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Streszczenie

Głównym celem niniejszej rozprawy było otrzymane nanodrutów srebra o różnej
morfologii wykorzystując do tego syntezę chemiczną. Następnie wykazanie wpływu
morfologii nanodrutów srebra na ich właściwości optyczne (wzmocnienie fluores-
cencji i długości propagacji powierzchniowych polarytonów plazmonowych), wyko-
rzystując do tego metody mikroskopii fluorescencyjnej, gdzie rolę fluorofora pełnił
kompleks perydynina-chlorofil-białko oraz metody numeryczne do symulacji odd-
ziaływań fal elektromagnetycznych z materią.

Pierwszy rozdział stanowi wstęp teoretyczny dla tej rozprawy. Omówione są w
nim metody syntezy nanocząstek (ze szczególnym uwzględnieniem nanodrutóww
srebra) i zjawiska fizyczne zachodzące w czasie wzrostu nanokryształów oraz chemiczna
modyfikacja powierzchni nanocząstek. Kolejną część stanowi opis oddziaływania
nanocząstek i fluoroforów ze światłem, których znajomość jest kluczowa dla zrozu-
mienia oddziaływań pomiędzy nanocząstkami i fluoroforami. Podsumowanie stanowi
przegląd literaturowy zawierający kluczowe wyniki badań dotyczące wzmocnienia
fluorescencji przez nanocząstki i tłumienia powierzchniowych polarytonów
plazmonowych. Wyniki te koncentrują się na wzmocnieniu fluorescencji molekuł
przez nanodruty srebra oraz analizie modów powierzchniowych polarytonów plaz-
monowych w zależności od morfologii.

Drugi rozdział opisuje użyte materiały, techniki eksperymentalne i pomiarowe.
Opisane są w nim główne techniki eksperymentalne wykorzystane w pracy: fluores-
cencyjna mikroskopia szerokiego pola, fluorescencyjna mikroskopia konfokalna oraz
spektroskopia czasowo-rozdzielcza, skaningowa mikroskopia elektronowa, spektrol-
fuorymetria i spektroskopia UV-Vis. Przedstawione są schematy wykorzystanych mikro-
skopów optycznych wraz z detalami technicznymi. Zakończenie rozdziału stanowią
opisy metod numerycznych. W symulacjach oddziaływania nanodrutów srebra ze
światłem wykorzystano metodę elementów skończonych zaimplementowaną w opro-
gramowaniu COMSOL.

W rozdziale trzecim przedstawiono wyniki badań własnych. Jako pierwsza została
opisana synteza hydrotermalna o różnych składach miesznanin do redukcji, prowadząca
do nanodrutów srebra o odmiennych morfologiach. Właściwości optyczne nanodrutów
srebra badano w dwóch konfiguracjach: 1)matrycy polimerowej z białkiem fotoak-
tywnym PCP i 2) monowarstwie PCP pokrywającej nanodruty. Do zbadania wzmoc-
nienia fluorescencji przez nanodruty srebra i tłumienia propagacji powierzchniowych
polarytonów plazmonowych wykorzystano zarówno techniki teoretyczne jak i ekpery-
mentalne. W ostatniej części przedstawiono metodę lokalnej modyfikacji nanodrutu
srebra za pomocą PCP oraz dowiedziono, że struktury uzyskane w wyniku syntezy
opisanej w tej pracy mogą być wykorzystane do wzbudzania molekuł znajdujących
się w odległości 100 µm od ich końca, na który pada światło lasera. Ostatni rozdział
pracy stanowi podsumowanie wyników.
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Introduction

The main aim of this thesis was to obtain silver nanowires of various morpholo-
gies using chemical synthesis. It then aimed to demonstrate the influence of silver
nanowire morphology on their optical properties. These properties included the en-
hancement of fluorescence and the propagation length of surface plasmon polari-
tons. Fluorescence microscopy methods were used for this analysis, with a peridinin-
chlorophyll-protein complex as the fluorophore. Additionally, numerical methods
were applied to describe the interactions of electromagnetic waves with matter.

The first chapter serves as a theoretical introduction to this thesis. It discusses
methods for synthesising nanoparticles (with particular emphasis on silver nanowires),
physical phenomena occurring during the growth of nanocrystals, as well as chem-
ical modification of nanoparticle surfaces. The next part describes the interaction
of nanoparticles and fluorophores with light, a comprehension of which is crucial
for understanding interactions between nanoparticles and fluorophores. The sum-
mary includes a literature review containing key research findings regarding fluores-
cence enhancement by nanoparticles and surface plasmon polariton (SPP) damping.
These results focus on the fluorescence enhancement of various types of molecules
by AgNWs and characterisation of surface plasmon polariton modes depending on
morphology.

The second chapter describes the materials and experimental techniques used. It
includes a description of the main experimental techniques used in the study: wide-
field fluorescence microscopy, confocal fluorescence microscopy, time-resolved spec-
troscopy, scanning electron microscopy, spectrofluorimetry, and UV-Vis spectroscopy.
Schemes of the optical microscopes used along with technical details are presented.
The chapter concludes with descriptions of numerical methods - finite element sim-
ulations used to simulate the interaction of silver nanowires with light implemented
in the COMSOL software.

The third chapter presents the results of the study. The hydrothermal method for
synthesising silver nanowires with different morphologies is described first. The opti-
cal properties of silver nanowires were investigated in two configurations: 1) polymer
matrix with photoactive PCP protein and 2) PCP monolayer covering the nanowires.
Both experimental and numerical techniques were used to investigate fluorescence
enhancement by silver nanowires and damping of surface plasmon polariton propa-
gation. The last part demonstrates the method of coating the tip of a silver nanowire
with PCP and proves that nanowires obtained through the synthesis described in this
work can be used to excite molecules located 100 µm away from the laser focused on
the nanowire end. The final chapter of the thesis summarizes the results.
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Chapter 1. Review of Literature

1.1 Synthesis and chemistry of nanoparticles

Nanotechnology is a rapidly developing area of science. Most people credit its be-
ginning to the lecture of R.P. Feynman "There’s Plenty of Room at the Bottom"[1].
Usually, nanoparticles (NPs) are described as materials for which at least one dimen-
sion is smaller than 100 nm[2]. Nanoparticles are widely used in research as their
physicochemical properties strongly depend on their size, shape, and composition.
For example, water dispersions of 20 nm spherical nanoparticles of gold (Au), plat-
inum (Pt), silver (Ag), and palladium (Pd) have characteristic colors, respectively: red,
yellow-gray, black, and dark-black. As shown in Figure 1.1, a change in the morphol-
ogy or composition of nanoparticles, results in a change of absorption spectra and,
thus, a change in the visible color, which finds application in multiple areas of re-
search i.e. in bioimaging[3].

Figure 1.1: Photographs of AuNPs dispersions. In each solution AuNPs vary in morphologies,
which results in variations in color of their dispersions[3].

1.1.1 Methods of synthesis of nanoparticles

Up to these days, numerous methods of NPs synthesis have been described in liter-
ature, which naturally leads to multiple ways of grouping them. However, the most
convenient one is based on the dimensions of the initial substrate. If the substrate is
bigger than the final product, so during the synthesis, particles are downscaled, then
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Chapter 1. Review of Literature

this method is called Top-Down. On the other hand, if the initial substrate is smaller
than the product, it’s called Bottom-Up synthesis[4]. The most common methods of
NPs synthesis grouped into two main branches are shown in Figure 1.2.

Figure 1.2: Scheme of methods of nanoparticles synthesis and corresponding commonly
used techniques[4].

Top-Down

It is a method based on the fragmentation of a larger chunk of material. In mechani-
cal milling and chemical etching surface of big particles is slowly degraded, reducing
the size of particle itself. In sputtering due to bombarding with high energy particles a
target, microscopic particles of material are ejected from target into substrate, form-
ing new particles on its surface. In laser ablation process nanoparticles are created by
removing material from a solid surface by irradiating it with a laser beam. Although
these techniques are inexpensive and technically uncomplicated, their main draw-
back is a lack of shape control. Thus these methods are mainly applied to produce
spherical NPs[5] quantum dots (QDs)[6] or exfoliated graphene[7].

Bottom-Up

In this approach, NPs are created from simple chemical compounds like inorganic
salts subjected to the chemical reduction process. In that way, nanoparticles have
fewer defects in their structure compared to Top-Down approach. At the same time,
it is easier to control the dimensions of the nanostructures. Dimensions control is
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Chapter 1. Review of Literature

the main reason why the Bottom-up approach is more frequently used than the Top-
down. Moreover, based on the nature of the process, they are further categorized into
subgroups: chemical methods, which often involve sedimentation and reduction
and physical methods, where the two most commonly used techniques are chemi-
cal vapor deposition (CVD) and physical vapor deposition (PVD).

Thus, the Bottom-Up approach is utilized to obtain nanoparticles with compli-
cated shapes (i.e. nanowires, which are the main focus of this thesis). The final shape
of the nanoparticles is determined by conditions during the crystal’s growth. In this
thesis, the NPs were obtained only by chemical methods. Thus, further discussion
will focus only on the mechanisms occurring in chemical synthesis, with particular
emphasis on the synthesis of silver nanowires (AgNWs).

1.1.2 Nanocrystals growth

Although mechanisms of chemical reactions leading to nanocrystals growth are un-
complicated[8], explicit rules governing crystal growth are still unknown or unclear.
Yet, three main stages of crystal growth can be defined:

1. nucleation,

2. evolution of nuclei into seeds,

3. growth of seeds into nanocrystals.

In a typical chemical synthesis in a solution, a chemical precursor is decomposed
or reduced to achieve atoms on 0 oxidation state - main the building of metallic crys-
tals. Upon precursor decomposition, the concentration of atoms steadily grows up,
reaching a critical point. At this moment, nuclei start to form. In typical synthesis
if any impurities are present, the atoms will form crystals on their surface. Thus to
achieve homogeneous crystals high purity materials have to be used, to reach critical
concentration of 0 oxidation state atoms to form homogeneous nuclei. In impurity
free solution after formation of nuclei, they grow very rapidly, leading to a decrease in
atom concentration in the solution. If atom concentration drops significantly, then
no new nuclei are created. At this moment, atoms in a solution are in thermodynam-
ical equilibrium with atoms at the surface of crystals. If the precursor is still decom-
posed, additional atoms start to appear on the crystal’s surface, inducing the crystal’s
growth[8]. All these processes were described by LaMer[9]. Figure 1.3 presents atom
concentration in the solution plotted against time, the horizontal lines represents
distinctive atom concentration that occur during the process.

When the nuclei reach their critical size, fluctuation of the structure is no longer
possible; at this point, they are called seeds. Seeds are defined as objects bigger
than nuclei, but energy barriers do not allow for fluctuations in their structures. It
is commonly accepted that the nanoparticle’s final shape depends on the seed’s crys-
tal structure and chemical affinity to surfactants. All these are true for at least metals
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Chapter 1. Review of Literature

Figure 1.3: Atom concentration against time, during chemical precursor decomposition. At
the beginning concentration steadily grows up to a critical point, once reached crystals start
to nucleate, and atom concentration decrease reaching thermodynamic equilibrium. The
atom concentration in the solution in the thermodynamic equilibrium with crystals surface
has been marked as cs , minimal concentration to begin nucleation as cnu

mi n and maximum
concentration without start of the nucleation as cnu

max . Actual nucleation begins at the maxi-
mum of atom concentration against time[8].

such as Ag[10], Au[11], Pd[12], as shown in Figure 1.4. From this point of growth, the
crystal maintains the initial structure (symmetry). Thermodynamically stable seeds
exist as single, twinned, or multiply twinned crystals. The key to nanocrystal synthe-
sis is to achieve the desired structure. The structure can be controlled by two factors:
- thermodynamical - every seed is trying to minimise its Gibbs free energy
- kinetical - every crystallographic plane has a different speed of atom addition.
The process is kinetically controlled if the process of nanocrystal growth is rapid and
cannot reach thermodynamic equilibrium. On the other hand, if the process is rela-
tively slow and the crystal can easily reach its thermodynamic equilibrium, then its
thermodynamically controlled. This dependency is shown in protocols on nanopar-
ticles synthesis: small crystals are obtained in rapid uncontrolled synthesis, while
bigger crystals with nonspherical shapes are obtained in slow reactions with strictly
controlled rate of atom generation.

Thermodynamical control

The thermodynamically controlled synthesis yields the products with the lowest Gibbs
energy. One of the factors contributing to the total Gibbs energy is surface-free en-
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Chapter 1. Review of Literature

Figure 1.4: Scheme of nanoparticles shapes based on their initial structures and metals for
which such synthesis has been described in the literature[8].
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Chapter 1. Review of Literature

ergy. Wulff construction describes the most stable product by minimising surface-
free energy for a given volume. The surface free energy (surface energy) γ is the en-
ergy required to create a new surface given by Equation 1.1, where G is the Gibbs free
energy and A is the surface area[13].

γ= (
∂G

∂A
)n,T,P (1.1)

For materials that crystallize in a face-centered cubic lattice (fcc) (like silver), the sur-
face energy of facets can be lined up in increasing order: γ111 < γ100 < γ110. Lowest
energy single crystals that corresponding to these shapes have the shape of octahe-
drons, or tetrahedrons[8]. Nevertheless, the aforementioned shapes have a higher
surface area than cubes with the same volume. As a result, seeds have to adopt the
intermediate structure of truncated octahedrons to minimize surface energy. Such
octahedrons have a close to spherical shape and {111} and {100} facets on the surface
(Figure 1.5).

Figure 1.5: Truncated octahedron[14].

Two crystals can merge to minimize their surface energy, creating twinned crys-
tals. Typical crystals are connected through {111} planes, which leads to defects and
strains in their structure[15]. For multiple twinned crystals, the strains increase rapidly
with increasing crystal size. For example, a five-fold twinned crystal consists of five
tetrahedrons with a common edge. The angle between {111} planes is 70,53◦. This
means that to fully complete circle 360◦-5*70,53◦=7,35◦ must be compensated[8] by
the increased distance between atoms at the crystals junction. As a result, only rela-
tively small multiply twinned crystals are stable[16].

Kinetic control

When the seeds are relatively small (in the order of 1 nm), during their growth, the in-
crease in surface energy can be compensated by the increased contribution of {111}
facets on their surface. Nevertheless, theoretical calculations indicate that during
rapid growth, low energy of {111} is insufficient to stop seeds’ decomposition into
monocrystals[17]. This analysis indicates that seeds have to be small to obtain multi-
ply twinned crystals with good efficiency. It is usually achieved by a slow rate of atoms
generation. When this condition is fulfilled, atoms crystallize in random hexago-
nal close-packing (rhcp) structures, which conserve defects in the crystal lattice[18].
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These defects can result in thermodynamically unfavorable nanostructures, such as
nanodiscs. In experiments, kinetic control is achieved by:

1. slow decomposition or reduction of chemical precursor[19],

2. using weak reducing agent[20],

3. combining reduction process with oxidation[21],

4. utilizing Ostwald ripening process[22].

Types of stable seeds and the following final crystal shapes have been shown in Figure
1.6[8].

Figure 1.6: Growth routes for different types of seeds. The green, yellow and purple colors
represent {100},{111} and {110} facets respectively. Twin planes are marked with red lines.
Parameter R is defined as the growth ratio between <100>and <111>directions[8].
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These rules apply to the synthesis of all types of nanoparticles. However, from this
point, the discussion will focus on the only type of nanoparticles that is important
from the point of view of this thesis: silver nanowires.

1.1.3 AgNWs synthesis

Silver nanowires (AgNWs) are one-dimensional silver nanostructures, typically with
diameters ranging from 10 to 200 nm and lengths up to 100 µm[23]. A key distin-
guishing feature from nanorods is their aspect ratio, defined as the ratio of length to
diameter, which must exceed 10[24]. In the last 30 years, many methods of AgNWs
synthesis have been described. AgNWs can be obtained by physical and chemical
methods. In chemical methods, two subgroups are present: hard template and soft
template. Even though all methods may lead to high-quality nanowires, soft tem-
plate methods are gaining more and more interest due to ease, high yield, low costs
and low number of defects[24].

Physical methods of AgNWs synthesis
Physical methods are mainly based on lithography[25]. In lithography, in the first
step, the mask determining the shape of the desired structure is deposited on a sub-
strate. In the second step, the material is deposited onto the substrate. Finally, the
mask is removed from the substrate. These methods give nanowires with strictly con-
trolled dimensions. However, they have multiple drawbacks: the equipment utilised
is expensive, and they require many optimisation steps to produce smooth nanowires
with good plasmonic properties. Typically, they result in a stick-together agglomerate
of nanoparticles, which has to be further processed(i.e. by elevating temperature), to
achieve a structure similar to a monocrystal[26]. Thus, over the years, as advances in
chemical synthesis were made, these methods became less and less popular.

Chemical methods of AgNWs synthesis
In chemical methods, silver nitrate is reduced to metallic silver. Basing on the nature
of the template used to direct the growth of the crystals, one can distinguish two
subgroups of the AgNWs synthesis:

• hard template in which template physically blocks crystal growth in the se-
lected directions;

• soft template in which crystal growth is controlled by thermodynamics or ki-
netics of the process.

In hard template methods, cylindrical holes in materials (such as aluminium oxide
membrane[27] or carbon nanotubes[28]) are used to direct nanowire growth. Nev-
ertheless, following template removal is problematic, leading to additional defects in
the AgNWs structure.
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This problem has been overcome in soft template methods by introducing shape-
directing agents. In these methods, water-soluble surfactants and polymers are used
to direct crystal growth. The two most commonly used are: Cetrimonium bromide
(CTAB)[29] and Polyvinylpyrrolidone (PVP)[30]. PVP is used more often because the
resulting AgNWs have a better aspect ratio (length/diameter). The exact role of PVP
in AgNWs growth is yet unknown. For many years, it has been suggested that dif-
ferences in energy binding to different facets ({100} and {111}) are major factors[10].
However, the latest measurements suggest that thermodynamic differences are not
sufficient and that kinetic effects play a main role[31]. It indicates that it is possible
to change the dimensions of nanowires by regulating the kinetics of the process, i.e.,
by changing the reducing agent or temperature.

Furthermore, basing on the solvent used in the soft template AgNWs synthesis,
two main methods are utilized:

• polyol - is a method where the reaction is conducted in ethylene glycol, which
serves the role of solvent and reducing agent[30];

• hydrothermal - reaction is conducted in water environment in autoclave reac-
tors in temperatures above 100◦C[32] with the presence of an additional reduc-
ing agent.

Dimensions of AgNWs highly depend on reaction conditions in both methods, al-
though the hydrothermal method usually gives longer AgNWs[25].

1.1.4 Influence of reaction parameters on AgNWs size

Mechanisms governing AgNWs formation are not yet fully understood. This subsec-
tion systematises information about the influence of the parameters on dimensions
of AgNWs present in the literature. The most popular method of synthesis of AgNWs
is a polyol; thus, most studies on the influence of parameters are described only for
this method. It is impossible to conduct similar analysis for hydrothermal synthesis,
due to lack of data in literature. However, it is anticipated that the hydrothermal and
polyol methods should produce similar results.

Temperature and time influence
At room temperature, ethylene glycol does not act as a reducing agent. However, it
oxidises to aldehyde at higher temperatures, which can reduce silver cations[33]. The
equations for these reactions are presented in Figure 1.7. Temperature determines
the reducing potential of ethylene glycol, and together with time, it’s one of the most
critical parameters in polyol synthesis. In polyol synthesis, the optimal reaction tem-
perature was estimated to 160°C at 1 hour synthesis[35]. At 100°C no formation of
AgNWs was observed[34], while at 185°C the main product was silver nanorods.

When cations acting as oxygen scavengers such as Fe3+ and Cu2+ were introduced
into reactions, they facilitated the formation of AgNWs at 150°C[36]. Silver nanowires
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Figure 1.7: Reaction equation of ethylene glycol oxidation and silver nitrate reduction[34].

can be incorporated as conductive component into a polymer matrix to create a
transparent and conductive macro-scale layer. The optical transparency and elec-
trical conductivity of this layer are influenced by the dimensions of the AgNWs. This
motivated studies of the influence of temperature on AgNWs’ lengths and diameters.
It was shown that with increasing temperature, nanowires tend to be shorter and
have smaller diameters[37]. On the contrary, some studies show that with increasing
temperature, the nanowires obtained are longer and have smaller diameter[38].

Polyvinylpyrrolidone
Nowadays, polyvinylpyrrolidone (PVP) is the most widely used crystal growth direct-
ing agent[8]. It is postulated that not the raw concentration of PVP has the major
influence on crystal growth, but rather its ratio to Ag+ concentration. For efficient
AgNWs synthesis PVP:Ag+ ratio should be around 1.5:1 at 1 hour at 160°C. While
higher PVP:Ag ratios were used, nanorods become the predominant product. Con-
versely, at lower Ag:PVP ratios , nanowires are still formed but are shorter and have
smaller diameters compared to those produced at the optimal ratio[35]. Studies on
the influence of PVP molecular weight revealed that only nanoparticles with irregu-
lar shapes are obtained in monomer syntheses (1-ethylpyrrolidone). When the poly-
mer contains 90 mers, synthesis results in nanoparticles with nanorod-like shape.
When the polymer consists of at least 300 mers (molecular weight greater than 30
kDa), then the final product is mainly AgNWs. Additional studies have shown that
the mixture of PVP with different molecular weights might result in longer and thin-
ner nanowires[39]. As an example at 140°C using mixture of PVP360000+PVP55000
at ratio 1:1 nanowires have a diameter of 29.5 nm and a length of 29.2 µm. When the
ratio is adjusted to 2:1, the diameter decreases to 24.8 nm, while the length increases
to 34.8 µm. Nanowires obtained in syntheses with varying PVP molecular weigth are
presented in Figure 1.8.
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Figure 1.8: SEM images of AgNWs synthesized with (a,b) PVP-360000+PVP-55000 and (c,d)
PVP-1300000+PVP-55000. Polymers with various chain lengths used in synthesis result in
nanowires with different dimensions[39].

AgNO3 concentration
The concentration of silver nitrate (AgNO3) significantly impacts both the dimen-
sions and the yield of silver nanowires in each synthesis. According to LaMer theory,
maintaining a relatively low AgNO3 concentration is critical to favor crystal growth
over the nucleation of new seeds. Experimental results confirm that one of the most
effective strategies to produce high-efficiency nanowires with a high length-to-diameter
ratio involves maintaining a low and constant AgNO3 concentration throughout the
synthesis. This is achieved through the controlled and gradual addition of 0.1 M
AgNO3 solution using a syringe pump. The syringe pump plays a vital role in this
process by delivering the AgNO3 solution at a precisely regulated flow rate[35][34].
Literature reports tried to achieve more efficient (higher number) AgNWs synthesis.
One of the attempts was made to increase AgNO3 concentration to the range of 0.1-
0.6 M. Nevertheless, it resulted in short nanowires (8 µm) with a very large diameter
(300 nm)[40]. These experiments also revealed that the volume of the reactions itself
might influence AgNWs dimensions.

Page 14



Chapter 1. Review of Literature

Influence of chloride anions and other substances
Chloride anions are another chemical species that have a critical influence on the
shapes of silver nanoparticles[41]. Their absence in synthesis results in nanoparti-
cles with irregular shape, and even a trace amount of chlorides influences the shape
of the seeds and the final product - silver nanowires[33][41][42]. They adsorb at the
seed surface, blocking the aggregation of nanoparticles[43]. In water solutions, chlo-
ride anions, upon contact with silver cations, form insoluble silver chloride. The pro-
cess of silver chloride formation decreases Ag+ concentration so that it can substitute
a slow injection into the solution with a syringe pump. Studies have also shown that
silver can nucleate on the surface of cubic crystals of silver chloride, so it acts as ini-
tiators of nucleation[44][45]. Bromide anions can substitute chlorides; usually, they
are introduced into the solution in the form of CTAB or KBr. When bromide anions
were used instead of chloride in the syntheses, the nanowires obtained had smaller
diameters[46][47]. Studies show that factors such as mixing speed or shape of mag-
netic stirrer affect the final dimensions of AgNWs, but these studies were not carried
out systematically[23].

Influence of reaction parameters in the hydrothermal synthesis
Hydrothermal synthesis of AgNWs is relatively novel, and as a consequence, its de-
scription in the literature is not as exhaustive as for polyol synthesis. Publications fo-
cus mainly on the influence of different reducing agents such as: glucose[32][48], and
sodium citrate[49]. There are no extensive studies on the influence of other param-
eters, such as temperature or PVP chain length. Although the data is fairly limited,
few trends can be spotted. Usually, the temperature oscillates around 160 ° C, the
reducing agents are described as mild with redox potential around -0.5 V , the PVP
concentration is much higher than AgNO3, and chloride anions are always present.
The aforementioned data were the starting point for the research in this thesis.

1.1.5 Chemical modification of nanoparticles surface

Silver surface chemistry is not rich in chemical reactions. Adsorption might seem
like a plausible method for the surface modification of silver nanoparticles. It is a
straightforward single-step approach, and nanoparticles have a high surface area, at
which chemical compounds can adsorb. However, it is a spontaneous, reversible,
and dynamic process. Adsorbed proteins are bound to the surface via weak inter-
molecular forces, namely, ionic bonds and hydrophobic or polar interactions. Thus
physisorbed proteins may easily detach from the surface during measurement[50].
Therefore, proteins are often immobilised onto the surface by covalent bonds formed
between protein and molecules at the nanoparticle’s surface. Molecules of interest
are introduced during synthesis impacting nanoparticles growth (e.g., citrates[51],
polyethylene glycol[52]) or afterwards. Surface modification of silver after synthe-
sis is usually conducted with short-chain length molecules with functional groups
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at both ends. On one end is the thiol (-SH) group which strongly binds to the sur-
face of the silver, forming a self-organising monolayer, on the another end is func-
tional group such as amine (-NH2) or carboxylic (-COOH)[53]. Molecules with short
aliphatic chains are preferred as such modified nanoparticles have a higher water sol-
ubility. The amine and carboxylic groups can further react, creating a peptide bond,
which can be utilized to binding various molecules, i.e. proteins.

In the side chains of proteins exist multiple chemical moieties with various chem-
ical groups. When so many chemically reactive groups are present it often leads
to unwanted reactions between the proteins. The most popular functional groups
present in the side chain of the proteins and their relative groups at the surface of the
nanoparticles, with which they can react, are presented in table 1.1[54].

Side groups Amino acids Surface funcionality

-NH2 Lysine

carboxylic acid
active ester (NHS)

epoxy
aldehyde

-COOH Aspartic acid, glutamic acid amine

-SH cysteine
maleimide

vinyl sulfone
pirydyl disulfide

-OH serine, tyrosine epoxy
Streptavidin/Avidin - biotin

His Tag - Ni2+

Table 1.1: Functional groups in side chains of proteins and functional groups utilized to bind
them to the surface of nanoparticles[54].

Coupling between amine and carboxyl moieties is most widely used in protein
binding. Nevertheless, this reaction has nearly zero value of enthalpy (≈-3,6 kJ/mol[55])
and thus maximal yields of about 50%. Moreover, to induce the reaction, a cat-
alyst has to be used. To overcome these thermodynamical and kinetic problems,
carboxyl-reactive crosslinkers are used. Carbodiimide compounds such as 1-ethyl-
3- (3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) are commonly used.
EDC reacts with carboxyl groups which can react further with primary amines. Such
EDC-activated carboxyl undergoes hydrolysis in water; thus, these compounds are
unstable in water solutions. Therefore in most cases, carboxyls are coupled with N-
hydroxysuccinimide (NHS), forming NHS ester, which is more stable and can react
with primary amines at physiological pH (around 7.4). Other widely used surface
attachment strategies utilise thiol groups from cysteine residues to maleimide acti-
vated, iodoacetyl modified, or metallic surfaces[56][57][58].

The covalent bonding of proteins is robust and quite simple. However, this ap-
proach suffers from a random and nonselective place of binding, which affects the
protein properties. Another surface immobilization is based on the biochemical affin-
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ity reactions[59]. Biotin-avidin/streptavidin interaction is an example of such an ap-
proach. It is one of the strongest known non-covalent bonds (≈-100kJ/mol[60][61]),
with a strength comparable to weak covalent bonds. In this method, proteins must
be conjugated with either biotin or streptavidin[62]. Another standard method of
protein immobilisation is the interaction of hexahistidine-tagged (His-tag) proteins
with Ni2+[63]. In this procedure, nitrilotriacetic acid is usually bound to the sensors’
surface. In the next step, three carbonyl groups form a complex bond with the Ni2+
cation, and three histidine bind to the nickel cation, fulfilling its coordination sphere.
This procedure has the advantage of surface regeneration. Nickel with bound protein
can be removed from the surface by strong metal chelation agents such as ethylene-
diaminetetracetic acid (EDTA)[64][65].
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1.2 Interactions of light with nanoparticles and fluorophores

1.2.1 Surface plasmon resonance

Due to the high ratio of surface area to volume, metallic nanoparticles exhibit prop-
erties not observed in bulk materials. One notable occur upon interaction with light.
When a nanoparticle is illuminated by an electromagnetic wave, localized surface
plasmon resonance (LSPR) is excited. LSPR occurs when the conduction electrons
on the surface of metallic nanoparticles collectively oscillate in resonance with the
incident electromagnetic field. This phenomenon arises in nanoparticles that are
much smaller than the wavelength of the incident light.

The interaction with the electromagnetic wave leads to the coherent oscillation of
free electrons, which is confined to the nanoparticle’s surface. This creates a strong
localized electromagnetic field near the nanoparticle, significantly enhancing optical
phenomena such as absorption and scattering. Additionally, LSPR is highly sensitive
to the nanoparticle’s size, shape, composition, and surrounding environment. The
process is schematically illustrated in Figure 1.9[66].

Figure 1.9: Schematic of electrons oscillation in a metallic sphere upon illumination. When
the electric field is applied, the electron cloud is displaced relative to the nuclei. Oscillations
of electric field result in oscillations of electron cloud[66].

Gustav Mie provided the first mathematical description of light scattering, and
absorption for spherical nanoparticles in 1908[67][68]. For light-matter interactions,
the metallic nanoparticle can be treated as a core consisting of packed positively
charged atomic cores and negatively charged electrons moving freely in their vol-
ume. Upon illumination (application of electric field), electrons, that do not con-
tribute to chemical bonds, start to move to the nanoparticle’s surface. Then, they
return to their previous state due to Coulomb’s attraction. Electrons are confined in-
side the nanoparticles; thus, when a negative charge accumulates on one side, then
a positive charge accumulates on the other side of the nanoparticle. This induced
dipole generates an electric field opposite to the incident electric field, forcing elec-
trons to oscillate. The electrons oscillation frequency, known as plasma frequency,
is determined by the properties of the system and environment (electron density, di-
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electric constant of the medium, etc.). Increased electric field intensity in the vicinity
of the nanoparticle results from electron acceleration and is known as the antenna
effect[69]. Localized surface plasmon resonance is a well-known and widely used
phenomenon; thus, it is well described theoretically and experimentally[70]. Sur-
face plasmons have been used to enhance the surface sensitivity of several types of
spectroscopic measurements including fluorescence, Raman scattering, and second-
harmonic generation[71][72].

1.2.2 Surface Plasmon Polaritons

If one of the dimensions of the nanoparticle far exceeds the wavelength of the inci-
dent light, in that case, electron oscillations are no longer confined in space and can
travel along the nanoparticle in the form of Surface Plasmon Polaritons (SPP)[70].
The electric field intensity of SPP is shown in Figure 1.10. Such waves traveling along

Figure 1.10: Schematic representation of SPP at the boundary of metal and dielectric (a) the
electric field is perpendicular to the surface, and the magnetic field is transverse. (b) the z
component of the electric field is evanescent in both media, δd is a decay length into dielec-
tric usually is of the order of half wavelength, δm is a decay length into the metal of the order
of tens of nanometers[73].

the boundary of metal and dielectric are described by Maxwell equations. The elec-
tric field of SPP that propagates along the boundary of metal and dielectric altogether
with induced charges and electric field intensity near the boundary is characterized
by two values: 1) δd the distance in the dielectric at which the electric field inten-
sity reaches 1/e of its maximum value and 2) δm the distance in the metal at which
the electric field intensity reaches 1/e of its maximum value. Typically δd > δm due
to stronger damping of the electric field in metals than in dielectrics. Compared to
localised plasmon resonance, Surface Plasmon Polaritons can transport energy over
micrometre distances[74].
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1.2.3 Interactions of nanoparticles and fluorophores

Metallic nanoparticles during light illumination act as antenna concentrating elec-
tromagnetic field. The presence of a nanoparticle affects fluorophores in its vicinity,
which leads to two effects:

• fluorescence quenching - when a fluorophore is directly in contact or very close
vicinity of a nanoparticle, then most of the energy is transferred to the metal
and then dissipated as a heat,

• fluorescence enhancement - increased excitation probability due to higher strength
of the electric field and increased probability of radiative decay[75].

Interactions of single fluorophores with light have been shown in the simplified Jabłoński
diagram in Figure 1.11. All three main processes of light-matter interactions have

Figure 1.11: Simplified Jabłoński diagram. (a) An isolated fluorophore is characterised
by three quantities: excitation rate (γ0

exc ), radiative rate (γ0
r ), and nonradiative rate (γ0

nr ).
Fluorophore-plasmons interactions modify all of them (γM

exc , γM
r and γM

nr ) but also allow for
additional process in which energy is transferred from the fluorophore to the metal γabs[76] .

been marked: excitation (rate γ0
exc ), radiative decay (rate γ0

r ), and non-radiative de-
cay (rate γ0

nr ). In a free-space quantum yield (Q0) and excited state lifetime (τ0) is
defined by[77]:

Q0 =
γ0

r

γ0
r +γ0

nr
(1.2)

τ0 = 1

γ0
r +γ0

nr
(1.3)

On the other hand, when the fluorophore is placed in the vicinity of the nanoparticle,
interactions between the electronic states of the fluorophore and nanoparticle intro-
duce additional channels (γM

exc , γM
r and γM

nr ). Then quantum yield and excited state
lifetime are defined as[78]:

QM = γ0
r +γM

r

γ0
r +γM

r +γ0
nr +γM

nr
(1.4)
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τM = 1

γ0
r +γM

r +γ0
nr +γM

nr
(1.5)

Interactions between the fluorophore and electronic states of nanoparticle can be
observed experimentally in the change in fluorescence signal intensity or fluores-
cence lifetime as shown in Figure 1.12. Radiationless energy transfer from fluorophore

Figure 1.12: Effects of fluorophore-metal interactions on measured intensity and fluores-
cence lifetime. The dashed lines indicate the absence of the metal, and the solid line indi-
cates the presence of the metal. Recreated from[79].

(Quenching) into metal results in decreased fluorescence intensity and shortening of
the excited state lifetime. The enhanced electric field around the nanoparticle re-
sults in an increased absorption due to a stronger electric field, not affecting the flu-
orescence lifetime. While the increased probability of emission results in increased
emission intensity and shortening of the excited-state lifetime. In typical physical
systems, usually all three effects are observed.

Two conditions must be fulfilled to observe fluorescence emission enhancement:
fluorophore and nanoparticle must be placed at a certain distance, and absorption
or emission band of fluorophore must match the scattering spectrum of nanoparti-
cle[77].
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Experiments conducted in group lead by prof. Novotny perfectly display the pro-
cesses described above[80]. In these experiments, 80 nm gold nanoparticle was placed
at the edge of the AFM (Atomic Force Microscope) cantilever. They observed dif-
ferences in fluorescence intensity by varying the distance between the nanoparticle
and a single fluorophore (nile blue). When the nanoparticle approached fluorophore,
they observed increase of fluorescence intensity. Upon reaching the critical distance
(5 nm), they observed reversed effect (fluorescence quenching). This experiment
proves that varying distance between fluorophore and nanoparticles induces tran-
sition between processes influencing fluorophores brightness. Figure 1.13 shows ex-
perimental setup to observe this phenomenon and measured fluorescence intensity
of the fluorophore.

Figure 1.13: Experiment investigating fluorescence intensity as a function of the distance
between fluorophore and nanoparticle.(A) Experimental setup consisting of a metallic
nanoparticle mounted on AFM tip and investigated single fluorophore mounted on a flu-
orescence microscope, (B) fluorophore fluorescence intensity as a function of the distance
between nanoparticle and fluorophore[80].

1.2.4 Metal-enhanced fluorescence with silver nanowires

The strength of interaction between emitters and silver nanowires depends mainly
on the relationship between fluorophore excitation and emission characteristics to
nanowire, plasmon resonance and the distance between the fluorophore and nanopar-
ticle[81]. The latter can be controlled by chemically bonding fluorophores to the sur-
face of nanoparticles via appropriate linkers[82][83], or alternatively thin dielectric
layer containing fluorophores is deposited on nanowires. Such configurations are
usually obtained by either mixing nanowires with polymer and fluorophores[84][85]
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Figure 1.14: Results of fluorescence imaging and spectroscopy of planar structure consist-
ing AgNWs and PCP: (a) fluorescence intensity map obtained by exciting sample with 405
nm wavelength, intensity cross section measured along the nanowire, (c) fluorescence decay
curves obtained on nanowire (red) and off nanowire (black)[85].

or placing the polymer layer above the nanowires[86][87][85].

Planar Structures

The simplest hybrid nanostructure can be achieved by depositing a mixture of nanowires
and emitters onto a substrate. In such a structure first example of coupling between
electronic states in peridinin-chlorophyll-protein (PCP) (emitter) and silver nanowires
was observed. The fluorescence imaging experiments of such nanostructure are dis-
played in Figure1.14. In the fluorescence intensity maps of such nanostructure (Fig-
ure 1.14a), bright elongated shapes appear which position correlates with the po-
sition of the AgNWs on the substrate, indicating enhanced emission of PCP in the
vicinity of AgNWs. What is more interesting and cannot be straightforwardly de-
duced is that plasmonically enhanced fluorescence noticeably overcomes the con-
tribution of PCP molecules which emission is quenched (those localised close to the
silver nanowire) as well as those not coupled due to too big separation distance. The
fluorescence enhancement can be measured more quantitatively by extracting fluo-
rescence intensity along the nanowire (Figure 1.14b). For the 405 nm excitation wave-
length, the fluorescence intensity on the nanowires is only 1.3 times bigger compared
to the area of the nanowire. However, fluorescence intensity is 2.4 times higher at the
ends of nanowires, indicating higher fluorescence intensity enhancement at these
points.

In planar structures, separation distances range from very small values (a few
nanometers), where quenching dominates, up to relatively big values (tens of nanome-
ters), where no coupling is present. Therefore primarily qualitative information about
interacions between AgNWs and fluorophores can be extracted, and another ap-
proach must be utilized to understand the phenomena with details. Such experi-
ments can be carried out utilizing confocal microscopy, where the laser spot is fo-
cused up to a diffraction-limited area of the sample. This kind of microscopy allows
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measurements of fluorescence emission spectra or fluorescence decays. The latter
gives information about the coupling efficiency between emitters and nanostruc-
tures and provides hard evidence of the plasmonic origin of fluorescence enhance-
ment. In Figure 1.14c, fluorescence decay curves of PCP molecules in the vicinity
and far away from nanowires are presented. The PCP molecules deposited on the
substrate fluorescence decay is monoexponential with a decay constant of about 4
ns. In contrast, decays for PCP on nanowires are shorter and bi-exponential. One of
the decay components is similar to the previously measured (4 ns), and another one
is substantially shorter (about 0.3 ns). Such shortening might indicate that the actual
fluorescence enhancement for molecules coupled with silver nanowires can be up to
tenfold[81].

Similar experiments for materials and compounds that can be potentially utilized
in photovoltaics have also been conducted[88][89]. In such cases, nanowires may
play a bimodal role, enhancing absorption and emission of compounds and pro-
viding a charge network while preserving high transparency[90][91]. In the follow-
ing experiments, nanowires were embedded in conductive in a conducive polymer
poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS) layer, with a
semiconducting polymer utilized in photovoltaics poly(3-hexylthiophene) (P3HT)
layer deposited above the layer with nanowires. The layer of PEDOT:PSS had a thick-
ness of 40 nm, and a layer of P3HT was about 30 nm thick. Results of these ex-
periments are presented in Figure 1.15. The fluorescence intensity maps (Figure

Figure 1.15: Results of fluorescence imaging and spectroscopy of P3HT deposited over Ag-
NWs: (a) fluorescence intensity map obtained by exciting sample with 485 nm wavelength,
intensity cross section measured along the nanowire, (c) fluorescence decay curves obtained
on nanowire (red) and off nanowire (black)[81].

1.15a) and a cross-section along the nanowire (Figure 1.15b) suggests fluorescence
enhancement higher than the above-discussed PVP structure. Indeed analysis of
over 100 nanowires estimated the fluorescence enhancement factor to 2.1. However,
the discrepancies between samples were acquiesced to discrepancies in fluorescence
enahncement of both samples[92].

Time-resolved fluorescence spectroscopy leads to an explanation of the domi-
nant process of the observed increase in fluorescence intensity, which might be in-
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duced by an increase in absorption rate or radiative rate, or a combination of thereof.
However, the fluorescence decays curves (Figure 1.15c) measured on nanowires and
off nanowires are identical, which strongly suggests that this increase in fluorescence
intensity is caused by increased excitation rate.

Bioconjugated Systems

The examples presented so far illustrate cases where the control over the morphology
of hybrid structure was somewhat limited, especially in the distance between nanos-
tructure and fluorophore. All these drawbacks are overcome when (bio)conjugation
approach is utilized. In this way, the fluorophore is bound to the nanoparticle’s sur-
face through chemical bonds. Thus, the distance between elements of the hybrid
nanostructure can be controlled by choosing appropriate building blocks. Moreover,
it enables to creation monolayer of fluorophores. In bioconjugation, mainly proteins
(such as PCP) are utilized, as they can be easily equipped with proper functional
groups. The most common modification of protein is streptavidin which exhibits
high binding affinity to biotin[93]. Therefore, to obtain bioconjugation in the system,
it is required to functionalize nanoparticles with biotin. The formation of a hybrid
nanostructure takes place in solution, where a bond between biotin-functionalized
nanowires and PCP-streptavidin is formed. Then the solution containing conjugates
can be deposited on a glass substrate, which allows studying the optical proper-
ties of the hybrid nanostructure. Wide-field fluorescence microscopy images of the
prepared sample are presented in Figure 1.16. The fluorescence emission of PCP

Figure 1.16: Wide-field fluorescence microscopy images of PCP conjugated with AgNWs:
(a) fluorescence map excited at 485 nm, (b) the same nanowire excited at 405 nm (upper)
and 480 (lower), (c) intensity cross-sections along the nanowire for both excitation wave-
lengths, (d) fluorescence decays curves measured on nanowire (red) and a layer of PCP on
glass (black)[81].

molecules appears exactly at the locations of the nanowires, which demonstrates that

Page 25



Chapter 1. Review of Literature

PCP attaches to the nanowires, and its fluorescence is not quenched. However, due
to a lack of reference at this point, it cannot be concluded that the optical properties
of PCP are affected by silver nanowires. As a consequence, another way of deduction
has to be conducted. Anyway, if the coupling between PCP and nanowires exists,
it should exhibit qualitatively as different responses to excitation wavelength com-
pared to free PCP. This property is visualized in Figure 1.16b, where single nanowires
excited at two wavelengths are presented. The first one corresponds to the maxi-
mum of plasmon resonance in silver nanowires (405 nm), and the latter is the max-
imum absorption of PCP (485 nm). For free PCP, maximum fluorescence intensity
should appear at 485 nm excitation. Yet on the result displayed in Figure 1.16b max-
imum fluorescence intensity is measured for 405 nm excitation. This is further seen
in cross-sections along the nanowires, where emission for 485 nm is two times higher
than for 405 nm. Such results demonstrate that coupling between the fluorophore’s
electronic states and metallic nanowires occurs.

One can measure fluorescence dynamics to further quantify the effects of plas-
mons excitations. Results of such experiments for PCP conjugated with nanowires
are presented in Figure 1.16d. When comparing fluorescence decay for conjugated
sample and reference, shortening in the first case is observed. Moreover, both curves
are qualitatively different as no long decay component is present.

Silver nanowires provide a high potential for sensing due to the high density of
functional groups, direct visualisation with optical systems, and metal-enhanced flu-
orescence. Moreover, they provide the ability to monitor the binding of proteins in
real-time[94]. The universality of bioconjugated hybrid nanostructures could also
be the extent to other commonly utilized emitters such as semiconductor quantum
dots[95][93].
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1.2.5 Plasmonic waveguides

Optical fibres are extensively utilized in optical communication systems. However,
the diffraction limit imposes constraints on the smallest possible size of dielectric
waveguides below lenngth of operating wavelength. Interestingly, metal nanostruc-
tures can sustain surface plasmon polaritons (SPPs), which are collective oscilla-
tions occurring at the metal-dielectric interface. These oscillations enable light to be
guided over micrometer-scale distances. SPP light confinement is much greater than
in a typical dielectric waveguide resulting in a stronger electric field at the subwave-
length scale. To direct light propagation, one-dimensional (1D) waveguide struc-
tures are used. 1D plasmonic waveguides can be realized in many geometries as
metal nanowires[96][97], stripes[98][99], grooves or slots in metal film[100][101] or
dielectrics deposited on metal films[102][103]. Although all noble metals can be used
as materials for NWs, silver is the preferred one. Due to the dielectric constant of sil-
ver and thus plasma resonance frequency, which provide the best waveguiding prop-
erties[104] in the optical range. The comparison of dielectric constants of metals and
calculated SPP lengths of infinite flat surfaces are presented in Figure 1.17. Due to
the main focus of this thesis, the analysis below is carried with particular emphasis
on silver nanowires. However, most of the described phenomena are true for all kinds
of metallic nanowires.

Figure 1.17: (A)Real and (B)imaginary part of the dielectric constant of silver (data taken from
[105])and (C)corresponding penetration depths in metal and (D)SPP propagation length cal-
culated for an infinite flat boundary between metal and vacuum[106].
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General properties of SPP in metal nanowires

A metal NW can be treated as a quasi-one-dimensional structure with translational
symmetry (as a convention, it is assumed they are infinite in the z-direction). Due
to its the symmetry electric field distribution of the guiding modes can be expressed
as: E(r ) = E(x, y)e i (k∥z−ωt ), and it gives a two-dimensional Helmholtz equation in the
form[107]:

∇2
⊥E(x, y) = (k2 −k2

∥ )E(x, y) (1.6)

where ∇2
⊥ is the two-dimensional Laplace operator in the transverse plane, k∥ is the

wave number of the mode parallel to the NW, and ki is defined as k2
i = ϵiµi k2

0 in re-
spective regions (ϵi is the permittivity of the material, µi is permeability and k0 is the
wave vector in the vacuum). The corresponding transverse wave vectors can be ob-
tained from k2

⊥,i = k2
i −k2

∥ . This case is illustrated in Figure 1.18, where i = 1 is the core
region and i = 2 is the cladding region. For guiding modes, k⊥,i are imaginary in both

Figure 1.18: (a) Scheme of SPP propagating on metal NW. The core is a metallic pentagon
with ϵ1 and µ1 and the cladding is an outer region with ϵ2 and µ2 (b) Dispersion relations of
the SPP modes in a metal NW[107].

core and cladding, and k2
⊥,i = k2

i −k2
∥ < 0. As a result, the fields decay exponentially

on both sides of the metal-dielectric interface. However, in some configurations (for
example, NW deposited on a substrate with the refractive index of ns), Re(k∥) might
be smaller than the wave vector of light in the cladding Re(nsk0), and field in the sub-
strate is no longer evanescent. This results in radiation leakage from plasmon mode
(leaky modes) and additional damping factor during propagation[107].

In a typical dielectric waveguide, the wave vector inside the core is purely real,
and the wave is not evanescent inside the core. The diffraction limit indicates that
at some point, with decreasing size of the waveguide leads to more power extend-
ing outside the core region. This condition is not valid for plasmonic waveguides,
where the electric field is highly confined in a metal-dielectric interface, accounting
for strong light-matter interactions at the interface.

A thick NW can support several modes. These modes correspond to specific con-
figurations of the electromagnetic field and charge distribution along the nanowire.
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For chemically synthesised nanowires that are pentagonal, these modes are symmet-
ric or antisymmetric in the x direction because of mirror symmetry. The real part of
the wave vector parallel to propagation (and the nanowires itself) is determined by
the wavelength of the plasmon modes Re(k∥) = 2π/λSPP . An effective refractive in-
dex of the plasmon mode is defined as ne f f = Re(k∥)/k0. In similarity to the refractive
index of the medium, it also describes the change of the wavelength, ne f f =λ0/λSPP .
ne f f and k∥ depend on the frequency, and their dispersion relations are presented
in Figure 1.18. Larger ne f f is associated with higher confinement and thus more
field distributed inside the metal region leading to higher damping due to Ohmic
losses. Two factors determine dispersion relations: material dispersion and geom-
etry constraints. From equation 1.6, the eigenvalue and k∥ are determined by the
cross-sectional geometry and the distribution of the material. The first factor con-
tributes to waveguide dispersion, implying that more field spreads from the core into
cladding for a longer wavelength. When the frequency approaches localized plas-
mon resonance frequency ωSPP , localized plasmon resonance behaviour dominates
for every plasmon mode in a NW. The first two modes are important for metal NWs
with radii bigger than 50 nm (typical for a chemically synthesised nanowire); their
interference can be utilised in the construction of various devices[107].

Plasmon modes in cylindrical nanowires

Although nanowires in real-life experiments usually have a pentagonal or rectangu-
lar shape, a cylinder is the most straightforward geometry for calculations. It rep-
resents the general properties and phenomena of other geometries. The electric
field distribution of modes in cylindrical symmetry nanowires can be expressed as
E(x, y, z) = E(r )e i mϕ+i k∥z , where r is the distance from the centre of the nanowire
r =√

x2 + y2; E(r ) is the radial field distribution; e i mϕ is the angular distribution and
term e i k∥z is responsible for the distribution along the nanowire (z-direction). The
sign of m determines the handedness of the plasmon mode. Except for the funda-
mental mode for which m = 0, higher modes are doubly degenerate m = ±1,±2, ...
with different handedness (chirality). Different combinations of the m = ±1 modes
are depicted in Figure 1.19d. Panels a-c of Figure 1.19 present two lowest-order plas-
mon modes. Unlike the dielectric fibre, the fundamental mode (m = 0) is a transverse
magnetic mode (T M0) with a radially polarised electric field. In this case, induced
magnetic fields are perpendicular to the surface of the NW. Second-order modes are
hybrid (HE1) and doubly degenerated. The experimentally observed characteristics
of modes is the field distribution, which is reflected in Figure 1.19 d via the fluores-
cence intensity of QDs coupled with plasmonic modes. Different modes are selec-
tively excited by different laser beam polarization. Interference of plasmonic modes
leads to variations in the electric field, which results in differences in observed fluo-
rescence intensity.

As the radii of NW increase and their curvature resembles a flat surface, then ne f f
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Figure 1.19: Behaviour of different SPP modes. (a) T M0 and HE1 modes and their electric
field distributions.(b) Instant charge and (c) electric field amplitude for T M0 (upper) and
HE1 (lower) modes. (d) QDs fluorescence maps when the laser is focused at the end of the
nanowire with polarization marked by the arrow. (e) Effective refractive index (solid line) and
length of plasmon propagation (dashed line) as a function of silver nanowire radii[107].

approaches its value on a flat surface (Figure 1.19 e). As radii decrease, ne f f of HE1

tends to the value of the refractive index of the medium. This implies that this mode
is nearly non-confined, and the field expands and resembles a polarised wave in free
space. Compared to each other, ne f f of T M0 increases dramatically, indicating a high
confinement of the mode. This relationship is reflected in the propagation length
behaviour of both modes (propagation length (LSPP ) is defined as the distance at
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which the plasmon intensity decays to 1/e of its initial value). As mentioned above,
higher confinement leads to greater damping. Both modes have similar ne f f and
propagation lengths for large NW radii. However, for small radii ne f f of HE1 mode is
much smaller than of T M0, thus propagation length for HE1 is greater than for T M0.

Plasmon modes on substrates

In typical experiments, NWs are placed on a substrate. It introduces the inhomo-
geneity of the environment, breaks the symmetry, and modifies the supported eigen-
modes. Figure 1.20 presents examples of SPP modes on the substrate. These plas-

Figure 1.20: (a) Modes on a substrate as hybridisation of cylindrical NW plasmon modes in-
duced by the substrate. (b) Calculated charge and power distribution. (c) Four lowest energy-
mode and their electric field distributions[107]

mon modes can be seen as a hybridization of the original plasmon modes between
metal and different dielectrics. For example, the in-phase coupling between the T M0

and HE1 modes results in hybridised H0 and out-of-phase coupling results in the H2

mode. Hybridisation theory states that in-phase coupling leads to lower energy than
out-of-phase coupling, which is consistent with simulations[107]. Nevertheless, hy-
bridised modes in a NW on a substrate are not always guiding modes but can become
leaky for lower frequencies or wider nanowires. H2 mode can serve as an example;
most of its power is distributed in the upper part of the metal-air interface, and its
effective refractive index is higher than 1. At the same time, ne f f of the H2 mode can
be smaller than the refractive index of the substrate. In this case, Re(k∥) < Re(nsk0),
so the field on the substrate is no longer evanescent and the mode becomes leaky.
In the situation described above, H1 and H2 are leaky for lower frequencies, and H0

is a bound guiding mode for a broader frequency range[108]. The radiation leak-
age introduces additional losses during plasmon waveguiding. However, they can be
utilised for plasmon field imaging, and, moreover, the wave vector k∥ of leaky mode
can be experimentally determined through Fourier imaging[109]. Even though leaky
modes have additional factors contributing to the losses during propagation, they
usually have a lower attenuation. The Ohmic resistance is the primary factor con-
tributing to losses, and leaky modes have a higher portion of the field localised out of
the metal resulting in weaker signal damping.
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1.2.6 Influence of wavelength and nanoparticle’ size on SPP properties

Metallic nanowires can generally support multiple plasmon modes. These modes ex-
hibit different electric field distributions and, consequently, distinct characteristics.
Spatial distribution and operating wavelength are major factors for field distribution
in the metallic waveguide. Electric field distributions for two lowest-order modes
(numbered by increasing effective refractive index) are presented in Figure 1.21. 1st-

Figure 1.21: Calculated 1st and 2nd SPP mode energy density, electric field Ex and EY com-
ponents distribution at 1000 nm wavelength for a silver nanowire embedded in SiO2 matrix
(r=100 nm)[110].

order is characterized by the EX and EY components being anti-symmetric with re-
spect to the nanowire centere. For the 2nd-order mode, the EX and EY components
are perfectly symmetric with respect to the nanowire centere. The behaviour of the
effective refractive index ne f f , the propagation length LSPP , and the mode area Ae f f

calculated for different wavelengths and radii are plotted in Figure 1.22[110]. The ef-
fective refractive index ne f f for both modes decreases with increasing wavelength.
However, nanowire radii have the opposite influence for 1st and 2nd modes. The
1st-order mode refractive index decreases with increasing diameter, while the 2nd-
order mode decreases. As shown in Figure 1.22a, the effective refractive index drops
below those of SiO2 (n=1.45) and diminishes for certain diameter-wavelength com-
binations. The mode area Ae f f is defined by its total energy density per unit length
divided by its peak energy density[111]. The 1st-order mode has a higher energy frac-
tion localised in metal, and thus a shorter propagation length and mode area. In
comparison, in 2nd-order mode much higher portion of the energy portion is local-
ized in the SiO2 layer, and thus it possesses a longer propagation length and larger
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Figure 1.22: Theoretical properties of different SPP modes for a silver nanowire(a) modes ef-
fective indices, (b) cutoff wavelength for the 2nd-order mode, (c) modes propagation lengths,
and (d) modes areas[110].

mode area.

Propagation modes on a SiO2 substrate
The introduction of the substrate can result in some plasmonic modes becoming
leaky, particularly at longer wavelengths. This behaviour is presented in Figure 1.23,
where the energy distribution of two cylinders with different radii is shown.

It can be clearly seen that for a nanowire with radii r= 30 nm 1st-order mode is
guiding. This mode originates from the coupling of the surface plasmons from the
two opposite Ag/dielectric interfaces (glass and SiO2). Due to the refractive index
mismatch, the electric field is dragged to the Ag/SiO2 interface. At r = 50 nm, this
propagation mode has an effective refractive index lower than that of the substrate.
Therefore, with increasing radii guiding mode turns into a leaky one. The energy
distribution displayed in Figure 1.23(d) shows that the substrate’s large refractive in-
dex is responsible for the energy being dragged into the substrate rather than around
the nanowire. Further analysis of the effective refractive index, propagation lengths,
and mode areas is depicted in Figure 1.24. As the wavelength increases, the effective
refractive index decreases. This decrease can be explained by the lower penetration
depth of SPP into the metal, and thus weaker coupling of the surface plasmon into the
Ag/dielectric interface. Consequently, a larger portion of the energy is dragged into
the SiO2 substrate, leading to a lower refractive index. It is worth noting that there is
no cutoff radius below 615 nm wavelength; thus below this wavelength the 1st-order
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Figure 1.23: Cross section energy distribution of silver nanowires modes at the 1550 nm for
(a) g-mode (r=30 nm) and (b) l-mode (r=50 nm). (c) and (d) differs from (a) and (b) in a color
bar saturation[110].

Figure 1.24: Comparision of theoretical properties of guiding and leaky SPP modes. (a) Ef-
fective refractive index (b), cutoff wavelength, (c) propagation length (d) mode area versus
wavelength calculated for varying nanowire radii. A dashed line denotes boundaries between
guiding and leaky modes[110].

mode is always guiding. In contrast to dielectric waveguides, metal nanowires on the
substrate can support guiding modes for arbitrarily small non-zero radii. The leaky
mode exhibits a larger propagation length and mode area than the guiding mode due
to a high fraction of energy localised in the SiO2 region rather than Ag and air. For
both modes, the propagation length increases with increasing diameter as a result of
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the low metal losses at long wavelengths.

1.2.7 Remote activation of fluorophores via SPP

Silver nanowires have been extensively utilized in experiments to excite molecules re-
motely[112]. For example, in the first experiment, Alexa 647 fluorophore was bound
to chemically synthesized silver nanowire laying on glass substrate[113]. Then these
molecules were excited by surface plasmon polaritons. By avoiding direct optical
excitation, they were able to reduce nanowire background emission and molecular
photodegradation. Then by combining switching fluorescence microscopy and nu-
merical simulations through molecules point spread functions, they were able to de-
termine the exact position and orientation of a single fluorophore on the nanowire.
Exemplary point spread functions of molecules based on the position and orien-
tation of the nanowire and nanowire diameter are presented in Figure 1.25. The

Figure 1.25: Simulations of oscillating dipoles point spread function based on their orienta-
tion and position relative to the nanowire[113].

second experiment demonstrates remote activation and detection of up-converting
nanocrystals deposited at the end of the nanowire[114]. To prepare a sample for this
experiment, droplet containing up-converting nanocrystals was dpeosit at the end
of the nanowire using a micropipete. Then the sample was tested on confocal mi-
croscope. The scheme of this experiment with a fluorescence map is presented in
Figure 1.26. When the sample is scanned with a classic confocal microscope, the end
of the nanowire without crystals is illuminated by infrared light; it is possible to ob-
serve strong emission from the same end. This emission indicates remote excitation
of up-converting nanocrystals and launching surface plasmon polaritons back to the
excitation point. Authors of the publication can detect emission characteristics of re-
motely excited up-converting nanocrystals. However, the spectrum is highly damped
in the green region due to higher Ohmic losses of blue-shifted surface plasmon po-
laritons.
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Figure 1.26: Remote excitation of up-converting nanocrystals. (a)Scheme of an experiment,
(b) confocal fluorescence intensity map[114].
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2.1 Experimental techniques, numerical simulations, and sample
preparation

This section describes the photochemistry of PCP, experimental and numerical tech-
niques utilised in studies.

This sections begins with characterization of spectral properties of PCP and pho-
tophysics of thereof (Section 2.1.1). Then the following parts of this section describe
wide-field (2.1.2) and confocal microscopes (2.1.3) used for fluorescence enhance-
ment studies. Wide-field microscope gives the ability to study sample response on
the excitation wavelength using the same detection path, while a confocal micro-
scope is used to record fluorescence decay curves and emission spectra at the se-
lected spots of the sample. Another type of microscope (2.1.4) with confocal-like
excitation and wide-field detection is utilised for the excitation of propagation plas-
mon modes. Subsections (2.1.5) and (2.1.6) describe the microscope used for the
characterisation of the morphology of AgNWs. Subsection (2.1.7) provides technical
details on the acquisition of scattering, excitation and emission spectra. The next
two subsections (3.4.1 and 3.4.2) describe the procedure for PCP conjugation with
nanowires and sample preparation for fluorescence microscopy studies. The last two
sections(2.1.8 and 2.1.9) provide procedures of mathematical modelling of light scat-
tering and light waveguiding by AgNWs.

2.1.1 Peridinin-Chlorophyll-Protein Complex

The SAv-PerCP used in this study was bought from BD −Phar mi ng enT M . It is a
bioconjugate consisting of two parts: photoactive peridinin–chlorophyll-a protein
(PCP) and streptavitin (SAv) that is supposed to bind to biotin moieties. However, in
the following parts of the thesis, it is referred simply as PCP.

PCP is a light-harvesting protein produced by marine algae. Its primary role is
to absorb light and transmit energy to the reaction centres (in the case of algae, to
Photosystem II[115]). PCP is an attractive component of hybrid nanostructures and
was chosen as the object to study, due to the following properties:

• is commonly utilized as fluorescent marker in sensing,

• simple structure,

• water solubility,

• high stokes shift (reaching up to 200 nm),

• broad absorption in the visible region.

These properties make PCP ideal structure to study wavelength-dependent proper-
ties of nanostructures in a broad spectrum of light.

Excitation and emission spectrum is present in Figure 2.1. The excitation spec-
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Figure 2.1: Excitation and emission spectra of SAv-PerCP water solution.

trum is dominated by a broad band spanning from 350 to 550 nm with complex struc-
ture, and another much weaker band at 660 nm. In the emission spectrum only one
band centered at 673 nm is present.

Structure and photo-physics

In water solution, PCP exists in the form of a trimer with 8 peridinins and 2 Chloro-
phyll a moieties in each mer. The pigments in each subunit are organised in groups
consisting of four Perdinins (Pers) and Chlorophyll A (Chl A) molecules, giving in a
total 12 Pers and 2 Chl a for a mer. Its molecular weight is 123,8 KDa[116]. The dis-
tance between peridinin moieties ranges from 4 to 11 Å, and the distance between
Mg atoms in chlorophylls is 17,4 Å. The crystal structure of PCP is presented in Fig-
ure 2.2.

The electronic excitation of Pers is responsible for absorption in the 400-550 nm
region, whereas Chl a absorbs around 670 nm. The energy absorbed by Pers is trans-
ferred to Chl a with an efficiency of approximately 90%[117], which is then emitted
as fluorescence. The energy transfer pathways that occur in PCP are summarised in
Figure 2.3.

2.1.2 Wide-field fluorescence microscope

Widefield fluorescence microscopy is an imaging technique in which the whole sam-
ple is illuminated with light of a specific wavelength, exciting fluorescent molecules
within it. Emitted light is visualised through eye pieces or captured by a camera. The
scheme of the wide-field fluorescence microscope used in this thesis is presented in
Figure 2.4. Excitation light is provided by four LED illuminators (Prizmatix) coupled
with excitation filters (405 nm, 480nm, 535 nm, 630 nm) mounted on a rotating wheel
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Figure 2.2: Structure of a PCP monomer. Pers are marked orange, and chlorophyll a is
green[116].

Figure 2.3: Energy levels and transfer pathways in PCP and their time constants. Intramolec-
ular relaxation processes are denoted by wavy arrows, dashed arrows, fluorescence, and solid
arrows, main energy transfer channels. Dotted arrows represent possible minor energy trans-
fer channels[118].

which allows a choice of excitation wavelength while utilizing the same unchanged
detection path. Using the same detection path ensures that no additional measure-
ment differences are introduced due to the apparatus. Just before each experiment,
the LED power was set to 100 µW. The excitation light is reflected off a dichroic mirror
(T650 LPXR Chroma) and focused onto the sample through an objective lens (Plan
Apo, 100x/1.4 NA oil immersion objective Nikon). Then, the fluorescence is collected
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(a) Photo of the wide-field microscope (b) Scheme of the wide-field microscope

Figure 2.4: Photo(a) and scheme(b) of wide-field fluorescence microscope.

by the objective lens and transmitted through the dichroic mirror. The transmitted
beam passes emission filters (FEL650, FELH650, FB670-10 Thorlabs). Finally, the sig-
nal is gathered by an iXon Du-888 EMCCD camera (Andor). The camera acquisition
time was set to 1 s, the binning was set to 2x2, and the electro-magnetic gain to 5.
Incandescent lamp at the top was used to localize nanowires on the sample in trans-
mitted light mode.

2.1.3 Confocal fluorescence microscope and time-correlated single photon count-
ing

In a confocal fluorescence microscope, laser light is focused onto the sample, and ev-
ery spot of the sample is scanned separately and combined into a fluorescence map.
In this work, a home-built confocal microscope was used; its scheme is presented
in Figure 2.5. It operates on the following principles: The light beam from the 488
nm laser passes through a pair of lenses, between which a 25 µm pinhole is placed.
The main role of the pinhole is to filter higher modes of laser light; after filtering, the
light beam is parallel with the Gaussian intensity distribution. The laser worked in
pulse mode, with a 20 MHz repetition rate and 12 µW power. The filtered beam is
then guided into the microscope body, passing through a 50/50 beam splitter, and
is focused onto a sample through a high numerical aperture oil immersion objective
(NA = 1.4). A sample is placed in a piezoelectric sample holder and scanned point by
point. The fluorescence emitted from the fluorophore is then collected by the same
objective, and 50% of it passes through the beam splitter. Then out of focus light is
removed when passing through another pinhole and goes through a long-pass filter
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Figure 2.5: Scheme of confocal fluorescence microscope.

(HQ655LP, Chroma). Finally, it is focused on one of the three detectors through a set
of mirrors.

• In the first case, the beam passes the bandpass filter (Chroma ET 675/20) and
then is focused by a lens onto the detector(avalanche photodiode (APD) Perkin
Elmer SPCM-AQRH-16). Finally, a fluorescence intensity map is created by
recording the fluorescence signal at each point.

• In the second case light beam coming out of the microscope is separated into
monochromatic parallel components by an Amici prism. Each component is
gathered by a different detector column (CCD camera Andor iDus DV 420A-
BU), and then the signal recorded at each column is summed up to create fluo-
rescence emission spectra.

• In the third case beam passes the bandpass filter (Chroma ET 675/20) and then
is focused by the lens onto the detector(Avalanche photodiode idQuantique
id100-50). This detector was utilised in time-correlated single-photon counting
(TCSPC) experiments, which are based on the following rules: first, the sample
is excited with such power that, in most cases, only a single fluorescence photon
is emitted. Then the detector setup records the time between sample excitation
and the arrival of the fluorescence photon. This procedure is repeated multiple
times, and based on measured times, a fluorescence decay curve is created.
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In all experiments involving the confocal microscope, the fluorescence map was
first gathered with a step of 500 nm per pixel and 10 ms acquisition time. Then, at the
selected points, the fluorescence decay curves were measured with an acquisition
time of 60 s.

2.1.4 Two-objective fluorescence microscope

The home-built two-objective microscope, which combines features of the wide field
and the confocal microscope (it provides confocal excitation and wide-field detec-
tion), was utilised for excitation and observation of propagating surface plasmon
modes. Scheme and photo of the microscope is presented in Figure 2.6. This setup is

(a) Photo of the two objective fluorescence
microscope.

(b) Scheme of the two objective fluorescence
microscope

Figure 2.6: Photo (a) and scheme (b) of two objective fluorescence microscope.

based on a Nikon Ti-U2 microscope body. The diode laser (LS635-150, Spectra Laser)
is coupled to a single-mode optical fibre through a pair of lenses. Before every exper-
iment, the laser power was set to 5 µW. Upon exiting optical fibre beam passes the
collimating lens, then is focused onto the sample by high numerical aperture objec-
tive (Apo TIRF 1.49NA/60x oil immersion Nikon). Light from the sample is gathered
by the second bottom objective (S Plan Fluor 0.7NA/60x Nikon). Then fluorescence
signal is filtered by FELH650 (Thorlabs) and ET675-20m (Chroma) filters. The detec-
tor is Zyla 5.5 sCMOS (Andor Technology). The acquisition time of the camera was
set to 100 ms and binning to 2x2. To localise nanowires on the sample, a small white
light LED was used, illuminating the sample from the side.
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2.1.5 Dark-field optical microscope

Dark-field microscopy is a technique utilized in a specimens that are not imaged well
under normal illumination conditions (for example weakly absorbing). It provides
great contrast for highly scattering objects like metallic nanoparticles, however most
of the information is restricted due to diffraction limits. In this mode, only oblique
rays interact with the specimen. This is achieved by the Abbe dark-field condenser,
which forms an inverted hollow cone of light with the focus centred on the specimen
plane. In spots where scattering objects are localised, they diffract and reflect light
rays, only such rays can reenter the objective, and these objects are viewed as bright
spots in the image. Because of the greater NA of condenser than objective’s, in the
areas without scattering objects, the light rays cannot enter the objective so they ap-
pear dark in the image. In this work LV150 optical microscope (Nikon, 10x objective)
with a Fi-color CCD camera (Nikon) was used.

2.1.6 Scanning electron microscope (SEM)

Scanning electron microscopy is a highly versatile technique used to obtain high-
resolution images and detailed surface information of samples. It is a type of electron
microscopy that uses a focused beam of electrons to scan the surface of a specimen
and generate images at a much greater resolution compared to optical microscopy.
Energy of electrons, and thus associated with the de Broiglie wavelength, can eas-
ily be tuned by accelerating voltage. In typical SEM the corresponding wavelength
of electrons is much smaller than the wavelength of light in visible region(400-800
nm), thus they achieve much better resolution limits than optical microscopes. The
resolution limit depends on multiple parameters such as: accelerating voltage, work-
ing distance, current or conductivity of the specimen. The resolution of SEM instru-
ments can range from 1 nanometer up to several nanometers. Due to the interactions
of electrons with the sample, various information can be extracted, notwithstanding
the uppermost one is about the sample topography. For high resolution, samples are
observed under high vacuum. In this work, Nova NanoSEM 450 microscope with an
E-T detector at 10 kV acceleration voltage working in immersion mode was used. All
specimens were measured on indium tin oxide (ITO) conducting substrates.

2.1.7 Scattering, excitation and emission spectra

The excitation and emission spectrum of the PCP and PVP polymer after synthesis
was collected using a FS5 spectrophotometer (Edinburgh Instruments). This spec-
trophotometer excitation spectral coverage is 230 nm - 1000 nm and emission spec-
tral coverage is 200 - 870 nm. Ultraviolet-visible (UV-Vis) scattering spectra of AgNWs
dispersions were taken using Evolution 300 dual-beam spectrophotometer (Thermo
Electron Corporation), which is able to record spectra with a wavelength range 190 to
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1100 nm. All solutions were measured in cuvettes made from polymethyl methacry-
late with a 1 cm optical path and scan speed 10 nm/s and slit width 1 nm.

2.1.8 Mathematical modelling of light scattering by AgNWs

Simulations of light scattering by AgNWs were performed using COMSOL Multiphysics
and its RF module, employing the scattered field formulation. The software is based
on the Finite Element Method, as described in detail in[119]. In the simulations, I
used a 2D model, assuming that the mode profile remains invariant in the z direc-
tion.

The 2D model represented the cross-section of a silver nanowire with a PVP coat-
ing, embedded in a PVA matrix (top) and placed on a glass substrate (bottom). This
model corresponds to an infinitely long silver nanowire on a glass substrate. The per-
mittivity values were obtained from the following sources: silver from McPeak[120],
PVP from König[121], and PVA from Schnepf[122]. The refractive index of glass was
set to 1.523, as provided by the manufacturer.

The mesh used in the simulations is shown in Figure 2.7.

(a) Overview of the mesh and geometry, are of
close-up view has been marked with red box (b) Close-up of nanowire’s corner

Figure 2.7: Overview of the mesh used in calculations. The maximum element size is 19
nm. However, the mesh is much denser in the PVP region for better resolution. Boundaries
between domains are shown as thick black lines. The PVP-coated Ag nanowire is surrounded
by PVA from the top and sides and glass from the bottom.

The maximum mesh element size was set to 19 nm. The PVP coating area was
refined by a factor of 5, achieving a spatial resolution below 0.2 nm. The nanowire
was illuminated from bottom to top of image(from glass into PVA) by an unpolarized
plane wave with an electric field intensity of 1 V/m. This setup allowed the wave to
propagate through the glass and then through the PVA region, where it was scattered
by the nanowire. A Perfectly Matched Layer (PML) was used to absorb all outgoing
wave energy, eliminating impedance mismatches that could cause stray reflections at
the boundary. The PML reduced computational costs while maintaining the required
accuracy. The scattering cross-section was calculated by integrating the Poynting
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vector of the scattered field over a circular region between the nanowire surface and
the PML. The absorption cross-section was determined by integrating heat losses
over the nanowire volume. A 50 nm-thick PML with a scaling factor of 0.5 was applied
to truncate the computational domain, following COMSOL’s recommendations[119].
Simulations were conducted for nanowires with diameters ranging from 40 to 200
nm, in 20 nm increments, at operating wavelengths of 405, 480, 535, and 630 nm.

2.1.9 Mathematical modelling of AgNWs waveguiding properties

The simulations were performed using Comsol Multiphysics 5.5 with RF module. The
2D model is used for a varying-width pentagonal nanowire with a 6 nm (PVP) coat-
ing. Nanowire is placed on a glass substrate and surrounded by PVA. Triangular mesh
is used with a maximum element size of (nanowire diameter/40) for nanowire and
coating and 20 nm for the environment. The relative tolerance in successive eigen-
values is 10−6. The permittivity data of silver used in this calculation is taken from
McPeak[120]; PVP from König[121]; PVA from Schnepf[122], and the refractive index
of glass is set to 1.523 as provided by the manufacturer. Geometry and mesh used in
simulations are presented in Figure 2.8. Simulations were done for nanowires with
diameters ranging from 40 to 200 nm with a step of 20 nm. The operating wavelength
was set to 635 nm.

Figure 2.8: Overview of the mesh and geometry used in the waveguiding simulation of 40 nm
wide AgNWs. Boundaries between domains are shown as thick black lines. The PVP coated
Ag nanowire is surrounded by PVA from the top and sides and glass from the bottom.
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3.1 Purpose and scope of work

The objective of this dissertation was to explore the relationship between fluores-
cence enhancement, plasmon propagation length, and the dimensions of AgNWs.
These characteristics of AgNWs were examined in two configurations: 1) AgNWs in-
corporated within a PCP and PVA layer, and 2) a conjugate of AgNWs and PCP, typ-
ically seen in applications such as biosensors, also within a PVA layer. The research
process was segmented into progressive phases, which can be outlined as a series of
interim objectives:

• Synthesis and characterization of silver nanowires with various morphologies.

• Investigation of PCP fluorescence enhancement and length of plasmon propa-
gation of AgNWs in layer of PCP.

• Investigation of PCP fluorescence enhancement and length of plasmon propa-
gation of AgNWs in conjugate of AgNWs and PCP.

• Theoretical investigation of the main factors influencing fluorescence enhance-
ment and waveguiding properties of AgNWs.

• To investigate the feasibility for remote excitation of fluorophores by AgNWs.

3.2 AgNWs synthesis and characterisation

In the course of studies various synthethic procedures were tested, to obtain AgNWs
with different morphologies. AgNWs synthesised in standard polyol method were
short, and control of their diameter in reproducible way was problematic. Thus hy-
drothemal method was chosen. Compared to polyol method, hydrothermal synthe-
sis has two additional features, control over the type and concentration of the reduc-
ing agent. In this thesis hydrothermal synthesis with four sets of reducing agents is
presented, as the most convincing way to achieve the goal - synthesis of AgNWs with
various morphologies. Lengths of silver nanowires were characterized by white-light
dark-field microscopy, and their diameters were measured utilizing scanning elec-
tron microscopy. Extinction spectra of AgNWs were measured for each synthesis, as
it is a critical factor in the efficiency and applicability of nanostructure in MEF. In
the course of the studies, a weak fluorescence signal originating from nanowires was
observed even without an additional fluorophore present. To discover the origin of
this signal, additional characterisation of the AgNW synthesis by-products was con-
ducted.

Chemicals
Silver nitrate (AgNO3, 99.9999%), polyvinylpyrrolidone (PVP, Mw = 40 000), aniline
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(99.5%), sodium chloride (NaCl, 99.99%), and poly(vinyl alcohol) ((PVA), Moviol 20-
98) were purchased from Sigma-Aldrich. Hydrogen peroxide (H2O2, 30%) was pur-
chased from Stanlab. Acetone was purchased from Chem-pur (99.9%). All reagents
were used as received without any further modifications or purifications, and their
solutions were prepared in deionized (DI) water (Sartorius, Arium Comfort II,> 15MΩ/cm).

Synthesis

The procedure was based on a protocol previously described in literature[32].
However, in this article glucose is used as a reducing agent. The procedure of syn-
thesis performed in this thesis is schematically presented in Figure 3.1.

Figure 3.1: Schematic representation of the hydrothermal synthesis with 4 different reducing
agents.

First, aqueous solutions of silver nitrate (0.02M, 7.5 mL), PVP (0.5 g, 2.5 ml), and
sodium chloride (0.03 M, 7.5 mL) were mixed, and afterward, a “reducing solution”
(2.5ml) of either

1. water in the case of AgNWs,

2. 25,2 µl of 30% hydrogen peroxide in the case of AgNWs H2O2 ;

3. 20 µl aniline 99,5% aniline in the case of AgNWs aniline;

4. 20 µl of 99,5% aniline+2 µl 30% hydrogen peroxide solution in the case of AgNWs
aniline+H2O2;

The mixture was added dropwise to the mixture. Afterward, the solution was mixed
again and became nontransparent due to the formation of AgCl crystals. Next, each
mixture was transferred to a 50 ml Teflon-lined stainless steel autoclave reactor. The
reactors were heated to 100°C (4°C/min) in an oven, kept at this temperature for 1 h
due to the limitations of autoclave reactors, then heated to 165 ° C (4 ° C / min) and
left at this temperature for 23 h.
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This step was followed by slow cooling the autoclave to room temperature overnight.
The final product in the form of a grey-white precipitate was collected by centrifuga-
tion (1000 rpm, 20 min) and was washed three to five times with DI.

To purify the AgNWs and remove nanoparticles, the precipitate was dispersed in
10 ml of 0.5% PVP solution. Afterward, acetone was slowly added up to the point
when AgNWs started to precipitate (about 30 ml), while gently mixing. After 10 min-
utes, the precipitate at the bottom was collected and supernatant was dispersed, and
the procedure was repeated twice. Finally, AgNWs were dispersed in 3 ml of DI and
stored at 4°C (results partially published in[123]).

As presented in the literature review of this thesis, the synthesis of AgNWs involves
reduction of silver cations to metallic silver and formation/growth of silver crystals
into desired shapes. The direct impact of each chemical compound utilised in the
synthesis was not investigated as it is out of the scope of this thesis. However, it is
worth mentioning the motivation for choosing these sets of reducing agents.

In the first sample, the only reducing agent was PVP, which as mentioned in the
literature, is capable of reducing silver cations through oxidation of the hydroxyl end
groups of PVP[124][125]. However, it was never used as the one and only reducing
agent in hydrothermal synthesis.

In the second sample, hydrogen peroxide was introduced. It is reported that due
to its oxidative properties it removes less stable crystals of silver[126].

In the third sample, aniline was introduced. Aniline is a weak reducing agent uti-
lized in the slow growth of nanoparticles[127] depending on conditions, can be oxi-
dized to dimers, oligomers, or polyaniline[128][129].

Finally, in the fourth sample aniline and hydrogen peroxide were used altogether.

AgNWs morphology characterization

At first, all 4 samples were characterized with an optical microscope working in a
dark-field mode, and scanning electron microscope. Optical microscopy images of
each sample are presented in Figure 3.2 and SEM images in Figure 3.3.

In the dark-field images (Figure 3.2) one can see elongated bright shapes associ-
ated with presence of AgNWs. Usually, they are accompanied by small points, which
indicates that other types of nanoparticles are also created during synthesis. Nanopar-
ticles can be observed among all samples. However the smallest number of nanopar-
ticles can be spotted in the picture d. In SEM images (Figure 3.3), elongated shapes
with constant width can be seen (AgNWs). They are covered with about 6 nm thick
polymer layer that swells upon contact with an electron beam. The ends of nanowires
differ in shape. In some cases they are pointy with clearly seen pentagonal cases (im-
age c), while in other cases they are blunt with more spherical shape. Looking qual-
itatively at the microscopy images one can observe that, utilizing different reducing
agents result in nanowires with varying dimensions.

To determine qualitatively this observation lengths and diameters of about 50
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(a) AgNWs PVP (b) AgNWs H2O2

(c) AgNWs aniline (d) AgNWs aniline+H2O2

Figure 3.2: Dark-field microscopy images, showing AgNWs obtained from each synthesis: (a)
AgNWs PVP, (b) AgNWs H2O2, (c) AgNWs aniline, (d) AgNWs aniline+H2O2.

(a) AgNWs PVP (b) AgNWs H2O2

(c) AgNWs aniline (d) AgNWs aniline+H2O2

Figure 3.3: SEM images, showing the end of typical nanowire obtained from each synthesis:
(a) AgNWs PVP, (b) AgNWs H2O2, (c) AgNWs aniline, (d) AgNWs aniline+H2O2. The brighter
outline around the nanowires is about 6 nm thick coating of PVP.
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nanowires were measured for each sample. AgNWs lengths were obtained from dark-
field microscopy images, and AgNWs pentagon diagonal lengths were determined
with the scanning electron microscope. In the literature, the diagonal length of the
AgNW pentagon is usually referred to as the AgNW diameter, and this concept is also
applied in this‘work. The histograms of the lengths and diameters of each sample are
presented in Figure 3.4.

Figure 3.4: Histograms of AgNWs lengths and diameters measured for sample with 4 reducing
agents.

The AgNWs synthesized with only PVP as the reducing agent are relatively thin
with narrow diameter distribution. Their average diameter is 75 nm, while their
mean length is 81 µm. In a few cases, AgNWs reach up to 200 µm.

In the synthesis with the addition of hydrogen peroxide AgNWs mean diameter
was equal to 78 nm, the mean length was equal to 159 µm, it is worth noting that
nanowires with lengths reaching up to 600 µm were observed.

In the sample where only aniline was used (AgNWs aniline), the diameter ranged
from 100 to 300 nm, with a mean of 152 nm. The nanowires were shorter compared to
those synthesized with both aniline and hydrogen peroxide, where the mean length
was 186 µm.

In the sample synthesized with both aniline and hydrogen peroxide, the AgNWs
had a mean diameter of 131 nm and a mean length of 277 µm. Some individual
nanowires reached lengths of up to 1 mm.
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When oxidative agent (H2O2) was introduced into synthesis it resulted in fewer
nanoparticles and longer nanowires, compared to sample with only PVP. While ani-
line (weak reducing agent) was used, it also resulted in longer nanowires with fewer
nanoparticles. When aniline and H2O2 were used together it resulted with longest
nanowires and smallest number of nanoparticles. This indicates that reducing agent
used in the synthesis affects dimensions and yield of AgNWs in a statistically signifi-
cant way.

The shape of the nanoparticle affects its interaction with electromagnetic field.
In particular, it influences its optical properties, i.e. enhancement of electromag-
netic field and length of plasmon propagation or frequency of localized surface plas-
mon resonance. Thus nanowires with different dimensions should have different ex-
tinction spectra. Extinction spectra of AgNWs water suspensions are displayed in
Figure 3.5. The spectrum of each sample has the same general feature. The maxi-
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Figure 3.5: Extinction spectra of AgNWs PVP (black), AgNWs H2O2 (red), AgNWs
aniline+H2O2 (green), AgNWs aniline (blue) water suspensions.

mum extinction intensity is visible around 400-390 nm, which can be attributed to
the dipole transversal plasmon mode. Another local maximum of the quadrupole
transversal plasmon mode can be seen around 360-340 nm. In all cases spectrum
extends towards lower energies and spans the whole range of visible radiation, with
higher extinction in the red part of the spectrum for samples with wider nanowires.
All spectra are similar to those previously reported in the literature[130], which is an
additional indicator that AgNWs were obtained. However, even though the spectra
have similar shapes, they vary in relative peak intensity. AgNWs with smaller diame-
ter have a much more distinguishable dipole and quadrupole plasmon mode and a
much weaker extinction in the green-red region. This is another indication that these
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samples consist of AgNWs with statistically different morphologies.

Moreover, in the course of studies, it was observed that upon strong illumination
AgNWs emit a weak fluorescence signal. This behaviour has never been described
in the literature. The example of such behaviour is presented in Figure 3.6, where

(a) (b)

Figure 3.6: Example of AgNWs autofluorescence. Images were obtained with wide-field flu-
orescence microscope. (a) Transmission image of AgNWs, (b) Fluorescence intensity map of
AgNWs when λexc = 480 nm collected at λem = 535 nm.

nanowire excited at 480 nm with no additional fluorophores is studied utilizing wide-
field fluorescence microscope. To explain this, investigations of polymer residues
after the synthesis of AgNWs were carried out.

The brownish supernatant (which should be mainly composed of water and PVP)
was collected after the first step of centrifugation and transferred to a glass vial. Then
it was heated to 60 ° C to slowly evaporate the water. Next, the fluorescence excitation-
emission map of this polymer was measured and the result is presented in Figure 3.7.
For the polymer the highest fluorescence intensity is observed for 300-400 nm of ex-
citation wavelength, with a relatively low Stokes shift. While shifting towards longer
wavelengths fluorescence intensity drops significantly. For 675 nm emission (which
corresponds to the maximum wavelength emission of the PCP - the only fluorophore
studied in this thesis) the fluorescence intensity is nearly at a non-measurable level
for all excitation wavelengths. This might indicate that previously observed AgNWs
autofluorescence is caused by oxidized PVP present at the surface of AgNWs. Which
might lead to high background signal, while studying fluorophores emitting in blue-
green region (e.g., green fluorescent protein). However, in this thesis only PCP emit-
ting in 673 nm was utilized, for this wavelength AgNWs autofluorescence is negligi-
ble, thus this effect can be omitted in all analyses.
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Figure 3.7: Three-dimensional excitation-emission map of residues of PVP after AgNWs syn-
thesis with two-dimensional projection.

3.2.1 Summary

This chapter describes the hydrothermal synthesis of silver nanowires, in which four
sets of reducing agents were used. Statistical analysis of microscope images revealed
that when solely PVP was used as a reducing agent, AgNWs were the shortest with the
smallest diameters. The introduction of hydrogen peroxide into the reaction didn’t
influence AgNWs diameters; nonetheless, it elongated nanowires. The introduction
of an additional reducing agent - aniline, resulted in even longer nanowires with
much bigger diameters. The longest nanowires were synthesized when hydrogen
peroxide was used altogether with aniline, with a mean diameter between formerly
mentioned syntheses. Differences in AgNWs diameters between samples resulted in
differences in their extinction spectra. A well-distinguished quadrupolar resonance
peak and lower scattering in the red part of the spectrum can be observed for thin
nanowires. In contrast, for thick nanowires, quadrupolar and dipole peaks have sim-
ilar intensity. During the synthesis shape directing polymer - PVP is oxidized; as a
consequence, a weak fluorescence signal is observed when the UV-blue light illumi-
nates the nanowire. Part of the results regarding the synthesis of AgNWs described in
this chapter has been published in reference[123].
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3.3 Plasmonic properties of AgNWs in PVA layer cotaining PCP

The following sections of this chapter focus on the plasmonic properties of AgNWs in
which they are surrounded by a polymer matrix and randomly localised PCP molecules
within PVA layer.

Samples were prepared by spin-coating (1000 rpm) 20 µl droplet of solution con-
taining: 50x diluted suspension of AgNWs, PCP (4µg/ml) and PVA (0,04% w/w) on
a glass coverslip. This procedure results in about 20-25 nm thick PVA layer (Figure
3.48) in which AgNWs and PCP molecules are randomly distributed. Thus the dis-
tance between AgNWs and PCP is different for each nanowire - fluorophore pair and
is ranging from 6 to 20-25 nm; the lower distance is determined by the thickness of
AgNWs coating which is unaccasable for PCP molecules, and the upper bound is de-
termined by the thickness of PVA layer. This is schematically presented in Figure 3.8.

Figure 3.8: Schematic representation of sample configuration obtained by spin-coating the
mixture of AgNWs, PVA, and PCP on a glass coverslip. The relative size between AgNW and
PVP(red-blue protein structure) is up to scale for a 10 nm wide nanowire. The streptavidin
part of the protein is not shown.

3.3.1 PCP fluorescence enhancement by AgNWs

Samples were prepared by spincoating a 20 µl mixture of AgNWs, PVA and PCP onto a
glass substrate. Then nanowires were localised onto the sample utilizing transmitted
light mode of wide-field fluorescence microscope, then fluorescence intensity maps
were measured for 4 excitation wavelengths (630, 535, 480 and 405 nm). The chosen
wavelengths cover the entire absorption spectrum of PCP. Such measurements were
repeated for 30 randomly selected nanowires.

Typical fluorescence intensity maps upon wide-field illumination for each AgNWs
sample are presented in Figure 3.9.
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Figure 3.9: Wide-field fluorescence intensity maps of PCP. Samples were prepared by a spin-
coating mixture of PCP, PVA, and AgNWs onto glass coverslips. Figures present a single
nanowire from each sample excited with four different wavelengths. The colour scale bar
is fixed in all maps for clarity.

In the fluorescence map, a single bright line is seen. The position of that line
correlates with the position of the nanowire seen in the transmitted light. Moreover,
PCP fluorescence signals can be detected in the whole observed area. Higher fluores-
cence intensity in the areas where nanowires are present might indicate fluorescence
intensity enhancement by AgNWs or higher concentration of PCP molecules. In ar-
eas with no nanowires present, the highest fluorescence intensity is observed for 480
nm excitation wavelength while the lowest values are observed for 630 nm excitation
wavelength as expected from the absorption spectrum of PCP(Figure 2.1). In contrast
in the spots with nanowires, the highest fluorescence intensity is observed for 405
and 480 nm excitation wavelengths. This spectral dependence indicates that metal-
enhanced fluorescence is responsible for this higher fluorescence intensity, rather
than higher concentration of PCP molecules. In most of the fluorescence maps, the
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ends of the nanowire are not visible as their lengths exceed the dimensions of maps
collected by a detector. When the end of nanowires is imaged by the detector, they
provide higher intensity of fluorescence signal compared to the rest of the sample.
Three factors may contribute to that: 1) higher fluorescence enhancement due to the
sharp pointy end of the nanowire; 2) fluorophores along the nanowires may couple
with SPP modes, which are then scattered at the end of the nanowire; 3) non uniform
PCP distribution resulting in more PCP molecules near nanowire tip. When compar-
ing the fluorescence intensity maps sample-wise, one can spot lower fluorescence
intensity for AgNWs aniline+H2O2 and AgNWs aniline samples. These results might
indicate that for AgNWs aniline+H2O2 and AgNWs aniline samples fluorescence en-
hancement is lower than for AgNWs PVP and AgNWs H2O2 samples, most likely due
to disparities in their diameters[123].

To further investigate into this phenomenon, fluorescence intensity maps of 30
arbitrary nanowires per sample were collected, showing the same consistent pattern.
For each nanowire, fluorescence intensity was recorded at four distinct wavelengths,
totalling 120 maps per sample. Comparative analysis of fluorescence enhancement
across samples was then performed.

The first and most essential step of the analysis is to define the data acquisition
area. Due to the limits of resolution of the microscope, even a single light emitting
point appears as a few hundred nanometers wide object (the size depends on the
wavelength and numerical aperture of the objective), which corresponds to a few
pixels on the detector. Vice versa, on the single pixel on the detector, molecules from
a few hundred nanometers wide area are being imaged. The objective is to maximize
the fluorescence signal from PCP molecules interacting with nanowire while mini-
mizing the signal from non-interacting PCP. In order to do so, the fluorescence inten-
sity in the direction perpendicular to the nanowire was measured. The fluorescence
intensity map with an area of measurement and corresponding intensity profiles are
presented in Figure 3.10.

The intensity profiles were fitted with a Lorentzian function, and the resulting
full widths at half maximum (FWHM) ranged between 661 nm and 720 nm. In these
measurements, the spatial resolution is not continuous but is defined by the distance
covered by a single camera pixel. This pixel distance limits the measurement resolu-
tion to discrete steps. Specifically, there are two selections of number of pixels: 3
pixels, corresponding to 562.5 nm on the sample, or 4 pixels, corresponding to 750
nm on the sample. To match the observed FWHM values as closely as possible, the
4-pixel setting, corresponding to 750 nm, was selected.

The previously determined width of 4 pixels was used to collect information refer-
ring to fluorescence intensity in the vicinity of the nanowire. From every fluorescence
intensity map, two 4-pixel wide profiles were collected: 1) from areas where AgNWs
are localized; 2) from areas with no nanowires. The intensity profiles were about 25
µm (chosen arbitrarily as distance sufficient to cover statistically significant number
of points along the nanowire) in length and were omitting ends of nanowires. Fluo-
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Figure 3.10: Measurements of the width of the area of the PCP fluorescence enhancement
by AgNWs. (a) Fluorescence intensity map with profile perpendicular to the nanowire -
green line and fluorescence intensity profiles for (a) AgNWs PVP, (b) AgNWs H2O2, (c) Ag-
NWs aniline+H2O2, (d) AgNWs aniline. Black dots represent measured signal and red line
represents fitted Lorentz function.

rescence intensity maps with marked areas (profiles) of data acquisition have been
shown in Figure 3.11.

(a) (b)

Figure 3.11: Fluorescence intensity maps with marked profiles used to collect fluorescence
intensity data.(a) Area of fluorescence intensity acquisition on the nanowire marked with
green line and (b) off the nanowire.

The fluorescence intensity profiles obtained from the above procedure were ex-
tracted from each fluorescence intensity map are shown in Figure 3.12.
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(b) 480 nm
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(c) 535 nm
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(d) 630 nm

Figure 3.12: Typical fluorescence intensity profile along of AgNWs PVP(black),AgNWs
H2O2(red), AgNWs AgNWs aniline+H2O2(green) and AgNWs aniline(blue) for excitation
wavelength (a) 405nm, (b) 480 nm, (c) 535nm, (d) 630 nm and corresponding reference val-
ues off nanowire (lower intensity).

In correlation with fluorescence intensity maps, a higher number of counts is
observed in profiles collected on nanowires comparing them to positions off the
nanowires. The highest fluorescence intensity among all samples is observed for
AgNWs PVP and AgNWs H2O2 samples. Moreover, for the 630 nm excitation wave-
length, the ratio between fluorescence intensity measured on the positions of nanowires
is much lower than for the other excitation wavelengths. The fluorescence intensity
along the nanowire is not homogeneous, which leads to conclusion that single point
is not the best estimate of fluorescence intensity observed on the nanowire, thus for
further analysis whole fluorescence intensity profiles were utilized.

Finally, fluorescence enhancement factors for each nanowire were calculated by
dividing the mean fluorescence intensity of the profile collected on and off the nanowire.
Figure 3.13 shows histograms of fluorescence enhancement factors.

When comparing results by excitation wavelength, always the highest fluores-
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(a) AgNWs PVP
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(b) AgNWs H2O2
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(c) AgNWs aniline+H2O2
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(d) AgNWs aniline

Figure 3.13: Histograms of fluorescence enhancements factors determined for single
nanowires from each sample: (a) AgNWs PVP, (b) AgNWs H2O2, (c) AgNWs aniline+H2O2,
(d) AgNWs aniline.

cence enhancement was observed for 480 nm extrication wavelength, and the lowest
enhancement factor was observed for 630 nm excitation wavelength. While compar-
ing mean fluorescence enhancement factors (EF) by samples, for AgNWs PVP (d =
76 nm) PCP fluorescence enhancement factor was from 2.0 up to 10.0 ( correspond-
ingly 630 nm and 480 nm excitation wavelength), and for AgNWs H2O2 (d = 78 nm)
- EF from 2.0 up to 10.5. Enhancements for AgNWs aniline+H2O2 (d = 131 nm) were
lower from 1.6 to 4.3, while for the AgNWs aniline (d = 153 nm) enhancements were
the smallest among all samples from 1.3 to 3.2. Moreover, standard deviations in
the samples AgNWs PVP and AgNWs H2O2 are much bigger from 0.7 up to 5.8 com-
pared to AgNWs aniline+H2O2 and AgNWs aniline from 0.2 to 1.8, indicating that for
thin nanowires, fluorescence enhancement strongly depends on their diameter. The
lowest enhancement among all samples is observed at the 630 nm excitation wave-
length. Higher fluorescence enhancement has been observed for the 535 nm exci-
tation wavelength, while the highest values of fluorescence enhancement are mea-
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sured for the 405 and 480 nm excitation wavelength. Mean fluorescence enhance-
ment for all samples is presented in Table 3.1.

Sample
excitation wavelength

405 nm 480 nm 535 nm 630 nm

AgNWs PVP 8.1± 3.8 10.0± 5.8 7.8± 4.3 2.0± 0.7
AgNWs H2O2 9.5± 4.4 10.5± 4.4 8.4± 3.2 2.0± 0.5

AgNWs aniline+H2O2 4.3± 1.2 4.3± 1.1 4.0± 1.0 1.6± 0.2
AgNWs aniline 2.2± 0.8 3.2± 1.8 2.0± 0.8 1.3± 0.2

Table 3.1: Table of mean fluorescence enhancement with standard deviation obtained from
30 AgNWs measurements, for each sample measured in a layer of PVA.

To compare the influence of excitation wavelength on fluorescence enhancement
between the samples, they were normalized (divided) by the mean fluorescence en-
hancement determined for 630 nm excitation wavelength. Such mean relative fluo-
rescence enhancement factors are presented in Figure 3.14.
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Figure 3.14: Mean relative fluorescence of PCP enhancement measured for each sample in a
layer of PVA.

The highest relative fluorescence enhancements were observed for 480 nm exci-
tation wavelength with slightly lower values for 405 excitation wavelength and once
again lower values for 535 nm excitation wavelength. As one may predict, these val-
ues follow the extinction spectrum of AgNWs. The only difference is the highest rela-
tive fluorescence enhancement observed for 480 nm excitation wavelength, while the
highest extinction coefficient for recorded spectrum (Figure 3.5) of AgNWs is present
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for 400 nm wavelength. That redshift is most likely caused by higher refractive in-
dices of AgNWs in sample (glass and PVA) than in water, resulting in a redshift of the
frequency of AgNWs LSPR. As one may expect, the graph of relative fluorescence en-
hancement follows the shape of the extinction spectrum of AgNWs, with the highest
values in the blue region of spectrum and lowest in the red region of spectrum. For
AgNWs aniline and AgNWs aniline+H2O2 samples, relative fluorescence enhance-
ment reaches values up to 3, while for AgNWs PVP and AgNWs H2O2 these values
are almost two times higher. These are similar features as seen in their extinction
spectra, where AgNWs PVP and AgNWs H2O2 have much lower scattering cross sec-
tions in the red region compared to the blue region. This indicates that AgNWs with
smaller diameters have stronger dependency between enhancement factor and exci-
tation wavelength. This shpws the highest fluorescence enhancement for nanowires
with small diameters and the lowest fluorescence enhancement for nanowires with
big diameters[131].

3.3.2 Computer modelling of light scattering by AgNWs

COMSOL Multiphysics and its RF module have been used to solve Maxwell equa-
tions in the frequency domain with the finite elements method (FEM) (Described in
detail in Section 2.1.8). The primary purpose was to simulate the scattering of elec-
tromagnetic waves by silver nanowire. The simulations were conducted for varying
diameters of nanowires and excitation wavelengths corresponding to the ones used
in experiments (405 nm, 480 nm, 535 nm, 630 nm). The result of such simulations
is electric field distribution in the computational domain. Examples of electric field
distribution in logarithmic scale around 40 nm and 200 nm wide nanowires are pre-
sented in Figures 3.15 and 3.16. In all cases, the electric field is highly localized in the
corners of nanowires for all excitation wavelengths. The field distribution strongly
depends on the diameter of the nanowire and is weakly influenced by the excitation
wavelength. However, the excitation wavelength affects the absolute values of the
electric field. The highest electric field intensity of about 300 V/m is observed for 405
nm illumination, and the lowest for 635 nm illumination (about 10 V/m). For 40 nm
diameter nanowire electric field deeply penetrates into the nanostructure, especially
upon 405 nm excitation wavelength. However, for a much bigger nanowire(diameter
= 200 nm), electric field penetration into the nanostructure is much weaker.

The strongest electric field and, thus field enhancement are present at the cor-
ners of the nanowires. In all diameter cases reaching about 300 V/m translating into
|E |2/|E |20 = 3002 = 90000 times field enhancement for 405 nm illumination. Never-
theless, such high values are only observed in the close vicinity of the corners, while
much lower values are observed around the flat edges of the nanowires. As one may
expect, shifting towards longer wavelengths and thus moving away from the local-
ized plasmon frequency leads toward weaker field enhancement. For a 40 nm wide
nanowire and 630 nm excitation wavelength maximum field value is 8 V/m which
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(a) 405 nm illumination (b) 480 nm illumination

(c) 535 nm illumination (d) 630 nm illumination

Figure 3.15: Logarithmic electric field distribution around 40 nm wide silver nanowire, color
range has been limited for clarity (maximum values present in simulated are marked with
an arrow above color scale) for (a) 405 nm illumination, (b) 480 nm illumination, (c) 535 nm
illumination, (d) 630 nm illumination.

(a) 405 nm illumination (b) 480 nm illumination

(c) 535 nm illumination (d) 630 nm illumination

Figure 3.16: Logarithmic electric field distribution around 200 nm wide silver nanowire, color
range has been limited for clarity (maximum values present in simulated are marked with an
arrow above color scale) for (a) 405 nm illumination, (b) 480 nm illumination, (c) 535 nm
illumination, (d) 630 nm illumination.
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translates into 64 times field enhancement. For wider nanowires, slightly stronger
fields are observed; for a 200 nm wide nanowire, it is 13.7 V/m, so the field enhance-
ment is around 190. Therefore molecules near corners of nanowires should be ex-
posed to much stronger electric field than molecules elsewhere. Moreover, this elec-
tric field enhancement depends on excitation wavelength reaching maximum for 405
nm excitation. The diameter of the nanowire has elatively small impact on the elec-
tric field intensity around its corner.

PCP is a big fluorophore (4 nm) with a complicated structure. Its size is not neg-
ligible at this scale and thus cannot be approximated as a point. Moreover, the flu-
orophores have spatial distribution inside the protein structure, meaning that each
one can experience order of magnitude differences in electric field strength. To make
it even more complicated, there is no data available about the structure of PCP conju-
gated with streptavidin, making it even harder to determine its direct orientation and
distance relative to the nanostructure. On the other hand size of PCP and averaging
of the electric field should effectively disregard the rapidly fluctuating electric field
around the nanostructure, where field enhancement varies sharply in space[132].
Thus it is not essential to concentrate on direct calculations of electric field enhance-
ment experienced by fluorophores in the vicinity of the nanostructures but instead
on the trends of the mean electric field around the nanostructure, which should cor-
relate with experimental observations of excitation wavelength-dependent fluores-
cence enhancement.

For mean electric field calculations, only the area of PVP coating has been used
in calculations as presented in Figure 3.17. This area consists of all points up to 6

(a) Overview of the computational domain.
(b) Area used in calculations of mean electric
field enhancement.

Figure 3.17: Logarithmic electric field distribution around the silver nanowire, with the area
used in calculations for mean electric field enhancement of the nanowire, Showing (a) over-
wiev of the computational domain and (b) area used in calculations of mean electric field
enhancement.

nm apart from the surface of the nanowire. It is slightly more than the size of PCP;
notwithstanding, it has to be noted that in this study, the conjugate of PCP and strep-
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Figure 3.18: Calculated mean electric field enhancement around the silver nanowire.

tavidin has been used. Streptavidin’s size itself is similar to the size of PCP. To con-
clude, such selection of area should correspond localisation of PCP in its conjugate
with AgNWs. To quantitatively estimate field enhancement around the nanowire,
mean-field enhancement around the nanowire was calculated. Mean-field enhance-
ment was obtained by averaging field enhancement from each of the mesh points of
the PVP layer. Results are presented in Figure 3.18. As one may expect, the highest
field enhancements are observed at the excitation of wavelengths corresponding to
the frequencies of LSPR. For 635 nm, excitation enhancements are around 1.5; for 535
nm around 2; and for 480 nm around 3. For 405 nm excitation wavelength enhance-
ments are an order of magnitude higher, ranging from 10 to 50 fold. Finally, there is
no linear relation between field enhancement and nanowire size. There are some di-
ameters for which maximum enhancement is observed, nonetheless, these maxima
occur at a different diameter depending on the excitation wavelength. Nevertheless,
they shift with the change of wavelengths, and the differences are not big.

From the results of such simulations, it is possible to calculate the extinction
cross-section by integrating the Poynting vector over the surface of the nanowire
and the absorption cross-section by integrating heat losses over the volume of the
nanoparticle. The scattering, absorption, and extinction cross-section of a 100 nm
wide silver nanowire are presented in Figure 3.19. In simulated scattering cross-
sections, there are three distinct plasmon resonances(Corresponding field distribu-
tions are presented in Appendix Figure 3.49):

• Associated with dipole plasmon resonance around 450 nm.
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Figure 3.19: Simulated spectrum of 100 nm wide silver nanowire fully embedded in water.

• Associated with quadrupole plasmon resonance around 400 nm.

• Almost indistinguishable, around 360 nm associated with octupole resonance.

It is worth noting that theoretical scattering spectra are red-shifted relative to exper-
imental ones (Figure 3.19). Many factors might cause this, but the most probable
is a mismatch between the literature refractive index of silver and the refractive in-
dex of silver nanowires. Also, experimental extinction spectra of silver nanowires are
measured in water dispersion, in which nanowires are randomly oriented and illumi-
nated, contributing nanowires with varying diameters, which do not fully correspond
to situations in simulations.

Despite these discrepancies, such simulations might give insight into spectra.
The spectra of 50 nm, 100 nm, and 150 nm wide nanowires have been calculated
and are presented in Figure 3.20. Both experimental and theoretical spectra have
the same qualitative properties. A redshift of the spectrum is observed for bigger
diameter nanowires and their spectrum is more "flat" compared to smaller diam-
eter nanowires; also, quadrupole resonance is better pronounced in the spectra of
thinner nanowires. As may be expected for such big nanostructures, scattering has
a major contribution to the extinction spectrum. In the blue region of the spectrum
(350-500 nm) so in the region of the strongest LSPR absorption contributes to about
25% of the whole extinction spectrum. In the red part of the spectrum absorption
contribution is negligible, and the spectrum’s shape is fully determined by scatter-
ing. At the same time values of absorption cross section are higher for nanowires
with bigger diameters. This agrees with experimental observations. Increasing the

Page 67



Chapter 3. Experimental

400 500 600 700
0

5x10-7

1x10-6

1,5x10-6

Wavelength [nm]

 Scattering
 Absorption
 Extinction

s 
[m

]

(a) 50 nm
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(c) 150 nm

Figure 3.20: Simulated scattering cross sections of nanowires in the PVA layer on the glass
substrate with varying diameter, for (a) 50 nm, (b) 100 nm, (c) 150 nm wide silver nanowire.
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diameter of nanowires shift relative intensity of dipole and quadrupole resonance.
For nanowires with bigger diameters dipole resonance is more intense, and charac-
terized with a much stronger scattering in the red part of the spectrum.

3.3.3 SPP propagation in AgNWs

Although SPPs can be excited in a wide range of electromagnetic spectrum, in this
work only 635 nm excitation wavelength is used due to the following reasons. When
blue light is utilized for excitation, then high SPP damping is observed, resulting in
small values of LSPP [131] and high uncertainties in the determination of their values.
On the other hand, in the infrared red LSPP reaches much greater values at the cost
of much more complicated and expensive equipment. Additionally, the selected 635
nm wavelength has the advantage that PCP might be used again as a probe of electric
field intensity.

For nanowires waveguiding properties studies two-objective microscope was used
(Section 2.1.4). Firstly, the nanowire of interest was localized using a reflection im-
age of the sample. In the second step tightly focused laser beam was aimed at one of
the nanowires’ ends as shown in Figure 3.21, then fluorescence intensity maps were
recorded (Figure 3.22). Determination if laser is focused at the end of the nanowire is

Figure 3.21: Scheme of experiment where propagating SPP modes are excited in silver
nanowire. Reprinted with permission from[131]. Copyright 2025 American Chemical Soci-
ety.

straightforward, as even slight movement of the laser results in a significant decrease
in fluorescence intensity along the nanowire. In the typical map, a bright elongated
shape which position correlates with AgNWs is seen. The nanowire’s end illuminated
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Figure 3.22: Fluorescence intensity maps acquired by two objective microscope when the
laser was focused on the end of the nanowire, with corresponding fluorescence intensity pro-
files along the nanowire and fit function.

by the laser is the brightest point, and the fluorescence intensity is fading away along
the nanowire. Furthermore, a weak fluorescence signal is observed in areas close to
the nanowire end illuminated by laser to 1 µm apart from the nanowire. The emer-
gence of such bright lines, which correlate with the positions of nanowires, indicates
that SPP in AgNWs can efficiently excite the emission of PCP complexes in their close
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vicinity. The decrease in the fluorescence intensity of PCP further apart from the
illuminated nanowire’s end indicates a decrease in electric field intensity along the
nanowire. This effect was observed in all four types of samples studied.

The origin of fluorescence around the nanowire end illuminated by laser has two
possible explanations:

• electric field around the nanowire is so strong that even though it is decaying
exponentially from the surface of the nanowire, electric field is still sufficient to
induce fluorescence of PCP in a measurable way.

• energy is transferred between PCP molecules in the layer by the Förster Reso-
nance Energy Transfer(dipole-dipole coupling between two chromophores).

To quantitatively determine LSPP in nanowires 25 fluorescence intensity maps were
measured for each sample. Then from each fluorescence intensity map intensity pro-
file along the nanowire was extracted and fitted with monoexponential decay func-
tion in the form:

I (x) = I0e
−x

LSPP (3.1)

where x stands for position along the NW and LSPP is a parameter associated with
the damping of the SPP[107].

The histograms of determined LSPP for each sample are presented in Figure 3.23.
The shortest plasmon propagation lengths were observed for AgNWs PVP and Ag-
NWs H2O2 samples (4.1 and 3.2 µm respectively). For the sample with wider nanowire
- AgNWs aniline+H2O2 mean LSPP was equal to 5.1 µm, and the highest mean length
of plasmon propagation = 6.2 µm was recorded for the sample with the highest mean
diameter. These results show weaker SPP damping in nanowires with bigger diame-
ters, thus greater LSPP propagation lengths.

3.3.4 Numerical simulations of AgNWs waveguiding properties

Comsol Multiphysics and its RF module have been used to solve Maxwell equations
in the frequency domain with the finite elements method (FEM) (Section 2.1.9). The
primary purpose was to simulate possible modes of light propagation in the selected
configuration. Mathematically speaking, it is assumed that the solutions of the Maxwell
equations for light propagating in the z-direction have the form:

E⃗(x, y, z) = A⃗(x, y)eγz (3.2)

where A⃗(x, y) is cross-section amplitude profile (mode shape) and complex propa-
gation constant γ = α+ iβ; α < 0 describes losses in the waveguide, and β describes
phase[119]. The additional assumption here is that waveguide is uniform in the z di-
rection, which reduces it to a two-dimensional problem. This finally leads to a stan-
dard eigenvalue problem where eigenfunctions are cross-section amplitude profiles
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Figure 3.23: Histograms and mean values of determined LSPP for 635 nm excitation measured
in a spin-coated layer of PVA and PCP, for (a) AgNWs PVP,(b) AgNWs H2O2, (c) AgNWs AgNWs
aniline+H2O2 and (d) AgNWs aniline.

(modes) and corresponding eigenvalues are effective refractive indices[133]. The op-
erating wavelength of 635 nm (the same as used in experiments) was used in all sim-
ulations.

The electric field distribution of the 1st order mode (mode with the highest real
value of the effective refractive index) for 40, 100, and 200 nm wide AgNW is pre-
sented in Figure 3.24. It can be seen that most of the energy is localized at the edges
of the pentagon. The electric field is nearly evenly distributed around the nanowire
rather than dragged into the glass substrate due to the similarity of refractive indices
of PVA and glass. To get a better view of electric field distribution, the maximum elec-
tric field intensity has been fixed to 7 V/m for all nanowires, and such oversaturated
field distributions are presented in Figure 3.25. It can be seen that modes have nearly
cylindrical field distribution - similar to the ones observed in cylindrical waveguides;
thus, they should behave similarly. Indeed with increasing nanowire diameter higher
portion of the energy is dragged from the metal itself into its surroundings. From that,
we should expect a lower effective refractive index and longer propagation lengths in
wider nanowires.

Moreover, analysis of x and y electric field components confirms cylindrical-like
mode behaviour (Figure 3.26). Discrepancies can be observed in Ex and Ey field dis-
tribution. Ex field component is entirely symmetrical to x=0 axis. However, in both
cases, it can be spotted that a higher portion of the electric field is dragged into the
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(a) 40 nm (b) 100 nm (c) 200 nm

Figure 3.24: Electric field distribution of 1st order mode for nanowires with varying diameters,
for (a) 40 nm, (b) 100 nm, (c) 200 nm wide silver nanowire.

(a) 40 nm (b) 100 nm (c) 200 nm

Figure 3.25: Electric field distribution of 1st order mode for (a) 40 nm, (b) 100 nm, (c) 200 nm
wide silver nanowire, while maximum value on the color bar was set to 7V/m for clarity.

glass substrate.

For this morphology and wavelength, 3 modes associated with nanowires are
present. Their electric field distribution shape is similar for all diameters of nanowires.
For example, the electric field distribution for a 200 nm diameter nanowire is pre-
sented in Figure 3.27. The electric field distribution follows the shape similar to the
first real spherical harmonics. The 1 st order mode has nearly spherical symmetry
(corresponding to spherical harmonic of l=0); 2nd and 3rd order modes have similar
field distributions although rotated by 90° (corresponding to spherical harmonic of
l=1). Once again they are not completely symmetrical due to a slight mismatch of the
refractive index of glass and PVA.

Analysis of modes’ effective refractive indices allows to determine the character of
the mode (guiding or leaky). The modes’ effective refractive indices as a function of
nanowire diameter are presented in Figure 3.28. For the 1st order mode, the effective
refractive index increases as its diameter decreases. This effect is opposite for 2nd
and 3rd order modes, also the effective refractive index of 2nd a 3rd order modes is
lower compared to 1st order mode. The effective refractive index of 1st order mode
is always higher than glass, meaning that this mode is always guiding independently
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(a) 40 nm (b) 100 nm (c) 200 nm

Figure 3.26: Ex (top row) and Ey (bottom row) electric field component distribution of the 1st
order mode for (a) 40 nm, (b) 100 nm, (c) 200 nm wide silver nanowire.

(a) 1st mode (b) 2nd mode (c) 3rd mode

Figure 3.27: Electric field distribution of SPP modes in 200 nm AgNW of (a) 1st mode, (b) 2nd
mode, (c) 3rd mode, maximum value on the color bar was set to 10 V/m for clarity.

of nanowire diameter. However, the effective refractive index of 2nd and 3rd-order
modes drops below a refractive index of the substrate (n=1.523) around 100 nm diam-
eter, meaning that these modes become leaky or diminish completely for nanowires
below 100 nm in diameter.

It is possible to calculate LSPP from the complex propagation constant as these
two values are related by dependency: LSPP =−1/2α. The LSPP as a function of mode
and nanowire diameter is presented in Figure 3.29.

The relationship between the electric field localized inside the metal and the ef-
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Figure 3.28: Calculated modes effective refractive index versus nanowire width. The black
dashed line denotes the glass refractive index (n=1.523).
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Figure 3.29: Theoretical length of plasmon propagation of different SPP modes versus
nanowire diameter.

fective refractive index is transferred into predicted plasmon propagation lengths.
The 1st order mode possesses much shorter plasmon propagation lengths, and it in-
creases with increasing nanowire diameter. Conversely, the 2nd and 3rd order modes
have much greater propagation lengths, increasing with decreasing diameter. The
analysis of electric field distribution and LSPP leads to conclusion that while increas-
ing AgNWs diameter smaller portion of SPP electric field is dragged into metal, as a
result greater LSPP are observed for wider nanowires. The comparison of numerical
and experimental results in which usually LSPP < 10 µm leads to the conclusion that
in the experimental setup used in this work, only 1st order mode is excited.
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3.3.5 Summary

Fluorescence enhancement of four AgNWs samples was tested in a layer of PCP. In
this configuration, PCP is placed at random distances and random orientations rel-
ative to the nanowires and fluorescence enhancement depends on the nanowire di-
ameter. The highest fluorescence enhancement is observed for thin nanowires (sam-
ples AgNWs PVP and AgNWs H2O2; diameters around 75 nm) and the lowest for wide
nanowires (samples AgNWs aniline+H2O2 and AgNWs aniline; mean diameters 130
and 150 nm). Moreover, the highest fluorescence enhancement was observed for
excitation wavelengths matching LSPR of AgNWs (480 and 405 nm), while 630 nm
exaction resulted in the lowest fluorescence enhancement. As expected, the normal-
ized fluorescence enhancement factors reproduce the scattering spectrum observed
for each AgNWs sample.

To get more insight into electric field enhancement by excitation wavelength,
mathematical modelling of light scattering by AgNWs has been conducted. The sim-
ulations revealed that most of the electric field enhancement is localized in the cor-
ners of the pentagonal nanowires. Moreover, the mean electric field enhancement
is the highest for 405 nm excitation wavelength and does not behave monotonically
with increasing AgNWs diameter. The simulations confirmed two peaks visible ex-
tinction spectrum of AgNWs are indeed dipole and quadrupolar LSPR, and a change
in AgNWs diameter shifts their relative intensity.

A home-built two-objective microscope with confocal excitation and wide-field
detection was utilized to quantify SPP propagation in AgNWs in a lyaer of PCP. Sta-
tistical analysis of experiments showed that longer LSPP are observed in the sam-
ples with wider nanowires. Mathematical modeling showed that propagating plas-
mon modes in pentagonal nanowires behave similarly to those observed in spherical
nanowires. In experimental geometry at 635 nm wavelength, 3 modes are present.
2nd and 3rd modes have similar properties and the mismatch between them results
from their relative orientation to the polymer/glass interface. Mode analysis shows
that the first-order mode is always guiding, while the second and third-order mode
becomes leaky as the nanowire diameter decreases. LSPP of first-order mode in-
creases while nanowire diameter increases, while the opposite effect is observed for
second and third-order mode. Moreover the 2nd and 3rd order mode LSPP is greater
than for the 1st order mode. Comparison of experimental and theoretical LSPP leads
to the conclusion that primarily first order mode is excited in such experimental con-
figuration.
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3.4 AgNWs plasmonic properties in conjugate with PCP

The previous section describes the PCP fluorescence enhancement for PCP embed-
ded in a layer of polymer and AgNWs. In such a configuration, inevitably, the flu-
orophores are placed at non-controllable, random distances from the nanostruc-
ture. Moreover, due to the about 6 nm thick polymer coating of nanowires, areas
of the high electric field are unavailable for the fluorophores. These issues can be
addressed by creating chemical bonds between the nanowire’s surface and the flu-
orophore. In this work, AgNWs were first functionalized with cysteamine, forming a
self-assembling thiol monolayer on their surface. Then amide bond between the cys-
teamine amine group and the biotin carboxylic group was created. Finally, the con-
jugate was formed by creating a non-covalent bond between the biotin and strepta-
vidin part of PCP. This procedure should result in a monolayer of PCP covering silver
nanowires[134]. A schematic representation of the sample configuration is presented
in Figure 3.30.

Figure 3.30: Schematic representation of sample configuration obtained by spin coating the
mixture of AgNWs conjugated with PCP and PVA on a glass coverslip. The relative size be-
tween AgNW and PVP is up to scale for a 20 nm wide nanowire. The streptavidin part of the
protein is not shown.

3.4.1 Conjugation of AgNWs with PCP

Chemicals
Cysteamine (97%), biotin (99%), phosphate buffer saline (PBS), TWEEN 20 (>40%)
were purchased from Sigma-Aldrich. EDC (99%) was purchased from Thermo-scientific.
Ethanol (96%) was purchased from Chem-pur.

PCP conjugation with AgNWs
Firstly, 0.5ml AgNWs suspension was centrifuged (2000 rpm) to remove water, then
AgNWs were diluted in a 0.25 mM solution of cysteamine in ethanol. The suspen-
sion was then incubated for 2 h to efficiently cover the surface of AgNWs with cys-
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teamine, which forms a self-assembling monolayer on the surface of AgNWs by cre-
ating a bond between silver and sulphur. Subsequently, both ethanol and unbound
cysteamine molecules were removed by centrifugation (2000 rpm), and AgNW cov-
ered with cysteamine was diluted in 1 mM biotin and 4 mM EDC solution in PBS.
The resulting suspension was kept overnight to facilitate the reaction between the
amine group of cysteamine and the carboxylic group of biotin. The sample was then
centrifuged again and redispersed in 0.04 mg / ml of SAv-PCP PBS solution. During
this time, streptavidin conjugated with PCP created a strong noncovalent bond with
biotin. After 30 minutes sample was centrifuged once again and washed with 0.05%
TWEEN 20 solution to remove unspecifically bound SAv-PCP. Finally, the sample was
centrifuged three times to remove TWEEN completely. Finally, AgNWs were resus-
pended in 0.5 ml of water and stored.

3.4.2 Sample preparation for fluorescence microscopy studies

Samples were prepared by spin-coating (1000 rpm) 20 µl droplet of solution contain-
ing: 50x diluted suspension of PCP conjugates with AgNWs, and PVA (0,04% w/w) on
a glass coverslip. This procedure results in about 20-25 nm thick PVA layer (Figure
3.48) in which PCP molecules are assembled around nanowires. The distance be-
tween AgNWs and PCP is constant and the same for each fluorophore-nanoparticle
pair.

3.4.3 Enhancement of PCP fluorescence by AgNWs

Typical wide-field fluorescence maps are presented in Figure 3.31. Once again, the
fluorescence intensity maps were measured for 30 nanowires from each sample for
4 excitation wavelengths (630 nm, 535 nm, 480 nm, 405 nm). On the maps, there are
usually bright lines (blue and red colours) that correspond to the position of AgNWs
seen in the microscope in the transmitted light mode. There is no fluorescence sig-
nal in the background (areas with no nanowires visible as black), except a few single
points, which occurrence can be assigned to impurities in the sample. The fluores-
cence intensity along the nanowire is not uniform, with a high deviance in the fluo-
rescence intensity between the spots of the same nanowire. The highest fluorescence
intensity is observed for 405 and 480 nm excitation wavelengths. Slightly lower val-
ues are observed for the 535 nm excitation wavelength and much lower values for the
630 nm excitation wavelength.

The previously described procedure for calculating the fluorescence enhance-
ment factor cannot be applied here, as in PCP conjugate with AgNWs there is no
meaningful reference to non-interacting PCP fluorescence intensity. Thus, the pre-
viously described procedure of fluorescence enhancement has been modified in the
following manner: once again, 4 pixels wide fluorescence intensity profile has been
acquired along the nanowire. The chosen fluorescence intensity profile along the
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Figure 3.31: Wide-field fluorescence intensity maps of PCP. Samples were prepared by a
spin-coating mixture of AgNWs conjugated with PCP and PVA onto glass coverslips. Figures
present a single nanowire from each sample excited with four different wavelengths. The
Colour scale bar has been fixed in all maps for clarity.
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nanowire at 480 nm excitation wavelength for each sample is presented in Figure
3.32, as this wavelength yielded the highest fluorescence intensity but was selected
without any particular rationale beyond that. In the intensity profile, there are signif-
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(b) AgNWs H2O2

5 10 15 20 25 30 35
0

1000

2000

3000

4000

5000

6000

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 [c
ou

nt
s]

Distance [µm]

(c) AgNWs aniline+H2O2
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Figure 3.32: Fluorescence intensity profile of PCP conjugate with AgNWs acquired along the
nanowire at excitation wavelength 480 nm, for (a) AgNWs PVP, (b) AgNWs H2O2, (c) AgNWs
AgNWs aniline+H2O2 and (d) AgNWs aniline.

icant deviations (2-6 times the intensities larger than the mean) in the fluorescence
intensity along the nanowire, and areas of high and low fluorescence intensity can be
spotted. The areas of high fluorescence intensity can be attributed to unspecifically
bound PCP molecules (aggregates). Nevertheless, spots with relatively low fluores-
cence intensity (fluorescence intensity ≈500 to 1000 counts in Figure 3.32) can also
be observed along the nanowire. These spots have similar fluorescence intensity val-
ues over the length of the nanowire, which indicates formation of PCP monolayer
in these spots. The agglomerates of PCP are most likely responsible for the areas of
high fluorescence intensity. This claim is supported by an analysis of the fluores-
cence lifetimes of such areas. A typical fluorescence map of PCP at AgNWs recorded
on a confocal microscope for excitation at 480 nm with fluorescence decay curves
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measured for marked spots is presented in Figure 3.33.

(a) Fluorescence intensity map of PCP con-
jugate with AgNWs with spots where fluores-
cence decay were measured (green spots)
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(b) Corresponding fluorescence decay curves

Figure 3.33: Fluorescence intensity map of PCP conjugates with AgNWs measured on confo-
cal microscope with fluorescence decay curves acquired for marked spots. (a) Fluorescence
intensity map of PCP conjugate with AgNWs with spots where fluorescence decay were mea-
sured (green spots), (b) Corresponding fluorescence decay curves.

In the areas of low fluorescence intensity of PCP at AgNWs, much shorter lifetimes
are observed than in the spots of high fluorescence intensity. The fluorescence life-
time measured in spots of high fluorescence intensity is around 4.1 ns. This value is
close to the value measured for PCP in solution [135], which indicates them as spots
where most PCP molecules are not plasmonically interacting with nanowires. In the
spots of low fluorescence intensity, fluorescence lifetime is an order of magnitude
shorter (≈0.4 ns). This significant shortening of fluorescence lifetimes and similar
fluorescence intensity values observed over the nanowire, indicates that these are
the spots where PCP monolayer is present and PCP molecules are strongly interact-
ing with nanowires. This indicates that in areas of high fluorescence intensity cre-
ation of monolayer was unsuccessfull, and they can’t be used in the analysis. There-
fore only single point with the lowest fluorescence intensity along each nanowire has
been chosen for further analysis of fluorescence intensity.

Another factor that must be considered in the analysis of fluorescence enhance-
ment is that AgNWs diameters differ between measurements of different samples.
This naturally leads to variances in the number of PCP molecules on the surface, as
presented in Figure 3.34. As consequence this leads to variations in fluorescence in-
tensity, and these absolute intensities cannot be used straightforward to calculate
fluorescence enhancement factors.

Therefore, the following procedure was used to estimate fluorescence enhance-
ment factors. Firstly, for each pair: nanowire - excitation wavelength fluorescence
intensity profile was extracted. Then from each intensity profile point, the lowest
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(a) 20 nm wide nanowire (b) 40 nm wide nanowire

Figure 3.34: Scheme of (a) 20 nm and (b) 40 nm wide nanowires with a varying number of PCP
molecules on their surface. The schemes are up to scale for 20 and 40 nm wide nanowires.

fluorescence intensity was selected. The reason for choosing a single point is that
it is problematic to choose a longer section, avoiding areas with high fluorescence
intensity, and the areas where a monolayer was found have similar fluorescence in-
tensities. The results of the measurements of the lowest fluorescence intensity for
each excitation wavelength coming from 30 AgNWs of each sample are presented as
histograms in Figure 3.35.

Figure 3.35: Histograms of the lowest observed fluorescence intensity for all samples.
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The highest fluorescence intensity values are observed for AgNWs aniline+H2O2

sample followed by AgNWs aniline, AgNWs H2O2 and AgNWs PVP. This trend does
not reflect the trend of increasing diameters, indicating that the number of PCP molecules
on the surface is not the sole factor influencing fluorescence intensity. Moreover,
comparing these results to ones obtained for measurements where PCP was embed-
ded in the PVA layer, the mean fluorescence intensity between samples in the case
of conjugates does not alter so much. For measurements in the layer, mean fluo-
rescence intensity varied up to 4-5 times. In the case of the conjugate, variations in
mean fluorescence intensity between samples are usually smaller than 2, which may
indicate that for this type of sample, AgNWs diameter does not impact fluorescence
enhancement as greatly. Moreover, it indicates that the differences in fluorescence
enhancement between samples are smaller in the case of conjugate than in the case
of layer.

As a first step of the analysis, the excitation-dependent fluorescence enhance-
ment was estimated relative to 630 nm excitation wavelength, as suggested in the
literature[136]. Firstly, average fluorescence intensity counts were divided by the flu-
orescence intensity counts at 630 nm excitation wavelength for each sample (column
Relative intensity in Table 3.2). Secondly, fluorescence intensity was normalized by
the respective absorption coefficient of PCP for each wavelength. Namely, it was as-
sumed that the PCP absorption coefficient for 630 nm wavelength equals 1. It cor-
responds to scattering cross-sections at 405 nm c = 9,3, 480 nm c = 16,9, and 535
nm c = 8,9. Lastly, as the excitation power was controlled during the experiments,
these values must be normalized to the number of photons incident on the sample,
so 0.64 for 405 nm, 0.76 for 480, 0.85 for 535 nm excitation wavelength, and finally
1 for 630 nm excitation wavelength. Then values from the column Relative inten-
sity were divided by corresponding absorption coefficient and number of incident
photons; results are presented in the column: Relative fluorescence enhancement
of Table 3.2. As a comparison, the previously obtained fluorescence intensity maps
have been normalised by the same procedure (Figure 3.36).

The lowest fluorescence enhancement is observed in all samples at 535 and 480
nm excitation wavelengths. Much higher enhancement is observed at 405 nm exci-
tation wavelength, and unexpectedly the highest fluorescence enhancement is ob-
served at 630 nm excitation wavelength. The effect observed at 405 nm is explained
by the strongest electric field enhancement for this wavelength. For the 630 nm ex-
citation wavelength, one should expect the lowest fluorescence enhancement. How-
ever, such an effect was previously observed[137] and was assigned to the internal
structure and photophysics of PCP. Upon 405, 480, and 535 nm excitation wave-
length, mostly peridinin moieties are excited. On the contrary, upon 630 nm excita-
tion wavelength, mainly C hl or ophyl l a moieties are excited. They are localized in a
different part of the protein than peridinin, thus experiencing different electric fields
in the presence of metallic nanostructures. Electric field decays very fast(exponentially)
from the surface of metallic nanostructures. So if a protein is placed very close to the
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AgNWs PVP

Excitation wavelength Average intensity Relative intensity
Relative fluorescence

enhancement

405 nm 990 4.02 0.67

480 nm 1019 4.14 0.32

535 nm 585 2.37 0.31

630 nm 246 1 1

AgNWs H2O2

Excitation wavelength Average intensity Relative intensity
Relative fluorescence

enhancement

405 nm 1084 3.54 0.59

480 nm 1065 3.48 0.26

535 nm 621 2.03 0.25

630 nm 306 1 1

AgNWs aniline+H2O2

Excitation wavelength Average intensity Relative intensity
Relative fluorescence

enhancement

405 nm 1362 3.62 0.60

480 nm 2056 5.46 0.42

535 nm 1142 3.03 0.39

630 nm 376 1 1

AgNWs aniline

Excitation wavelength Average intensity Relative intensity
Relative fluorescence

enhancement

405 nm 1164 3.71 0.61

480 nm 1548 4.95 0.38

535 nm 898 2.86 0.37

630 nm 313 1 1

Table 3.2: Average fluorescence intensity, relative average fluorescence intensity, and relative
average fluorescence enhancement for all samples and excitation wavelengths, measured for
30 nanowires for each sample.
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Figure 3.36: Normalised wide-field fluorescence intensity maps of PCP. Samples were pre-
pared by a spin-coating mixture of AgNWs conjugated with PCP and PVA onto glass cover-
slips. Figures present a single nanowire from each sample excited with four different wave-
lengths. The colour scale bar has been fixed in all maps for clarity.

surface of a nanowire, then electric field can differ by the orders of magnitude in the
volume of a single protein. Moreover, photo-physics processes change at 630 nm ex-
citation wavelength as energy transfer from peridinin to C hl or ophyl l a is no longer
present. Results of the analogous analysis conducted in a single nanowire manner
are presented in Figure 3.37. Values of relative fluorescence enhancement factors for
single nanowires follow the trends observed for the whole sample. For the 630 nm
excitation wavelength mean relative fluorescence was 1, for 405 nm were approxi-
mately 0.5. For 480 and 535 nm excitation wavelengths mean relative fluorescence
were around 0.3. It is worth to point out that in some cases relative fluorescence en-
hancement for 405 nm excitation wavelength was higher than relative fluorescence
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Figure 3.37: Histograms of relative fluorescence enhancement factors conducted for a PCP
conjugates with AgNWs from each sample, for (a) AgNWs PVP, (b) AgNWs H2O2, (c) AgNWs
AgNWs aniline+H2O2 and (d) AgNWs aniline.

enhancement for 630 nm excitation wavelength.

Up to this point of analysis, the only precise conclusion is that the AgNWs aniline
sample shows lower fluorescence enhancement than AgNWs aniline+H2O2 because
even if there should be more PCP molecules present in the AgNW aniline sample, the
absolute fluorescence intensity is lower than for AgNWs aniline+H2O2 sample.

To gain more insight into fluorescence enhancement between samples, fluores-
cence lifetimes were measured. Figure 3.38 presents typical fluorescence decay curves
for each sample. All decay curves are not linear in logarithmic scale which indicates
more than one decay component. The mean intensity of decay curves can be ar-
ranged in descending order: AgNWs PVP, AgNWs H2O2, AgNWs aniline+H2O2 and
AgNWs aniline, while the shortest fluorescence lifetimes are observed for AgNWs PVP
and AgNWs aniline samples. Then measured fluorescence lifetimes were fitted with a
bi-exponential decay function. The resulting histogram of fluorescence decay curves
fitting with fitted lifetimes is presented in Figure 3.39. This resulted in two decay
components: the first decay component was around 0.2 ns and a second component
of around 1 ns. It is worth to be noted that the time of the shorter decay component
is close to the instrument response function and to estimate its value correctly; signal
deconvolution has to be conducted. Nevertheless, this study aims not to get the exact

Page 86



Chapter 3. Experimental

0 5 10 15
1

10

100

1000

10000

In
te

ns
ity

 [C
ou

nt
s]

Time [ns]

(a) AgNWs PVP

0 5 10 15
1

10

100

1000

10000

In
te

ns
ity

 [C
ou

nt
s]

Time [ns]

(b) AgNWs H2O2

0 5 10 15
1

10

100

1000

10000

In
te

ns
ity

 [C
ou

nt
s]

Time [ns]

(c) AgNWs aniline+H2O2

0 5 10 15
1

10

100

1000

10000

In
te

ns
ity

 [C
ou

nt
s]

Time [ns]

(d) AgNWs aniline

Figure 3.38: Fluorescence decay curves measured for PCP conjugates with AgNWs, for (a)
AgNWs PVP, (b) AgNWs H2O2, (c) AgNWs AgNWs aniline+H2O2 and (d) AgNWs aniline.
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Figure 3.39: Histograms of bi-exponential fluorescence lifetimes fitted to decay curves for all
samples.
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value but rather to observe the trends between the samples for which such a simple
analysis is sufficient. The shortest fluorescence lifetimes are obtained for AgNWs PVP
and AgNWs aniline samples.

Analysis for each sample with mean fluorescence decay curves and fit functions
is presented in Figure 3.40. It can be seen that there are more than two decay com-
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Figure 3.40: Mean fluorescence decay curves with fit functions measured for PCP conjugates
with AgNWs, for (a) AgNWs PVP, (b) AgNWs H2O2, (c) AgNWs AgNWs aniline+H2O2 and (d)
AgNWs aniline.

ponents. However, the initial intensity of these additional decay components is low.
Ranging from about 30 counts for AgNWs PVP sample to 3-4 counts for AgNWs ani-
line. These values are too low for statistically significant fit, thus each curve was fitted
with only 2 decay components. For AgNWs PVP τ1 = 0.16 and τ2 = 1.0, for AgNWs
H2O2 τ1 = 0.17 and τ2 = 1.6, for AgNWs aniline+H2O2 τ1 = 0.35 and τ2 = 1.8 and
for AgNWs aniline τ1 = 0.25 and τ2 = 1.6. Fluorescence decay times for mean decay
curves follow the trends observed for single nanowires.

However, more than this analysis is required to estimate fluorescence enhance-
ment between samples. Metal-fluorophore interactions have an ambiguous influ-
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ence on fluorescence. On the one hand, they may lead to fluorescence enhance-
ment. However, they may lead to fluorescence quenching. Both of these processes
are associated with the shortening of the fluorescence lifetime. To solve this issue
comparison of times after which fluorescence intensity value drops by a factor of 1/e
and integrated areas of intensities below transient curves has been done for semi-
qualitative analysis. The results are plotted in Figure 3.41. The shortest lifetimes
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Figure 3.41: Scatter plot of times after which fluorescence intensity drops to 1/e of its initial
value versus integrated intensity of fluorescence decay curve.

are observed in curves with the highest and lowest integrated fluorescence inten-
sity, whereas the longest lifetimes are observed in curves with medium integrated
intensity values. The high span of observed values for integrated intensity suggests
dramatic changes in the nature of metal-fluorophore interactions. For AgNWs PVP
sample radiative processes dominate, and for AgNWs aniline non-radiative processes
dominate. For AgNWs aniline+H2O2 radiative processes have smaller contributions,
and non-radiative processes are yet not dominating. Such dependencies are more
straightforward to observe in TCSPC(Time correlated Single Photon Counting) ex-
periments than in typical wide-field. In TCSPC experiments, fluorescence quantum
yield is one of the dominating factors in the integrated intensity. At the same time,
more factors contribute to observed fluorescence intensity in wide-field experiments
(e.g., fluorescence lifetime). From such analysis, one may conclude that the highest
fluorescence enhancement should be observed for AgNWs PVP sample; however, it
only correlates with the results of wide-field experiments. To conclude these con-
siderations, up to some nanowire’s diameter, diameter does not affect fluorescence
intensity of PCP conjugate with nanowire, and other factors have a much higher im-
pact. After exceeding this nanowire diameter value, fluorescence intensity drops due
to the strong influence of quenching, most likely due to the coupling between excited
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PCP and SPP modes in the nanowire, which results in a decrease in fluorescence en-
hancement.

3.4.4 AgNWs waveguiding properties

This section studied whether or not the chemical modification of AgNWs surface in-
fluences their waveguiding properties. In general, PVP replacement with another or-
ganic molecule should not significantly affect their waveguiding properties, as this
only shifts the refractive index of the surrounding medium. Nevertheless, chemical
reactions at the surface usually lead to the surface atoms’ rearrangement. Change
in surface morphology may lead to serious concerns regarding AgNWs waveguiding
properties after surface modification. This effect length of plasmon propagation of
PCP conjugates with AgNWs was studied. Fluorescence intensity maps of SPP prop-
agation of such conjugates and corresponding intensity profiles are presented in Fig-
ure 3.42.

The fluorescence intensity maps of PCP conjugates with AgNWs look similar to
ones obtained in a layer of PVA and PCP (Figure 3.22) although few disparities can
be spotted. In the case of PCP conjugates with AgNWs fluorescence intensities were
lower, with higher variance in intensity along nanowires due to PCP aggregates. Nev-
ertheless, it was still feasible to determine LSPP in PCP conjugates with AgNWs. The
same measurements as described in 3.3.3 SPP propagation in AgNWs were done for
25 nanowires from each sample and gathered as histograms in Figure 3.43. Addition-
ally for convenience, the results from measurements in the layer (Figure 3.23) were
plotted on the histograms as purple bars. Among 3 samples (AgNWs H2O2, AgNWs
aniline+H2O2 and AgNWs aniline), there was no significant difference between con-
jugated and nonconjugated nanowires. The only significant difference is for AgNWs
PVP sample and is somewhat explained by the random choice of nanowires for anal-
ysis and error in fitting function rather than the influence of surface modification.

3.4.5 Summary

This section investigates the plasmonic properties of PCP conjugates with AgNWs.
Among the samples, the one with the largest diameter (AgNWs aniline) showed the
lowest fluorescence enhancement. For the other samples, no significant differences
in fluorescence enhancement were observed.

Unlike the layer measurements, where the highest fluorescence enhancement oc-
curred under 480 nm excitation, the PCP–AgNW conjugates exhibited the greatest
enhancement under 630 nm excitation. This shift is attributed to two factors: a sig-
nificantly stronger electric field enhancement near the nanowires at 630 nm, and
changes in the photophysical properties of the protein when excited at this wave-
length.

Finally, the influence of conjugation on the SPP damping in AgNWs was studied.
The experiments showed that even though the fluorescence for PCP conjugated with
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AgNWs is weaker compared to layer of PCP, the process of conjugation doesn’t affect
LSPP of AgNWs in a statistically significant way.

Figure 3.42: Fluorescence intensity maps acquired by two objective microscope for PCP con-
jugates with AgNWs, with corresponding fluorescence intensity profiles along the nanowire
and fit function.
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Figure 3.43: Measured LSPP for each sample before and after conjugation with PCP, for (a)
AgNWs PVP, (b) AgNWs H2O2, (c) AgNWs AgNWs aniline+H2O2 and (d) AgNWs aniline.
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3.5 Long-range remote excitation

This section describes a proof-of-concept experiment. This experiment is intended
to show that SPPs propagating in a AgNW might be used to efficiently excite the flu-
orescence of molecules over a macroscopic distance (>100 µm) from the excitation
spot. The scheme of the experiment is presented in Figure 3.44. Section 3.5.1 de-
scribes the experiment itself.

Figure 3.44: Scheme of remote excitation of PCP droplet placed at the end of nanowire.

Sample preparation

Chemicals
Toluene (99.8%, anhydrous) was purchased from Sigma-Aldrich. Acetone (99.5%),
ammonium hydroxide solution (NH3 ·H2O, 25%), 1,2-dichloroethane (AR) were bought
from Chempur. N-Octyltrimethoxysilane (OTMS, 97%) was obtained from abcr GmbH.
Hydrogen peroxide (30%) was bought from Stanlab.

Hydrophobization of glass surface
The coverslips were cleaned by sonification first in acetone (10 minutes), then in 1,2-
dichloroethylene (10 minutes), and finally in DI water (2 minutes, three times). Af-
terward, slides were placed in a vial at 70°C with 5:1:1 mixture of H2O, H2O2 and
NH3 ·H2O for one hour. Then coverslips were washed with DI water and dried at 100
°C for 4 hours. After the drying step, the glass was placed in a vessel with 4% solution
of OTMS diluted in toluene and left for 7 days in a desiccator. After the silanization
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step, coverslips were cleaned by sonication first in toluene (20 minutes) and then in
1,2-dichloroethene (30 minutes). The hydrophobic glass was dried using compressed
inert gas and stored in the desiccator for further use. The glass coverslip was modi-
fied with a self-assembly OTMS monolayer to prevent PCP droplets from spreading.

Manufacturing of micropipettes
Desired-sized micropipettes were obtained from borosilicate glass capillaries with
filament (GB120F-10, Science product) using a laser puller (P-2000, Sutter Instru-
ments). The inner diameter of the tip was around 10 µm. To modify micropipettes,
they were put in a plugged vial with a few droplets of OTMS at the bottom and kept in
the oven at 150 °C for 2 hours[138]. The glass microcapillaries were hydrophobized
to prevent PCP droplet from spreading out.

Deposition of PCP at the end of a nanowire
Firstly, 2 µl droplet of AgNWs aniline suspension was deposited on a hydrophobic
glass and let water to evaporate. Afterward, the sample was transferred to the in-
verted optical microscope for further preparation. To deposit PCP droplets, a hy-
drophobized micropipette was filled with 2 µl of 0.4 mg/ml PCP water solution. Then,
the micropipette was connected by a silicon tube to a syringe pump. By increasing
air pressure, the PCP solution was pushed to the tip of the micropipette, creating a
convex meniscus at the outlet. To deposit the droplet of PCP onto the coverslip sur-
face, the microcapillary was mounted onto a micromanipulator (MT3-Z8, Thorlabs)
connected to the piezoelectric stage (E-727 Digital Piezo Controller, Physical Instru-
ments) and gradually lowered until the meniscus touched the end of the nanowire.
During the micropipette retracting from the surface, the micrometer droplet contain-
ing emitter settled onto the coverslip. It is worth to point that PCP has been deposit
at only one end of nanowire. The whole microscope setup used for PCP deposition is
presented in Figure 3.45.

3.5.1 Results

The sample was prepared as follows. Firstly on the glass slide water dispersion fo Ag-
NWs was deposited onto glass coverslip and left to evaporate. Then single nanowires
was localised on the sample. Then a microcapillary filled with PCP solution was con-
nected to a silicone tube that generated pressure to push the solution toward the tip.
The microcapillary was then lowered until the solution made contact with the glass
coverslip at the desired location. This deposition process, from lowering the micro-
capillary to the point where the suspension touched the surface, was carefully mon-
itored and controlled in real-time using an optical microscope in darkfield mode.
Finally, the microcapillary was raised, leaving a microdroplet at the contact point
on the glass surface. For fluorescence experiments microscope described in Section
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Figure 3.45: Microscope setup with microcontrollers used to deposit PCP onto the sample.

2.1.4 was used. The only difference is the adjustment of the parameters - laser ex-
citation power to 20 µW and camera acquisition time to 500 ms. Maps of scattered
light and fluorescence intensity are presented in Figure 3.46. On the scattered light
map (Figure 3.46a), on the left end of the nanowire is visible spot of PCP droplet con-
tact with the glass surface. The droplet is not uniform with higher intensity of scat-
tered light is visible at edges of droplet. Most likely, it is caused by the coffee ring
effect[139]; thus higher amount of PCP is deposited at the edges. The circular shape
at the right side of the map is a light scattered by the microscope objective hanging
above the nanowire.

In fluorescence mode, when the laser is focused 1 µm away from the unmodified
end of the nanowire, the signal becomes visible at two locations (Figure 3.46b). On
the right side of the map, the laser appears as a circular spot, while on the left, fluo-
rescence is detected at the site where the PCP droplet was deposited. However, the
fluorescence signal is weak and is likely caused by laser light scattering on the glass
surface. This scattered light excites the concentrated PCP droplet, resulting in the
observed fluorescence emission.
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(a) scattered light image

(b) fluorescence map when the laser is focused next to nanowire

(c) fluorescence map when the laser is focused on the nanowire

Figure 3.46: Microscope images of AgNW with PCP droplet deposited at its end, (a) scattered
light map, (b) fluorescence map when the laser is focused next to nanowire, (c) fluorescence
map when the laser is focused on the nanowire.

When the laser is focused on the unmodified end of nanowire fluorescence map
is significantly different. Signal is observed at three spots (Figure 3.46c). As these two
point appear on the map only when laser is focused on the end of nanowire, they can
be associated by SPPs propagation in nanowires laser excitation. These three points
include laser light on the right side, a small point in the middle of the nanowire, and
area on the left modified end of the nanowire. The small spot in the middle of the
nanowire is most likely a small nanoparticle scattering SPPs. The bright area on the
left is a strong fluorescence signal from the spot of contact between AgNW and PCP
droplet. There is also fluoresce signal extending from the PCP droplet into the di-
rection of another nanowire end. They were probably caused by capillary forces of
highly hydrophilic polymer dragging water solution. This experiment proves that this
optical setup and nanowires can be utilized for remote excitation over 100 µm.
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3.6 Summary and conclusions

This work describes hydrothermal synthesis of silver nanowires with four sets of reac-
tants in which polyvinylpyrrolidone, hydrogen peroxide, and aniline, were used. De-
pending on the reducing agent, each sample possesses distinct diameter and length
distribution.

Metal enhanced fluorescence enhancement of model protein - Peridinin-Chlorophyll-
Protein Complex was studied in two configurations. In the first configuration, nanowires
were embedded in a thin polymer matrix (dozens of nanometers, appendix Figure
3.48) containing fluorophores. The highest fluorescence enhancement was observed
for samples with thin nanowires (AgNWs PVP and AgNWs aniline samples, mean di-
ameter 76-78 nm) and excitation frequency close to the frequency of localized plas-
mon resonance of silver nanowires. In the second configuration, fluorophore was
conjugated with AgNWs at a close distance from nanowires’ surface. Once again, flu-
orescence enhancement values followed the spectrum of AgNWs scattering, except
for excitation at 630 nm, for which the highest enhancement was observed. This phe-
nomenon was attributed to the excitation of different chemical moieties present in
protein and thus the change of photo-physics of this hybrid structure. Finite element
method simulations unveiled that mean electric field enhancement does not depend
on the nanowire diameter; thus, radiative and non-radiative processes between flu-
orophore and silver nanowire have a crucial impact on fluorescence enhancement.

Home built double objective microscope was used for silver nanowires’ waveg-
uiding properties. Longer surface plasmon polaritons propagation lengths were ob-
served for samples with bigger nanowires’ diameters (mean diameter 153 nm). Ex-
periments proved that chemical modification of the surface of silver nanowires does
not influence their waveguiding properties. Finite elements method simulations showed
that the length of propagation of surface plasmon polaritons in silver nanowires highly
depends on their diameter. Comparison of theoretical and experimental lengths of
surface plasmon propagation proved that only the first guiding mode is excited in an
experimental configuration.

Finally, a proof-of-concept experiment demonstrated that the nanowires synthe-
sized using the previously described method were capable of exciting molecules lo-
cated over 100 µm away from the excitation point.

I anticipate that the AgNW synthesis method presented in this work could serve as
a viable alternative to the commonly used polyol method. This approach offers bet-
ter control over the dimensions of nanowires and relies on a more environmentally
friendly hydrothermal process. In addition, longer AgNWs, which are easily obtained
through this method, are beneficial for various applications such as the fabrication
of transparent conductive layers. Exploring the plasmonic properties of AgNWs may
also contribute to the development of advanced photonic devices, including optical
logic gates and biosensors.
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Figure 3.47: Fluorescence decay curves of layer of PCP at AgNWs with fitted biexponential
functions and their residues.
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(a) Profilometry map with marked area of
height profile (blue line)
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Figure 3.48: Profilometric map of the height of the sample obtained by spinocoating a mixture
of AgNWs, PVA and PCP, with marked height profile and corresponding graph. The line visible
in diagonal is a scratch made to remove polymer layer from the sample.
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(a) 450 nm (b) 400 nm

(c) 360 nm

Figure 3.49: Logarithmic electric field distribution around 100 nm wide silver nanowire for
(a) 450 nm, (b) 400 nm, (c) 360 nm exicatation.
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