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Abstract

Most surface-enhanced Raman spectroscopy (SERS)-active metal nanoparticles, are prone to
uncontrollable and random aggregation in solution phase, yielding unstable and unreproducible SERS
signals. For this reason, many efforts have been spent in engineering 2D or 3D substrates of assembled
nanoparticles, their miniaturization, and improvement in their sensitivity. Compared with other metal
nanostructures, AgNWs exhibit great potential in the fabrication of effective SERS substrates, due to
a number of characteristics including, among others, their high aspect ratio, high crystallinity and
large surface area, which hold the promise of reproducible and intense SERS signals. The above
properties make AgNWs a good candidate to produce reliable substrates able to move SERS toward
application in several sectors.

During my PhD work I examined the possibility to exploit the potential of AgNWs in the development
of effective SERS substrates. This thesis ranges from an optimization of the synthesis of AgNWs to
their engineering in the fabrication of an ideal SERS substrate, aimed at promoting this technique for
its routine use in real applications.

In the first two Chapters a general introduction of AgNWs is reported including main aspects on
morphology and their main applications (Chapter 1) as well as the most relevant synthesis strategies
proposed so far (Chapter 2). In Chapter 3 the experimental work I carried out to optimize the synthesis
of AgNWs through a polyol method and the definition of a reproducible synthesis protocol is
reported. In Chapter 4 the basic principles of SERS are discussed, especially with regard to the
plasmonic resonances related to these noble metal nanoparticles. Chapter 5 deals with additional
experimental work aimed at the development of effective SERS substrates based on AgNWs by cost-
effective, simple and reproducible strategies. Finally in the last Chapters two applications based on
SERS involving the use of the SERS substrates previously developed are discussed. In Chapter 6 a
multi-spotted AgNWs substrate was used for the drop-on and fast SERS identification of flavonoids
in chamomile, which is of interest as valuable alternative to traditional analytical methods. In Chapter
7 the AgNWs substrate was integrated into a skin-wearable SERS chip to monitor for the presence of
specific metabolites in sweat Finally, the main results of the work carried out in this PhD thesis are
summarized and the prospects for future work based on these results are commented on.



Chapter 1: Silver Nanowires, an overview

1. Introduction

A nanowire is a nanostructure with a diameter of the order of nanometre (10~ metres) and with a
length-to-width ratio (aspect ratio, AR) greater than 1000 or more. Alternatively, nanowires can be
defined as structures that have a thickness or diameter constrained to tens of nanometres or less and
an unconstrained length. As such they are often referred to as one-dimensional (1-D) materials. Many
different types of nanowires exist, including superconducting (e.g. YBCO), metallic (e.g. Ni, Pt, Au,
Ag), semiconducting (e.g. , InP, GaN) and insulating (e.g. SiOz, ). The topic of this thesis deals with
metallic nanowires, and specifically those made of silver (AgNWs). These types of nanowires show
peculiar properties that are not seen in bulk materials. This is because electrons in metallic nanowires
are confined laterally and thus occupy energy levels that are different from the traditional continuum
of energy levels or bands found in bulk materials. Over the last decade AgNWs have been widely
studied for their peculiar properties, making them an advanced material for several applications in
the life sciences, electronics and energy areas.!'''*! Their interest has rapidly grown in the scientific
literature reaching about half a million publications in 2019 (Figure 1).

Figure 1. AgNWs publications and citations per years from https://www.webofscience.com/

The potential of AgNWs has been exploited in the fabrication of novel materials useful in catalysis,
microelectronic devices, thin film solar cells and biosensors, due to their excellent electrical and
thermal conductivity, low surface resistance, high transparency, tunable optical properties and good
biocompatibility. In optical applications such as in surface-enhanced Raman spectroscopy (SERS),
which represents a main topic of this thesis, the plasmonic behaviour of AgNWs play a fundamental



role. Plasmonic nanoparticles are characterized by a coherent oscillation of conduction electrons as a
response to the stress of an external electromagnetic radiation. In Chapter 4 we will go into more
detail on plasmonic properties and SERS.

In the following sections, instead, we will provide a brief overview on the main structural features
and applications of AgNWs.

2. AgNWs morphology

The traditional definition of AgNWs is based on their characteristic size and shape. Concerning the
size, the diameter of a AgNW is usually in a range of 10-200 nm, and the length is typically in a
range of 5—100 um. Typical AR values of AgNW are greater than 10, while analogue nanowires with
smaller aspect ratios are defined as silver nanorods. AgNWs exhibit different cross-sectional
geometries, depending on whether they are composed of a single crystal or based on a multiply
twinned crystal.!'3], In general, they are monocrystalline, i.e. with the same crystal lattice extending
over the entire length of the structure, and containing five twin planes running parallel to its long axis.
The internal twin structure is a manifestation of the type of seed involved in the growth, as well as of
the growth pathway. At very small sizes, there is enough thermal energy for a nucleus to fluctuate
among different shapes and crystal structures. ['® The fluctuation will cease once the nucleus has
grown to reach a certain size, generating a minuscule structure commonly referred to as a seed. Within
a certain size range, twinned structures can be energetically more favourable than the monocrystalline
counterpart due to the requirement to minimize the total free energy. As a result, seeds with different
numbers of twin planes, including monocrystalline (no twin plane), singly twinned (one twin plane),
and multiply twinned (typically, five twin planes), can all be formed in the early stages of a colloidal
synthesis of noble metal nanoparticles. The exact populations of these different types of seeds are
determined by the experimental conditions, and, in particular, by the initial reaction rate involved in
the nucleation step. ']

Figure 2. Scheme of decahedral Ag seeds

Pentatwinned AgN'Ws are supposed to evolve from decahedral seeds whose surface is covered by 10
{111} facets and five twin boundaries (Figure 2). During growth, it is hypothesized that Ag atoms
are preferentially deposited onto the twin boundaries, followed by their diffusion to the {111} facets.
As a consequence, penta-twinned NWs contain five twin planes running parallel to the long axis,
while their side surface is covered by five {100} facets and their ends are capped by a pentagonal



pyramid consisting of five {111} planes and five twin boundaries. '*-%! The mechanism of growth
of AgNWs will be discussed in more detail in Chapter 2.

3. AgNWs: applications
3.1 Catalysis

Silver has been widely investigated as a cathode catalyst owing to its stable and high electrocatalytic
activity in different applications such as anion exchange membrane fuel cells (AEMFCs), hydroxide
exchange membrane flue cells (HEMFCs), in organic compound epoxidation and conversion of CO>
in CO. Zeng et al. demonstrated that unsupported AgNWs exhibit remarkable electrocatalytic activity
toward oxygen reduction reaction in a three-electrode cell. More significantly, the performance of
AgNWs as cathode catalyst is comparable to that of state-of-the-art AEMFCs with carbon-supported
Ag catalysts, offering a promising alternative to carbon-supported electrocatalysts in fuel cells and
metal-air batteries, in view of eliminating carbon supporting materials.?®! Alia and colleagues instead
demonstrated that AgN'Ws with small diameters are the pathway for development of oxygen reduction
catalysts for HEMFCs.?”! They also anticipated that the nanowire extended surface could reduce
catalyst degradation during sequential cycling, improving durability. Chimentao et al. studied the
cesium-promoted catalytic activity of AgNWs in the styrene epoxidation reaction.?®! Finally Maria
de Jesus Galvez-Vazqueza and colleagues tested a AgNW catalyst for the selective CO» reduction in
a gas diffusion electrode half-cell setup, enabling high mass transport conditions.*’!

3.2 Microelectronic devices

The excellent electrical conductivity of AgNWs has been mainly exploited in three applications of
microelectronics: transparent conductive films, conductive silver adhesives and nano-welding
technology.

3.2.1 Transparent conductive films

Transparent conductive films (TCFs) with high conductivity and high transparency are essential for
a wide variety of electronic devices. *%** Relevant examples of optoelectronic devices used in daily
life and that contain TCFs are: light-emitting diodes, solar cells, semiconductors, liquid crystal
displays and photodiodes. Indium tin oxide (ITO) [**37! is mostly used as TCF because of its superior
electrical and optical properties. However, ITO displays some drawbacks such as high brittleness and
poor adhesion to substrate materials, which fails to meet some fundamental requirements of flexible
and bendable electronic devices. AgNWs are considered to be one of the most valuable alternatives
to traditional ITO transparent electrode materials in flexible and bendable light-emitting diode (LED)
displays due to their excellent electro-optical properties, high mechanical flexibility and easy
fabrication. A AgNWs transparent conductive film is typically obtained by random assembly of
AgNWs in a network arrangement. 33-37#11n 2014, Langley et al. [**! analysed the physical properties
and potential integration of a AgNWs network in solar cells by testing different film deposition
techniques, indicating that the properties of the network are independent of the fabrication method.



The latter work demonstrated that AgNWs networks currently provide suitable electro-optical
properties to be incorporated into solar cells. Further advantages of using AgNWs in TCFs include
low deposition temperatures and variable haze of the resulting electrode.

3.2.2 Conductive adhesives

Conductive adhesives have been identified as an alternative of Pb-free leaded solders. However,
compared to metal solders, their conductivity is still low. Recently, Chen et al. ¢! found that the
addition of AgNWs to a conductive adhesive can increase its resistivity. However, using large-size
silver powder as the main filling material and adding a certain amount of AgNWs results in an overall
improvement in conductivity, by reducing the volume resistivity of the conductive adhesive. In
addition, thanks to their 1D morphology, AgNWs can act as fibers reinforcement within a matrix to
increase also its mechanical resistance. [7- 48!

3.2.3 Nanowelding technology

The nanowelding technology is employed in nanodevice fabrication. Many scientists performed
research aimed at joining nanowires to form nano-function devices, and based on exploiting both heat
input of fusion welding and cold welding without heat. [**°% In 2014, Giusti et al. °!! demonstrated
that thermal annealing is an effective method to reduce electrical resistance of transparent electrodes
made of randomly oriented AgNWs. The results showed that the optical transmission still maintained
high levels (above 85%) while the electrical resistance decreased by several orders of magnitude.

3.3 Solar Cells

Solar Cells (SCs) convert sunlight into electricity via the photovoltaic effect. Today, a wide variety
of solar cells have been developed, which are divided into first, second, and third generation SCs
(Figure 3). 52

The first-generation SCs, made of crystalline silicon, are considered as traditional solar cells
exhibiting considerable efficiencies, and are significantly demanded in the market. However, the high
production cost of crystalline silicon materials is limiting their wider use and alternatives are under
consideration in large-scale applications. [>31 A second generation of solar cells based on other
inorganic materials, such as cadmium telluride (CdTe)/cadmium indium gallium diselenide (CIGS),
have been developed. However, their practical applications are restricted by the toxicity and scarcity
of these materials, along with their high production costs.>* As an alternative, organic solar cells
(OSCs), dye-sensitized solar cells (DSSCs), and perovskite solar cells (PSCs) have been proposed,
which are considered as third-generation SCs. Among third generation SCs, OSCs received
significant attention due to their flexibility, low cost, and ease of fabrication,®*! which, combined
with their high efficiency, are significantly contributing to the commercialization of flexible organic
solar cells (FOSCs). In order to fabricate highly flexible, cost-effective, and highly efficient FOSCs,
AgNWs provide a highly advantageous option due to their excellent transparency and conductivity,
increased light-scattering properties, plasmonic effects, high flexibility, and high transmittance in the
near infrared (NIR) region. ¢



Solar Cells

1* Generation 2 Generation

Figure 3. Classification of the three generations of solar cells.[52]

3.4 Biosensors

AgNWs are being proposed for the fabrication of both electrochemical and optoelectronic biosensors
in healthcare 7], by taking advantage of their excellent electrical and surface plasmon resonance
properties, respectively. [ Furthermore, they have also been used as sensing material in
nonenzymatic electrochemical sensors®%%  and have been reported some examples of AgNWs
enzymatic biosensor applications for glucose!®*%°! and cholesterol!® . Concerning agri-food
applications, Coral et al. proposed AgNWs as electron transfer mediators in an electrochemical
biosensor, which showed excellent anti-interference characteristics toward the phenol content in
wines including vanillin, pyrogallol, quercetin and catechin. These results make AgNWs-based
biosensors promising for the sensitive, stable and rapid voltammetric detection of phenols in real
applications.[®”]  Additionally, Zhang et al. developed an innovative system to detect
organophosphorus pesticides using an acetylcholinesterase biosensor based on AgNWs.[68]

3.5 Surface-enhanced Raman spectroscopy

SERS applications have spread to many fields, including in the setup of effective optical plasmonic
sensors. 978 For example, SERS has been successfully exploited in the detection of biological
species "7""°1 chemical warfare agents, toxic industrial chemicals %2 pesticides 33-%¢] and food
additives "1 and in the fields of art preservation 8% and forensic science **°!1. Most SERS-active
metal nanoparticles, are prone to uncontrollable and random aggregation in solution phase, yielding
unstable and unreproducible SERS signals. For this reason many efforts have been spent in
engineering 2D or 3D substrates of assembled nanoparticles, their miniaturization, and improvement
in their sensitivity. Compared with other metal nanostructures, AgNWs exhibit great potential in the
fabrication of solid SERS substrates, °?! due to a number of characteristics including, among others,
their high AR, high crystallinity and large surface area, which hold the promise of reproducible and
intense SERS signals. **! Further advantages of using AgNWs as building block in the preparation
of reliable SERS-based substrates include scalability in their fabrication process as well as low costs,
large accessibility, eco-compatibility and biocompatibility of the reagents used in their synthesis. The
whole properties mentioned make AgNWs a good candidate to produce reliable SERS substrates,
able to move SERS toward application in several sectors.?*! In accordance with the above, this thesis
is devoted to AgN'Ws from their synthesis to engineering and fabrication of an ideal SERS substrate,
aimed at promoting SERS for its routine use in real-life applications.
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Chapter 2: Synthesis of AgNWs

1. Introduction

During the past thirty years researchers have proposed many fabrication methods to prepare AgNWs
that are mainly derived from the strategy employed to prepare quantum wires. Electrochemical
methods were employed in pioneering works, but the AgNWs synthesized in this way were not
uniform and obtained in low yields. As an evolution of first trials, hard template and soft template
methods have been developed in the past twenty years, their classification being based on the nature
of the template. The polyol method is a prominent example of soft template approach, and this
strategy has been widely used by most researchers. In this section, we will first briefly introduce the
hard template and soft template methods, and then describe the development of the polyol method.
In essence, the hard template method is more controllable, but the purification process is time-
consuming and complex. In contrast, the purification process in soft processes is very convenient, but
the morphology and the monodispersity of the products are difficult to control.

2. Hard template methods

The advantage of hard template methods is that the AgNWs prepared through this approach can be
synthesized in a well-controlled manner. Nanoporous membranes ') and carbon nanotubes ! are
typical examples of hard templates that are used to synthesize AgNWs.

Using a nanoporous membrane as a template, the AgNWs can be grown within the pores of the
membrane. AgNWs diameter can be varied by choosing membranes with pores of different sizes.
This method was first explored by the Martin’s group [!!, through the use of porous membranes to
prepare conductive polymers, metals, semiconductors and nanostructures with extraordinarily small
diameters. Thereafter, porous alumina, nanochannel glasses, mesoporous silica and porous
polycarbonate were extensively used to prepare metal nanostructures. By using these hard templates,
different metal nanostructures can be generated within the pores by either electrochemical or chemical
reduction of their ionic counterpart. The advantage of hard templates is that the as-fabricated AgNWs
can be highly ordered and show well-defined morphologies. However, complex procedures are
required for the subsequent removal of templates and relevant purification processes may damage
nanowires, especially those with high aspect ratios.

Carbon nanotubes provide an ideal host matrix for AgNWs, as was first demonstrated by Ajayan et
al. ¥l They filled carbon nanotubes with molten lead and thus utilized these materials as templates
for the fabrication of nanowires. Subsequently, Ugarte and co-workers [*! developed a new approach
to fill carbon nanotubes with AgNOs3, which is subsequently converted to metallic silver by irradiation
with an electron beam produced by an electron microscope, finally generating AgNWs, according to
the reaction: 2AgN0O; — 2Ag +2 NO, + 0,.

DNA has been recognized as an useful building material in nanotechnologies, due to its ability to
participate in supramolecular interactions and its unique structure. Braun et al. [ were the first to
prepare AgNWs by using DNA as a template. A key feature in this protocol is the attractive
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interactions between DNA template and silver cations, the latter being subsequently reduced in the
presence of the template with a reducing agent [ or via photoreduction ! to yield the desired
AgNWs. As is the case of other hard template methods, the subsequent removal of these templates is
challenging, and the yield of AgNWs is very low. In general, hard template methods are not scalable,
which limits their industrial applicability.

3. Soft template methods

In order to overcome the shortcomings of hard template methods, researchers have focused their
efforts on strategies that rely on soft templates, such as various kinds of surfactants, micelles, and
different polymers. A key feature of many of these soft templates is that they can dissolve in solution.
Since most soft template methods are conducted in solution phase, these strategies may have excellent
potential for application in industry. Surfactants were initially chosen as preferred soft templates for
the synthesis of AgNWs. For example, cetyltrimethylammonium bromide (CTAB) has been
extensively studied in the last decade, and it was first used as capping agent in the synthesis of many
inorganic nanorods and nanowires. Nonetheless, this strategy can be employed for the fabrication of
AgNWs, as has been demonstrated by Murphy et al. I’} which used rod-shaped micelles of CTAB as
templates. Surfactants, micelles or polymers are adsorbed onto the growing metal crystals and
kinetically control the growth rate through their adsorption and desorption from the crystal surface.
The capping agent along with the nanospherical side-products can be then isolated from the targeted
AgNWs by centrifugation. Different polymers that are soluble in solution have also been used as
capping agents, serving as soft templates. For example, polyvinyl alcohol !, polyethylene oxide 1%,
and hydrophilic blockcopolymers '] have been used as soft templates for the synthesis of AgNWs.
However, the products synthesized by these methods are frequently affected by low yields, irregular
morphologies, polycrystallinity, and low aspect ratios, which may limit their application on an
industrial scale. Among soft template methods, the polyol method is currently considered the most
successful and will be discussed in detail in the following sections.

4. Mechanism of AgNWs growth by the polyol method

The characteristic growth mechanism of AgNW formed via the polyol method is depicted in Figure
1 and can be summarized as follows. Elemental silver atoms are obtained from the reduction of
AgNO:s, then, once the concentration of silver atoms has reached a supersaturation value, they start
to undergo nucleation of silver seeds and eventually grow into nanoparticles. Both twinned and
single-crystal seeds of silver are formed through homogeneous nucleation. The twinned seeds are the
most abundant morphology because of their relatively low surface energies [*°1. In order to avoid
uncontrolled aggregation of twinned seeds (in view of a regular growth of AgNWs), they are typically
stabilized according to three strategies. Firstly, the use of polyvinylpyrrolidone (PVP) in the reaction
can serve to cap and stabilize seeds by physical adsorption on their surfaces. Secondly, the addition
of chloride ions in the form of added halide salt to the reaction mixture can provide electrostatic
stabilization for the seeds. Thirdly, a controlled reduction rate can also prevent the seeds from
undergoing aggregation. As the seeds are refluxed, larger nanoparticles are formed at the expense of
smaller ones via a process known as Ostwald ripening ?®!. The majority of larger silver particles can
be directed (by the capping agent) to grow into nanorods. These nanorods can continuously grow into
nanowires by the assistance of PVP. In general, the approach used in the addition of the reagents, i.e.
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by a syringe pump or one-pot, can affect AgNWs growth. The one-pot synthesis of AgNWs involves
three stages of reaction [?7!: initially AgCl nanocubes are formed as heterogeneous nuclei at 100°C,
which then evolve into multiply twinned particles, finally leading to the formation of AgNWs. On
the other hand, according to the syringe pump approach (Figure 1), initially formed Ag nuclei
(composed of few Ag atoms) evolve in multiply twinned particles, then forming AgNWs. In general,
regardless of the approach used (one-pot or syringe pump), a deeper understanding of the growth
mechanism of AgNWs is still required to truly achieve high control levels over their final shape and,
accordingly, of their optical properties.

AgNO; * @, Nucleation | g o o Growth O
[ I ] [] . — - 8 ._ .
e ‘ * ? ik process .. * e e ® process »
Ag(0) seeds

Figure 1 Schematic depiction of the growth mechanism of AGNWs via the polyol method and according to the syringe
pump approach

4.1. Nucleation, the role of multi twinned particles

Multiply twinned particles (MTPs) have been shown to represent the initial seeds of nanowires in the
polyol method by many researchers. Xia and coworkers demonstrated that MTPs have a decahedral
shape prior to the appearance of silver nanorods in the reaction mixture (28], In particular, the twin
boundaries of the MTP outwardly extend in a fivefold symmetry, consisting of ten {111} facets. The
twin boundary has the highest energy on the surface of MTPs, which causes silver atoms to be drawn
to these boundaries during the Ostwald ripening process. Therefore, the silver atoms selectively
undergo crystallization at the twin boundaries, causing the MTP to become elongated along a single
axis to yield one-dimensional nanostructures such as nanorods and nanowires. As a consequence, in
addition to the {111} facets at their ends as originally present on the MTPs, these elongated one-
dimensional structures also bear five {100} facets along their sides. Xia and coworkers 2! also
verified that the twin planes cannot become distorted during the growth process, providing a certain
degree of confinement of the structure.

4.2. AgNWs growth, the role of PVP

As mentioned in the previous section, nanorods or nanowires that are grown from MTPs bear {111}
facets at their ends and {100} facets on their sides. Although the MTPs from which the nanowires
would eventually grow bear {111} facets, {100} are then formed during the course of the reaction.
In fact results from Xia et al. [?®! revealed that the interactions between PVP and the {100} facets are
much stronger than those with {111} facets. As a consequence of the selective binding by PVP to the
{100} facets, these facets become covered by PVP, thus preventing silver atoms from undergoing
nucleation at these sites. Therefore, the remaining sites available for crystal growth are at the {111}
facets, in such a way that any additional growth continues from the ends in a one-dimensional
geometry. These two factors explain the reason why the twin particles can grow into nanowires under
the assistance of PVP. The mechanism of AgNW growth that was proposed by Xia et al. 28! is shown
in Figure 2.
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Figure 2. Sketch of the mechanism of AgNWs formation according to Xia et al. [28]

5. Polyol method: synthetic strategies

The polyol method has been the most successful route to produce AgNWs of high quality on a large
scale. There are several different synthetic strategies for producing AgNWs by the polyol method but
all of them are similar in terms of type of employed reagents. The polyol fulfils a dual role, as both a
solvent and reducing agent, while AgNOs provides the silver ions, The typical polyol AgNWs
synthesis starts by heating the reactants mixture leading to the reduction of the metal salt by the
polyol. During this reaction PVP is used both as a capping agent and to prevent the aggregation of
silver nanoparticles. The Xia’s group ?! was the first to apply the polyol process ['* to synthesize
AgNWs, employing ethylene glycol as polyol working as reducing agent and solvent !4l. The degree
of polymerization of PVP and the molar ratio between the repeat units of PVP and AgNOs3 are
important factors influencing the synthesis of uniform AgNWs. A disadvantage of this process is that
the injection rate of AgNO3 and PVP needs to be very accurately controlled, and thus it may be
difficult to carry out it on a large scale. The presence of chloride anions (initially added to the reaction
mixture) facilitate AgNWs growth for two reasons: 1) they stabilize silver seed particles by
electrostatic interactions; 2) they prevent the accumulation of undesirable and high concentrations of
free Ag(I) ions and seeds by forming poorly soluble AgCl salts, thus regulating the reagent
concentrations. Although researchers have modified various details of this procedure, two
fundamental factors were found to be essential for the production of AgNWs in high yields. First,
specific actions must be carried out to prevent the reaction pool from becoming rapidly supersaturated
by Ag seeds 131, Second, other cautions are needed to prevent oxidative etching from occurring on
the silver surfaces. In general, by tuning reagent concentrations, temperature and reaction time, it is
possible to generate AgNWs of various sizes. In the following we will discuss in detail the factors
that influence size, shape and monodispersity of AgNWs .

5.1 Reaction temperature and time

Several researchers have demonstrated that the reducing power increases with temperature, and this
effect is due to the temperature-dependent oxidation of ethylene glycol to glycolaldehyde, i.e. the
actual reducing agent. Therefore, the temperature of the reaction is a crucial factor influencing the
sizes of AgNWs. Traditionally, most polyol reactions performed during the early years of AgNWs
synthesis were conducted at 160 °C, and the reaction time was usually 1 h.['*l Too low reaction
temperature values do not provide sufficient energy to activate the specific facets required for the
anisotropic growth of nanowires, whereas, when the reaction is conducted at too high temperature
values the final product mainly consists of very short AgNWs. Based on the principle that the
reducing power of ethylene glycol increases with temperature, Wiley et al. %! conducted a series of

16



experiments at various temperatures above 160 °C, finding that by performing the reaction at lower
temperatures yields longer AgNWs, albeit with larger diameters. Concerning the diameter of AgNWs,
several findings on the influence of temperature have leaded to the conclusion that temperature is not
the only parameter that influences the diameter of the final product, while multiple factors may be at
work in this case.

5.2 PVP/AgNQO3 molar ratio

PVP is currently the most convenient polymer available for use as a capping agent in the synthesis of
AgNWs. The effectiveness of PVP has been attributed to its nitrogen and oxygen atoms, which can
allow this polymer to become adsorbed onto the surfaces of Ag seeds. It plays an important role in
determining the morphology of AgNWs that is influenced by both the degree of polymerization and
the molar ratio between PVP and AgNOs. For example, the use of PVP molecules with longer chain
yields AgNWs with higher aspect ratios. Ye and coworkers 7! conducted a series of control
experiments using mixtures of PVP with various chain lengths. The authors found that the use of a
mixture of long chain PVP with short PVP molecules provides an efficient strategy for reducing the
diameters of AgNWs. On the other hand, tuning the molar ratio of PVP to AgNOs3 can influence the
morphology of AgNWs in a different way. Just to give an example a work of Coskun el al. is here
briefly discussed .[*’ In Figure 3, we can see the SEM images of the nanowires synthesized by using
PVP/AgNO3 molar ratios of 3:1, 4.5:1, 6:1, 7.5:1, 9:1, and 11:1 (a-f in the Figure, respectively).

When the PVP/AgNO3 molar ratio is 3:1 or 4.5:1,
the passivation of {100} faces of multitwinned
particles is insufficient and Ag nanostructure
growth occurs on both {I11} and {100} facets.
Under these conditions, AgNWs synthesized at low
PVP/AgNOs; molar ratios may show large
diameters. Moreover, the multitwin particles that
could not grow into nanowires agglomerate and
form large amounts of micrometer-sized Ag
particles. As the PVP/AgNO3 molar ratio increases,
the diameter of the nanowires decreases gradually.
On the other hand, on increasing the PVP/AgNO;
molar ratio, the formation of micrometer-sized Ag
particles is observed, as shown in Figures 3e-f. This
can be attributed to excess PVP molecules covering
all surfaces of Ag nanoparticles, including the ones
that must be left active. The excess of PVP
molecules is also responsible for blocking the
anisotropic growth of Ag nanowires. Optimum
PVP/ AgNO3 molar ratio is then determined as 7.5:1, Figure 3. SEM images of AgNWs synthesized at different

as inferred from Figure 3d. Under these conditions, PVP/AgNOs molar ratios of (a) 3:1, (b) 4.5:1, (c) 6:1, (d)
7.5:1, (e) 9:1, and (f) 11:1. [29]

only {100} faces of multitwinned particles are
passivated, and a longitudinal growth along the [110]
direction becomes favourable.
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The concentration of AgNOj3 is another important parameter determining the morphology of AgNWs.
Zhan et al. '8 investigated the effect of the concentration of AgNO3 on the morphology of the final
AgNWs. Similarly, Huang et al. ! examined the effect of altering the concentration of AgNO3 on
the aspect ratios of the resulting AgNWs. The author kept the amount of PVP constant; thus, when
the concentration of AgNO3 was increased, the PVP/AgNO3 ratio decreased. Based on the above
considerations, we can see that the concentration of AgNOs is closely related to the concentration of
PVP. Overall, there are two approaches to study the influence of the concentration of AgNO3, one is
to keep the amount of PVP constant, while the other is to keep constant the PVP/AgNO3 molar ratio.
The former approach has been widely followed, while the latter has received less attention so far.

5.3 Role of chloride ions

The presence of chloride ions is another important factor that can determine the final morphology
adopted by silver nanostructures. The absence of chloride ions can lead to irregular particles in the
final product, while the presence of trace amounts of chloride anions has a dramatic effect on the
morphologies of both nuclei and products. Xia et al. >4 were the first to observe this phenomenon,
and explained that the chloride ions can coordinate to silver nuclei, thereby stabilizing them against
aggregation, facilitating nanoparticle growth. Furthermore, an abundance of chloride ions is useful to
reduce the concentration of free silver cations in solution by forming AgCl. Consequently, the
chloride anions fulfil a similar role as would otherwise be achieved by the use of a syringe pump for
controlled reagent delivery by regulating the amount of free silver cations present during the early
stages of Ag seeds formation. The formation of AgCl thus prevents the accumulation of an excess of
silver cations and seeds, and ensures a gradual release of silver cations during the subsequent stages
of nanostructure growth. Coskun el al. examined different concentration values of chloride in the
reaction in an extensive range, using NaCl salt as chloride precursor.”’! SEM images of the Ag
structures synthesized via the polyol process with NaCl amounts of 0, 8.5, 12, 17.1, 25.6, and 85.5
uM are shown in Figure 4 (a-f in the Figure, respectwely) F1gure 4a shows a SEM image of Ag
nanoparticles synthesized without the addition of - ;

NaCl. The absence of CI" ions in the solution results
in the formation of only Ag nanoparticles without
nanowires. This result may arise from fast
reduction of Ag” ions to Ag® atoms since Ag is only
present in ionic form in the reaction. On the other
hand, addition of NaCl leads to the presence of Ag
as AgCl, slowing down the reduction of Ag". These
slow reaction conditions enable Ag nanoparticles
to grow as multitwin particles, which would then
grow in the form of nanowires (as shown in Figures
4c,d). On the other hand, further increase in NaCl
amounts triggers the formation of micrometer-
sized Ag particles, as shown in Figures 4d,e which
is attributed to the saturation of CI" in the growth
solution. Hence, the reaction rate slows down,

leading to the formation of AgCl particles without Figur 4 SEM images of the polyol process products produced
any nanowires. with different NaCl amounts of (a) O, (b) 8.5, (c) 12, (d) 17.1,
(e) 25.6, and (f) 85.5 uM. [29]
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5.4 Reactants flow rate control

The method used in the addition of the reagents is a further important factor that determines the final
morphology of the products. According to a one-pot synthesis scheme, the reactants are added and
mixed together at room temperature before the reaction reaches an elevated temperature. In this case
the addition of chloride ions is necessary, otherwise silver atoms will aggregate, generating
amorphous particles as final products. The method is easily scalable, but suffers from a lower
morphological control of the final product.

A different possibility is to inject some main reagents of the synthesis during the reaction at a
controlled rate (in some cases just AgNOs3, in other cases both AgNO; and PVP). Generally, the
addition of these reagents is conducted by a syringe pump once the temperature reached a certain
level. The advantage of this method is that the morphology of the final product can be controlled by
the speed employed. Nonetheless it is worth mentioning that the use of syringe pump may represent
a limit in view of the large-scale production of AgNWs.

6. Conclusions

Part of the work of this thesis (see Chapter 3) was devoted to optimize the polyol synthesis of AgNWs
according to the protocol proposed by Xia as mentioned above. We introduced suitable modifications,
which were aimed at obtaining a high yield of AgNWs (i.e. a low number of by-products
nanoparticles) with high monodispersity.
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Chapter 3: Optimization of large-scale
polyol synthesis of AgNWs

1. Introduction

Silver nanowires are typically prepared by the so-called polyol synthesis in which silver nitrate
(AgNO3) is dissolved in ethylene glycol in the presence of polyvinylpyrrolidone (PVP) as stabilizing
agent and a chloride (CI') ions.!™ This synthetic procedure allows tuning AgNWs thickness and AR
and is considered rather simple and cost-effective. The final product, however, is always a mixture
of nanowires and nanoparticles of different size and shape. These by-products are detrimental for
AgNWs-based applications and the as-prepared AgNWs are therefore usually subjected to several
cycles of purification, which increases their cost and production time.!*® To minimize by-products,
it is important to clarify the mechanism of nanowire formation. So far, this task has been extremely
challenging, as the nucleation and growth of AgNWs is influenced by a wide range of factors,
including reaction temperature and time,® injection rate of AgNOs, *® concentration of halide. In this
chapter I’ll discuss the optimization of a reaction protocol found in literature’ which has been
modified in order to have a controlled large-scale production of AgNWs. The optimization concerned
physical parameters of the reaction (reaction temperature and time, injection rate and seeding time)
while the stoichiometry wasn’t varied. Before going into more detail, it is worth mentioning the
importance of two chemical aspects to consider when dealing with AgNWs synthesis and that were
previously scarcely taken into account in determining a successful reaction: the purity of silver
chloride (AgCl) and the use of anhydrous ethylene glycol (EG), as discussed below.

Our set-up of reaction (Figure 1) consists in a thermostatic bath in which a flask (250mL) containing
EG (80mL) is placed. EG is heated until a temperature >160°C and, once a stable temperature is
reached, AgCl is added to the flask. EG starts to reduce silver and in turn seeds are formed. After few
minutes the solutions of AgNO3 and PVP dissolved in EG are injected by using a syringe pump to
finely control injection rate (Figure 2). After pouring the reaction into acetone, AgNWs start to
precipitate (Figure 3) and, after 12h, the supernatant is removed. Finally, we disperse the precipitate
in isopropanol.

As mentioned before, EG can influence the reaction mechanism: it is an organic compound with
(CH20H); formula, it is an odourless, colourless, sweet-tasting, viscous liquid. It is commonly used
as solvent thanks to its rather high boiling point (197.3°C), it is soluble in most of the organic solvents
and shows a very high affinity with water. In the synthesis of AgNWs it is not only used as a solvent
but also acts as a reducing agent. In a typical polyol synthesis, AgNWs are obtained by reducing
AgNO3 with EG according to the reactions:

CH>OH-CH,OH & CH3CHO + H,0 (1)
2Ag" + 2CH5CHO S 2A¢° + CHsCOCOCH; + 2H* )

As we can see EG isn’t the real reducing agent because at high temperature it is in equilibrium with
glycolaldehyde, which reduces Ag" generating metallic silver and 2,3 butanedione. Just considering
the chemistry of this reaction, three points prove critical and important to take into consideration. The
first concerns temperature that should be set at a value >160°C to guarantee a full conversion of EG
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to glycolaldehyde. The second deals with the presence of water; in fact, according to (1), H.O water
is another product of EG conversion in such a way that its high concentration in the environment
moves the equilibrium toward the reagent, in turn decreasing the formation of glycolaldehyde. The
third point concerns the last product (2,3 butanedione), which, at the reaction temperature (~160°C)
is found in gaseous state. In this case the equilibrium is influenced by conducting the reaction in a
close or open system. Specifically, upon removing the gaseous product we succeed in moving the
equilibrium toward the product, the latter expedient representing the driving force of the whole
reaction. Accordingly, we decided to use anhydrous EG to promote the formation of glycolaldehyde
and a light air flux to remove 2,3 butanedione vapours.

As mentioned above, another important aspect is the purity of AgCl, which is used in the first step as
silver precursor to form the silver seeds that will grow into wires during the reaction. It consists of a
white crystalline solid, it is well known for its low solubility in water and light sensitivity. Upon
illumination or heating, silver chloride converts to Ag® (and chlorine), which is signalled by grey to
a black or purplish coloration of the reaction solution. Therefore, it is crucial to take into consideration
the photosensitivity of this compound: for this reason, all operations should be done without exposing
the compound to light. Anyway, even with all the necessary precautions, the reagent can be
considered altered after a short period of storage. To overcome this limit, it is recommended to use
freshly prepared AgClL.

Figure 2 AgNWs reaction mix before purification Figure 3 Purification of AgNWs with acetone

23



2. Optimization of the reaction
In order to design a profitable optimization of AgNW synthesis, a number of steps were considered:

SELECTION OF THE INITIAL PARAMETERS AND RESPONSE
SELECTION OF THE EXPERIMENTAL DOMAIN
SCREENING EXPERIMENTS
DISCARD UNIMPORTANT FACTORS
SELECTION OF THE STRATEGY
a. SEQUENTIAL DESIGN (sequential univariate experiment)
b. SIMULTANEOUS DESIGN (simultaneous multivariate combined experiment)

AN e

The selection of the initial factors was done in accordance with the literature and the reaction
mechanism. In this step it is important to consider all the variables that can influence the product
quality. At the same time, it is also important to assess the quality of the product by a measurable
output. For what concerns the synthesis, the parameters considered were: temperature, seeding time,
rate of reagent injection and reaction time after injection. As measurable response, the UV-visible
extinction of the isopropanol suspension was selected.

The experimental domain consists of the range of values within which each factor can be varied. In
our case temperature (T) was varied from 160°C to 185°C; seeding time (ST) from 3 min to 10 min;
injection rate (IR) from 0.1 mL/min to 2 mL/min and reaction time after injection (RT) from 0 to 60
min.

After that, 8 screening experiments (SEs) were identified as specified below:

Table 1 Parameters of screening experiments

T ST IR RT

SE1 | 160°C | 5 min 1 mL/min 30 min
SE2 | 185°C | 5 min 1 mL/min 30 min
SE3 | 160°C | 3 min 1 mL/min 30 min
SE4 | 160°C [ 10 min | 1 mL/min 30 min
SE5 | 160°C | 5 min 0.1 mL/min | 30 min
SE6 | 160°C | 5 min 2 mL/min 30 min
SE7 | 160°C | 5 min 1 mL/min 0 min

SE8 | 160°C | 5 min 1 mL/min 60 min

The results showed that by varying the temperature, different length distributions of AgNWs and
optical profiles are obtained, and by varying the injection rate, AGNWs length keeps constant while
their optical properties change. On the other hand, by increasing the reaction time after the injection,
we didn’t observe any change in the quality of the product: as a consequence, we discarded the last
factor, which was set at 0 min, and examined the variation produced by the others in the experimental
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domain. Provided that the remaining factors are just three and assuming that they are independent,
we choose to perform a further set of experiments according to a sequential design. That is, for each
factor, four values were selected and, for each experiment (E), we varied 1 parameter at time keeping
constant the remaining others as done in the screening experiments.

Table 2 Parameters of the second set of experiments parameters

T ST IR
E1 (SE1) | 160°C | 5 min 1 mL/min
E2 170°C | 5 min 1 mL/min
E3 180°C | 5 min 1 mL/min

E4 (SE2) | 185°C | 5 min 1 mL/min
E5 (SE3) | 160°C | 3 min 1 mL/min
E6 160°C | 8 min 1 mL/min
E7 (SE4) | 160°C | 10 min | 1 mL/min
E8 (SE5) | 160°C | 5 min 0.1 mL/min
E9 160°C | 5 min 0.5 mL/min
E10 (SE6) | 160°C | 5 min 2 mL/min

The results of these experiments are summarized in the section below.

3. Results and discussion

UV-visible spectroscopy was used to analyse the synthesized AgNWs in accordance with the different
experiments, in order to gain information on their shape. Figure 4 shows a typical UV-vis spectrum
of the AgNWs in ethanol solution as found in literature.!”) The spectrum exhibits a band centered at
388 nm with a shoulder at 354 nm. Both of these features can be ascribed to main plasmonic modes
of AgN'Ws with a pentagonal cross-section, basically in accordance with simulated data by Kottmann
et al.l!!]
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Figure 4. Exemplary UV-vis extinction spectrum of AgNWs.[10]
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Apart from UV-vis analysis, SEM images were collected to characterize the morphology of the
obtained products and finally the best combination of experimental parameters was determined.
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Figure 5. UV-Vis spectra of the experiments E1-10. (E1: temp 160°C, seeding time 5 min, injection rate 1 mL/min; E2:
temp 170°C, seeding time 5 min, injection rate 1 mL/min; E3: temp 180°C, seeding time 5 min, injection rate 1 mL/min;
E4: temp 185°C, seeding time 5 min, injection rate 1 mL/min; E5: temp 160°C, seeding time 3 min, injection rate 1
mL/min; E6: temp 160°C, seeding time 8 min, injection rate 1 mL/min; E7: temp 160°C, seeding time 10 min, injection
rate 1 mL/min; E8: temp 160°C, seeding time 5 min, injection rate 0.1 mL/min; E9: temp 160°C, seeding time 3 min,
injection rate 0.5 mL/min; E10: temp 160°C, seeding time 3 min, injection rate 2 mL/min.
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Figure 6. SEM analysis of the experiments E1-10. (E1: temp 160°C, seeding time 5 min, injection rate 1 mL/min; E2: temp
170°C, seeding time 5 min, injection rate 1 mL/min; E3: temp 180°C, seeding time 5 min, injection rate 1 mL/min; E4:
temp 185°C, seeding time 5 min, injection rate 1 mL/min; E5: temp 160°C, seeding time 3 min, injection rate 1 mL/min;
E6: temp 160°C, seeding time 8 min, injection rate 1 mL/min; E7: temp 160°C, seeding time 10 min, injection rate 1
mlL/min; E8: temp 160°C, seeding time 5 min, injection rate 0.1 mL/min; E9: temp 160°C, seeding time 3 min, injection
rate 0.5 mL/min; E10: temp 160°C, seeding time 3 min, injection rate 2 mL/min.)
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OPTIMIZED REACTION
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Figure 7. a) UV-Vis spectrum of the optimized synthesis according to the optimal parameters identified in experiments E1-10;
b) SEM image of AgNWs synthesized according to the optimized synthesis; c) diagram of length distribution; d) diagram of
cross section diameter distribution. Lengths and diameters evaluations were derived from SEM images (as the one reported in
panel (b)) by considering a total of n=100 nanowires.

On the basis of optical and morphological data reported above, the following optimal conditions for
the reaction were identified: temperature 170°C, seeding time 3 min; rate of injection 0.5 mL/min
(reaction time after injection 0 min). Specifically, the optimal conditions were selected according to
the presence of the characteristic plasmonic modes of AgNWs within the UV-vis spectrum, and of a
a reduced amount of by-products along with a high AgNWs monodispersity as derived from SEM
analysis and also confirmed by the absence of substantial absorbance contributions in the red-near
infrared region of the UV-vis spectrum. Finally, we carried out the synthesis at the optimal conditions
above identified and characterized the product by UV-vis and SEM analyses (Figure 7). The
optimized protocol provides uniform AgNWs with 5£1 pm length and 48+10 nm diameter.
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4. Experimental section
4.1 Materials

EG anhydrous (Carlo Erba); PVP, (MW 4000; Sigma-Aldrich); AgNOs3;, AgCl (Cabro S.p.A);
isopropanol and ethanol (IPA 99,5%, EA >99,8%; Sigma-Aldrich).

4.2 Optimized Synthesis

Briefly, 80 mL of EG was heated and thermally stabilized at 170 °C in a flask. Once the temperature
has stabilized, 112.5 mg of AgCl was added to the flask. Meanwhile, 495 mg of AgNOs and 3 g of
PVP were dissolved in 10 mL of EG each. The PVP and AgNOs solutions were poured into two 10
mL syringes, which were placed in a syringe pump. Three minutes after the addition of AgCl, the
slow injection of the two reagents was started with an injection rate of 0.5 mL/min. The reaction
proceeded until the injection was finished. Afterward, the flask was cooled in an ice bath. The
suspension was poured in 600 mL of acetone to leave AgNWs to spontaneously settle down
overnight. Supernatant was removed and AgNWs were re-dispersed in isopropyl alcohol.

4.3 Characterization

AgNWs were characterized by SEM (Zeiss, EVO MA 10, Jena, Germany) and UV-Vis spectroscopy
(PerkinElmer Lambda 35 UV/Vis, Norwalk, CT). UV-visible extinction spectra were taken at room
temperature on using a quartz cuvette with a 1-cm optical path. All the solutions were 30-fold diluted
with isopropylic alcohol before spectra collection. The concentration of the as-obtained AgNWs
suspension was finally determined as 1 mg/L by gravimetric determination.
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Chapter 4: Plasmon resonance of noble
metal nanostructures and SERS

1. Introduction

Noble metals like gold, silver copper and aluminium have peculiar optical properties related to the
presence of free conduction electrons. Free electrons move in a background of approximatively fixed
positive ions. This free-electron motion generates a plasma called free-electron plasma or simply
plasmon.[!! The optical properties of metals are strongly characterized by the optical response of the
free-electron plasma, especially in the visible region of the spectrum. An electron oscillation induces
a polarization that macroscopically can be described by the dielectric function, considered as the
response of the material to an incident electromagnetic (EM) field. A general model for the optical
response of free-electron plasma requires considering the correlation between the electrons and the
periodic structure of the ions, the presence of impurities or, the phonons, that are collective ions
vibrations in lattice described through a quantum mechanical approach.

In this context, the Drude model is a simply way to describe the dielectric function e(®w) of metal
under the perturbation of an external electromagnetic (EM) field with frequency . It assumes that
the microscopic behaviour of electrons in a solid may be treated classically and behaves much like a
pinball machine, with a sea of constantly jittering electrons bouncing and re-bouncing off heavier and
relatively immobile positive ions. The interaction between the EM field and the electronic state is
then described as a classic damped harmonic oscillator, in which the dissipation coefficient y takes
into account the interaction of the electronic cloud with the field.

The dielectric function g(w) is related to the plasma frequency @, by the following equation (1):

e(w) = &4 (1 _ % ) Ay = 2mc/wy, (1)

w?+iyw

In which &= 1s the background dielectric function (considered as a constant, £x>1), 4, is the
wavelength corresponding to @y, and c is the light speed constant.

The expression (1) can be split in real and imaginary parts:

Re(e(w)) = €w (1 - w;f]yZ) (2)
Im(e() = (-222L) G)

The two relations can be described as the polarizability and the energy dissipation terms, respectively.
Considering that ¥ is small in comparison with w, the plasma frequency under the Drude model, can

be obtained from the condition Re (s(a)p)) ~ 0. Therefore, for wavelengths longer than A, that

mean o < w,, we have Re (e(wp)) < 0. At the same time, the absorption, characterized by
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Im (e(a)p)) is also small in this region if w is not too small. Together these two conditions

Re (e(wp)) < 0 and small Im (e(a)p)), make possible the plasmon resonances.

2. Plasmon resonance

To understand how the real and imaginary parts of the dielectric function predicted by the Drude
model are correlated to the plasmon resonance, we can consider the problem of a small metallic sphere
interacting with an electromagnetic field. If the radius a of the sphere is much smaller than the incident
wavelength A (i.e. a/ A < 0.1, condition verified for particle of nanometric size and incident light in
the visible range), the magnitude of the electric field appears static around the nanoparticles [>*! and
the problem can be solved within the Maxwell’s equation using a quasi-static approximation,
considering the sphere immerse in a medium of relative dielectric constant &,.

Electric field

Electron cloud

Figure 1: Schematic diagrams illustrating a localized surface plasmon

The electric field £}, inside the sphere can then written as a function of the incident field £y through
the relation: 4!

3em

Epp =———E 4)

o g(w)+2ey

The condition in which the denominator is close to zero (e(w) = -2eun) for metals coincide to have
small absorption (Im(e(w)) = 0 and Re(e(w)) = -2en). For the wavelengths that meet these conditions
the optical response (the absorption and the scattering) is then very large and the frequency is called
resonance frequency. For these frequencies, also, takes place the local surface plasmon resonance
(LSPR) responsible of SERS effect. Then, the LSPR can be rigorously defined as a coherent
oscillation of the surface conduction electrons excited by electromagnetic radiation that are
established when the frequency of light photons matches the natural frequency of surface electrons
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oscillating against the restoring force of positive nuclei (Figure 1). The optical response of metal
spherical nanoparticles can be calculated theoretically through the Mie theory. [3-6]

Rele(w)]
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O Li (lithium)

. - —CO— Pd (palladium)

~ — Pt (platinum)

Im[e(w)]

200 400 600 800 1000 1200
Wavelength [nm]

Figure 2: Overview of the optical properties of a selection of metals in the (extended) visible range. The real (top) and
imaginary (bottom) parts of ¢ are plotted against wavelength (from Ref 7)

A simply way for measuring the LSPR energy is considering the extinction spectrum, that is, the
composition of the absorbed and elastic light scattered by the particle, and that can be calculated
with the following relation: (7]

247t2Na3813\,,/2 Re(e(1))
Aln(10)  |(Re(s(D)+ken) +(Im(s(1))2

E) = ()

Here, the particle of radius a is represented as a number N of finite polarizable elements,
characterized by a dielectric function €(4) = Re(e(4)) + i Im(e(4)) and immersed in a medium
of dielectric function &,,. The geometrical factor k takes in account the different possible
geometries. It takes a value of 2 for spherical particles, but can increase for particles with higher
aspect ratio.[®!

Therefore, a similar effect to the LSPR for spherical particles exist for other geometries but with
different denominators for relations (4) and (5) and as consequence, different resonance conditions:

33



optical resonance for small metallic particles are strongly linked to the geometry and not only an
intrinsic property of materials.

Resuming, the good conditions to obtain plasmonic effect by a metal nanostructure are Re(¢€)
negative (—20 < Re(¢) < —1) and small Im(¢) in the range of wavelength of interest (typically
the visible and near infrared). These conditions are satisfied by several metals in the visible region
(see Figure 2). Some practical considerations can be added to the theoretical ones, taking into
account the availability, the ease of fabrication and manipulation, the toxicity, etc., of the materials
used.

Rele(x)]

Im{s(3)]

I . | . L
400 600 800

Wavelength (nm)

Figure 3: The real (a) and the imaginary (b) part of the dielectric function &(4) for gold and silver in the visible range,
from 300 to 900 nm (reported by ref. [9]).

Under this point of view, gold and silver represent the best solutions and they are the most useful
metals for SERS applications. Both Au and Ag, in fact, have a very similar electronic density, since
the real parts of their dielectric functions are not too far from each other in the visible range (Figure
3). The imaginary part of the dielectric function of Au, instead, feels the additional contribute from
the electronic transitions in its electronic band structure in addiction to that from the free electrons.
This contribution gives rise to a higher absorption of gold with respect to the silver for A < 600 nm.
The “double hump” structure visible in the imaginary part in figure 3b, peaked at 400 nm comes from
the so-called inter-band electronic transitions.!'"]

In Figure 3, also is possible to note that for A > 600 nm, the imaginary part of €(A) for both Ag and
Au become completely comparable.

3. Local Field Enhancement

Metal nanoparticles can enhance the local electromagnetic field by orders of magnitude. For spherical
nanoparticles the superposition of the induced dipole and the external field give rise to a larger local
field in characteristic points on the surface called Aotspots that are found along the diameters and are
oriented in the direction of the external field. If the incident wavelength satisfies the resonance
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condition, a molecule in the hotspot will experience an intensity boosted by a local field intensity
enhancement factor (LFIEF). The order of magnitude of the LFIEF is related to the size and shape of
the nanostructure that influence the plasma oscillation properties. For a spherical nanostructure,
increasing the size the LSPR position will shift to a higher resonance wavelength (the so-called
redshift); at the same time, an increased size will cause a stronger damping that result as an increased
radiation losses, a broadening of the resonance, associated therefore to a decrease of the LFIEF. [1%]
Another effect of the increase of the size is a shift from the condition of small size limit in which the
quasi-static approximation is valid (the condition a/A < 0.1 mentioned earlier) and the appearance of
“new” resonance related to the activation of multipolar (or higher order) resonances that usually
couple the light with less efficiency with respect to the dipolar ones, but that can be important in some

cases. [10-17]

As the size, also the shape of the nanostructures can influence the plasmon resonance. Unlike what
happens for high symmetric shapes as spheres or cylinders, the break of the symmetry can provide
more than one resonance and a complicated distribution of the enhanced fields. Finally, resonances
depend not only on the shape but also on the orientation with respect to the field, highlighting the
dependence of the LFIEF on the polarization direction.

4. Surface Enhanced Raman Scattering

Raman spectroscopy and electromagnetic and chemical enhancement effects represent the main
ingredients for a description of the fundamentals of the surface-enhanced Raman scattering effect.

The Raman effect (standard or surface-enhanced) is a two-photon scattering process in which the
interaction between the light and matter provides information on the vibrational transitions. When an
incident light is scattered by a molecule, most photons are diffused with the same energy of the
incident ones (elastic scattering). However, a small fraction of light (approximately 1 in 107 photons)
is scattered at energies different from, and usually lower than, the incident light energy. The energy
shift between incident and scattered light, reported in frequency, is typically called as Raman shift
and provide information on the vibrational properties of matter, allowing for the identification of
unknown species using visible light, non invasively and using small amounts of sample.
Unfortunately, Raman spectroscopy has limitations related to very low probability of inelastic
scattering (Raman cross-section) with respect other optical effect (such as absorption or
fluorescence), giving rise to low detectable signals.

Surface-enhanced Raman scattering represents a way to solve the problem of weak Raman signals,
exploiting the optical properties of noble metal nanoparticles. It exploits the high localized field
enhancement typical of the metal nanostructures under the resonant condition, for enhancing the
Raman signal scattered by the molecules adsorbed or in proximity of the metal structures. The gain
of intensity obtained thanks to the SERS with respect to the standard Raman signal is typically called
Enhancement Factor (EF).

As for standard Raman spectroscopy, where the re-radiated intensity is proportional to the laser power
density incident on the sample and to the Raman cross-section of the molecule, in SERS the intensity
of a given vibrational mode of the sample is proportional to laser incident light and the normal Raman
cross-section, increased by the enhancement factor. This EF should be quantified practically, under
appropriate conditions, as the ratio between the signal in presence of SERS enhancement and the light
scattered intensities acquired under non-SERS condition for the same sample (eq. 6).
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EF =~ Isers/IRaman (6)

The origin of the EF in literature is associated to two main multiplicative terms that contribute in a
different way to the total value 32, The smallest is the chemical enhancement factor. It is
responsible of one or two order of magnitude of enhancement and is related to charge-transfer
mechanisms between the analyte and the metal. (2% The chemical enhancement is not object of this
thesis, then we will focus the attention mainly on the Electromagnetic enhancement (EM). It is the
major contribute to the EF and is estimated between 8 and 10 order of magnitude. 1?22>34371 The EM
enhancement is related to the coupling between the incident field and the Raman scattered field with
the localized surface plasmon resonance of the SERS substrate. The electromagnetic contribution of
the SERS can be separated in two gain factors, one for the incident radiation (e.g. enhance of the local
excitation field) and one for the re-emitted Raman radiation (e.g. amplification of the scattering).
Being correlated to the high localized field enhancement from the LSPR, both these factors decrease
drastically increasing the distance from the surface, so the best results are obtained for molecules in
close proximity (within = 20 nm) or directly adsorbed on the surface. [*338-47]

The SERS process is related to the Raman emission by an analyte adsorbed on the nanostructures and
the realization of the resonant conditions for the metal nanostructure. These issues strongly
characterize the list of parameters that can influence the SERS EF. Best enhancement performances
will be obtained, then, with an accurate selection of:

. the excitation source, especially for wavelength and incident polarization direction;

. the detection configuration, pay attention to the scattering geometry and to the polarized or
un-polarized detection;

. the SERS-active substrates, in particular for geometry (size and shape) and the resulting
optical properties (LSPR), with respect to the incident beam direction and polarization;

. the properties of the analytes, considering their Raman polarizability and intrinsic Raman
cross-section. Equally attention needs the concentration of the analyte and how it links to the SERS
substrate (surface coverage, distance and orientation).

Since many of these aspects can affect the enhancement (or, sometimes, are unknown), usually the
EF is calculated, where it’s possible, comparing the SERS intensities with the signals obtained in the
identical configuration but in a SERS inactive condition, as reported early in eq 6.

5. The |E|* approximation to SERS Enhancement Factor

As mentioned earlier, the electromagnetic enhancement factor is the main contribution to the final
SERS signal intensity. It can be described using the simply model composed by the molecules of
analyte, Raman actives, located in proximity (or adsorbed) to noble metal nanostructures. The
incoming laser beam, characterized by an electric field Ey(w;) and a frequency o tuned to the
plasmon resonance frequency, will excite the plasmons of the nanostructures, giving rise in the Aot
spot region to a local field E,.(w;) enhanced of a factor T, (w;) Ey:

Eipc(wy) = Texc(wy) Ey (7
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The increased local field will act as a higher incident laser power and will excite the emission of
Raman radiation Eggman(wg) by the analyte. But these molecules are place in proximity of the hot
spots, so also the Raman emission will be amplified of a factor I}.,4(wg) . Then, the final SERS
emission should be written as:

Esprs(wg) = lrqa(Wr) Ergman (8)

Hence, the Raman process benefits from both excitation and emission enhancement that leads to a
total EF of the form:

EF =TZ.(wy) X [a(wg) )

Deducing both the gain terms of relation, the Enhancement Factor EF of eq (6) can be considered as
the ratio between the intensities of the SERS and the normal Raman signals:

2 2

~

Epc(wL) 4

Eo(wL)

Esgrs(wR)
ERaman(WR)

Eppc(wr)

ISERS
EF ~ =
Eo(wL)

IRaman

(10)

where we consider the approximation I'(or) = I'(wr), since (o) = (wr), valid in the typical Raman
measurements since the frequency differences between the incident and the re-emitted light are small.

The relation is the simplest way to describe the SERS EF and is usually known as |E|* approximation.
Moreover, this approach includes a series of implicit approximations related to ignoring: 1) the
influence of the local field polarization with respect to the incoming and the scattered fields, 2)
eventually frequency dependence of the excitation or remission amplification factor, 3) the Raman
contribution, that mediate the emission process. All these issues are usually known as “aspects behind
the |E[* model”, and are subject of discussion in the literature [ !-17],
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Chapter 5: Fabrication of AgNWs-based
SERS substrates

1. Introduction

Plasmonic substrates for SERS require abiding by a number of key needs in order to find effective
application in basic research. These primarily include enough sensitivity and high reproducibility,
which nowadays have been mostly implemented in a large variety of SERS substrates as a result of
the recent great advances in nanofabrication techniques.!'*! However additional aspects shall be
considered when dealing with daily life applications. These include low production costs, fabrication
methods suitable for high volume manufacturing, reduced training times and skills needed for their
routine usage, integration potential with portable Raman systems for on-site applications, simple
reusage or disposable characteristics and quick processing of a variety of samples.*7!

The above considerations hold particular significance when life science and healthcare applications
of SERS are concerned,’®”! whose primary conditions are high-throughput, multisample and
inexpensive analyses at reduced costs.l!!!] According to this picture, in the last decade a great deal
of efforts has been exerted in the development of functional SERS substrates obtained by simple, low
cost, rapid and scalable fabrication methods, such as micropipetting, screen- and ink-jet printing, and
filtration of colloidal solutions of plasmonic nanoparticles.[!>16]

Concerning biomolecule detection, previous tests at the laboratory level have been mainly based on
adding a biomolecule solution to a dispersion of noble metal colloidal nanoparticles. By adding
aggregating agents or imparting the particle with suitable surface charge, the formation of
interparticle gaps enclosing adsorbed molecules is induced.l'”!® Upon excitation with appropriate
light, the Raman signal of an adsorbed species in the gaps is amplified to such an extent to provide
characteristic fingerprint information. In this case, the formation of particle clusters with highly
divergent size causes scarce reproducibility with large signal variability,!'®-?? which remains a main
obstacle of this approach. Alternative strategies have been recently aimed at obtaining more
consistent and dependable SERS responses from biomolecules. Relevant examples are the SERS
detection of proteins adsorbed at specific sites on the surface of nanocrystals showing highly localized
electromagnetic fields®*! or by gathering molecules in spatial proximity to SERS hotspots generated
at the junctions among optically-aggregated plasmonic nanoparticles.**! Despite significant
advancements, the above efforts remain of limited applicability in light of a forthcoming sustainable
production and commercial exploitation. Nowadays, growing expectations are being set towards
more reliable SERS substrates specifically created for practical detection of molecules of biomedical
significance to be used close to or at the point-of-need settings.!*>?%! Nonetheless, their effective
realization remains largely underexplored.

In this chapter I’ll discuss two works published during the PhD and dealing with the fabrication of
two different SERS substrates based on a AgNWs network on a solid support. The two substrates
(AgNWs@PTFE and AgNWs@G-paper) were fabricated using different techniques, supporting
materials and AgNWs. However, the final result satisfies the criteria to have a SERS-active layer of
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self-assembled AgNWs, which are randomly distributed creating a network with a considerable
number of intersections, working as effective SERS hotspots.

The AgNWs@PTFE substrate was obtained filtering a AgNWs suspension through a microporous
politetrafluoroetilene (PTFE) membrane (0.45 um pore size) followed by laser patterning. This study
was performed during the first year of thesis activity as a parallel activity to synthesis optimization.
Here the presence of by-products, which are commonly found in a non-optimized synthesis,
represented a negligible problem because during AgNWs filtration, the smallest nanoparticles
(smaller than the pore size of the PTFE membrane) pass through the membrane, in such a way that
almost only AgNWs are deposited on the substrate. We may note that in the optimized synthesis the
minimization of by-products in the final AgNWs batch has been successfully addressed (see Chapter
3 for details), which overcomes the necessity of a post-fabrication filtration. Accordingly, in the
second substrate (AgNWs@G-paper) the preparation of 2D plasmonic substrates was performed by
spraying AgNWs, which were fabricated by the optimized fabrication protocol.

2. AgNWs@PTFE SERS substrate

We demonstrate the possibility to take advantage of rapid, inexpensive fabrication techniques to
produce disposable SERS substrates that can be integrated with a simple spot-on analysis specifically
adapted for reliable detection and characterization of molecules of biomedical interest. Precisely, by
combining the self-assembly of filtered AgNWs and control over their cluster density with the laser
ablation removal of predetermined areas from the SERS-active layer, ordered and spatially confined
plasmonic spots accommodating a high concentration of molecules are obtained. This novel design
approach, which integrates the strengths of bottom-up and top-down strategies, promotes synergic
effects conferring efficiency to the system in such a way to overcome the capabilities of existing
label-free SERS methods for biomolecule detection.

2.1 Results and Discussion

A primary obstacle toward setting up a SERS assay for biomolecule detection is represented by their
low Raman cross-section, which is less than 10-° cm? per molecule.?”! This value is well below that
of a standard SERS probe such as rhodamine 6G, in both resonant (10%> ¢cm?) and nonresonant (1072’
cm?) conditions.!*®) Moreover, biomolecules in their own biological environments are found in highly
diluted (micromolar and below) concentration.*”! Thus, in order to capture enough SERS signal from
the biomolecule content of a biological sample, increasing the local molecular density at SERS-
sensitive sites*®*!l or using structures with sharp nanoscaled protrusions or tips featuring intense E-
fields!*>33! are amongst the most convenient approaches. Here, we tried to capitalize on both these
aspects aimed at assuring as well the fundamental prerequisites of SERS substrates for widespread
use. AgNWs, thanks to their large surface area and possibility to easily manipulate and arrange them
in 2D or 3D assemblies, adequately meet all the above requirements.®343°]

We employed a revised polyol process to produce ~1.5 um-long, 80 nm-thick PVP-capped AgNWs.
These particles show characteristics LSPR bands at 349 nm and 380 nm.*®) The AgNWs were
assembled on commercial filter membranes via a simple flow-through method (as described in
Chapter 3), which appears as a convenient tool for rapid realization of SERS-active substrates by
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using low-cost equipment available in a standard laboratory setting. Our choice of membrane type
was aimed at favouring the molecule-metal surface interaction in order to capture the signal from the
highest number of biomolecules in the sample. Thus, a disposable hydrophobic PTFE filter membrane
(25 mm diameter x 80 pum thickness, 0.45 um pore size) was selected to serve this purpose: it shows
a water contact angle > 90° that optimally satisfy the requirements shown by a hydrophobic surface
to driving molecules toward sensitive areas overcoming the diffusion limit.*”**! Upon passing the
colloidal AgNWs solution through the membrane, a 12.5 mm-wide deposition of wires intertwined
on the top of the PTFE surface is formed (Figure 1, step 1). In an attempt to optimize the SERS signal
we varied the number of AgNWs loaded on the surface of the membrane by subsequent dilutions of
the particle dispersion. Tests of the response at different density of the AgNWs on the PTFE surface
were carried out on myoglobin (Mb, My = 16.7 kDa), a 3.5 nm in size common cardiac protein
biomarker frequently taken as model biomolecule in Raman studies.*”) We were able to detect intense
SERS signals from 5 pL single drops of a 1x10® M aqueous solution of Mb deposited on the surface
of the substrate and left dry (Figure 2a).

plain laser-patterned
AgNW solution AgNWs@PTFE AgNWs@PTFE
L2 flow-through laser
+ PTFE filtration ablation
J membrane ——> —lp
STEP 1 STEP 2

Figure 1. Scheme of the bottom-up/top-down fabrication process for preparing the SERS substrates. Initially
an alcoholic solution of AgNWs is filtered through a PTFE filter membrane (STEP 1). Afterwards, laser ablation
is used for patterning the substrate (STEP 2).

a) M M

Intensity / a.u.
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Figure 2. (a) SERS spectra (fex = 532 nm) of Mb (1 x10° M) on AgNWs@PTFE substrates at
different surface density values of AGNWs: from top to bottom, 0.4, 0.2, 0.1, 0.04, 0.02, 0.01,
0.004, 0 (pure PTFE) ug/mm?. At low AgNW density values (<0.02 ug/mm?) PTFE peaks at 734
cm™ and 1382 cm™ appear close to Mb peaks at 755 cm™ and 1372 cm™. AFM images of
AgNWs@PTFE substrates at 0.1 ug/mm? (b) and 0.4 ug/mm? (c) AgNW density.
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An abrupt increase of protein signals was observed by halving twice the initial AgNW surface density,
i.e. 0.4 ug/mm? down to final 0.1 pg/mm?. Conversely, after further dilution of deposited AgNWs,
the protein signals progressively lose intensity before completely disappearing at values below 0.01
ng/mm?, where PTFE signals start prevailing. On increasing the number of nanowires, increased
SERS intensity values are expected due to a larger number of hotspots in the focal volume mainly
originated from wire extremities and contact points.[*”! The above statement holds true from 0.004
pg/mm? until the optimal 0.1 pg/mm? of AgNWs, the latter corresponding to isolated or randomly
clustered nanowires over the membrane (Figure 2b) with an estimated particle density of about
25x10% AgNWs/mm?.

Beyond this optimal value, the SERS signal intensity decreases, reaching minimal values at 0.4
pg/mm?. In the case of a high surface density of wires, two main causes influence the drop in Raman
signal. First, a 3D arrangement of nanowires becomes apparent (Figure 2c) and the substrate
experiences a change in its wettability abandoning the typical hydrophobic behaviour of PTFE. As a
consequence, while a higher hotspot density per unit volume should produce higher SERS signals,
protein molecules spread over a larger Ag surface, causing a lowered SERS response. Additionally,

internal hotspots are shielded by more exposed nanostructures and might not contribute to the final
SERS signal.!

Further insight into the SERS response of the AgNWs@PTFE substrate was obtained by a theoretical
simulation of the E-field distribution. The largest E-field value was found at the junctions between
AgNWs and quantified as |E|/|Eo| ~5.3 within a volume at the interface between two crossed AgNWs
(Figures 3a,b). By careful inspection of AFM topographies, we may note that this configuration is
experienced by at least 80% of the wires. Other less common configurations include isolated and
bundled AgNWs laying on the PTFE surface. We estimated an |[E|/|Eo| ~3.5 in a volume in-between a
single wire and the PTFE surface, which is justified by a LSPR coupling with the dielectric substrate
(Figure 3c),[*! being optimal at the extremities of the wire (Figure 3d). When bundled AgNWs on
PTFE are considered (Figure 3¢), the hotspot generated along the intersection prevails (Figure 3f),
resulting in |E|/|Eo| ~4.5 In summary, the SERS intensity follows the order:

Icrossed > Ibundle@PTFE > Iisolated@PTFE > Itip.

This result reveals a localization of the strongest fields at interstitials between AgNWs. These have
been previously indicated as mainly responsible of the SERS activity of AgNW assemblies showing
a SERS enhancement surpassing that of the isolated counterpart due to a strong plasmon coupling
effect.[*?] At the same time, the influence of the supporting material in altering the E-field distribution
is brought to light, resulting in asymmetric localized plasmons confined at nanoparticle/dielectric
gap.!*3 Although the larger space available for molecular adsorption and detection provided by the
hotspots within bundled AgNWs and at the AgNWs/PTFE junctions with respect to those inside
crossed AgNWs, the prevalence of the latter in the AgNW assemblies suggests that it will largely
govern the Raman enhancement. In spite of the large E-field confinement as observed on a nanometer
scale, this doesn’t affect the reproducibility in the SERS signals of the AgNWs@PTFE substrates as
a consequence of averaging the different hotspot responses within each acquisition laser spot.
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Figure 3. FEM simulations of the E-field intensity in-between two crossed AgGNWs in air (a); in the
proximity of an AgGNW laying on a PTFE surface (c); within two bundled AgNWs laying on a PTFE
surface (e). The configurations providing maximum E-field intensities are visualized. 2D sections of
(a), (c) and (e) calculated at the junction between nanowires (b) or nearby the ends of the nanowires
(arrows in (c,e)) are also reported.

As a second step toward the realization of SERS substrates for practical and rapid analytical testing,
we devoted our further efforts in tailoring the SERS substrates in the form of spot arrays. The use of
spots at constant surface area confining a sample drop there accommodated is primarily attracting
because of the possibility to standardize the sample deposition and to perfect the reproducibility. Our
choice of using laser ablation to pattern the AGNWs@PTFE substrate was mainly motivated by: 1) a
rapid and accurate texturing procedure and 2) the absence of additives needed as occurs in screen- or
in ink jet-printing of nanomaterials. The latter require suitable organic media and stabilizing agents
in adjusted amounts to sustain enough viscosity for uniform printing and to prevent edge-leakage or
nozzles blockage, respectively.['>**] Instead laser patterning promises a contaminant-free procedure
that discards anomalous peaks from interfering in SERS spectra. Laser ablation is already being
implemented in many industrial applications requiring engraving, cutting or cleaning such as
microstructuring and drilling of electronic components, 3D-writing on glass, plastic and ceramic,
removal of surface coating, etc..***") Spots of a predefined diameter with in the 1 +2 mm range were
initially obtained (Figure 1, step 2; Figure 4) and their attitude towards influencing the evaporation
behaviour of drying water drops was evaluated (Figure 5). Different deposition and evaporation
profiles were observed upon dropping a 5 pl water amount on the top of plain and patterned
AgNWs@PTFE substrates tuned at the optimal AgNW density (i.e. 0.1 ug/mm?). By adjusting the
AgNW spot size to approach the diameter of the drop contact area on plain AgNWs@PTFE substrates
(i.e. 2 mm in the case of 5 uLL water drop), an increase of the contact angle from 100° to 118° of the
as-deposited drop was observed (Figure 5a) and explained by a confinement of the drop within the
surrounding PTFE hydrophobic barrier with consequent suppression of drop spreading. In this case
the drop keeps an almost constant contact area even after complete evaporation to the opposite of
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what occurs in the case of pure PTFE and plain AgNWs@PTFE (Figure 5b). Concurrently the contact
angle of the drying drop on the spot decreases regularly while occasional pinning with an irregular
drop collapse characterizes plain AgNWs@PTFE substrates (Figure 5a)
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Figure 4. (a) Optical image of a laser-patterned AgNWs@PTFE substrate. (b) SEM image of a
laser-patterned AgNWs@PTFE substrate centred on a single spot.
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Figure 5. Contact angle (a) and diameter (b) values of a 5-ul water drop placed on pure PTFE
(black line), plain AgNWs@PTFE substrate (red line) or a single spot of laser-patterned
AgNWs@PTFE substrate (green line) at different times during drop drying at room temperature.
Corresponding contact angle images of 5 uL water drops soon after deposition on pure PTFE, and
on plain and spotted AgNWs@PTFE substrates are reported on the right. The AgNW density of the
AgNWs@PTFE substrates was fixed at 0.1 ug/mm?.
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Importantly different evaporation pathways are responsible for determining different distributions of
the drop content, once evaporated. Specifically smaller contact angle values usually lead to larger
deposition areas with lower and uneven molecular densities usually affected by “coffee-ring”
deposits.[*8] Conversely, when the liquid sample forms a high contact angle, the molecules are forced
to gather within small areas upon evaporation and the deposition becomes more homogeneous.*’!
Thus, starting contact angles as much as possible approaching the high-end values of pure PTFE as
occurring in the case of the laser-patterned AgNWs@PTFE appear preferred to achieve reliable SERS
measurements. The attempt to reduce the spot diameter below 2 mm at unvaried sample volume failed
to further improve the SERS signal (not shown). In fact in this case the liquid overflows the spot
edges and molecular deposits form in the peripheral PTFE area around the spot.

To investigate the benefits of confining sample drops within well-defined spots, we compared a SERS
map of a protein deposition from a single plasmonic spot of the laser-patterned substrate with that
obtained from the area occupied by a protein deposition in the case of a plain AgNWs@PTFE
substrate (at the same 0.1 pg/mm? AgNW density). Compared to the latter where a coffee-ring
distribution of deposited protein is apparent, in the laser-patterned substrate the molecules appear
homogeneously covering the AgNWs spot area, with minimal fluctuations and maximal relative
standard deviation (RSD) values not exceeding 10% (Figures 6a,b). We note that this scenario is lost
when a twofold AgNW density spot is considered suffering from uneven signal distribution, which
confirms again our initial observations (Figure 2) on the nanoparticle density of choice. A uniform
molecular distribution is also beneficial to maximizing molecule/hotspot interactions leading to SERS
spectra showing higher intensity values on average than in the case of the plain substrate (Figure 6¢)
and with enough signal down to submicromolar concentration values of protein.
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Figure 6. SERS maps (Aex = 532 nm, 450 points, 150 um step size) over a 5-ul drop deposition of
Mb (1x10° M) on a single spot of a laser-patterned (a) or on a plain (b) AgNWs@PTFE substrate
and resulting average spectra (c). The 1372 cm™ (v4) band of Mb was considered for mapping. The
RSD values referred to this peak are <10% and >15% for the laser-patterned AGNWs@PTFE and
the plain AgNWs@PTFE substrates, respectively. The AgGNW density of AgNWs@PTFE substrates
was fixed at 0.1 ug/mm?’.
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A quantitative estimate of the signal amplification provided by the laser-patterned AgNWs@PTFE
substrates at the optimal Ag density was obtained by calculating the SERS enhancement factor EF.
By considering the 1086 cm™! peak from the SERS spectrum of 4-methylbenzenethiol (MBT), a
common SERS probe forming self-assembled monolayers (SAM) on silver, and the 1372 cm™! peak
from the SERS spectrum of Mb, EF values of 1 x10° (MBT) and 6 x10° (Mb), and 3 x10° (MBT) and
9 x10° (Mb), were obtained at Aex = 532 and Aex = 785 nm, respectively, which overcomes the
enhancement capabilities of recently proposed SERS methods for biomolecule detection.!?3243%]

Once clarified fundamental aspects regarding nanowire density and geometry to improve the signal
gain of AgNWs@PTFE substrates, we tested them for practical and rapid analysis of biomolecules.
The possibility to vary the excitation conditions throughout the visible-NIR range is of particular
significance for both structural investigations and detection of biomolecules. For example, the heme
group of Mb will mainly govern the SERS spectrum when operating in resonance conditions at 532
nm (Figures 2,6) while signals belonging to the peptide backbone and amino acid side chains are
revealed when a 785 nm is used (Figure 7a). In general, longer excitation wavelengths are usually
preferred for Raman-based diagnostics to avoid the superposition of heme bands as well as
background fluorescence usually affecting many biological samples when operating at excitation
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Figure 7. SERS spectra of Mb (a) and catalase (b) at 1x10° M under Aex = 532 nm (blue) and Ao
=785 nm (red) deposited on laser-patterned AgNWs@PTFE. SERS spectra (green) of BSA (c) and
APszoligomer (d) at 1 <105 M under Jex = 785 nm deposited on laser-patterned AgNWs@PTFE.
Raman spectra (orange) of 1 <10 M BSA and Ap42 oligomer are also shown as reference.
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The flexibility of the spotted AgNWs@PTFE substrate is here further demonstrated by SERS
detection of larger proteins, specifically the hemoprotein catalase (Mw = 250 kDa) and bovine serum
albumin (BSA, My = 68 kDa), whose SERS identification previously proved not trivial at low
concentration values,”!>¥ mainly because of their large molecular size leading to a variable nano-
bio interface.’*¢! Sharp bands were obtained for both proteins. The SERS spectrum of catalase
(Figures 7b) under out-of-resonance conditions (at Aex = 785 nm) is less affected by the high cross-
section bands of the heme group as similarly noted for Mb, revealing modes ascribed to aminoacid
residues. In the case of BSA (Figure 7¢), characteristic vibrations of aromatic aminoacids at 838/855
cm™! (Tyr), 880 cm™ (Trp), 1003/1027 cm™ (Phe) and 1601 cm™ (Phe, Tyr) as well as to the peptide
backbone and aliphatic residues at 1270 cm™! (Amide III), 1445 cm™ (CH,, CH; deformations) and
1651 cm (Amide I) are visible in the Raman spectrum and accordingly identified in the SERS
spectrum. We finally performed a SERS characterization on amyloid aggregates, which show a
marked heterogeneity and metastability complicating their structural analysis by standard structural
biology techniques,°”) as well as by spectroscopic methods, including plasmon-enhanced
spectroscopies.*®%% Figure 7d shows the on-spot SERS spectrum obtained by drop deposition on a
AgNWs@PTFE substrate of B-amyloid peptide APs2 oligomers, which are associated with
Alzheimer’s disease (AD) and a well recognised biomarker of the cerebrospinal fluid of AD patients.
Here, strong peaks emerge in the SERS spectrum: 940 cm™! (vemz), 1003 and 1030 cm™ (Phe), 1049
cm™! (ven), 1454 ecm™ (8cua.cns) and 1605 cm™ (Tyr, Phe) while less intense spectral features are
observed at 1115 and 1126 cm™ (vcen, Snms+), 1430 em™ (Tyr), 1498 cm™! (His) and 1582 ecm™ (Tyr,
Phe). Considerations on relative peak intensities and comparison between Raman and SERS spectral
features may also prove useful to gaining insights into surface structuring of the biomolecule. For
example, matching Raman and SERS bands of BSA may suggest that the protein structure is
negligibly affected by the interaction with the AgNWs, even if prevailing peaks at 1003 cm™ and
1601 cm™! represent an indication of Phe and Tyr residues spatially near the hotspots. Analogously,
the anomalous intensities associated with aromatic, aliphatic and N-containing groups of A4
oligomers with respect to their counterpart in the reference Raman spectrum let entail that both
electrostatic (by amino groups) and hydrophobic (by aliphatic and aromatic residues) interactions are
established with the silver and/or that both charged and hydrophobic aminoacid residues are in direct
proximity with the metal, and thus exposed on the amyloid surface.

2.2. Conclusions

A novel strategy of SERS assay for rapid and effective detection as well as for simple structural
characterization of biomolecules is presented. In our scheme, by implementing a mixed bottom-
up/top-down approach, dot arrays of AgNWs clustered on hydrophobic supports are obtained and
proven as efficient sensing SERS substrates for catching the analyte content from a minute amount
of liquid sample and its rapid SERS inspection. By a simple flow-through method, AgNWs
assemblies stuffed with interstitial hotspots are rapidly realized. Afterwards, laser ablation is
exploited to operate a substrate patterning in the form of regular SERS-active spots producing intense
local E-fields. The system overcomes the issues typically encountered with aggregating metal
colloids, which suffer from scarce standardization perspectives. Overall, our attempts may represent
a concrete chance for progressing SERS toward widespread commercially viable sensing applications
including diagnostics at the point-of-need settings and on-site analyses.
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2.3 Experimental Section
2.3.1 Materials

Ethylene glycol (EG, 99%) was obtained from Scharlab. Polyvinyl pyrrolidone (PVP, My, 40000),
AgNOs, AgCl, isopropanol (99.5%) and ethanol (>99.8%) were purchased from Sigma-Aldrich.
Hydrophobic (25 mm diameter x 80 um thickness) PTFE filter membranes of 0.45 um pore size by
Sartorius were used. Mb from human heart, BSA and catalase from bovine liver were obtained from
Sigma-Aldrich and used as received. AP4z oligomers were prepared as previously described.[®*]

2.3.2 AgN'Ws synthesis

AgNWs (1.5+0.9 um in length, 78 = 16 nm in diameter) were synthesized by the chemical reduction
method of silver nitrate in EG and PVP, according to Hu et al.l®* with minor changes. Briefly, in one
liter round bottom flask, 3.0 g of PVP were added and dissolved in 180 ml of EG in few hours. After
the complete dissolution, the solution was heated up at 170 °C. To this flask, 225 mg of AgCl were
added and after 3 min a solution of AgNO3 (990 mg of AgNO3 in 20 ml of EG) was also dropped
inside during a 10 min time (2 ml/min). The reaction proceeded for additional 30 min at 170 °C. After
30 min, the light-grey suspension was cooled down in ice water bath. The suspension was 3 times
washed with acetone and the AgNWs were precipitated by centrifugation (3000 rpm, 15 min). The
purified nanowires were finally suspended in isopropanol and characterized by SEM (Zeiss, EVO
MA 10) and UV-Vis spectroscopy (PerkinElmer Lambda 35 UV/Vis).

2.3.3 Arrays fabrication

The initial suspension of AgNWs (Ag 0.017 wt%) was diluted in different ratios in ethanol. An
amount of 2 mL of solution was then passed through the PTFE membrane by using an Amicon Stirred
cell Model 8003, 3 ml (Millipore) cell. Specifically the membrane was initially wetted by dipping it
in ethanol and then placed into the filter holder. Then the AgNW solution was filtered by adjusting
the pressure at an optimized value of 350 mbar. The substrate was then extensively washed in
anhydrous ethanol and there stored until further use. Part of the as-fabricated substrates was finally
patterned in the form of dot arrays by using a laser ablation procedure. Briefly, as the AgNWs have
a considerable absorption coefficient (of the order of 10° cm™) in the blue-green spectral region, the
substrates were processed by using the second harmonic (532 nm) of a Q-Switch Nd:YAG laser (10
ns pulse duration). The fiber-coupled laser output was lens-imaged to form a spot of 2.5 mm diameter
on the sample plane. The beam radii mo was precisely determined by applying the spot regression
method for Gaussian laser beam profiles. A custom designed mask, composed of round metal rods
(within the 12 mm diameter range), was positioned onto the AgNWs layer to shield incoming laser
light and create dot arrays. To minimize undesired thermal effects of PTFE membrane, array
fabrication was performed by full immersion in a glass cell containing ethanol. Then, laser patterning
was performed by scanning in orthogonal directions at fluence values slightly above the AgNWs
single-pulse ablation threshold fluence. The optimal removal window for surface densities between
0.1 and 0.4 pg/mm? was found to be in the 160-250 mJ cm™ range. Thus, 160-180 mJ cm™, 2 Hz
pulse repetition frequency and full immersion in ethanol were selected as the best parameters to
pattern the AgNWs@PTFE substrates used in the SERS experiments of this study. The morphology
of the laser-patterned AgNWs@PTFE substrates was inspected by tapping mode AFM by using a
JPK NanoWizard III Sense scanning probe microscope at 250--300 kHz drive frequency and 0.5 Hz
scan rate and equipped with single beam uncoated silicon cantilevers (uMash HQ:NSC15 Cr-Au BS).
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Contact angle measurements were conducted under a home made set up by placing a 5-uLL aqueous
droplet onto the AgNWs@PTFE substrate and following the drop evolution during its evaporation.

2.3.4 SERS measurements

SERS measurements were carried out using a microRaman spectrometer (Xplora, Horiba) working
at 532 nm or 785 nm laser wavelengths with a 1200 grooves/mm grating. The backscattered light was
collected by a 10xobjective with 0.25 NA, which generates a 7-um large laser beam waist and
provides an average SERS response, minimizing possible signal variability. Laser power values at
the sample of 115 uW at 532 nm and 598 pW at 785 nm and an integration time of 10 s with two
accumulations were used. SERS data are baseline corrected and represent an average of a minimum
of 10 spectra collected by mapping experiments over 12 mm? areas with a step size of 50 + 150 um,
unless specified otherwise.

2.3.5 FEM simulation

Our calculation uses a commercial FEM package, the wave optical module of COMSOL multiphysics
(v 5.1), to find the electric field distribution in the near proximity of the AgNWs. We chose to depict
the AgNW as a cylinder with smoothed pointy ends, with radius 40 nm and total length 1.5 um. Figure
3 shows the COMSOL simulation domain, with the interface between air and PTFE at z = 0 and the
surroundings of the wire having refractive index n1 =1 for z> 0, and n2 = 1.3 for z < 0. AgNWs are
illuminated by a 532 nm plane wave from above and linear polarization at different angles. In general,
incident light polarizes the ends and gives rise to a standing surface charge wave propagating along
the wire.

3. AgNWs@G-paper substrate

We introduce a highly responsive SERS substrate specifically designed for biodetection of small
sample drops and aimed at overcoming some limitations of the previous system as a result of the use
of a simplified fabrication procedure and the introduction of a graphene underlayer to improve the
SERS response. On the one hand, the fabrication setup was implemented with a common nebulizer
for aerosol therapy, assuring a facile deposition of AgNWs without the need for expensive, time-
consuming, or highly specialized procedures. Several studies proposed the direct deposition of
sprayed colloids on sample surfaces to probe the surface composition of atmospheric particles [*4,
inks, and colorants in historic documents %! or pesticides in fruits ©°¢¢”). On the other hand, the
preparation of 2D plasmonic substrates by sprayed or nebulized nanoparticles and their use within
SERS assays for the determination of trace substances remains an underexplored field, so far [6872],
Another feature of the proposed substrate deals with the use of graphene paper to host the nanoparticle
deposits, offering a flat background and imparting superior reproducibility. The use of graphene as a
support for plasmonic nanostructures to improve SERS signal detection has become a popular choice
within the SERS community in recent years. Several excellent groundworks have been published in
this field, demonstrating remarkable benefits offered by the introduction of a graphene sublayer once
the resulting hybrid systems are tested against small model and organic analytes [">7’1. However, the
demonstration of a real efficacy of these systems in the analysis of molecular species of
biological/biomedical interests still represents a challenging gap to overcome before accepting them
as effective tools in everyday life applications.
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3.1 Results and Discussion

Underlying our work was our established effort to create a substrate specifically designed to increase
the local molecular density at plasmonic hotspots produced from a AgNWs network to maximize
SERS signals from molecules typically showing a low Raman cross-section 8331 Briefly, we first
adopted a standard wet chemistry procedure based on the polyol process to produce 5 £ 1 um in
length, 48 £ 10 nm in diameter AgNWs. Two-dimensional plasmonic substrates were then rapidly
obtained by a nebulizing jet of a proper amount of AgNWs colloidal solution toward a 2 x 2 cm?
piece of thin graphene paper (G-paper) (Figure 8). The system included the possibility to impart a
custom spacing of the graphene target to tune the covered airbrushed area, which was optimally set
at 1 cm.

’G In an attempt to create homogeneous AgNWs films, we
r . .. . ..
i Rl varied the deposition time of the original AgNWs batch.

A complete and homogeneous coating of the graphene
support was obtained after 10 min of aerosol deposition

:0 : (longer times did not further improve AgNWs coverage
oos ]l ° .‘: of the underlying graphene layer), while lower time
7~ AGNWs values resulted in an uneven distribution (Figure 9a—c).

Air Once we fixed the deposition time to 10 min, we varied

compressor the density of deposited AgNWs by sequential dilutions

of the particle dispersion. In this case, a 10 mm-wide

Figure 8. Scheme of aerosol deposition array of 1.5 mm in size silver spots was obtained by

of AgNWs on G-paper. introducing a patterned mask consisting of a thin PET

layer placed on the top of the G-paper once wetted with

ethanol before nebulization, which ensured a temporary

and a tight adhesion at the graphene/PET interface, in turn, avoiding possible edge-leakages of the

nanoparticle solution. The mask was exactly centered with the graphene support (see the circled

area in Figure 9a) to produce array spots at a comparable surface density of AgNWs. After

deposition and mask removal, a pattern of regular and homogeneous AgNWs spots appeared well

imprinted on the air-dried graphene (Figure 9d). Array spots obtained by 1:2 dilution of the AgNWs

batch corresponding to a 0.5 mg/L density resulted to greatly enhance the Raman signal of 1 x 1076

M hemoglobin (Hb) once excited at 532 nm (Figure 9¢). We were able to detect the characteristic

signals of Hb mainly ascribed to the heme group®”* down to 0.2-mg/L AgNWs density. After

further dilution of deposited AgNWs, the protein signals progressively lost intensity, becoming

undetectable at 0.02 mg/L where the spectrum corresponded to that of the underlying graphene

(inset of Figure 9¢). The above-optimized fabrication parameters were thus selected to optimally

produce spotted AgNWs@G-paper substrates.

We point out that the as-fabricated substrates allow to support the analysis of minimal quantities (2

uL) of biomolecule solution, which were initially dropped onto an array spot. They were then

confined by a high contact angle formed with the surrounding hydrophobic graphene barrier and
finally effectively inspected under the Raman microscope once dried (Figure 10).
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Figure 9. Fabrication of AgNWs@G-paper substrates. (a) Aerosol deposition of a 1 mg/L AgNW solution at
different deposition times (varied from 1 min to 15 min) on a 2 % 2 cm? piece of G-paper. The central 1 x 1
cm’ area of a AgNWs deposition showing a homogeneous density of deposited AgNWs (as highlighted by a
dashed circle superposed on the sample at 10 min deposition) was considered for the following fabrication
of patterned substrates (as in (d)); (b) Optical micrographs showing a 2 x 2 mm? magnification of the central
part of the substrates prepared in (a); (c) Grey level profiles showing the distribution of AgNWs within the
areas considered in (b). A flat profile (as obtained after 10 min of AgNWs deposition) corresponds to a
homogeneous AgNWs coating of G-paper, (d) Appearance of a AgNWs@G-paper substrate and a
magnification of the AgNWs spot array as obtained by interposing a PET patterned mask between the
nebulizing jet and the G-paper,; (e) SERS spectra of Hb (I x 107% M) on different AgNWs@G-paper
substrates obtained by decreasing the density of nebulized AgNWs within the 1 + 0.02 mg/L range once set
the deposition time to 10 min (black, 1 mg/L; red, 0.5 mg/L; blue, 0.2 mg/L; purple, 0.1 mg/L; green, 0.05
mg/L; blue 0.02 mg/L). The 0.5 mg/L density provides the most intense Hb signals and was thus selected for
further production of AgNWs@G-paper substrates. Spectra represent the average of over 20 acquisitions.
Inset: Raman spectrum of G-paper.
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Figure 10. Working scheme of AgNWs@G-paper substrates: a small (2 uL) drop of protein solution
is deposited on a AgNWs spot and confined due to the surrounding graphene hydrophobic barrier.
After drop drying (~15 min at room temperature), the drop content is physically adsorbed on the
surface of AgNWs and exposed to an effective E-field generating intense SERS signals.

Our initial aim in choosing graphene as a low-cost support for nanoparticles was dictated by three
main considerations: (1) superior hydrophobicity behavior with respect to other popular supports for
disposable substrates as cellulose paper, thus enabling analyte confinement and concentration
enrichment, as discussed above; (2) low Raman signals in the fingerprint region as compared to other
candidate hydrophobic substrates as polytetrafluoroethylene (PTFE) and polydimethylsiloxane
(PDMS) and limited to D (1354 cm™") and G (1584 cm ') band signals (Figure 9e inset); (3) additional
features as quenching of autofluorescence signals frequently encountered in biomolecules ! and
better integration with biological entities, such as cells ), for advanced biological analyses. With
particular reference to the G-paper, further advantages were represented by easy-handling and easy-
resizing, low-cost (0.2 €/cm?), and flexibility (with potential in the analysis of unflatten surfaces),
which makes it even more attractive.

In the following, we showed that the choice of a graphene paper proved also advantageous in
improving signal stability as well as in providing an ultra-flat background in comparison with other
popular disposable supports for simple and rapid SERS analyses. The AFM investigation of
AgNWs@G-paper revealed a homogeneous distribution of AgNWs on the micron scale (Figure 11a).
The latter hypothesized a regular distribution of SERS hotspots, which was further demonstrated by
inspecting the point-to-point signal of Hb over large areas (Figure 11b). A maximum relative standard
deviation (RSD) <10% for the main Raman peaks of Hb was observed in this case. Conversely, when
replacing G-paper with PTFE, AFM highlighted the presence of clustered wires unevenly covering
the support surface (Figure 11c) and causing a larger point-to-point SERS signal variability (Figure
11d), which could be explained by a heterogeneous amplification of protein molecules °!!. G-paper
played the role of catching interface [°?! against sprayed wires, immobilizing them into a uniform
surface distribution, which was not the case with plastic supports as PTFE. Furthermore, the high
thermal and electrical conductivity of graphene ! could contribute to buffering the laser radiation
impact, generating well-resolved SERS spectra.
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Figure 11. AFM topography of sprayed AgNWs on G-paper (a) and on a PTFE support
(c). Random SERS spectra of Hb (1 x 10~° M) as obtained by point-to-point mapping over
12 mm? areas with a step size of 100 um from sprayed AgNWs on G-paper (b) and on a
PTFE support (d).

The amplification provided by the as-fabricated AgNWs@G-paper was evaluated by calculating the
SERS enhancement factor (EF). EF is defined as the ratio between /ruman and Isgrs normalized to the
average number of molecules dispersed in solution Nraman, for the Raman measurement, and adsorbed
onto the AgNWs hotspots Nsers, for the SERS measurement, respectively, which were present in the
scattering volume

I N,
EF = sers/ Nsers

IRaman/NRaman

An EF value of 4 x 10° was calculated, proving an enhancement ability of the same order of
magnitude or higher than that from recently proposed low-cost disposable SERS substrates including
those based on AgNWs assemblies!'* 8% We tried to gain further insights into the high-quality
SERS profiles of AgNWs@G-paper by theoretical simulation of the electromagnetic field
distribution. We may further note by AFM and optical analysis (Figures 11) that the main part of
AgNWs laid almost planar and in contact with graphene or forming single or few junctions with other
AgNWs, suggesting the latter as the most representative configurations of the SERS enhancing
capacity of AgNWs@G-paper substrates (Figures 12a,b). Nonetheless, the highest E-field values
were found at the interfaces between AgNWs and graphene (Figure 12a). This is mostly not the case
with planar SERS systems previously considered composed of AgNWs assemblies due to a higher
wire density used, producing a large number of effective hotspots at crossed junctions #%°192 The
presence of graphene was instead supposed to favor AgNW/graphene with respect to AgNW/AgNW
interactions, as discussed above (Figure 11a,b), leading to elongated (Figure 12a) hotspots providing
a large space available for analyte accommodation and its detection. The higher average E-field value
estimated at the graphene/AgNW interface hotspots, as compared to those formed at AgNWs
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interstitials ((|E|/|Eo|)graphene/aghw/(|E|/|Eo|)agnw/agnw = 1.2), could be explained by taking into account
the higher refractive index of graphene in comparison to other popular supports, which boosts the
near field within the gap between metal and graphene, as shown in Figure 12c. The near field value
calculated at a graphene/AgNW interface under Aex = 532 nm appears ~2-fold larger (|E|/|Eo| = 44)
than that at a PTFE/AgNW (|E|/|Eo| = 24) or cellulose/AgNWs (|[E|/|Eo| = 19) interfaces. As SERS
enhancement is proportional to the fourth power of the E-field, an average EF = 3.7 x10° is obtained
in the former case. A large matching between simulated and calculated EF’ let us hypothesize that the
electromagnetic mechanism (EM) largely prevailed in AgNWs@G-paper substrates over a chemical
mechanism (CM), as previously reported, as a possible additional effect in the SERS response of

graphene-based substrates 31,
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Figure 12. (a) FEM simulations of the E-field intensity in the proximity of a AgNW laying on a
graphene surface. The E-field intensity is visualized for the plane corresponding to the G-paper
surface while the wire is pictured as uniform grey color for better clarity. (b) The E-field intensity
is visualized for two crossed AgNWs in the air. In this case, the E-field intensity on the wire surface
is visualized. (c) Maximum E-field variation within the visible spectral range as simulated at the
interfaces between a AgNW and graphene (blue), PTFE (red) and cellulose (black).

Another significant aspect in the choice of a SERS substrate resides in its background contribution to
the overall SERS signal and generated at the interface between plasmonic layer and underlying
support, which becomes critical especially in the detection of species with reduced SERS response,
such as biomolecules. In Figure 13, a comparison between the background SERS signals of AgNWs
on G-paper and that on popular substrates for disposable SERS substrates as nitrocellulose and PTFE
is displayed. The background signal generated in the presence of G-paper remains the lowest
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regardless of the laser power employed and limited to the superposition between Raman modes of
graphene and intrinsic signals pertaining to the AgNWs. On the opposite side, a fluorescence
background governs the nitrocellulose and PTFE profiles (Figure 13a), accompanied by the
remarkable appearance of intense and broad amorphous carbon signals at 1350/1580 cm ™! 4! by the
nitrocellulose-based substrate at high irradiation values (Figure 13b), which affects partially or does
not affect the signals of PTFE and G-paper, respectively (the latter linearly scaling with power). These
results 1) depict graphene as a null fluorescence emitter due to its zero optical bandgap ], generating
an ultra-flat SERS background and 2) confirm the stability of graphene under more extreme power

conditions and ascribed to its high thermal conductivity as : pointed out.
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Figure 13. Background SERS profiles of AgNWs sprayed on nitrocellulose, PTFE and G-
paper at (a) 0.150 mW and (b) 1.9 mW laser power at 532 nm. Spectra represent the average
of over 20 acquisitions.
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We finally evaluated the detection sensitivity of the AgNWs@G-paper substrate by decreasing Hb
concentration from 1 x 10> M to 1 x 10° M (1.3 pg to 0.3 ng) (Figure 14a). A sigmoid correlation
(12> 0.99) between the band area of the 1378 cm ! mode and the amount of protein was observed
(Figure 14b), which can be commented on the one hand as a tendency to reach saturation on the
available space of the hotspots at high-end values. On the other hand, a detection limit of 1 x 10°8M
was found, which corresponded to about 1 ng of protein in the analyzed sample volume (2 pL),
suggesting a high sensitivity of AgNWs@G-paper that overcomes previous detection systems based
on unsupported colloidal particles for protein detection including hemoglobin®®7! .
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Figure 14. Detection sensitivity of the AgNWs@G-paper substrate. (a) SERS spectra of Hb ranging
from 1 x 107 Mto 1 x 107° M (black, 1 x 107° M; red, 1 x 1076 M; blue, 1 x 1077 M; violet, 1 x
1078 M; purple, 1 x 107 M; green, background AgNWs@G-paper signal) corresponding to 1.3 ug
to 0.3 ng of protein contained within 2 uL of analyzed sample volume. The background signal
produced by the naked substrate is also displayed. (b) Correlation between the 1378 cm™ band area
of Hb and protein amounts (error bars represent the SD). Spectra and data points represent the
average from 20 acquisitions.

3.2 Conclusions

SERS substrates proposed so far are often unsuitable for the practical detection of biomolecules due
to the lack of simultaneous presence of preferred characteristics, such as low manufacturing costs,
disposable characteristics, and simplicity for routine use in turn limiting their use at or near point-of-
need settings. In this study, we introduced a highly responsive SERS substrate relying on a simple
aerosol deposition of AgNWs on graphene paper. The substrate was specifically designed for
biodetection of small sample drops at submicromolar concentration. The proposed fabrication
procedure relied on low-cost and facile steps that overcome a number of weak points frequently
encountered in substrate preparation and patterning. These included the use of contaminating
stabilizers to impart sufficient viscosity to nanoparticle inks as usually required in screen or ink-jet
printing, as well as the need for dedicated instrumentation for top-down nanoparticle fabrication.
Additionally, the presence of graphene improved the SERS response, conferring superior signal
stability, low SERS background, and photostability. Overall, the proposed substrate exhibited high
SERS efficiency, reliability, and sensitivity, as well as easy handling and usage aspects, meeting
many of the requirements for effective and successful SERS detection of biomolecules. Future
experiments on AgNWs@G-paper substrates will be aimed at exploring the SERS sensing of larger
biological entities as cells for rapid and tag-free screening of tumor diseases (e.g., malignant cells) or
to monitor light treatments (e.g., laser-exposed cells) for therapeutic applications.

3.3 Experimental Section
3.3.1 Chemicals

Polyvinylpirrolidone (PVP, My 40000), isopropanol (99.5%), myoglobin from horse skeletal muscle
(Mb), and hemoglobin (Hb) were purchased from Sigma-Aldrich (St. Louis, MO). Ethylene glycol
(EG, 99%) was purchased from Carlo Erba (Milan, Italy). Silver nitrate (AgNO3) and silver chloride
(AgCl) were obtained from Cabro S.p.A. (Arezzo, Italy).

3.3.2 AgNWs Synthesis

AgNWs were synthesized by the polyol method. Briefly, 80 mL of EG was heated and thermally
stabilized at 170 °C in a flask. Once the temperature had been stabilized, 112.5 mg of AgCl was added
to the flask. Meanwhile, 495 mg of AgNO3 and 3 g of PVP were dissolved in 10 mL of EG each. The
PVP and AgNOs solutions were poured into two 10 mL syringes, which were placed in a syringe
pump. Three minutes after the addition of AgCl, the slow injection of the two reagents was started
with an injection rate of 0.5 mL/min. The reaction proceeded until the injection was finished.
Afterward, the flask was cooled in an ice bath. The suspension was poured in 600 mL of acetone to
leave AgNWs to spontaneously settle down overnight. Supernatant was removed and AgNWs were
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re-dispersed in isopropyl alcohol. AgNWs were characterized by SEM (Zeiss, EVO MA 10, Jena,
Germany) and UV-Vis spectroscopy (PerkinElmer Lambda 35 UV/Vis, Norwalk, CT). The
concentration of the as-obtained AgNWs suspension was finally determined as 1 mg/L by gravimetric
determination.

3.3.3 Fabrication of SERS Substrates

SERS substrates were fabricated by aerosol deposition of AgNWs on 50-um thick graphene-based
paper (G2Nan Sheet 50, Nanesa S.r.l.) as achieved by mechanical compression of small stacks of
graphene, which in turn was obtained by exfoliation of expanded graphite. Different AgNWs
dispersions, as obtained by sequential dilutions in isopropyl alcohol of the original solution, were
aerosolized on varying the exposition time within the 1 — 15 min range by using a common
compressor nebulizer emitting micron-sized AgNWs drops for aerosol therapy (Master-Aid Dynamic
Aerosol, Pietrasanta Pharma S.p.A., Capannori, Italy). A fixed spacing between the nebulizer output
and the graphene paper was maintained by using a third-hand support clip. Before deposition, the
graphene was wetted in ethanol and then adhered to a PET mask (Melinex® 454 polyester film,
thickness 125 pm, DuPont, Wilmington, DW) patterned with 1.5-mm in size round holes, obtained
by mechanical punching.

The overall distribution of deposited AgNWs on graphene paper was investigated by optical
microscopy (OM) (Olympus, BX41, Tokyo, Japan). The morphology of AgNWs on graphene paper
at the nanoscale was analyzed by tapping mode AFM by using a JPK NanoWizard III Sense (Berlin,
Germany) scanning probe microscope at a 250 — 300 kHz drive frequency and a 0.5 Hz scan rate and
equipped with single-beam uncoated silicon cantilevers (uMash HQ:NSC15 Cr-Au BS).

3.3.4 SERS Measurements

The as-fabricated substrates were analyzed using a micro-Raman spectrometer (XPlora, Horiba,
Kyoto, Japan) working at 532 nm with 1200 grooves/mm grating, an integration time of 5 s, and laser
power at the sample of 150 uW, unless otherwise specified. A 10x objective with 0.25 NA (7 um
waist) was used.

3.3.5 FEM Simulation

The electric field distribution in the near proximity of the AgNWs had been evaluated using a
commercial FEM package, the wave optical module of COMSOL multiphysics (Stockholm, Sweden,
v 5.1), and the MNPBEM MATLAB (Natick, MA) toolbox for the simulation of metallic
nanoparticles, using a boundary element method approach 78],

We chose to depict the AgNW as a cylinder with hemispherical ends, a radius of 25 nm, a total length
5 um, and a refractive index for silver taken from Rakié¢ et al.””l. An evaluation of the different
arrangements established by the nanowires on the substrate was done based on AFM analysis,
revealing that the nanowires laid down in contact with the substrate surface and most of them
experienced a cross intersection with other wires. That is, we estimated, on average, a number of
intersections that were at least 80% of the total number of wires deposited. This is why for our
simulation we considered two configurations. In the first one, a AgNW was lying on a substrate with
the index of refraction of graphene from Zhu et al. %l In the second one, a AgNW was in air,
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verifying the proximity of a second crossing wire. In both cases, AgNWs were illuminated by a 532
nm plane wave from above and the calculation of the electric field |E|/|Eo| values were averaged over
5 different polarization angles of the incident light. In general, incident light polarized the ends and
gave rise to a standing surface charge wave propagating along the wire!®!!
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Chapter 6: SERS detection of flavonoids in
plant extracts

1. Introduction

Flavonoids are natural compounds widely present in the plant world, representing a large class of
phenolic compounds comprising more than 6,000 different species. They are able to exert various
biological activities that are very useful for the human body, which justifies the importance they have
assumed for human health currently attributed to these compounds. Among the properties attributed
to flavonoids that arouse greater interest, should be mentioned the antioxidant [!! and the anti-
inflammatory actions.!?! In the field of medical-pharmaceutical research, the interest is focused on the
potential anticancer properties®! and the preventive / beneficial role that these compounds are able to
exert in the presence of different diseases such as Alzheimer’s disease, atherosclerosis, etc.[**>) They
are also known to be powerful inhibitors of several enzymes, such as xanthine oxidase inhibitors,
which are important for the therapeutic treatment of gout; cyclo-oxygenase inhibitors, which are used
to treat pain after surgery, have been found to be effective in suppressing inflammatory
neurodegenerative pathways in mental illness and have been shown to reduce the occurrence of
cancers and pre-cancerous growths; and phosphoinositide 3-kinase, which is used in cancer
treatment.[>8 In Figure 1 a general representation of the roles provided by flavonoids in various
bioactivities, human health and agriculture fields is reported.
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Figure 1. Cumulative representation of roles of flavonoids in various bioactivities, human health and agriculture.
(BChE, butyrylcholinesterase; AChE, acetylcholinesterase; BACE-1, 8 active site cleavage enzyme-1; NDM-1, New
Delhi metallo-8-lactamase-1; HIN1, haemagglutinin 1 neuraminidase 1). [9]
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Flavonoids can be subdivided into different subgroups depending on their chemical structure:
flavones, flavonols, chalcones, anthocyanins, flavones and isoflavonoids (see Figure 2).

Anthocyanin
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Figure 2. Flavonoid classes, subclasses and natural sources.[9]

Parallel to the importance that flavonoids acquire in the pharmaceutical, nutraceutical industry, etc.,
exploring new analytical techniques for their determination is gaining progressive interest. Different
traditional methods like UV/Visible absorption spectroscopy and separation techniques like thin-
layer chromatography (TLC), paper electrophoresis and polyamide chromatography were used in
the past for flavonoid separation. Overall, TLC is a preferred method for flavonoid analysis,
because of its simplicity, rapidity and versatility. The majority of recently published work is instead
mainly focused on qualitative and quantitative determination of flavonoids by high-performance
liquid chromatography (HPLC), liquid chromatography-mass spectrometry (LC-MS), liquid
chromatography-nuclear magnetic resonance (LC-NMR) and capillary electrophoresis (CE). The
separation, identification and quantification of flavonoids can be performed in a single step by
pairing HPLC to UV/Vis, MS or NMR detectors, especially if the study aims at determining specific
flavonoids. These factors have contributed to make HPLC analysis of flavonoids a commonly used
technique nowadays. On the other hand, few Raman and SERS studies were devoted to the detection
of flavonoids so far. [1-13]
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Jurasekova et al. reported for the first time the SERS spectra of a subgroup of flavonoids.!?!

On the basis of previous findings, ['>13! in this Chapter is presented the work we carried out to
explore the possibility to use SERS for rapid determination of the flavonoid content in plant
extracts. Specifically, by taking advantage of the SERS substrates already developed (cf. Chapter
5), we were aimed at determining the presence of apigenin, luteolin, kaempferol and quercetin in
chamomile extracts.

2. Results and Discussion

The aim of this work was carried out a SERS analysis of flavonoid species slightly differing in
structure and establish a correlation between their structural properties and spectral response. This
may prove propaedeutic in view of future studies based on the SERS analysis of different flavonoids
in plant samples. The possibility to identify specific peaks for each species is fundamental to
develop an effective method for flavonoid determination in biological extracts, which can exploit
the high sensitivity, non-destructiveness, low cost and rapidity of SERS. The flavonoids selected
for this study were: apigenin (APG), luteolin (LUT), kaempferol (KMP) and quercetin (QUC) and
their structure are displayed in Figure 3 along with the indication of the aromatic rings displayed in
Figure 4.

Figure 3. Structures of: a) apigenin; b) luteolin; c) kaempferol; d) quercetin.

UV-Vis, Raman and SERS spectra of the flavonoids were initially collected as reported below.

67



2.1 UV-Vis Characterization

Absorbance [a.u.]
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Wavelenght [nm]

Figure 4. Schematic representation of the flavonoids
considered in this study with indication of A-, B- and
C-rings.

Figure 5. UV-Vis spectra of apigenin, luteolin, kaempferol and quercetin
solutions in methanol (MeOH). The spectrum of MeOH is also reported as
control.

The UV-Vis spectra (Figure 5) show two main absorption bands: 300-400 nm (Band I) ascribed to
the B-ring absorption, and 250-285 nm (Band II) relative to the A-ring absorption. By comparing the
different flavonoid structures we can deduce which OH position has the higher influence on Band I.
APG shows an unshifted peak, according to the most simple structure (only one OH in C(4”)), LUT
is characterized by a little red shift ascribed to the additional hydroxyl group in position C(3’), KMP
shows a higher red shift ascribed to the hydroxyl group in position C(3), while an additional OH in
C(3’) seems to induce minor changes in the UV-vis spectrum.
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2.2 Raman Characterization
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Figure 6: Raman spectra of powder samples of a) apigenin; b) kaempferol; c) luteolin and d) quercetin.

Raman analysis were directly performed on powdered flavonoids (Figure 6). The Raman spectra
show some bands that are common to all the studied flavonoids: ~1187 cm™!, ~1270 cm™, ~1315 cm
1, ~1605 cm™, 1657 cm™.51 In the 1000-1400 cm™! spectral region we can observe the main
differences among the flavonoid species as a function of the number and position of their OH groups.
For example in the APG spectrum there are fewer bands in this region in accordance with a structure
containing the least number of OH groups, and specifically at 1352 cm™, 1314 cm™, 1270 cm™, 1247
cm!, 1185 cm™'. The Raman peaks of LUT are: 1380 cm™!, 1369 cm™, 1354 cm™!, 1314 cm™!, 1300
cm™, 1292 cm™!, 1268 cm’!, 1250 cm’!, 1222 cm!, 1187 cm™’. In this case we can observe little band
shifts and change in intensity of the same peaks, as already observed in the APG Raman spectrum,
as well as the presence of some additional peaks (1369 cm™, 1292 cm™), which we can ascribe to the
hydroxyl group in C(3”) position. The Raman bands of QUC are: 1397 cm™!, 1368 cm™!, 1326 cm!,
1314 cm™, 1292 cm™, 1269 cm™!, 1220 cm™, 1190 cm™, 1174 cm™, 1136 cm™, 1114 ecm™', 1094 cm’
. The QUC spectrum is characterized by some shifted peaks already found in the spectra of LUT
and APG, along with some new peaks (1326 cm™, 1114 cm™), which we ascribe to the hydroxyl
group in position C(3) as supported by their identification at same or slightly shifted frequencies in
the Raman profile of KMP (1326 cm™, 1318 cm!, 1273 em™, 1223 cm™!, 1187 em™, 1117 cm™).
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2.3 SERS characterization
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Figure 7. SERS spectra of water solutions (10 M) of: a) apigenin; b) kaempferol; c) luteolin and d) quercetin.

SERS spectra (Figure 7) show large differences both in intensities and Raman shift among the
flavonoid species considered, and just one common band that is present in all the spectra (at ~740
cm’™), which can be ascribed to ring C-C in-plane deformations.!'*l Characteristic SERS peaks for
each flavonoid can be identified as follows: APG (931 cm™, 1166 cm™, 1241 cm™), LUT (623 cm’!,
808 cm™!, 1191 ecm™), KMP (422 cm™, 892 cm™), QUC (633 cm!, 811 ecm™!, 1274 cm’!, 1329 cm™).
These SERS bands can be used to unequivocally identify each flavonoid species. Concerning the
region around 630 cm™, we can observe a very strong band for LUT (623 cm™) and QUC (633 cm’
1, which could suggest us a preferential orientation of these species on the Ag surface through the
catechol moiety (Figure 8). On the other hand, we observe a common band in the region ~1170 cm™
in both KMP and APG spectra: KMP (1174 cm™); APG (1166 cm™'), which suggests a possible
similar orientation of these species, which could interact with Ag through the OH group in C(4’)

(Figure 8).

KMP: Ri=0H
APG: Ri=H

QUC: R'=0H
LUT: R=H

HO

Ag

Figure 8. Schematic representation of possible interactions between flavonoids and SERS substrate.
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2.4 SERS analysis of chamomile

Chamomile (Matricaria recutita L.) is a medicinal plant often used for its analgesic, anti-allergic,
anti-spasmodic, antibacterial, anti-inflammatory and sedative properties. Its essential oil containing
volatile compounds including terpenoids such as azulene, chamazulene and -bisabolol is the most
commonly used.['”) Recently, much attention has been paid to the non-volatile fraction of chamomile
extracts, containing phenolic compounds exerting spasmolytic and antiphlogistic activity '8 as well
as antioxidant activity. The main responsible of the antioxidant activity are the flavonoid species
considered above (APG, LUT, KMP, QUC). The phenolic fraction of Chamomile might further
contain phenolic acids (chlorogenic acid, caffeic acid) and coumarins (umbelliferone). Chamomile
flowers were obtained from the herbalist shop and a five-day methanolic extraction was performed
according to the protocol of Novakova et al.l'! SERS spectra were then collected from the
methanolic extract (once diluted 1:100 with water). Through a comparison of the SERS spectrum of
chamomile vs those of isolated flavonoids, we can identify some characteristic bands of APG, LUT,
KMP and QUC, which can confirm their presence in the extracts. Specifically these are 1166 cm™
for apigenin; 808 cm™ for luteolin; 422 cm™ for kaempferol and 633 cm™!, 1274 cm™'; 1329 cm™! for
quercetin.
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Figure 9. SERS spectra of: a) chamomile extract. Spectra of b) luteolin; c) quercetin; d) kaempferol; e) apigenin are
also reported as references.
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3. Conclusions

In this study we were aimed at identifying different flavonoid species in plant extracts by SERS
analysis. To achieve this goal, we exploited a previously developed SERS substrate to collect
reference SERS spectra of four commonly found flavonoids: apigenin, luteolin, kaempferol, and
quercetin. Finally, we were able to obtain an intense SERS profile from chamomile extract and
successfully inspected it for the presence of these flavonoids. Nowadays HPLC represents the main
analytical strategy for qualitative and quantitative determination of flavonoids in plant extracts.
Nonetheless SERS can become an alternative or complementary technique, overcoming some limits
of HPLC, which is time-consuming and expensive. We are now focusing on quantitative aspects
aimed at finding the linear concentration range for each flavonoid standard. The method can be
proposed for quasi real-time analysis of plant extracts by the use of portable or benchtop
spectrometers, making it easier to monitor flavonoids in plants for the nutraceutical industry.

4. Experimental Section
4.1 Materials and extraction procedure

Apigenin, luteolin, quercetin and kaempferol were purchased from Extrasynthése. Methanol was
obtained from Sigma-Aldrich (ACS reagent, >99.8%). Chamomile flowers were purchased from
Erboristeria Secciani (Florence). The methanolic extracts were obtained by following the protocol
of Novakova et al..l¢]

4.2 UV-Vis measurements

UV-Vis characterization was performed by a UV-Vis spectrophotometer (PerkinElmer Lambda 35
UV/ Vis). The spectra were obtained by dilution of initial stock solutions in MeOH in order to
obtain Absorbance values included in a range between 0.4 and 0.8.

4.3 Raman and SERS measurements

Raman analysis was performed under a micro-Raman spectrometer (XPlora, Horiba) directly on the
flavonoid powder, working at 785 nm excitation line with a 1200 grooves/mm grating, a 10x
objective, 15 mW laser power and 5s integration time. SERS spectra were obtained by pouring SuL
of each flavonoid (at 10 M) onto single spots of AgNWs@PTFE substrates as developed in Chapter
5 and let to dry. SERS analysis was performed as for Raman measurements. In this case a laser power
of 598 uW and an integration time of 2 s were employed. Raman and SERS data were baseline
corrected and represent an average of 20 spectra collected by mapping experiments over 12 mm?
areas within the sample (powder for Raman or Ag spot for SERS).
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Raman SERS

APG LUT KMP QuC APG LUT KMP QuC
427 w 514 s 415 s 415w 408 vs 423 478 s 413 w
501w 604 vs 519 vs 488 s 442 s 525s 490 s 531 s
578 s 641 s 532 520 533 s 543 ys 518 s 569 vs
644 m 683 w 549 s 549 vw 574 s 565 vs 541 ys 592 s
740 730 w 582 s 578 s 611 vs 623 s 578 s 633 s
829 744 \, 621 w 602 vs 641 s 692 m 595 s 737 w
908 w 766 ww 637 vs 638 vs 654 vs 741w 646 vs 811w
1120 ww 795 s 669 ;s 660 m 7025 776 w 691 m 1100w
1185 m 809 w 743 vs 684 w 7395 808 m 739 vs 1197 w
1247 s 839 w 820 vs 721 816 948 w 827 m 1274
1270 859 w 884 s 741 m 830 1043 w 892 m 1329,
1314w 877 w 901 s 784 ys 8735 1191w 1091 m 1416w
1352 w 955w 928 s 823 i, 9105 1254 1174 1475 vs
1498 w 1000 vw 960 s 841 931; 1292, 1302 m 1514
1588 ¢ 1032 vw 1005 m 941 ¢ 9575 1317 m 1416 m 1597 w
1605 m 1096 vw 1031 m 994 979 1474 1503
1655 w 1130 w 1083 ww 1013 ww 998 1544

1164 ww 1084 vw 1094 vw 1037 1585m

1187 w 1118 w 1113 m 1114, 1602 m

1222 s 1187 vs 1136 ww 1166 s

1250 1223 vw 1174 1241 s

1268 vs 12765 1190 ww 12765

1300 vs 1318 vs 1220 m 1347

1380 1442 1292

1442 1559 n 1314 vs

1513 w 1602 vs 1326 vs

1572 s 1659 w 1368 vs

1609 vs 1397 vs

1656 w 1437 vs

1572 vs 1554 s

1609 vs 1588 vs

1656 w 1604 vs

1660 w

Table 1. Main Raman and SERS signals (cm-1) of apigenin (APG), luteolin (LUT), quercetin (QUC) and kampferol (KMP). Peaks were

marked with vw (very weak: 5-10 %), w (weak: 10-20%), m (medium: 20-30%), s (strong: 30-40%), vs (very strong > 40%) as a

function of their relative intensity.
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Chapter 7: Development of a wearable
SERS chip for detection of lactic acid and
urea 1n sweat

1. Introduction

Since the arrival of smartphones, wearable sensors have received much attention thanks to their ability
to provide useful information about metabolism and health of individuals. ['"% Early efforts in this
area focused on physical sensors that monitored mobility and vital signs, such as steps, calories
burned or heart rate. The face of wearable devices has changed rapidly in recent years, with
researchers branching out from tracking physical exercise activity to focus on tackling major
challenges in healthcare applications, such as the management of diabetes or remote monitoring of
the elderly. To accomplish these goals, researchers have devoted substantial efforts to the
development of wearable biosensors, which are defined as sensing devices that incorporate a
biological recognition element into the sensor operation (for example, enzyme, antibody, cell receptor
or organelle). The potential utility of wearable biosensors is evident from the rapidly increasing rate
of newly reported proof-of-concept studies.

The analysis of biological samples, such as sweat, saliva, tears, interstitial fluid (ISF) and breath,
provides diagnostic parameters of human health regarding diseases and physiological status.l"1% A
typical biosensor contains two basic functional units: a ‘bioreceptor’ (for example, enzyme, antibody
or DNA) responsible for selective recognition of the target analyte and a physico-chemical transducer
(for example, electrochemical, optical or mechanical) that translates this biorecognition event into a
useful signal (Figure la). Such devices were initially developed for in vitro measurements in
controlled (laboratory or point-of-care) settings or for single-use home testing (for example, blood
glucose test strips). A brief history of biosensing technologies preceding current wearable is provided
in Figure 1b. These past advances have paved the way to modern wearable biosensors for noninvasive
biomonitoring applications as an alternative to blood monitoring biomedical devices in connection to
a wide range of healthcare applications.

As the epidermis covers most of our body, skin-worn conformal devices have received the greatest
recent attention among the various types of wearable biosensors. Epidermal biosensors can facilitate
real-time analysis of biomarkers in epidermal biofluids such as sweat and, with some systems
exhibiting continuous monitoring capabilities toward a variety of biomedical and fitness applications.
These devices rely on sweat or ISF sampling at the skin surface, along with transport of these biofluids
over the biosensor surface. Such skin-worn biosensors commonly rely on different transduction
modes (for example, optical, electrochemical and mechanical) in combination with biocatalytic and
ion-recognition receptors. Further integration with data processing and transmission components are
necessary for a fully wearable platform. The majority of recent reports, however, have focused on
electrochemical and colorimetric transduction methodologies. Major progress has been made toward
a variety of skin-worn platforms offering the capability to readily sample epidermal biofluids with
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wearer comfort 2231, Such devices have been realized through direct transfer of sensors onto the skin
(using E-skin or printed temporary tattoos), by sensor incorporation into wristbands and patches, or
by embedding sensors directly into textiles to ensure tight contact with the skin while allowing the
sensors to endure the mechanical stresses encountered during body movements.
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Figure 1. Biosensor components and development path for wearable biosensors. a) Schematic representation of biosensor operation
principles; b) biosensor evolution from 1956 to 2018. [11]

The goal of this Chapter is to develop a wearable SERS chip for label-free detection of lactic acid
and urea in sweat. Sweat is the most readily obtainable biofluid for chemical sensing applications
since sweat glands are distributed across the entire body, with more than 100 glands/cm? of skin.[!!!
This physiology provides the most viable sampling sites and surface area outside the body. However,
sweat must be excreted to the outer skin surface to be analysed. Such sweat generation can be
accomplished through exercise activity, thermal heating, stress or iontophoretic stimulation.
Generally, sweat contains metabolites (for example, lactate, glucose, urea, ethanol or cortisol) along
with electrolytes (for example, sodium, potassium, chloride or ammonium), trace elements (for
example, zinc or copper) and small amounts of large molecules (for example, proteins, nucleic acids,
neuropeptides or cytokines).!**] These biomarkers make in situ sweat analysis of considerable interest
for non-invasive monitoring of physiological health status (for example, hydration or physical stress)
and for disease diagnosis and management (for example, in such conditions as cystic fibrosis or
diabetes). Non-invasive monitoring at the epidermis eliminates issues related to blood sampling
maintaining the skin intact. Yet additional research is needed for determining and validating the
clinical value of sweat as a diagnostic biofluid. Target sweat analytes are each transported to the sweat
from surrounding capillaries with unique partitioning profiles, making reliable correlation to
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concurrent blood concentrations difficult. Deeper understandings of sweat chemistry and transport,
along with advances in sweat sampling and detection technologies, should accelerate sweat-based
diagnostic opportunities.

Jia et al. ! published the first demonstration, to our knowledge, of continuous monitoring of sweat
lactate levels via epidermal electrochemical biosensors, providing a real-time profile of lactate sweat
dynamics during exercise. Sweat lactate is a by-product of local sweat gland metabolism, and intense
physical activity induces higher generation rates. Although sweat lactate does not directly reflect the
concurrent blood levels, it indicates the level of physical exertion experienced during prolonged
exercise and can be used as a marker for athletic efficiency without invasive blood sampling. In this
study %), the human subject was asked to wear the printed temporary tattoo biosensor, modified with
lactate oxidase for measuring sweat lactate during exercise. Sweat lactate indeed increased with
higher exercise intensity.

On the other hand, Sudha et al.!*! proposed a non-invasive procedure for monitoring diabetes using
sweat urea as a biomarker. In fact, diabetes is a disorder that affects not only carbohydrate metabolism
but also other metabolisms, including protein metabolism. The increased protein catabolism increases
the production of toxic ammonia from the amino acid, the breakdown product of proteins. In the liver,
this toxic ammonia is converted into non toxic urea via the urea cycle. This leads to an increase in
blood urea and consequently the serum urea level in sweat; moreover, the hyperuremia has a strong
correlation with insulin resistance. [*7 Other studies dealing with urea as biotarget for sweat wearable
sensor have recently appeared. [28-31

2. Results and Discussion

The integration of optically active plasmonic materials on a flexible substrate can achieve a direct
and sensitive method to analyse sweat by means of a wearable sensor, which can serve as powerful
tool for non-invasive sweat monitoring. In particular, here we explore the possibility to integrate the
previously developed AgNWs@PTFE substrate within a flexible and wearable chip to conduct a
direct SERS detection of urea and lactic acid in sweat, which are the most concentrated organic
components in this biological fluid. The as-obtained chip absorbs and filtrates molecules in solution
and enables label-free molecular detection. This strategy allows to overcome the complexity related
to the use of specific receptors, and, on the contrary, to provide a real fingerprint of the biological
fluid offering a correlation between signal peak area of different biological targets and their relative
concentration.

The first step was to test a simulated sweat sample. Sweat is a biological fluid and as such its
composition is complex and variable. As mentioned in the Introduction, it contains an inorganic
fraction composed of different salts and an organic fraction composed of biomolecules of different
nature. Specifically, we used the following composition of simulated sweat (SS) *!: NaCl 0.5%;
K3PO4 0.1%; MgS04 0.1%:; 0.1% CaCl; 0.1% lactic acid; urea 0.1%. (pH = 5.4).

Reference SERS spectra of SS, urea (0.1%wx) and lactic acid (0.1%wsx) were then collected (Figure
2) depositing 5 uL of each sample on an AgNWs@PTFE substrate as developed in Chapter 5.
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Figure 2. Reference SERS spectra of simulated sweat, lactic acid (0.1%.,,) and urea (0.1%w).

The results indicate intense SERS signals from SS and the possibility to clearly identify the main
peaks of urea and lactic acid in the SS spectrum by using the SERS substrate previously developed.

The following steps involved the integration of the AgNWs substrate in a wearable SERS chip and
the reproduction on a laboratory scale of the real sweating process, in order to perform a suitable
calibration of the system for a reliable quantitative analysis of urea and lactic acid in sweat. For this
purpose, three aspects of the sweating process can prove critical: the sweat chemistry, the sampling
and the sweating flux. Urea and lactic acid are species undergoing an acid/base equilibrium in solution
and that interact each other and with the ions of the solution. Concerning sweat sampling, it is
important that the sweat reaches the sensitive part of the chip without being altered by substances
present on the skin or in the external environment, and avoiding a direct contact between AgNWs and
skin. Finally, sweating rate can vary depending on different factors both physiological (genetics,
region of body) and related to external inputs (heat, training, stress).

The SERS chip consisted of three layers (Figure 3a): on the top a transpiring tape (Tegaderm), in the
middle the AgNWs@PTFE substrate that was patterned with a single central spot (@ 3 mm, as in
Figure 3c), on the bottom a spacer (silicon tape) with a hole (@ 4 mm) centered on the silver spot.
This chip allows avoiding direct contact with the skin and protection from the external environment,
while assures gathering of sweat metabolites on the silver spot for effective SERS detection. We then
built up a simulated sweating system as schematized in Figure 3a. The system is composed of a
syringe pump, which injects the sample at a constant rate of 10 pL/min 2], a transparent cell obtained
by 3D printing (Clear Resin Formlabs) (Figure 3d), a microporous polyimide foil with 100 um size
pores at a density of 1 pore/mm? (Figure 3b) as artificial skin, and the SERS chip. The choice of using
a 10 pL/min sweating flux represents an average value as found in physiological conditions.

SERS spectra of SS using the simulated sweating system were collected after 5, 10 and 15 min flux
in order to identify the time required to reach the equilibrium of urea and lactic acid adsorption on
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the AgNWs surface. As displayed in Figure 4, the equilibrium is reached after about 10 min.
Therefore, we fixed a 10 min flux for all the following measurements.

Figure 3. Simulated sweating system and SERS chip. a) Scheme of the system including the SERS chip; b) microporous polyimide; c)
AgNWs@PTFE substrate used in the SERS chip and consisting of a central Ag spot of @ 3 mm; d) cell for simulated sweating.
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Figure 4. SERS spectra obtained by using the simulated sweating system and the SERS chip after 5,10,15 min of sweat flux.

Afterwards, the SERS spectra of SS with increasing concentration of urea (Figures 5-7) and lactic
acid (Figures 8-10) were collected to establish a relationship between SERS peak area (the peaks at
1003 cm™ for urea and at 712 cm™' for lactic acid were selected) and related biomarkers. In this case
the pH was fixed at 5.4 which represents an average between the physiological values. We may note
that in the SERS spectra of SS at increasing amounts of lactic acid, the reference peak of urea also
changes. This may be justified by an interaction of large amounts of lactic acid with urea, altering
the chemical equilibrium of the latter and thus its SERS profile. Further experiments are needed to
inspect the SERS response of SS on varying the concentration of the two biomarkers and of pH.
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Figure 5. SERS spectra obtained by using the simulated sweating system and the SERS chip after 10 minutes of sweat flux
increasing the urea concentration.
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3. Conclusions

We developed an innovative wearable AgNW@PTFE SERS chip, which was successfully tested on
a simulated sweating system. We were able to obtain a calibration curve of lactic acid and urea in a
range of concentrations between 0.1%wy and 1%w , which are of physiological interest. The whole
platform can be proposed for effective monitoring of biomarkers in sweat. Further experiments will
be conducted on volunteers to assess the reliability of the developed chip in an in vivo configuration.

4. Experimental Section
4.1 Materials

Urea (ChemCruz), DL Lactic acid 85% (FCC KOSHER). The inorganic salts (NaCl, K3POs,
MgS0O4, CaCl, were obtained by Sigma Aldrich.

4.2 SERS measurements

SERS spectra were obtained using AgNW@PTFE substrates containing a single silver spot (@ 3 mm)
centered on the PTFE support after 10 minutes of simulated sweating system flux at a constant
injection rate of 10 pL/min. The SERS analysis was conducted on a micro-Raman spectrometer
(XPlora, Horiba), working at 785 nm with 1200 grooves/mm laser power (0.598 mW), 2s integration
time, and a 10x objective.
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Conclusions

Silver nanowires (AgNWs) are among the most powerful and versatile materials in the
nanotechnology area and were here selected for the development of an effective optical platform
based on SERS technique. This thesis ranges from the optimization of the synthesis of AgNWs to
their engineering in an ideal SERS substrate, aimed at promoting this technique for its routine use in
real applications.

The optimized synthesis of AgNWs provided us well-monodispersed nanostructures with minimal
amounts of by-products. Then two SERS substrates based on AgNWs were developed by cost-
effective, simple and reproducible strategies. The substrates were fabricated using different
techniques, supporting materials and AgNWs dimensions. Anyway, the final results satisfy the
criteria of an effective SERS-active layer of assembled AgNWs, which are randomly distributed
creating a dense network with a considerable number of SERS hotspots. The first substrate
(AgNWs@PTFE) was obtained by a simple flow-through method consisting in filtering a suspension
of AgNWs through a microporous PTFE membrane. Afterwards, laser ablation is exploited to operate
a precise substrate patterning in the form of regular SERS-active spots producing intense local E-
fields that are at the basis of effective SERS signals. In the second substrate (AgNWs@G-paper) the
preparation of 2D plasmonic substrates was performed by spraying an AgNWs dispersion on 50-um
thick graphene-based paper as achieved by mechanical compression of small stacks of graphene and
interposing a temporary mask to obtain regular SERS-active spots as above. SERS substrates
proposed so far are often unsuitable for the practical detection of biomolecules due to the lack of the
simultaneous presence of preferred features, such as low manufacturing costs, disposable
characteristics, and simplicity for routine application in turn limiting their use at or near point-of-
need settings. The SERS substrates we developed represent an attempt in progressing SERS toward
commercially viable sensing solutions including diagnostics at the point-of-care and on-site analyses.
According to this point of view we have then explored the possibility to use AgNWs substrates in
two exemplary SERS applications. In the first study we were aimed at identifying different flavonoid
species in plant extracts. Specifically, we were able to obtain an intense SERS profile from chamomile
extracts and successfully inspected it for the presence of the main flavonoids. The method can be
proposed for quasi real-time analysis of plant extracts by the use of portable or benchtop Raman
spectrometers, making it easier to monitor beneficial flavonoids in plants for the nutraceutical
industry. In the second study the AgNWs substrate was integrated into a skin-wearable SERS chip to
track the amount of specific metabolites in sweat. In this case, the perspective is the realization of a
wearable system that can be interrogated by a portable Raman device for monitoring of chronic
diseases or altered health states.
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