précision. Nous envisageons que de tels capteurs a fibres
fonctionnalisés puissent étre incorporés a l'intérieur d'une aiguille de biopsie afin de créer un capteur
deux-en-un pour la collecte et I’analyse de fluides corporels. Les limitations associées aux aiguilles de
biopsie actuelles, qui exigent une collecte et une analyse des échantillons en deux étapes, pourraient
ainsi étre surmontées.
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