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1 Introduction

Nanoparticles (NPs), along with nanoparticle-composed materials, have offered
unrestricted space for research and innovation for last few decades. Syntheses and
characterization of NPs were put at the forefront of scientific interest due to the vast area of
NPs applications, either implemented or potential.

Colloidal noble-metal NPs, more specifically gold (Au) and silver (Ag) NPs are
well-known for their many applications through the human history, with a steady rise in
popularity in the last few decades. Their unique properties are possible to be successfully
adjusted with specific morphology and surface-modification, resulting in their effective
applications in various scientific fields and measurement techniques.

While NPs can be synthesized with various approaches, this work is focused on
two-step synthesis of metal core-shell Ag-Ag and Au-Ag NPs prepared via seeded-growth
method. The main goal is to demonstrate the direct influence of synthetic parameters on
characteristic properties of core-shell NPs consisting of the same (Ag-Ag NPs) or different
(Au-Ag) plasmonic metal.

The prepared colloidal core-shell NPs and their properties are characterized with
complementary techniques, such as UV-Vis spectroscopy, transmission electron
microscopy (TEM), dynamic light scattering (DLS), and measurement of zeta-potential
values.

Lastly, the change of these properties and the ability of the prepared NPs to
enhance Raman scattering after the interaction with the bovine serum albumin (the protein)
is tested out with surface-enhanced Raman spectroscopy (SERS) at two different excitation
laser lines.

The structure of this work is as follows: in chapter 2, the theoretical background is
given on the formation and synthesis of colloidal NPs, with short description of techniques
used for characterization. In chapter 3, aims of the work are summarized. In the
experimental part in chapter 4, the nomenclature used for the colloidal systems in this work
is established, followed by experimental details of the syntheses and subsequent
characterization of prepared NPs. Results are discussed in chapter 5, with conclusion
drawn in chapter 6.
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2 Theoretical part

Types and classification of NPs are based on their origin, dimensions and
composition. In this work, focus is put on colloidal NPs. Their chemical, electrical,
magnetic and optical properties provide variety of applications as nanoscale materials in
fields of biotechnology, nanomedicine, etc. [1-3]

2.1 Colloids

The utilization of metal NPs can be dated deep into the human history. One of the
earliest example of practical application of metallic NPs synthesized through chemical
methods can be considered the process of using metals to manufacture glass, in region of
Egypt and Mesopotamia in 14th and 13th century BC. [4]

Similarly, the Lycurgus Cup from Roman Empire in 4th century is another example
how ancient civilizations used metal NPs. A dichroic glass of the Lycurgus Cup contains
Ag-Au NPs in the alloy form, causing a display of a green colour when the light passes
from the front of the Cup and of a red colour when the light passes from behind. [4, 5]

In Mesopotamia during the 9th century a metallic polish containing Ag and Cu NPs
was used to decorate the ceramics, giving it iridescent shine of blue and green colour under
certain conditions. The ceramics revealed two layers of larger and smaller Ag NPs,
allowing interference of scattered light.

Colloidal Ag and Au NPs were found in yellow and red coloured stained glass in
churches from the medieval period. [2, 4]

The first scientific report of preparation of NPs can be attributed to Michael
Faraday, who in 1857 described his experiments with Au colloidal solutions. Faraday
discovered optical properties of Au colloid differ from bulk gold, which was the early
observation of quantum size effects of NPs. [1, 2]

Description of NPs behaviour was accomplished at the end of 19th century by
Wilhelm Ostwald, who introduced his theory of particle gold induced by Ostwald
ripening. [6] His son Wolfgang Ostwald, the founder of the German Colloid society, also
had a great influence in the area of colloidal chemistry.

In the year 1925, the Nobel Prize was given to Richard Zsigmondy for his invention
of the ultra microscope and subsequent observation of colloidal particles. [1]

2.1.1 Colloidal systems

A Colloid is composed of a medium of dispersion (i.e. the continuous phase) and
the suspended particles (i.e. the dispersed phase). The size of particles in a dispersed phase
is in the range between 1 nm and 1000 nm, but all dimensions do not have to fit under 1um
necessarily.
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Colloids can be described and divided by a variety of approaches. The most
common division is based on whether the phases are in gas, liquid, or solid state and
whether it is possible to clearly distinguish between them. [7]

The lyophilic colloids are strongly attracted to their medium of dispersion, the
lyophobic group have no such attraction (e.g. hydrophilic and hydrophobic colloids).

Monodisperse colloids have narrow size distribution and contain particles of
approximately the same size, whereas in polydisperse colloids particle sizes vary in
somewhat broad range. [8]

Properties of colloidal NPs can be controlled by the parameters such as: their
crystalline structure, composition, size and shape. It requires understanding of the
mechanism of NPs formation process. [1]

2.2 Formation of NPs

2.2.1 Nucleation

Historically, the explanation of colloidal formation was first given by the classical
nucleation theory (CNT) developed by Doring and Becket in 1930. Nucleation is
thermodynamic concept explaining the emergence of a new phase, the nucleus, from
metastable homogenous phase. CNT describes that a thermodynamic system strives to
maximize its entropy and the description of vapour condensating to liquid was extended to
other phase transitions, along with growth processes of NPs. [1, 9]

Further advancement of nucleation is described in Figure 1, where the nucleation
mechanism around a metastable critical point is shown. Figure 1a shows the nucleation and
particle growth in the original fluid due to a large thermodynamic driving force, Figure 1b
shows a two-step mechanism occurring around the metastable critical point, offering
perspective that the dynamic of nucleation is more affected by metastable states and
growth dynamics, rather than thermodynamic driving force. [1, 10]

Another pivotal distinction is between homogeneous and heterogeneous nucleation,
used in seeded-growth syntheses.

The homogenous nucleation is a spontaneous process occurring randomly but
requiring the supercritical state (e.g. supersaturation).

The heterogeneous nucleation occurs on solid surfaces at preferential sites
(e.g. phase boundaries, impurities), where the lower effective surface energy decreases the
activation energy of nucleation. Subsequently, the heterogeneous nucleation is more
frequent than the homogeneous one, but it is presumed that both processes occur during
NP synthesis either simultaneously, or consecutively.

In thermodynamic models of the nucleation and particle growth, there is
a persisting problem of not including the chemical aspect of creating monomers (e.g. via
reduction) and alterations occurring due to inconsistency of synthesis parameters
(i.e. temperature, pH, concentrations, stabilizers).
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Figure 1 Nucleation mechanism around metastable critical point. (a) Nucleation and
particle growth in the original fluid due to a large thermodynamic driving force. (b) Two-step
mechanism occurring around the metastable critical point, where a fluid droplet forms first through
the phase separation or presence of critical fluctuations. The nucleation rate is increased by the high
density of the droplet and covering film provides a barrier between growing particle and original
fluid. This protective layer ensures monomers (i.e. molecules) are accessible during next growth
steps and that there is time for proper orientation and bonding of monomers. The dynamic of
nucleation is more affected by metastable states and growth dynamics, rather than thermodynamic
driving force. [10]

Recent research in the formation process of NPs (led by J. Polte [1]) disregards the
nucleation as the driving force of particle growth and its description via CNT. The research
shows that the particle growth is directed by a colloidal stability and occurs only because
of aggregation and coalescence.

Colloidal stability, aggregation barrier and formation process of NPs are further
discussed in the following parts.

2.2.2 Stability of NPs

Research on chemical synthesis of colloidal NPs systems (i.e. via wet chemical
reduction) shows that the growth mechanism of NPs is not determined by thermodynamic
forces, as is stipulated by CNT. The stability of NPs plays a more significant role, which is
possible to observe with new data from the experiments focused on monitoring the sizes
and concentration of NPs during syntheses.

Generally, NPs are unstable with tendency a to aggregate due to electrostatic,
magnetic and van der Waals forces. Repulsive forces discouraging the aggregation,
agglomeration, and coalescence can be realized through electrostatic and steric
stabilization or their combination. [1, 11]

Electrostatic stabilization is achieved by an electrical double layer (EDL), where
the surface charge of the NP is surrounded by solvated ions of a different charge
(Figure 2a). Surface charge of a particle provides an opposing force to the van der Waals
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attraction force. In the EDL, the inner layer (Stern layer) is compact while the outer layer is
diffuse, which is described by Stern-Gouy-Chapman theory where the surface potential
declines within the EDL of the NP. This is established by solving Poisson equation with
Debye-Hiickel linearization of exponential function, thus providing a description of the
electric surface potential y(x) distribution. The width of the EDL is called Debye length A
(Figure 2b).

a)

electric double layer

b)

diffuse layer

-

particle -4 -

Debye length

Stern layer

Wtential

Y5 ¥ ¥, distance

Figure 2 Electric double layer EDL.(a) EDL of opposing charges formed around NP, (b)
consisting of outer diffuse layer and inner (Stern) compact layer.[1]

However, to explain colloidal stability a description of interaction between at least
two EDLs (i.e. two NPs) is needed. In that case, the electric potential distribution and ion
concentration of two (or more) particles overlap and are grounds for EDL interaction
forces, which can be further determined for different instances (by e.g. the properties of
EDL and geometry of particles). EDL repulsive forces also decrease exponentially with the
mutual distance of NPs and change considerably with the difference in parameters of
surface charge, constant surface potential, thickness of EDL, etc.

Colloidal stability is further described by the DLVO theory developed by
Derjaguin, Landau (Russian scientists), Vervey and Overbeek (Dutch scientists). The
DLVO theory states the adding together of EDL repulsive forces and van der Waals
attractive forces results in the total force between colloidal NPs, i.e. the total interaction
potential Wiota(D) (Figure 3). The aggregation barrier, represented by a maximum of the
total interaction potential curve, generates the activation energy for aggregation that has to
be overcome by the two NPs in order to aggregate.
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Figure 3 Interaction potentials and aggregation barrier of two NPs. The sum of the EDL

interaction potential and the van der Waals interaction potential provides the curve of the total
interaction potential, the maximum of the curve corresponds to the aggregation barrier of NPs. [1]

The stability of the system and of the aggregation barrier is affected by the particle
size, value of the surface potential and ion concentration. The EDL forces are strongly
dependent on ion concentration due to ions present in the compact and diffuse layers of
EDL. Since the ion concentration directly corresponds to Debye length, the surface
potential is decreased exponentially, i.e. the EDL reduces with growing ion concentration
(Figure 4a).

Additionally, both attractive and repulsive forces are proportional to the particle
size, making the total interaction potential proportional to the radius of the NPs.
Accordingly, the aggregation barrier increases with the growing size of the NPs, evoking
better colloidal stability. Therefore, the larger NPs are predominantly more stable than

smaller NPs (Figure 4b).

a) b)

—— W,,1,(D) with ion concentration n;

— W,:2(D) with ion concentration 2n;

. — Wy.1a(D) with ion concentration 3n, - —W,_,.,(D) with radius 3R

g g —— W, (D) with radius 2R
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Figure 4 Parameters influencing the colloidal stability. (a) Effect of ion concentration on

the total interaction potential Witai(D), (b) Effect of particle size on the total interaction potential
Wiotal(D) and on the maximum of the curve (i.e. the aggregation barrier). [1]
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Another way to reach better colloidal stability is the process of steric stabilization,
Adsorption of large molecules (e.g. surfactants, polymers) on the surface of the NP
prevents the aggregation of NPs by providing the protective layer between the two NPs.
The space between the aggregating NPs would become denser, leading to a decrease of
entropy, which is not a thermodynamically beneficial prospect. The repulsive forces from
the steric stabilization are added to the total interaction potential Wiotal(D). Steric
stabilization forces have a short range of interaction and depend mostly on temperature,
polymer solubility and concentration.

A disruption of both the steric and electrostatic stabilization leads to aggregation
and coalescence on the macroscopic scale and to the destruction of the NPs. Similar effect
can be achieved by dissolving the NPs with specific chemical compounds. [1]

2.3 Synthesis of NPs

Generally, NPs can be prepared by various approaches - physical, chemical, or their
combination. Physical methods (e.g. mechanical techniques such as milling and grinding,
photolithography, laser ablation, etc.) are based on "top-down™ approach by obtaining NPs
from larger bulk of a material.

On the other hand, chemical "bottom-up” methods (e.g. colloidal aggregation,
organic synthesis, self-assembly, etc.) depend on interaction and aggregation of atoms and
molecules, prompted by a chemical reaction. "Bottom-up” approach typically offers
uniformity and smaller size distribution of NPs. In recent years, the effort was focused on
the development of more environmentally friendly alternatives to physical and chemical
methods, thus introducing so called "green syntheses". [12—15]

Chemical syntheses can be divided by a state of a phase in which they are prepared,
by the temperature of the chemical reaction and by number of steps in the synthesis. In
case of metal and colloidal NPs the process of wet chemical reduction via "two-step seeded
growth method" is the most common synthetic procedure. [1]

2.3.1 Synthesis of colloidal NPs

Colloidal NPs are often prepared by the reduction of dissolved metal precursor
(e.g. a metal salt) with a reducing agent (e.g. sodium borohydride, ascorbic acid, citrates,
etc.) in aqueous (or non-agqueous) solutions. The addition of stabilizing agents (e.g. citrate
ions, polymers) provides the electrostatic stabilization (via repulsive forces) and steric
stabilization, further influencing the aggregation and coalescence of NPs.

Size distribution of colloidal NPs is typically controlled by a "seeded-growth"
method where the particle growth is induced by a process of fast reduction for generating
small seeds, with subsequent adding of a weak reducing agent. The seeds have a crucial
influence on the size, shape and structure of the final NPs, and on the reaction kinetics. The
age of the seeds and their subsequent stability is also the key parameter of NP synthesis.
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Size distribution control of NPs is influenced by mixing conditions and thus the
synthetic process might not always consistently yield the same result.

2.3.2 Synthesis of Ag NPs

The synthesis of Ag NPs discussed in this work is based on the reduction of silver
nitrate (AgNOz) with sodium borohydride (NaBH4). The growth mechanism consists of
four steps (Figure 5), starting with a quick reduction of silver salt. Reducing agent NaBH4
induces the fast reduction, shortening its span into few milliseconds. As the actual particle
growth occurs at much slower rate, it is evidently separated from the reduction process.

The second step is the first stage of coalescence (a merging of particles). The
coalescence would not be possible without aggregation, which is caused by an insufficient
colloidal stability. Therefore, colloidal stability is an essential principle of actual particle
growth,

The third step is a metastable state, occurring between two steps of coalescence.
The metastable state is thought to be connected to the hydrolysis of residual BH4™ into
B(OH)4+, which also affects the surface chemistry of Ag NPs (hydrolysis is further
accelerated in the presence of metal NPs). The metastable state clearly separates two steps
of coalescence and is not present in the growth mechanism of Au NPs.

The hydrolysis of borohydride is most likely related to a change of electrostatic
stability and its decrease. This initiates the final step of a synthesis and the second
coalescent step. The process of coalescence is stopped when the size of NPs reaches
a point of adequate colloidal stability, preventing further aggregation and coalescence.

[1, 16, 17]

1. REDUCTION 2. COALESCENCE 3. METASTABLE STATE 4. COALESCENCE FINAL NANOPARTICLES
REY $
¢ 66 N O
@ N, §
e Rl — —_ —
o W
[ L : 3
N
=

Figure 5 Ag NPs growth mechanism. (1) Reduction of metal salt to monomers,
(2) coalescence of primary particles, (3) the metastable state between two steps of coalescence,
(4) the second step of coalescence and the last step of the synthesis, the forming of final NPs.
(Modified from [16])

The addition of a stabilizing agent and thus providing further colloidal stability influences
the length of metastable state, particle size in each step and long-term stability of final
NPs, but the growth mechanism in itself is not altered. [1, 16, 17]
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2.3.3 Synthesis of Au NPs

The most commons syntheses of colloidal Au NPs are reductions with sodium
borohydride (NaBH4) and sodium citrate.

Synthesis of Au NPs withNaBHj4 is based on the same principles as the synthesis of
Ag NPs with the only exception: absence of metastable state (chapter 2.3.2). In the first
step, the metal precursor, tetrachloroauric acid (HAuCls), is reduced by NaBHa. After the
formation of first clusters in the second step, the coalescence and aggregation start in the
third step. The process of coalescence is stopped when the size of NPs reaches a point of
adequate colloidal stability (Figure 6). [1]

3. coalescence of clusters and nanoparticles
2. formation of first clusters |

1. reduction R
c¢ O -
Metal Precursor sy ¢ ¢d9 ¢ —_ \ T —_
« K )
e \
e o
Figure 6 Au NPs growth mechanism via reduction of NaBHa. (1) Reduction of metal

precursor to monomers, (2) formation of first clusters, (3) coalescence and the last step of the
synthesis, the formation of final NPs. [1]

Another way to obtain relatively monodisperse Au NPs is through the reduction of
HAuUCI4 with sodium citrate at the elevated temperature, the process known as Turkevich
synthesis.

In the first step, small clusters are formed by a partial reduction of the precursor,
followed by the coalescence into small seed particles in the second step. In the third step,
a further growth of reduced Au monomers on seed particles proceeds due to existing EDL
of the seed particles. The fast growth of final particles in the fourth step of the synthesis
stops when the precursor is completely consumed (Figure 7). [1, 18]
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3. Slow growth on seed particles
2. Formation of seed particles
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Figure 7 Au NPs growth mechanism via reduction of sodium citrate. (1) Reduction of
metal precursor, formation of clusters, (2) the formation of seed particles via coalescence,
(3) growth on seed particles, (4) the formation of final NPs due to faster growth. [18]

The mechanism of Turkevich synthesis is a seed-mediated growth. As the final NPs
grow from particles formed at the beginning of the synthesis, the total number of particles
does not change after the formation of seed particles.

The size of the final NPs is set by the total number of NPs and is determined by the
time seed particles are formed. That occurs during a very short interval immediately after
the metal precursor and reducing agent are mixed together, i.e. usually within the first
30 seconds of the synthesis. The number of the seed particles is determined by the size of
the seed particles and amount of Au monomers available for seed formation. [1, 18, 19]

2.3.4 Synthesis of core-shell Ag-Ag and Au-Ag NPs

The seeded growth method is used for syntheses of core-shell NPs in particular, due
to the clear separation of the whole process into two distinct steps: (i) the preparation of the
seeds (core) and subsequent (ii) formation of the final NPs (shell) respectively. [20, 21]

The colloidal systems prepared via syntheses mentioned in the previous chapters
(2.3.2 and 2.3.3) are used as a seed solution and their particles represent “cores”. The
"shell" of either the same or different metal is added by the deposition of ions on the
surface of the seed through an additional reduction of the metal salt by a mild reducing
agent.

The core-shell NPs discussed in this work are monometallic Ag-Ag NPs and
bimetallic Au-Ag NPs.

Bimetallic NPs have more intriguing properties than monometallic ones consisting
of the corresponding metal. Consequently, unique optical (thermal, electronic, etc.) sized
dependent effects are obtained. [22]

For instance, bimetallic NPs are used as signal enhancers in Surface Enhanced
Raman Spectroscopy with better results than their monometallic counterparts due to their
material composition and the amendable core-shell ratio. [23]
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2.4 Characterization of NPs

With a rapid increase of research on NPs and their subsequent applications,
a precise characterization of their properties became necessary. For proper characterization
of NPs it is always important to combine several complementary techniques, either for
studying specific property, or their combination. [24]

In this work, properties on NPs are characterized by UV-Vis spectroscopy,
transmission electron microscopy, dynamic light scattering, measurement of zeta-potential
and surface-enhanced Raman spectroscopy.

2.4.1 UV-Vis spectroscopy

Ultraviolet-visible spectroscopy is a technique based on the absorption of
ultraviolet (UV) and visible (Vis) light radiation (i.e. the wavelengths in the interval
between200 nm - 800 nm). The absorption of specific amount of energy form the absorbed
light causes excitation of electrons from the full ground state orbital (i.e. energy level) with
low energy to unoccupied orbital with a higher energy. The larger the size of the gap
between orbitals, the greater amount of the energy is needed, which results in the
absorption of shorter wavelengths with higher frequency. [25]

The colour of the absorbed light can be predicted by a colour of the illuminated
substance. A particular portion a of wavelengths is absorbed when white light (containing
all wavelengths from visible spectrum) passes through a substance, resulting in appearance
of reflected colour (demonstrated by the colour wheel in Figure 8). [26]

If a substance
absorbs here...

|

450 nm 800 nm - Visible Region

495 nm 620 nm

Visible Region Colour Wheel

y, W ...it appears
as this colour

570 nm 590 nm

Figure 8 The colour wheel of the wavelengths in the visible region. Corresponding
colours are on the opposite of each other, showing the relation between appearance and absorption
of a substance. [26]
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The absorbance of UV and visible light is measured by UV-Vis spectrometer. The
spectrometer is composed from a light source (its type can vary depending on the region of
a measurement), a monochromator (i.e. a prism, splitting the light into separate
wavelengths), a sample, a reference, detector and a data output. The sample and the
reference are contained in glass or quartz cuvettes for the measurement.

The measurement can be performed either at a single wavelength or through
a predetermined spectral range. The intensity of a light passing through the cuvette with
the sample is compared to the intensity of light that passes through the reference cuvette.
The amount of the absorbed light is called the absorbance. From the collected data,
UV-Vis spectrum of a sample is obtained by showing specific peaks of the highest
absorbance for the sample, signifying the absorption of a specific wavelength.

UV-Vis spectroscopy is a method used for the characterization of shape and size
properties of NPs. The unique optical properties of noble metal NPs are due to their surface
plasmon resonance, which is the collective excitation of free conductive electrons excited
by electromagnetic radiation (Figure 9). [27]

Electric field

Metal sphere

Figure 9 Localized surface plasmon. The particle is significantly smaller than the
wavelength of incident light, leading to local oscillation of a plasmon around the particle. The
oscillation frequency is called localized surface plasmon resonance. [27]

Surface plasmon resonance (SPR) absorption peak depends on the size, shape and
aggregation of NPs, enabling UV-Vis spectroscopy to determine the aggregation level, size
and concentration of NPs, especially in colloidal systems. It is a non-destructive technique,
leaving the sample without alteration. [28-30] The short time of measurement together
with its relative simplicity and accessibility allows its applications in various industrial and
scientific fields. [31-35]

2.4.2 Transmission electron microscopy (TEM)

Transmission Electron Microscopy (TEM) is a technique base on similar principles
as the light microscopy. However, instead of the white light, a beam of electrons is used
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for analysing the sample, resulting in images of a greater resolution and a better magnitude
than the images obtained by the light microscopy. [36]

An electron emission source (i.e. electron gun) emits the high energy beam of
electrons into the vacuum. The system of condenser lens focuses the beam into a required
size as it passes through the sample. Parts of the beam are transmitted and focused by an
objective aperture of several types of lens into fluorescent screen and subsequently into
CCD camera. [37, 38]

TEM is commonly used technique [39-44] offering information about the size of
NPs and their morphology, thought the analysis of NPs size does not occur rapidly and in
real-time. In case of NPs, the preparation of the sample is essential. The sample is prepared
by placing a small amount of colloidal system upon circular TEM grid with a supporting
mesh. During the drying process, aggregation and alteration of the size distribution and
morphology may occur. [28]

2.4.3 Dynamic light scattering (DLS)

Dynamic Light Scattering (DLS), also known as Photon Correlation Spectroscopy
or Quasi-Elastic Light Scattering, is another available method for NPs characterization and
size distribution. [45-49] The size of NPs is determined from the intensity of fluctuations
of the scattered light passing through the sample of NPs in colloidal suspension. [50]

A laser beam as a light source illuminates the sample in a cuvvete and the scattered
light is measured by the detector at the angle 173° or 90° (depending on a particular setup).
As the particles are suspended in a liquid, the fluctuations of a scattering intensity caused
by the speed of the Brownian motion (i.e. the random motion of particles induced by the
motion of surrounding molecules in a liquid) are measured at the stable temperature and
known viscosity of the surrounding liquid. These fluctuations are analysed by the auto-
correlation function. [51]

The acquired size distribution data shows the intensity of scattered light from
particles of various sizes. This intensity based size distribution can be converted to number
base size distribution, representing a number of particles that scatter light with the varying
amount of intensity that was measured. [52]

In the case of non-spherical NPs, the measured size of the NP is a hydrodynamic
diameter of a theoretical sphere with the same translational diffusion (with the same speed)
as the NP. This can pose a problem, when, for instance, rod-like shape NPs are measured.
The measured size is also affected by all substances adsorbed on the surface of NPs (e.g.
polymers, stabilizers, etc.) and the thickness of the Debye length of EDL.

Furthermore, the accuracy of DLS technique is based on the monodispersity of the
sample. If the colloidal system is polydisperse, the smaller particles can be concealed by
the larger ones and be left out of measured data. [28]
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2.4.4 Zeta-potential

Zeta-potential is the electrostatic potential at the EDL of NPs in colloidal
suspensions. In colloids, zeta-potential determines the degree of electrostatic interaction
among NPs, indicates the stability or instability of a colloidal system and can reveal its
inclination to aggregation. [53]

The colloidal system with the zeta-potential of =30 mV is considered to be stable;
while the colloid with a value of zeta-potential close to 0 mV (i.e. in the interval between
+5 mV and -5 mV) tends to aggregate.[54]

The measurement of zeta-potential is a relatively simple and common technique
[55-58], usually it can be performed with the same instrument as the measurement of DLS.

2.4.4 Surface-enhanced Raman spectroscopy (SERS)

Surface-enhanced Raman spectroscopy (SERS), also called surface-enhanced
Raman scattering is a technique derived from Raman spectroscopy (Raman scattering,
Raman Effect). Raman scattering is the inelastic light scattering of the photons incident on
the molecules of a material. The majority of photons is scattered elastically, their energy is
unchanged. Nevertheless, some photons change their energy after coming into the contact
with a material, which can provide an insight into the chemical and vibrational structure of
molecules. [59-61]

SERS technique magnifies (enhances) Raman signals form molecules positioned
near the surface (or at the surface) of metal materials (usually metal NPs). The signal is
enhanced by electromagnetic and chemical enhancement. The electromagnetic
enhancement occurs due to the excitation of surface plasmon resonances in metal NPs,
induced by the laser light with a specific excitation line. Plasmonic properties of metal NPs
(e.g. resonance frequency, surface electromagnetic field) are strongly dependent on the
type, size, shape and structure of NPs. [23, 62]

In the chemical enhancement, a molecule is chemically adsorbed on the surface of
the metal NPs, providing the transfer of the charge. In practical applications, both
mechanisms of enhancement can be combined; with the electromagnetic enhancement
being the stronger component of the two. Moreover, the enhancement is influenced by the
distance between molecule and the surface of the substrate, type of substrate (e.g. solid
substrate, colloids) and the aggregation state. [23, 62]

The preparation of colloidal NPs is relatively uncomplicated, making colloidal NPs
commonly used for SERS enhancement. Their plasmonic resonance can be modified by
the change of the type, size, shape and structure of NPs.

The distance between a molecule and the surface of the substrate is dependent on
chemical bonds and surface charges of NPs. When the charge of the molecule is the
opposite of the surface charge of the NPs, attractive forces arise along with the aggregation
and decrease of zeta potential of NPs. With the aggregation of NPs, SERS activity is
increased provided that the excitation laser line falls within the surface plasmon resonance
region. Surface plasmon resonance of aggregated NPs shifts to a longer wavelength with
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abroad spectrum adjustable for different excitation line of lasers. However, the
aggregation process is quite random, leading to varying SERS enhancement through the
sample. The experimental conditions are difficult to be optimized and lack a sufficient
reproducibility. [23, 62—64]

SERS is widely used in bioanalytical applications, namely in detections and
quantification of small molecules, DNA, proteins, etc., with measurement optimized for
the molecular specificity and high enhancement factors. [44, 65-71]

SERS detection of proteins (and other biologically relevant structures and
molecules) allows a greater specificity with the spectra of narrow and unique peaks. The
influence of water on the SERS signal is mostly negligible, allowing the detection in
aqueous solutions with a small amount of a biological sample.

Specific detection of proteins often employs targeting agents for specific proteins.
The detection of a protein discussed in this work is non-specific, using the inherent
spectrum of a protein. This label-free detection is induced by the aggregation of colloidal
NPs with an added protein. [23, 62]
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3 Aims of the work

e Two-step synthesis of core-shell Ag-Ag NPs and Au-Ag NPs via seeded-growth
method.

e Characterization of prepared Ag-Ag NPs and Au-Ag NPs with following
methods:

o UV-Vis spectroscopy (UV-Vis),
o Transmission electron microscopy (TEM),
. Dynamic light scattering (DLS),
. Measurement of zeta-potential values.
e Testing out the ability of prepared NPs to enhance Raman scattering of the

particular protein (Bovine Serum Albumin) by using different excitation laser
lines (532 and 785 nm).
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4  Experimental part

In case of core-shell noble metal NPs preparation, seeded-growth method is used in
general, which utilizes a process of a fast reduction for generating small seeds, with
subsequent adding of a weak reducing agent.

Metal core-shell Ag-Ag and Au-Ag NPs are prepared in an aqueous solution by the
reduction of a dissolved metal precursor (metal salt, e.g. silver nitrate) with reducing agent
such as sodium borohydride, ascorbic acid, etc. Access to larger NPs with a narrow size
distribution can be granted via seeded-growth method.

Size distribution control of NPs is influenced by mixing conditions and thus the
synthetic process does not always reliably yield the same result.

Additionally, the final size of NPs is influenced by mixing conditions as well as by
other experimental parameters, particularly in case of Ag-systems, where mixing
conditions represent an important factor in the growth of NPs and their final size.
Nevertheless, growth mechanism itself is not altered.

4.1 Chemicals

Silver nitrate (AgNOs, 99,9999 % purity, abbreviated as "Ag+"), sodium
borohydride (NaBH4, > 98 % purity, abbreviated as "Bh™) and tetrachloroauric acid
(HAuUCls, > 99 % purity), L-ascorbic acid (> 99,0 % purity, abbreviated as "Asc"),
L-aspartic acid (> 98 % purity, abbreviated as "Asp") and Bovine Serum Albumin (BSA,
>96 % purity) were acquired from Sigma-Aldrich. No additional purification was
performed. Solutions were prepared with deionized water (purification system Milli-Q).
All glassware was cleaned with acid (aqua regia, a mixture of nitric acid and hydrochloric
acid, optimally in a molar ratio of 1:3) and copious amounts of deionized water prior to its
usage.

4.2 Nomenclature

For easier comprehension and better orientation, naming convention was developed
for seed solutions and colloidal NP systems.

Seed solutions are either prepared immediately, i.e. preceding the synthesis of
a colloidal system, or aged, more stable seed solution is used.

The recently prepared seed solution is named by the following order:

‘Type of metal’ NP- Type of reducing agent'-'Age’,
i.e. AgNP-Bh-5min-(1) means that they are seeds of silver NP prepared by using sodium

borohydride as the reducing gent, and the solution was stirred for five minutes before its
usage as seeds in the next step of a colloidal NP system preparation. The Arabic numerals
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(1), (2)' in brackets indicate repetition of the synthesis, while Roman numerals '(I), (11)’
signify same synthesis with a later stage hydrolysis of sodium borohydride

Names of the final colloidal systems prepared from seed solutions are changed by
removing the first hyphen between 'NP' and Type of reducing agent’, and adding the
abbreviations of further reactants in the order of their subsequent introduction into
a particular system. Either the metal salt silver nitrate, AgNO3, was added as the first
reactant, followed by the reducing agent L-ascorbic acid (_Ag+_Asc), or the order was
reversed (_Asc_Ag+). Ergo, the naming sequence is as follows:

Type of metal' NP "Type of reducing agent'_'Progress of synthesis'-'Age’,

i.e. AgNPBh_Ag+_Asc-(1) means that this colloidal system was prepared from seed
solution where sodium borohydride was used as a reducing agent, and first silver nitrate
was added, followed by L-ascorbic acid. The numerals in the bracket symbolize stage of
hydrolysis of sodium borohydride as discussed above.

The prepared seed solutions and final colloidal systems derived from them are
summarized in Table 1.

Table 1 Prepared seed solutions and final colloidal systems.
Metal Seed solution Final colloidal system
AgNP-Bh-5min-(1) AgNPBh_Ag+_ Asc-(1)
A AgNP-Bh-5min-(1) AgNPBh_Ag+_Asc-(I)
g

AgNP-Bh-5min-(2) AgNPBh_Ag+_ Asc-(2)
AgNP-Bh-5min-(11) AgNPBh_Ag+_ Asc-(1l)
AUNP-Bh-5min-(1) AuNPBh_Ag+ Asc-(1)
AUNP-Bh-5min-(I) AUNPBh_Ag+_ Asc-(l)

Au

Correspondingly, the name of an aged seed solution follows the same notation, with
the only exception: the reducing agent abbreviation is put before 'NP' label. The seed
solution should be more stable in this case, because more time elapsed and enabled a better
stabilization of seeds:

‘Type of metal’ 'Type of reducing agent’ NP -'Age’,

i.e. AuCtrNP-7m means that they are seeds of gold NPs prepared by using sodium citrate
as a reducing gent, and at the time of usage they are 7 months aged.

The final colloidal systems are labelled similarly, except the name of the aged seed
solution is left unchanged, and only the progress of synthesis is added:

Type of metal' 'Type of reducing agent’ NP-"Age’_'Progress of synthesis’,
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i.e. AUCtrNP-7m_Asc_Ag+-(1) means that this colloidal system was prepared from the
seed solution AuCtrNP-7m and first L-ascorbic acid was added, followed by silver nitrate.
Colloidal systems prepared from stable seed solutions are summarized in Table 2.

Table 2 Final colloidal systems from stable seed solutions.
Metal Seed solution Final colloidal system
AgBhNP-7m_Ag+_ Asc
Ag AgBhNP-7m AgBhNP-7m_Ctr-Ag+_Asc

AgBhNP-7m_Asc_Ag+
AUBhNP-7m_Ag+_Asc-(1)
AuBhNP-7m_Asc_Ag+-(1)

AUBNNP-7m AUBANP-7m_Ag+_ Asc-(2)

Au AUBhNP-7m_Asc_Ag+-(2)
AUCtrNP-7m_Ag+_Asc-(1)

AUuCtrNP-7m_Asc_Ag+-(1

AUCtrNP-7m uct _Asc Agt-(1)

AUCtrNP-7m_Ag+_Asc-(2)
AUCtrNP-7m_Asc_Ag+-(2)
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4.3 Formation of Ag-Ag NPs

The synthesis of core-shell Ag-Ag NPs is separated into two steps: synthesis of
seed solution and subsequent synthesis of the final colloidal system. The seed solution is
prepared by the reduction of dissolved metal precursor silver nitrate AgNOs with sodium
borohydride NaBH4. The final colloidal system is prepared from a seed solution with an
additional reduction of metal salt AgNOs by L-ascorbic acid.

There were 4 types of synthesis performed, differing in the age of the seed solution,
sequence of steps and in the introduction of an additional surface-modifier of the seeds.

Table 3 Syntheses types of the final core-shell Ag-Ag NP colloidal systems

Name Description

The seed solution is freshly prepared prior to the
synthesis of the final colloidal system which can be
labelled as (AgNPBh_Ag+ Asc) according to our
nomenclature.

Type 1 Ag-Ag NP synthesis

The seed solution is 7 months aged at the time of the
Type 2 Ag-Ag NP synthesis | synthesis of the final colloidal system, labelled as
(AgBhNP-7m_Ag+_ Asc).

The seed solution is 7 months aged at the time of
synthesis of the final colloidal system (so far, the same
as Type 2 Ag-Ag NP systems), however, the addition of
the other reactants is performed in a reverse order than
in Type 2 Ag-Ag NP synthesis. It is thus labelled as
(AgBhNP-7m_Asc_Ag+).

Type 3 Ag-Ag NP synthesis

The seed solution is 7 months aged at the time of the
synthesis of the final colloidal system (so far, the same
as Type 2 Ag-Ag NP systems); the addition of sodium
citrate (as another surface-modifier) simultaneously
with AgNOs is included in the synthesis. It is then
labelled as (AgBhNP-7m_Ctr-Ag+_Asc).

Type 4 Ag-Ag NP synthesis

4.3.1 Type 1 Ag-Ag NPs synthesis

The seed solution (AgNP-Bh-5min) was prepared by mixing together 5 mL of
0.8 mM AgNOs aqueous solution, 5 mL of 4.48 mM NaBH4, and 10 mL of deionized
water. Seed solution (AgNP-Bh-5min) was then stirred at the rate of 1150 rpm for
5 minutes.

Subsequently, 0.5 mL of the seed solution (AgNP-Bh-5min) was added to 12.5 mL
of 0.2 mM AgNOs aqueous solution, followed by 250 xL of 10 mM ascorbic acid aqueous
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solution. The final colloidal system (AgNPBh_Ag+ Asc) was stirred at the rate of
1350 rpm for 10 seconds, then at the rate of 850 rpm for additional 25 minutes.

Sodium borohydride used during the preparation of the seed solution (AgNP-Bh-
5min) was stored in an ice bath, due to its inclination to quickly and unpredictably oxidize
at temperatures exceeding 8 °C. The stage of the hydrolysis and simultaneous oxidation of
sodium borohydride has a strong influence on the formation process of the seeds, as will be
further demonstrated in the following chapters.

After finishing the synthesis of seed solution AgNP-Bh-5min-(1) and colloidal
system AgNPBh_Ag+_ Asc-(1), the procedure of this synthesis was repeated. However,
this time by using a more hydrolysed (and thus oxidized) sodium borohydride solution
stored in an ice bath. It resulted in seed solution AgNP-Bh-5min-(l) and colloidal system
AgNPBh_Ag+_ Asc-(l).

Each step of the whole processes was replicated, thus resulting in seed solution
AgNP-Bh-5min-(2), colloidal system AgNPBh_Ag+ Asc-(2), seed solution AgNP-Bh-
5min-(11) and colloidal system AgNPBh_Ag+_Asc-(Il).

4.3.2 Type 2 Ag-Ag NPs synthesis

Colloidal solutions (systems) which reveal a good stability in time are considered as
stable. The formation process of NPs in these systems is completed, leading to steady-state
surface chemistry and possible decrease of reactivity.

Seed solution AgNP-7m was prepared dissolving 3.42 mg NaBHs in 75 mL of
deionized water submerged in an ice bath. The mixture was stirred at the rate of 1000 rpm
while drop-wise adding of 7.5 mL of 2.2 mM AgNO:s in the middle of the stirring vortex.
The mixture was withdrawn from the ice bath after 3 minutes and subsequently stirred for
1 hour until reaching the room temperature.

At the time of the preparation of the final colloidal system, seed solution AgBhNP-
7m was 7 months aged.

The final colloidal system was prepared by adding 0.5 mL of the seed solution
(AgBhNP-7m) to 12.5 mL of 0.2 mM AgNOs aqueous solution, followed by the addition
of 250 uL of 10 mM ascorbic acid aqueous solution. The final colloidal system (AgBhNP-
7m_Ag+_Asc) was stirred at the rate of 1350 rpm for 10 seconds, then at the rate of
850 rpm for additional 25 minutes.

4.3.3 Type 3 Ag-Ag NPs synthesis

The final colloidal system AgBhNP-7m_Asc_Ag+ was prepared from seed solution
AgBhNP-7m, but the further steps of the synthesis were reversed than in Type 2 Ag-Ag
NP systems, i.e. 0.5 mL of the seed solution (AgBhNP-7m) was added to 250 uL of
10 mM ascorbic acid aqueous solution, followed by the addition 12.5 mL of 0.2 mM
AgNO3 aqueous solution. The solution (AgBhNP-7m_Asc_Ag+) was stirred at the rate of
1350 rpm for 10 seconds, then at the rate of 850 rpm for additional 25 minutes.
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4.3.4 Type 4 Ag-Ag NPs synthesis

Sodium citrate is included in this type of synthesis as a surface-modifier (it
provides an additional electrostatic stabilization) and another mild reducing agent.

In the previous syntheses 0.2 mM AgNOs aqueous solution, 2.03 mg of AgNOs in
60 mL of distilled water, was used to prepare colloidal systems. In this type of synthesis,
2.03 mg of AgNOs was dissolved in 60 mL of 1 mM sodium citrate solution. ~ The final
colloidal system was then prepared by adding 0.5 mL of the seed solution (AgBhNP-7m)
to 12.5 mL of 0.2 mM AgNOs in 1 mM sodium citrate solution, followed by the addition
of 250 L of 10 mM ascorbic acid aqueous solution. The final colloidal system (AgBhNP-
7m_Ctr -Ag+_Asc) was stirred at the rate of 1350 rpm for 10 seconds, then at the rate of
850 rpm for additional 25 minutes.
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4.4 Formation of Au-Ag NPs

The synthesis of core-shell Au-Ag NPs is separated into two steps: synthesis of
seed solution and subsequent synthesis of the final colloidal system. The seed solution is
prepared by the reduction of the metal precursor, tetrachloroauric acid HAuCls, employing
the strong reducing agent, sodium borohydride NaBHg4, or the mild reducing agent, sodium
citrate. The final colloidal system is then prepared from a particular seed solution using the
subsequent reduction of the added metal salt AgNOs by L-ascorbic acid (weak reducing

agent).

There were 5 types of synthesis performed, differing in the age of the seed solution,
reducing agent and sequence of steps.

Table 4 Syntheses types of the final core-shell Au-Ag NP colloidal systems

Name

Description

Type 1 Au-Ag NP synthesis

The seed solution is freshly prepared prior to the
synthesis of the final colloidal system which can be
labelled as (AuNPBh_Ag+_Asc) according to our
nomenclature.

Type 2 Au-Ag NP synthesis

The seed solution (AuBhNP-7m) is 7 months aged at
the time of the synthesis of the final colloidal system,
labelled as (AuBhNP-7m_Ag+_Asc).

Type 3 Au-Ag NP synthesis

The seed solution is 7 months aged at the time of
synthesis of the final colloidal system (so far, the same
as Type 2 Ag-Ag NP systems), however, the addition
of the other reactants is performed in a reverse order
than in Type 2 Ag-Ag NP synthesis. It is thus labelled
as (AuBhNP-7m_Asc_Ag+).

Type 4 Au-Ag NP synthesis

The seed solution is (AuCtrNP-7m) 7 months aged at
the time of the synthesis of the final colloidal system; It
is then labelled as (AuCtrNP-7m_Ag+_Asc).

Type 5 Au-Ag NP synthesis

The seed solution is 7 months aged at the time of
synthesis of the final colloidal system (so far, the same
as Type 2 Ag-Ag NP systems), however, the addition
of the other reactants is performed in a reverse order
than in Type 4 Au-Ag NP synthesis. It is thus labelled
as (AuCtrNP-7m_Asc_AgH+).
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4.4.1 Type 1 Au-Ag NPs synthesis

The Au seeds (AuNP-Bh-5min) were prepared by mixing together 5 ml of 0.94 mM
HAuUCI4 aqueous solution, 5 mL of 4.48 mM NaBH4 aqueous solution, and 10 mL of
deionized water. The seed solution (AuNP-Bh-5min) was then stirred at the rate of
1150 rpm for 5 minutes.

Subsequently, 0.5 mL of the seed solution (AuNP-Bh-5min) was added to 12.5 mL
of 0.2 mM AgNO:s aqueous solution, followed by 250 xL of 10 mM ascorbic acid aqueous
solution. The final colloidal system (AuNPBh_Ag+ Asc) was stirred at the rate of
1350 rpm for 10 seconds, then at the rate of 850 rpm for additional 25 minutes.

After finishing the synthesis of the seed solution AuNP-Bh-5min-(1) and final
colloidal system AuNPBh_Ag+_ Asc-(1), the synthesis was repeated using more
hydrolyzed sodium borohydride stored in an ice bath, resulting in seed solution AUNP-Bh-
5min-(1) and final colloidal system AuNPBh_Ag+_Asc-(1).

4.4.2 Type 2 Au-Ag NPs synthesis

Seed solution AuBhNP-7m was prepared by dissolving 3.43 mg NaBH4 in 75 mL
of deionized water submerged in an ice bath. The mixture was stirred at the rate of
1000 rpm while adding drop-wise 9 mL of 2.2 mM HAUCI; in the middle of the stirring
vortex. The mixture was withdrawn from an ice bath after 6 minutes and subsequently
stirred for 1 hour until reaching the room temperature.

At the time of preparation of the final colloidal system, the seed solution AuBhNP-
7m was 7 months aged.

The final colloidal system was prepared by adding 0.5 mL of the seed solution
(AuBhNP-7m) to 12.5 mL of 0.2 mM AgNO3 aqueous solution, followed by the addition
of 250 uL of 10 mM ascorbic acid aqueous solution. The final colloidal system (AuBhNP-
7m_Ag+_Asc-(1)) was stirred at the rate of 1350 rpm for 10 seconds, then at the rate of
850 rpm for additional 25 minutes.

The process was replicated to obtain the final colloidal system AuBhNP-
7m_Ag+_ Asc-(2).

4.4.3 Type 3 Au-Ag NP synthesis

The final colloidal system AuBhNP-7m_Asc_Ag+-(1) was prepared from seed
solution AuBhNP-7m, thus the same seed solution as in Type 2 Au-Ag NP synthesis, but
the further steps of the synthesis were reversed, i.e. 0.5 mL of the seed solution (AuBhNP-
7m) was added to 250 uL of 10 mM ascorbic acid aqueous solution, followed by the
addition of 12.5 mL of 0.2 mM AgNOs aqueous solution. The solution AgBhNP-
7m_Asc_Ag+-(1) was stirred at the rate of 1350 rpm for 10 seconds, then at the rate of
850 rpm for additional 25 minutes.

The process was replicated to acquire colloidal system AuBhNP-7m_Asc_Ag+-(2).
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4.4.4 Type 4 Au-Ag NP synthesis

Seed solution AuCtrNP-7m was obtained by bringing 200 mL of 0.2 % sodium
citrate solution to a boiling point in 500-mL Erlenmeyer flask and adding HAuCl4 aqueous
solution prepared by mixing 20,52 g of HAuCls in 10.26 mL of deionized water. The
mixture was kept at boiling point by IKA C-MAG HS7 magnetic stirrer with ceramic
heating plate for 1 hour. Afterwards, the mixture was stirred for additional one hour until
reaching the room temperature.

At the time of preparation of the final colloidal system, the seed solution AuCtrNP-
7m was 7 months aged.

The final colloidal system was prepared by adding 0.5 mL of the seed solution
AUCtrNP-7m to 12.5 mL of 0.2 mM AgNOs aqueous solution, followed by the addition of
250 uL of 10 mM ascorbic acid aqueous solution. The final colloidal system AuCtrNP-
7m_Ag+_Asc-(1) was stirred at the rate of 1350 rpm for 10 seconds, then at the rate of
850 rpm for additional 25 minutes.

The process was replicated to acquire the final colloidal system AuCtrNP-
7m_Ag+_ Asc-(2).

4.4.5 Type 5 Au-Ag NP synthesis

The final colloidal system AuCtrNP-7m_Asc_Ag+-(1) was prepared from seed
solution AuCtrNP-7m, thus the same seed solution as in Type 2 Au-Ag NP synthesis, but
the further steps of the synthesis were reversed, i.e. 0.5 mL of the seed solution (AuCtrNP-
7m) was added to 250 xL of 10 mM ascorbic acid aqueous solution, followed by the
addition of12.5 mL of 0.2 mM AgNOs aqueous solution. The solution AuCtrNP-
7m_Asc_Ag+-(1) was stirred at the rate of 1350 rpm for 10 seconds, then at the rate of
850 rpm for additional 25 minutes.

The process was replicated to acquire colloidal system AuCtrNP-7m_Asc_Ag+-(2).
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4.5 Characterization of Ag-Ag and Au-Ag NPs

The as-prepared core-shell Ag-Ag and Au-Ag NPs were characterized by UV-Vis
spectroscopy, transmission electron microscopy (TEM), dynamic light scattering (DLS),
measurement of zeta-potential values and surface-enhanced Raman spectroscopy (SERS).

4.5.1 UV-Vis

UV-Vis spectra of freshly prepared and aged (1 week, 9 months) colloidal Ag-Ag
and Au-Ag NPs were recorded on the spectrometer Specord PLUS 250 (ChromSpec), in
the range between 190 nm — 1100 nm. Quartz cuvettes with 2.5 mL of the colloidal sample
were used for the measurements. Deionized water in the quartz cuvette served as a
reference.

452 TEM

The size and shape of Ag-Ag and Au-Ag NPs were evaluated by Jeol 2010F
transmission electron microscope, equipped with a LaBe cathode (accelerating voltage
80 kV - 200 kV; CCD camera Keenview G2). A drop (3 uL) of a particular colloidal
sample was deposited onto a carbon-coated copper grid. Grids were allowed to dry at room
temperature in a Petri dish covered by its lid for at least one day before performing TEM
measurement.

4.5.3 DLS, Zeta-potential

The size distribution of colloidal Ag-Ag and Au-Ag NPs (aged for approx.
9 months) was measured with Zetasizer Nano Series (Malvern Instruments). A scattering
angle is set by the manufacturer at 173°, the laser wavelength is 633 nm, and the
measurement was performed at 25°C in a disposable polystyrene cuvette filled with 1 mL
of a particular colloidal sample, which was diluted with deionized water at 1:10 v/v ratio.
The measurement was set at "multiple narrow mode" resolution and automated number of
"runs" during the measurement. A mean result of three measurements was recorded.

The same instrument was used for measuring zeta-potential of colloidal Ag-Ag and
Au-Ag NPs (aged for approx. 9 months). The 0.75 mL of a particular sample (no dilution)
was placed into a disposable zeta-potential cell and a mean result of three measurements
was recorded.
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4.5.4 SERS

The final colloidal systems of core-shell Ag-Ag and Au-Ag NPs were 9 months
aged at the time of the SERS measurements. L-aspartic acid and sodium chloride (NaCl)
were used as a surface modifier prior to the addition of BSA to a particular final colloidal
system in order to induce NPs aggregation due to the changes of zeta-potential values.

250 uL of 10 mM aspartic acid aqueous solution was added to 1 mL of the final
colloidal system (diluted in 1:1 v/v ratio with deionized water), followed by 100 uL of
BSA aqueous solution (1 mg/mL concentration).

22 uL of 5 mM NaCl aqueous solution (to achieve the final concentration of 1.1 X
101 M NaCl in the sample) was added to 1 mL of the final colloidal system (diluted in 1:1
v/v ratio with deionized water), followed by 100 uxL of BSA aqueous solution (1 mg/mL
concentration).

The UV-Vis and SERS spectra of samples were recorded both prior and after the
addition of BSA solution, to determine whether the process of aggregation shifts the SPR
peak close to the regions of available excitation wavelengths (532 nm and 785 nm).

The first round of SERS measurements was performed with a home-made Raman
optical instrument (the author of this ROA instrument is dr. Josef Kapitan) using the 90°
geometry, excitation laser line of 532 nm with a 13 mW power and acquisition time 120 s.
The measurement was carried out with a capped micro-cuvette filled with 87 uL of
a particular sample.

The second round of SERS measurements was performed with ProRaman-L Raman
Spectrometer (purchased from RMI) using the excitation laser line of 785 nm with
a 100 mW power and acquisition time 120 s. The measurement was carried out with
a quartz cuvette filled with the whole amount (1.35 mL) of a particular sample.
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5 Results and discussion

5.1 UV-Vis spectraand TEM imaging

UV-Vis spectra of Ag and Au NPs seed solutions and Ag-Ag and Au-Ag final
colloidal systems were measured shortly after the synthesis (further determined by the time
signature at the end of the designated name).

TEM images were obtained from copper TEM grid with dried samples of the seed
solutions or final colloidal systems, therefore, only size and shape of nanoparticles are
investigated; the aggregation state might be influenced by the process of drying.

5.1.1 Ag-Ag NPs

5.1.1.1 Freshly prepared seeds - the effect of the stage of borohydride hydrolysis

Preparation of the seed solution is the first step of the synthesis of core-shell NPs.
UV-Vis spectra of seed solutions AgNP-Bh-5min-(I) and AgNP-Bh-5min-(2) are shown in
Figure 10. These seed solutions differ in the stage of borohydride hydrolysis: freshly
prepared borohydride was used in case AgNP-Bh-5min-(2), while hydrolysed borohydride
(for half an hour, but kept in ice-bath in a refrigerator) was employed in case
AgNP-Bh-5min-(1).
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Figure 10 UV-Vis spectra of seed solutions AgNP-Bh-5min-(1) and AgNP-Bh-5min-(2).
Absorption peaks at around 400 nm indicate surface plasmon resonance of anisotropic NPs,
different broadness of peaks is attributed to a different stage of NaBH, hydrolysis.
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In Figure 10, the sharp absorption peaks at around 400 nm are attributed to the
surface plasmon resonance (SPR) of nearly spherical Ag NPs. The degree of dispersion of
NPs (of the same type and consisting of the same material) is given by the shape of the
absorption peak; narrow shape indicates a smaller degree of dispersion. Seed solution
AgNP-Bh-5min-(I) (blue line), shows a possible beginning of aggregation (recognized
according to its broader and asymmetric shape of SPR peak). This fact can be associated
with a later stage of hydrolysis of reducing agent NaBHs used for the preparation of
AgNP-Bh-5min-(I) (blue line).

The example of the shape of Ag seeds is demonstrated via TEM imaging in
Figure 11.

100 nm

Figure 11 TEM images of seed solutions AgNP-Bh-5min-(I) (A, B, C) and
AgNP-Bh-5min-(2) (D, E). A) — E) Ag seeds.

Final colloidal systems AgNPBh_Ag+ Asc-(I) and AgNPBh_Ag+_ Asc-(2) are
prepared from seed solutions AgNP-Bh-5min-(I) and AgNP-Bh-5min-(2) which differ in
the stage of NaBH4 hydrolysis (a later in (I) and an early in (2), respectively). UV-Vis
spectra of these final colloidal systems are shown in Figure 12.

In Figure 12, the absorption peak at around 265 nm is evident due to an incomplete
disintegration of ascorbic acid (its double bond between carbon and oxygen is responsible
for this absorption maximum).

Absorption peaks located at around 400 nm in Figure 12 are markedly broader and
more asymmetric compared to the absorption peaks around the same wavelength in
Figure 10. The relatively smaller intensity of absorption peaks in Figure 12 is most
probably due to a lower number of the final NPs, compared to that of the seed solution.
The broadening of the SPR peak and its slight shift toward the red part of the spectrum
(higher wavelengths) point to a larger size distribution, the presence of aggregates and
elongated rod-like nanoparticles. The latter can be derived from the presence of a shoulder
at around 356 nm which can be attributed to a transversal mode of SPR characteristic for
non-symmetrical particles (such as rods, triangles, etc.)
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Figure 12 UV-Vis spectra of colloidal systems AgNPBh_Ag+ Asc-(I) (red) and
AgNPBh_Ag+ Asc-(2) (blue). The absorption peak at around 250 nm due to an incomplete
disintegration of ascorbic acid (red line), broader absorption peaks at around 400 nm with a slight
shoulder visible at the point of 356 nm (red and blue line).

TEM images of colloidal systems AgNPBh_Ag+_ Asc-(l) and AgNPBh_Ag+_Asc-(2)
are shown in Figure 13. Larger aggregates and non-symmetrical rod-like NPs are both
present in the final colloidal systems.

Figure 13 TEM images of colloidal systems AgNPBh_Ag+ Asc-(2) (A) and
AgNPBh_Ag+ Asc-(1) (B). A) Aggregates of Ag-Ag NPs of final colloidal system
AgNPBh_Ag+_Asc-(2) also with rod-like NPs present, similar to B) non-symmetrical Ag-Ag NP
with rod-like shape in final colloidal system AgNPBh_Ag+_Asc-(l) (no aggregates present).
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5.1.1.2 Usage of stable seeds

Another approach to prepare a final colloidal system by employing seed-mediated
growth is to use older more stable seed solutions as discussed in [64]. Therefore, seed
solution AgBhNP-7m was used to prepare colloidal system AgBhNP-7m_Ag+_Asc.

The prominent discrepancy among the UV-Vis spectra of the final colloidal
systems prepared from seed solutions of a different type is shown in Figure 14.

Apparently, the non-uniformity of characteristic absorption peaks at around 400 nm
(sharper in the case of AgNPBh_Ag+_Asc-(2); while broader in the case of the other two) with
further shoulders and/or enhanced absorption in the region above 450 nm can be directly
connected with the stage of borohydride hydrolysis because the other synthetic parameters
are hold the same. Based solely on UV-Vis spectra, it can be thus concluded that the less
hydrolysed NaBHg4, the narrower NP size distribution obtained.

The maximum of the absorption peak of the colloidal system
AgBhNP-7m_Ag+_Asc (Figure 14, red line) even shifted to the value of 450 nm, most
likely due to the aggregation of the NPs in the colloidal system. Simultaneously, there is a
second maximum in this spectrum with a broad maximum centred at around 900 nm, as
well as, a clear shoulder at 350 nm. They can represent longitudinal and transversal modes
of rod-like (and/or triangular) nanoparticles, respectively.

The comparison of these colloidal systems thus demonstrates the difference in their
electrostatic stabilization and displays the influence of EDL on the process of NPs
formation.
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Figure 14 UV-Vis spectra of colloidal systems AgBhNP-7m_Ag+ Asc (red),
AgNPBh_Ag+_Asc-(1) (green), AgNPBh_Ag+_Asc-(2) (blue). The absorption peak at around
400 nm of the colloidal system AgNPBh_Ag+ Asc-(2) (blue line) is sharper than the absorption
peaks of the colloidal systems AgNPBh_Ag+_Asc-(l) (green line) and AgBhNP-7m_Ag+_Asc (red
line), which shifted to the value of 450 nm due to aggregation of the system.
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Unfortunately, TEM images could not be obtained owing to continuous layer on
TEM copper grid. The final colloidal system formed aggregates that were impossible to be
evaluated with TEM imaging.

5.1.1.3 Effect of citrate and/or ascorbate on the final colloidal systems

The citrate is used as a surface modifier in the synthesis to obtain smaller and more
homogenous size distribution. Similarly, by reversing the order of the synthesis (by starting
with weak reducing agent ascorbic acid) it was tried to determine, whether the formation
process of NPs is altered.

The seed solution AgBhNP-7m was used to prepare colloidal systems AgBhNP-
7m_Ctr-Ag+_Asc and AgBhNP-7m_Asc_Ag+. UV-Vis spectra of these final colloidal
systems are shown in Figure 15.

In Figure 15, the absorption peak at around 265 nm stemming from the residual
ascorbic acid is evident for system AgBhNP-7m_Ctr-Ag+_Asc (blue line). The addition of
sodium citrate during the synthesis functions as a stabilizing agent, providing an additional
electrostatic stabilization of EDL.

Absorption peak in the spectrum of AgBhNP-7m_Ctr-Ag+ Asc positioned at
around 400 nm (blue line in Figure 15) is comparatively narrow as that of the starting
AgBhNP-7m, indicating a relatively smaller size distribution of NPs. Sodium citrate slows
down the rapid particle growth, and the point of colloidal stability is reached more quickly.
The second broad maximum in the spectrum of AgBhNP-7m_Ctr-Ag+_Asc (blue line in
Figure 15) together with the shoulder around 340 nm may be attributed to the rod-like
and/or triangular NPs.

The colloidal system labelled as AgBhNP-7m_Asc_Ag+ (red line) was prepared
with reversed steps of the synthesis. The metal salt AGNOs to be reduced is added after the
reducing agent ascorbic acid. While this approach provides ascorbic acid with a sufficient
time to disintegrate, as is evidenced by the absence of the absorption peak at around
265 nm; it also encourages the aggregation, coalescence and larger size distribution is
observed (represented by a red-shift of the SPR maximum). The absorption peak at around
400 nm shifted toward the value of 450 nm and is notably broad. Simultaneously, a
shoulder at round 350 nm on the left part of the SPR peak is present, pointing to the
existence of non-symmetrical particles of rod-like and/or triangular shape.
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Figure 15 UV-Vis spectra of colloidal systems AgBhNP-7m_Ctr-Ag+ Asc (blue),
AgBhNP-7m_Asc_Ag+ (red), AgBhNP-7m_Ag+_Asc (green). The absorption peak at around
250 nm due to incomplete disintegration of ascorbic acid (blue line), broad absorption peaks at
around 400 nm with slight "shoulder" visible at the point of 350 nm (red line).

TEM images of colloidal system AgBhNP-7m_Ctr-Ag+_ Asc are shown in
Figure 16. The addition of sodium citrate resulted in relatively narrow size distribution,
smaller final NP sizes (than those generated during the synthesis without the presence of
citrate), rod-like and /or irregularly triangular NP shapes.

Figure 16 TEM images of colloidal system AgBhNP-7m_Ctr-Ag+_Asc. A) — C) rod-like
and irregularly triangular NPs together with spherical ones.

TEM images of colloidal system AgBhNP-7m_Asc_Ag+ are shown in Figure 17.
In the contrast to TEM images of colloidal system with sodium citrate (Figure 16), TEM
images shown in Figure 17 revealed larger size distribution and polydispersity. In
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correspondence with UV-Vis spectra of the same colloidal system (Figure 15, red line),
both non-symmetrical and rod-like NPs are present together with almost spherical ones.

Figure 17 TEM images of colloidal system AgBhNP-7m_Asc_Ag+. A) — B) rod-like NPs,
C) non-symmetrical NPs
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5.1.2 Au-Ag NPs

5.1.2.1 Freshly prepared seeds — the effect of the stage of borohydride hydrolysis

Since the seeds of Ag NPs proved to be quite reactive, polydisperse and,
consequently, the final colloidal Ag-Ag NP systems were not easily prepared reproducibly,
an effort was put into the synthesis of Au-Ag NPs. Main idea of producing the core-shell
NPs with Au core and Ag shell was to improve the reproducibility of synthesis and NP
dispersity owing to the employment of Au seeds; while simultaneously keeping great
optical enhancement properties of Ag.

The syntheses of colloidal systems of Au-Ag NPs were undertaken in a similar
fashion to Ag-Ag NPs syntheses. The colloidal systems were either prepared from stable
7-months aged seed solution, or the seed solution was freshly prepared prior to the
synthesis.

The seed solutions AuNP-Bh-5min-(1) and AuNP-Bh-5min-(1) were prepared
preceding the synthesis of the final colloidal systems AuNPBh_Ag+ Asc-(1) and
AuNPBh_Ag+_Asc-(l).

UV-Vis spectra of these seed solutions and final colloidal systems are shown in
Figure 18. Absorption peaks of seed solutions AUNP-Bh-5min-(1) and AuNP-Bh-5min-(I)
(blue and green line, respectively) are beyond the value of 500 nm, and at relatively low
intensity, indicating the presence of Au seeds.

UV-Vis spectra of the final colloidal systems AuNPBh_Ag+ Asc-(1) and
AUNPBh_Ag+_Asc-(I) (red and purple line, respectively) differ in the intensity of absorption
values of SPR peaks which are located at around 400 nm (i.e. the characteristic position of
SPR for Ag NPs).
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Figure 18 UV-Vis spectra of the seed solutions AuNP-Bh-5min-(1), AuNP-Bh-5min-(1)
(blue and green line, respectively) and of the final colloidal systems AUNPBh_Ag+_ Asc-(1),
AuNPBh_Ag+_Asc-(l) (red and purple line, respectively).

TEM images of the seed solution AuUNP-Bh-5min-(1) in Figure 19 show the seeds
linked together (Figure 19B) and forming an interconnected net (Figure 19A). The
presence of these aggregates is supported by the UV-Vis spectra in Figure 18 (blue line)
and the flattened broad absorption peak of the seed solution AUNP-Bh-5min-(1).

Figure 19 TEM images of the seed solution AUNP-Bh-5min-(1). A) interconnected seeds,
B) a close-up view of the connection between the seeds
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TEM images of the final colloidal system AuNPBh_Ag+ Asc-(1), synthesized
from the seed solution AuNP-Bh-5min-(1), display core-shell Au-Ag NPs (Figure 20). The
links between Au seeds (observable in Figure 19) disconnected (however, no solitary seeds
were found in the TEM sample), and Ag layer was formed around them. The layer is not
continuous and does not have the same thickness around the circumference of the Au core.

.‘ - e .
A B 200 nm

200 nm

Figure 20 TEM images of the seed solution AuNPBh_Ag+_Asc-(1). A) — C) core shell
Au-Ag NPs of the different thickness of the Ag layer.

In contrast, TEM images of the seed solution AUNP-Bh-5min-(1) in Figure 21 show
aggregated symmetrical seeds with no direct link between them.

Figure 21 TEM images of the seed solution AuUNP-Bh-5min-(l). A) aggregated seeds, B) a
close-up view of the aggregate, showing there is no connection between the seeds (the scale bar is
100 nm)

In case of TEM images of the final colloidal system AuNPBh_Ag+_Asc-(l),
synthesized from the seed solution AuNP-Bh-5min-(l), there are no complete core-shell
Au-Ag NPs. The images in Figure 22 show random agglomerations of Au and Ag
fragments, with Ag fragments in the outer eccentric layer. This difference (compared to
Figure 20) may be due to the late stage of hydrolysis and simultaneous oxidation of sodium
borohydride, which has a strong influence on the formation process of the seeds.
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Figure 22 TEM images of the seed solution AuNPBh_Ag+ Asc-(1). A) — C)
Agglomeration of Au and Ag fragments (Ag in the outer layer), the scale bar is 200 nm in all three
images.

5.1.2.2 Usage of stable seeds

The final colloidal systems AuBhNP-7m_Ag+_ Asc-(1) and
AUBhNP-7m_Asc_Ag+-(1) (red and green lines, respectively, in Figure 23) were prepared
from the seed solution AuBhNP-7m (blue line in Figure 23). The final colloidal system
AUBhNP-7m_Ag+ Asc-(1) (red line) differs from the final colloidal system
AUBhNP-7m_Asc_Ag+-(1) (green line) in the intensity of SPR absorption peaks at round
400 nm (Figure 23). The final colloidal system AuBhNP-7m_Asc_Ag+-(1) (green line,
Figure 23), prepared by the reverse order of reactants addition in the seed-mediated-growth
has the sharper absorption peak. It can be caused by a seemingly better formation of EDL.

Indeed, this is not the case in Ag-Ag NPs, more specifically in the final colloidal
system AgBhNP-7m_Asc_Ag+ (Figure 15), where the reversed order of reactants addition
in the synthesis ensued in an aggregation.
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Figure 23 UV-Vis spectra of the seed solution AuBhNP-7m (blue line) and the final
colloidal systems: AuBhNP-7m_Ag+_Asc-(1), AuBhNP-7m_Asc_Ag+-(1) (red line and green
line, respectively).

TEM images of the final colloidal system AuBhNP-7m_Ag+_Asc-(1) are shown in
Figure 24. In all images, the dark central mass represents the Au core (the seed),
surrounded by the cloud of Ag particles, which may also serve as a connection among Au
seeds. The Ag did not form a fully compact layer around the Au core (although the parts of
a formed Ag layer can be seen on several edges of NPs). This could be induced by the fact
that the Au seed solution used during the synthesis is stable, presumably discouraging the
surface reactivity of the seeds. Therefore, the difference in the distance between the core
and the shell layer can be attributed to the age of the seeds as the Ag shell is formed more
closely around the freshly prepared Au seeds (Figure 20).
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Figure 24 TEM images of the final colloidal system AuBhNP-7m_Ag+ Asc-(1). A)-D)
NPs composed of the Au core (the dark central mass) and surrounding non-compact layer of Ag

TEM images of the final colloidal system AuBhNP-7m_Asc_Ag+-(1) in Figure 25
are similar to the TEM images in Figure 24, however, the Ag shell does not surround the
Au core as closely. Figure 25A displays small aggregate of seeds, presumably connected
by a small Ag layer on their surfaces, with a surrounding cloud of Ag particles (the
surrounding amount is apparently smaller than in TEM images in Figure 24).

I T e
200 nm B C

A

Figure 25 TEM images of the final colloidal system AuBhNP-7m_Asc_Ag+-(1). A) The
aggregate of Au seeds connected and surrounded by Ag layer and NPs, B) — E) NPs composed of
the Au core (the dark central mass) and surrounded by a small amount of Ag particles.



To further determine the reactivity and subsequent stability of the colloidal system
AuBhNP_Ag+_Asc-(1), the measurement of the UV-Vis spectrum was repeated after one
week and named AuBhNP_Ag+_Asc-(1)-1w as the final colloidal system was 1 week aged
(Figure 26).
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Figure 26 UV-Vis spectral comparison of the final colloidal system AuBhNP_Ag+_Asc-
(1) (blue), and the repeated measurement of the same system after 1 week, AuBhNP

_Ag+_Asc -(1)-1w (green).

The UV-Vis spectrum recorded after 1 week (green line in Figure 26) shows only
a couple of slight changes: (i) bathochromic (red) shift of the absorption maximum and
(ii) hypochromic shift above 500 nm. In order to evidence these changes more clearly, the
UV-Vis spectra were normalised to their respective maximum of the SPR absorption peak
(at around 400 nm) — Figure 27. The changes occurring in the final colloidal systems after
a longer time period will be further discussed in the following chapters.
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Figure 27 Normalized UV-Vis spectra of the colloidal system AuBhNP-7m_Ag+_ Asc-(1)
(blue) and AuBhNP-7m_Ag+ Asc-(1)-1w (green), normalized to the SPR maximum. Only a
part of UV-Vis spectra is shown for the sake of a better visibility.

The UV-Vis measurement of the colloidal system AuBhNP-7m_Asc_Ag+-(1) was
repeated after one week as well. The comparison of UV-Vis spectra in Figure 28 reveals
that the absorption spectrum measured 1 week later (purple line) has a broader absorption
peak and further aggregation occurred in the colloidal system.

This finding is confirmed after the normalization of UV-Vis spectra to their SPR
maximum (as is shown in Figure 29).
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Figure 28 UV-Vis spectra of the colloidal system AuBhNP-7m_Asc_Ag+-(1) (red), and
the repeated measurement after 1 week, AuBhNP-7m_Asc_Ag+-(1)-1w (purple).
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Figure 29 Normalized UV-Vis spectra of the colloidal system AuBhNP-7m_Asc_Ag+-(1)
(red), and the repeated measurement after 1 week, AuBhNP-7m_Asc_Ag+-(1)-1w (purple).
Normalization performed to SPR maximum. Only a part of UV-Vis spectra is shown for the
sake of a better visibility.
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5.1.2.3 Effect of citrate-reduced Au seeds on the final colloidal systems

The next approach to seed-mediated growth synthesis is to use the seed solution
produced by employing sodium citrate (chapters 4.4.4 and 4.4.5). From the seed solution
AUCtrNP-7m  the final colloidal systems  AuCtrNP-7m_Ag+ Asc-(1) and
AUCtrNP-7m_Asc_Ag+-(1) were prepared. UV-Vis spectra of these three NP systems are
shown in Figure 30.

From a great resemblance of UV-Vis absorption spectra in Figure 30, it can be
deduced that both colloidal systems possess approximately the same reactivity. The
similarity of absorption peaks at around 400 nm can be attributed to the presumably dense
barrier of citrate molecules around the seeds, which subsequently takes longer time to be
disrupted. Ergo, the approach of using the reverse order of the reactants in the final
colloidal system synthesis does not provide any distinct difference in this case. This is in
contrast to the seed solution and final colloidal systems containing borohydride as the first
reducing agent (Figure 23). The intensity of absorbance of the final colloidal system
AUCtrNP-7m_Ag+_Asc-(1) (red line in Figure 30) is more than double of the intensity of
the final colloidal system AuBhNP-7m_Ag+_Asc-(1) (red line in Figure 23).

Furthermore, the absorption peaks of the ascorbic acid (at around 260 nm) are
present in the spectra of the final colloidal systems from citrate seed solution AuCtrNP-7m
(when using the borohydride seed solution AuBhNP-7 there are no such absorption peaks,
see Figure 23) due to the stabilizing effect of sodium citrate disallowing the complete
disintegration of double bond in ascorbic acid during the relatively short time interval of
the synthesis.
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Figure 30 UV-Vis spectra of the seed solution AuCtrNP-7m (blue) and final colloidal
systems AuCtrNP-7m_Ag+ Asc-(1) (red) and AuCtrNP-7m_Asc_Ag+-(1) (green).
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TEM images of the final colloidal systems, AuCtrNP-7m_Ag+ Asc-(1) and
AUCtrNP-7m_Asc_Ag+-(1), differ from each other regardless of the similarity between
their UV-Vis spectra.

In the Figure 31B and 31C, the parts of Ag layer can be seen on the edges and sides
of dark Au cores, while Figure 31A shows only nondescript agglomeration of particles.

Figure 31 TEM images of the colloidal system AuCtrNP_Ag+ Asc-(1). A) agglomeration
of particles, B) — C) NPs with parts of the Ag layer on the edges.

On the other hand, TEM images of the final colloidal system
AUCtrNP-7m_Asc_Ag+-(1) show a completely formed Ag shell around the Au core
(Figure 32B and 32C), even around the aggregated seeds (Figure 32A).

Figure 32 TEM images of the colloidal system AuCtrNP-7m_Asc_Ag+-(1). Core-shell
Au-Ag NPs. Completely formed Ag shell around Au core: A) shell around the aggregated seeds,
B) — C) shell around the single Au cores
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In order to determine the reactivity and stability of the final colloidal systems
AUCtrNP-7m_Ag+_Asc-(1) and AuCtrNP-7m_Asc_Ag+-(1), the measurement of UV-Vis
spectra was repeated 1 week later, resulting thus in UV-Vis spectra
AUCtrNP-7m_Ag+_Asc-(1)-1w and AuCtrNP-7m_Asc_Ag+-(1)-1w.

In Figure 33, AuCtrNP-7m_Ag+_Asc-(1)-1w (green line) reveals that the SPR
absorption peak is broader and slightly red-shifted with respect to that of
AUCtrNP-7m_Ag+ Asc-(1). This means that the final colloidal system
AUCtrNP_Ag+ Asc-(1) still undergoes changes during the first week counted from the
moment of its synthesis. Due to the slow reduction process caused by the presence of
citrate residues at the NP surfaces of the seeds, the colloidal system has a lot of monomers
of ascorbic acid (evidenced by the presence of the peak located at 260 nm — Figure 33, blue
curve and/or Figure 30, red curve) and Ag+ ions, meaning that the reduction process is still
running during the first week (counted from the moment of the final colloidal system
synthesis).
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Figure 33 UV-Vis spectra of the final colloidal system AuCtrNP-7m_Ag+_ Asc-(1)
and the repeated measurement 1 week later, AUCtrNP-7m_Ag+_Asc-(1)-1w.

The same changes of the shape and position of the SPR absorption peak is even
more pronounced in the final colloidal system AuCtrNP-7m_Asc _Ag+-(1) and its
repeated measurement 1 week later, AuCtrNP-7m_Asc _Ag+-(1)-1w (Figure 34). The
reason for such changes has been already discussed in the case of Figure 33.
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Figure 34 UV-Vis spectra of the final colloidal system AuCtrNP-7m_Asc _Ag+-(1) and
the repeated measurement 1 week later, AuCtrNP-7m_Asc _Ag+-(1)-1w.

5.1.3 Additional notes concerning TEM images

In many TEM images of Au-Ag NPs colloidal systems, rectangular transparent
formations were found. This is the case for almost all final colloidal Au-Ag systems (and
after careful investigation, one such transparent rectangle was found in Ag-Ag colloidal
system). The second stage of the synthesis of the final colloidal systems, i.e. the mutual
interaction of the reactants in the presence of particular seeds might be a possible cause for
such formations. To further verify this hypothesis, the second stage of the synthesis was
replicated but this time without the addition of any seeds, i.e. 0.2 mMMAgNO3 aqueous
solution and 250 xL of 10 mM ascorbic acid aqueous solution were mixed together and
characterized by TEM (Figure 35Aand 35B).

In the TEM images are also present aggregates on the edges of the copper grid,
most probably indicating an additional interaction between the colloidal sample and the
grid possibly during the drying process. (Figure 35C).

62



Figure 35 TEM images of aqueous solution containing ascorbic acid and AgNOs in the
same ratio as during the seeded-growth process. A) rectangular transparent crystals/formations
(scale bar is 200 nm), B) a close-up image (scale bar is 50 nm), C) aggregates on the edges of the
TEM copper grid (scale bar is 200 nm).
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5.2 DLS and zeta-potential values

At the time of DLS measurement and the measurement of the zeta-potential values,
the seed solutions and the final colloidal systems were 9 months aged. Visual assessment
was conducted to determine the suitability of the seed solutions and final colloidal systems
for the following characterization. If no visible micro-particles and aggregates were
detected (by the naked eye), the measurement of UV-Vis spectrum followed by DLS
measurement and the measurement of the zeta-potential values of particular seed solutions
or final colloidal system were carried out.

5.2.1 DLS and zeta-potential of Ag-Ag NPs

The DLS measurement was performed with diluted samples (see chapter 4.5.3) to
achieve the best result. Nevertheless, the seed solutions and final colloidal systems did not
have required monodispersity. The observed borderline polydispersity might have led to
distorting of measured data and ensuing results of the NP sizes. The resulting data will
have multiple peaks of size distribution, due to size variety of NPs present in the sample. If
the monodispersity is adequate, there will be one resulting type of the size measurement.

The acquired size distribution data (Table 5) shows the intensity of scattered light
from particles of various sizes ("DLS Intensity") and two of its most common peaks
("Peak 1, Size", "Peak 2, Size" with standard deviation and approximation in percentages
"%"). This intensity-based distribution can be converted to the number-based distribution
(in Table 6, "DLS Number"), representing a number of particles that scatter the light with
a varying amount of intensity. In general, the bigger particles scatter more light than the
smaller ones, leading thus to a very common discrepancy between intensity and number
based distributions.

Table 5 Size distribution data of the 9 months-aged Ag Seed solutions and Ag-Ag final
colloidal systems showing the distribution based on intensity of scattered light from particles
("DLS Intensity"), and two of most common peaks for each distribution ("Peak 1, Size", "Peak 2,
Size" with standard deviation and approximation of content in percentages "%").

DLS Intensity
No. Name Peak 1 Peak 2
Size [nm] % Size [nm] %

1. AgNP-Bh-5min-(2)-9m 16.6 £ 2.5 48.7 | 71.2 £ 255 | 419
2. AgNP-Bh-5min-(11)-9m 341.1 + 14.8 | 100,0 - -
3. AgNPBh_Ag+_Asc-(2)-9m 494 + 54 94.8 7.3 £ 6.3 5.2
4. AgNPBh_Ag+_Asc-(11)-9m 84.5 =+ 0.7 89.4 19.5+ 1.8 10.6
5. | AgBhNP-7m_Ctr -Ag+_ Asc-9m 804 + 44 84.0 172 + 1.2 16.0
6. AgBhNP-7m_Asc_Ag+-9m 102.0 + 2.2 946 | 165+ 144 | 5.4
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Table 6 Size distribution data of the 9 months-aged Ag Seed solutions and Ag-Ag final
colloidal systems showing the number-based distribution of scattered light from particles ("DLS
Number"), and two of most common peaks for each distribution ("Peak 1, Size", "Peak 2, Size"
with standard deviation and approximation of content in percentages "%").

DLS Number

No. Name Peak 1 Peak 2

Size [nm] % Size [nm] %
1. AgNP-Bh-5min-(2)-9m 14.6 + 2.6 100,0 - -
2. AgNP-Bh-5min-(11)-9m 327.3 + 73.8 | 100,0 - -
3. AgNPBh_Ag+ Asc-(2)-9m 10.7 + 1.3 99.9 | 480+ 7.7 | 0.1
4. AgNPBh_Ag+_Asc-(I1)-9m 17.6 + 2.9 99.8 | 68.4 + 14.7 | 0.2
5. AgBhNP-7m_Ctr -Ag+_Asc-9m 138 + 2.9 99.9 55.0 + 143 | 0.1
6. AgBhNP-7m_Asc_Ag+-9m 22.8 £+ 35 99.4 | 82.2 + 183 | 0.6

The intensity-based distribution of the final colloidal systems, namely:
AgNPBh_Ag+_ Asc-(I1)-9m, AgBhNP-7m_Ctr-Ag+_Asc-9m, AgBhNP-7m_Asc_Ag+-9m,
show that NPs of the size in the interval between 80 nm and 100 nm dominate. On the
other hand, the number-based distribution in Table 5 reveals that the majority of NPs
present in these samples is of the size in the interval between 10 nm and 20 nm, with
sparingly present NPs of a larger size. As above mentioned, the disagreement between the
results of intensity and number based distributions is due to the stronger intensity emission
from larger NPs which, even in small content, can overlap the smaller NPs.

The only exception is the seed solution AgNP-Bh-5min-(11)-9m, which number-
based distribution shows no additional peaks and intensity and number based distributions
are mutually in accord (the sizes above 300 nm as the only size of NPs.

Comparing the NP size distribution derived from DLS measurements with that
obtained from TEM imaging (Figure 11, 13, 15, 16, e.g. in Figure 11, the displayed NPs of
the seed solution are of the size around 200 nm), there are quite huge differences which is
due to a different approach of each method. The sample for TEM imaging is prepared by
drying the drop of the sample on a TEM grid; subsequently, an unpredictable process takes
place as for the uniform distribution of the particles. The drying process can distort the
sample, among others with a possible interaction among a copper grid and the metal NPs.
On the contrary, the DLS is measured directly in solution (i.e. NP dispersions), leaving the
state and distribution of NPs through the sample undisturbed.

Zeta-potential values of the same colloidal samples are evaluated in Table 6. The
results show that the Ag seed solution (AgNP-Bh-5min-(2)-9m) can be considered
completely stable at the age of 9 months due to an efficient build-up of EDL surrounding
NPs (indeed, its zeta potential value exceeds -30 mV. Zeta-potential values of the final
colloidal systems with values around -30 mV imply suitable colloidal stability. There is
thus the only exception among the otherwise stable final colloidal systems based on zeta
potential values: AQNPBh_Ag+_Asc-(2)-9m system.
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Table 7 Zeta-potential values (with standard deviations) of the 9 months-aged Ag
seed solutions and Ag-Ag final colloidal systems.

No. Name Zeta-potential [mV]
1. AgNP-Bh-5min-(2)-9m -39.3 + 3.2
2. AgNP-Bh-5min-(11)-9m -26.6 + 4.2
3. AgNPBh_Ag+ Asc-(2)-9m -18.8 + 2.0
4. AgNPBh_Ag+_Asc-(I1)-9m -31.8 + 0.8
5. AgBhNP-7m_Ctr -Ag+_Asc-9m -309 £ 0.9
6. AgBhNP-7m_Asc_Ag+-9m -33.2 £ 59

UV-Vis spectra of the 9 months aged seed solutions and final colloidal systems
were recorded to determine further changes to the SPR absorption peak and related
changes of the NPs properties.

In Figure 36, there are UV-Vis spectra of the final colloidal systems
AgNPBh_Ag+ Asc-(2), AgNPBh_Ag+_ Asc-(Il) measured in the day of their preparation
and after 9 months(AgNPBh_Ag+_Asc-(2)-9m, AgNPBh_Ag+_Asc-(11)-9m). Compared
to UV-Vis spectra recorded shortly after the syntheses (red and blue lines, respectively),
there is a red-shift in the UV-Vis spectra of aged systems and a decrease in the SPR
intensity. The shape of SPR absorption peak (Figure 36) and the value of zeta-potential (in
Table 6) indicate a better overall stability in the case of AgNPBh_Ag+_Asc-(11)-9m than
AgNPBh_Ag+_Asc-(2)-9m. The disappearance of the slight shoulder at around 350 nm
with a simultaneous decrease of absorption in the region above 450 nm in
AgNPBh_Ag+ Asc-(2)-9m, AgNPBh_Ag+ Asc-(11)-9m (Figure 36, green and purple
lines, respectively), compared to AQNPBh_Ag+_Asc-(2), AgNPBh_Ag+_Asc-(11) (Figure
36, blue and red lines, respectively), suggests the disappearance of nanorods.

66



1,5

Absorbance [a.u.]

0,5 -

200 300 400 500 600 700 800 300 1000

Wavelenght [nm]

= AgNPBh_Ag+ Asc-(2) = AgNPBh_Ag+_ Asc-(ll) AgNPBh_Ag+ Asc-(2)-9m e AgNPBh_Ag+_Asc-(I1)-9m

Figure 36 UV-Vis spectra of the freshly prepared final colloidal systems
AgNPBh_Ag+ Asc-(2) (blue), AgNPBh_Ag+ Asc-(Il) (red) and the same systems re-
measured after 9 months (AgNPBh_Ag+_Asc-(2)-9m, AgNPBh_Ag+_Asc-(I1)-9m — green and
purple, respectively).

Figure 37 shows UV-Vis spectra of the final colloidal systems
AgBhNP-7m_Ctr-Ag+_Asc, AgBhNP-7m_Asc_Ag+freshly prepared and after 9-months
(AgBhNP-7m_Ctr-Ag+_ Asc-9m, AgBhNP-7m_Asc_Ag+-9m). Both pairs of the final
colloidal systems (recorded shortly after the syntheses and after 9 months) display an
overall similarity of the shape of absorption peak with no noticeable red-shifts (compare
blue and purple lines and/or red and green lines, Figure 37). In the case of
AgBhNP-7m_Asc_Ag+-9m (green line) there is a decrease of the intensity and a
disappearance of the slight shoulder at around 350 nm; it can be plausibly related to the
disappearance of nanorods. On the contrary, the shoulder at 350 nm is still present in the
case of AgBhNP-7m_Ctr-Ag+_Asc-9m (purple line, Figure 37) pointing towards the
continuing presence of nanorods.
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Figure 37 UV-Vis spectra of the freshly prepared final colloidal systems
AgBhNP-7m_Ctr-Ag+_Asc (blue), AgBhNP-7m_Asc_Ag+(red)compared with the UV-Vis
spectra of the same systems after 9 months (AgBhNP-7m_Ctr-Ag+ Asc-9m (purple),
AgBhNP-7m_Asc_Ag+-9m (green).
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5.2.2 DLS and zeta-potential of Au-Ag NPs

The DLS measurement of Au-Ag NPs was performed in the same way as the
measurement of Ag-Ag NPs. The recurring issue with borderline polydispersity was not as
common as in the case of Ag-Ag NPs, but it was still present in a few samples.

As in the previous chapter, the acquired size distribution data (Table 8) shows the
intensity of scattered light from particles of various sizes ("DLS Intensity™) and its two
most common peaks ("Peak 1, Size", "Peak 2, Size"™ with standard deviation and
approximation in percentages "%"). Converting the intensity-based distribution to the
number-based distribution (in Table 9, "DLS Number"), yields a representation of
a number of particles that scatter the light with a varying amount of intensity.

Table 8 Size distribution data of the 9 months-aged Au Seed solution and Au-Ag final
colloidal systems showing the distribution based on intensity of scattered light from particles
("DLS Intensity"), and two most common peaks for each distribution ("Peak 1, Size", "Peak 2,
Size" with standard deviation and approximation of content in percentages "%").

DLS Intensity

No. Name Peak 1 Peak 2

Size [nm] % Size [nm] %
1. | AuBhNP-7m_Ag+_ Asc-(1)-9m 105.8 + 9.8 87.7 27.6 + 46 12.3
2. | AuBhNP-7m_Asc_Ag+-(1)-9m 68.7 + 4.3 80.1 17.8 £+ 4.3 17.9
3. | AuCtrNP-7m_Ag+_Asc-(1)-9m 436 = 3.0 83.4 6.0 £ 0.8 15.2
4. | AuCtrNP-7m_Asc_Ag+-(1)-9m 58.0 + 4.7 85.0 10.8 + 2.1 15.0
5. | AuBhNP-7m_Ag+ Asc-(2)-9m 77.4 £ 55 81.7 18.0 £ 1.0 17.7
6. | AuBhNP-7m_Asc_Ag+-(2)-9m 63.6 + 1.4 68.5 13.1 + 3.8 24.7
7. | AuCtrNP-7m_Ag+ Asc-(2)-9m 549 + 2.0 85.4 81+14 14.6
8. | AuCtrNP-7m_Asc_Ag+-(2)-9m 703 + 04 79.3 129 £ 0.7 20.7
9. AuNP-Bh-5min-(1)-9m 83.1+ 6.0 64.0 199 + 6.3 26.9
10. AuNPBh_Ag+_Asc-(1)-9m 69.2 £ 6.2 74.5 105 + 1.6 25.0

The intensity based distribution in Table 8 shows that the average size of NPs in the
final colloidal Au-Ag systems varies, with the dominant size interval between 60 nm and
100 nm (with the exception of the final colloidal system AuCtrNP-7m_Ag+_Asc-(1)-9m,
where the measured size is smaller than 60 nm; and the final colloidal system AuBhNP-
7m_Ag+_Asc-(1)-9m with slightly larger NPs than 100 nm).

Nonetheless, the number-based distribution in Table 9 reveals that most of NPs in
the final colloidal systems are around or under the size of 10 nm. The exception is again
the final colloidal system AuBhNP-7m_Ag+ Asc-(1)-9m with the size of the NPs over
20 nm, with the presence of larger NPs of the size over 80 nm (which leads to screening of
smaller NPs and the opposite result in Table 8).

The pairs of the final colloidal systems from the same seed solution show a great
similarity of results in Table 9. Namely, AuCtrNP-7m_Ag+ Asc-(1)-9m and
AUCtrNP-7m_Ag+_Asc-(2)-9m, along with  AuCtrNP-7m_Asc_Ag+-(1)-9m and
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AUCtrNP-7m_Asc_Ag+-(2)-9m (with no presence of the larger NPs in the later). The final
colloidal systems from borohydride seed solutions differ from each other more, however,
the final colloidal systems prepared with the reversed order of the synthesis
AUBhNP-7m_Asc_Ag+-(1)-9m and AuBhNP-7m_Asc_Ag+-(2)-9m show a smaller size of
NPs than the systems prepared in the normal order (AuBhNP-7m_Ag+_Asc-(1)-9m and
AUBhNP-7m_Ag+_Asc-(2)-9m). The opposite is true for the final colloidal systems from
the citrate seed solution, where the reversed order of the steps in the synthesis results in
slightly larger NPs.

The only seed solution AuNP-Bh-5min-(1)-9m in Tables 8 and 9 display the
presence of small, presumably non-aggregated Au seeds. In contrast to that Ag seeds
prepared with the same process AgNP-Bh-5min-(11)-9m aggregated into larger sizes (Table 5
and 6).

The final colloidal system AuUNPBh_Ag+_Asc-(1)-9m from the freshly prepared seed
solution shows the presence of Au-Ag NPs of only slightly larger size than in the seed
solution. The TEM images in Figure 22 of the same system do not show any completely
formed core-shell NPs, instead, only agglomerations with more than 200 nm in diameter
are observed. The course of time may have altered the state of the colloidal system and,
simultaneously, the same issues of TEM imaging as discussed in previous chapter apply.

Table 9 Size distribution data of the 9 months-aged Au Seed solution and Au-Ag final
colloidal systems showing the number-based distribution of scattered light from particles ("DLS
Number"), and two most common peaks for each distribution ("Peak 1, Size", "Peak 2, Size" with
standard deviation and approximation of content in percentages "%").

DLS Number

No. Name Peak 1 Peak 2

Size [nm] % Size [nm] %
1. | AuBhNP-7m_Ag+ Asc-(1)-9m 223 + 40 99.5 81.6 + 184 0.5
2. | AuBhNP-7m_Asc_Ag+-(1)-9m 10.1 + 2.1 99.9 495 + 11.7 0.1
3. | AuCtrNP-7m_Ag+_Asc-(1)-9m 53 + 0.9 100.0 - -
4. | AuCtrNP-7m_Asc_Ag+-(1)-9m 10.1 £ 1.6 99.9 47.1 £ 9.3 0.1
5. | AuBhNP-7m_Ag+_ Asc-(2)-9m 15.6 + 2.7 99.8 56.3 + 13.9 0.2
6. | AuBhNP-7m_Asc_Ag+-(2)-9m 76 + 14 100.0 - -
7. | AuCtrNP-7m_Ag+_Asc-(2)-9m 6.9 + 1.3 100.0 - -
8. | AuCtrNP-7m_Asc_Ag+-(2)-9m 10.1 + 2.2 100.0 - -
9. AuNP-Bh-5min-(1)-9m 6.3+ 1.6 100.0 - -
10. AuNPBh_Ag+_Asc-(1)-9m 8.8 + 1.7 100.0 - -

Zeta-potential values of the final Au-Ag NPs colloidal systems and Au seed
solution are evaluated in Table 10. The final colloidal systems prepared from the aged seed
solutions display varying degrees of the zeta-potential values and resulting stability.

As was the case with the Ag seed solutions, the seed solution
AUNP-Bh-5min-(1)-9m can be considered completely stable at the age of 9 months.
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The zeta-potential value of the final colloidal system AuNPBh_Ag+_ Asc-(1)-9m
comes closest to the value of -30 mV (Table 10), implying a suitable colloidal stability,

which was further verified by UV-Vis measurements (Figure 38).

Table 10 Zeta-potential values (with standard deviations) of the 9 months-aged Au
seed solution and Au-Ag final colloidal systems.

No. Name Zeta-potential [mV]
1. AuBhNP-7m_Ag+_ Asc-(1)-9m -135 £ 29
2. AuBhNP-7m_Asc_Ag+-(1)-9m -9.6 £ 0.7
3. AuCtrNP-7m_Ag+_Asc-(1)-9m -9.2 £ 0.7
4. AuCtrNP-7m_Asc_Ag+-(1)-9m -12.8 £ 0.9
5. AuBhNP-7m_Ag+_Asc-(2)-9m -16.2 + 1.3
6. AuBhNP-7m_Asc_Ag+-(2)-9m -234 + 1.7
7. AuCtrNP-7m_Ag+ Asc-(2)-9m -11.7 £ 16
8. AuCtrNP-7m_Asc_Ag+-(2)-9m -109 £ 1.2
9. AuNP-Bh-5min-(1)-9m -36.2 + 6.0
10. AuNPBh_Ag+ Asc-(1)-9m -27.5 29
In Figure 38, there are UV-Vis spectra of the final

colloidal

system

AUNPBh_Ag+ Asc-(I) (blue line), measured in the day of its preparation and after
9 months (AuNPBh_Ag+_Asc-(1)-9m, red line). The UV-Vis spectra recorded after
9 months do not show any bathochromic shift, only the slight broadening of the SPR peak
and a significant decrease of intensity.

1,5 4

=
1

Absorbance [a.u.]

0,5

200

300 400 500 600 700

Wavelenght [nm]

800

= AUNPBh_Ag+_Asc-(l) ——AUNPBh_Ag+_Asc-(I}-9m

900

1000

Figure 38 UV-Vis
AuNPBh_Ag+_Asc-(I)

spectra of the freshly prepared

(blue), and the same system

AUNPBh_Ag+_ Asc-(1)-9m (red).

71

final

colloidal

re-measured after

system
9 months



5.3 SERS

Several of the final colloidal systems were selected for the SERS measurement. The
main criterion for the selection was the stability of a particular system. Each of the selected
systems represents a different type of the final colloid: (i) Ag-Ag NPs with freshly
prepared seeds used in the second step of the synthesis, (ii) Ag-Ag NPs with the addition
of citrate as a surface modifier of the seeds, and (iii) Au-Ag NPs with freshly prepared
seeds used in the second step of the synthesis.

The selected systems were then tried to enhance Raman signal of the model protein
(BSA). Since BSA reveals a negative overall charge in aqueous solution and the seed-
mediated grown NPs are also negatively charged (negative zeta potential values), it is
necessary to flip the charge of NPs closer to zero and/or into positive values. This should
result in NPs aggregation which can be observed by UV-Vis absorption spectroscopy.
Therefore, UV-Vis spectra were measured prior to the SERS measurements.

There are two approaches to NPs aggregation known from the literature, either
using chlorides (HCI and/or NaCl) [72, 73] or with L-aspartic acid (D); the latter being
developed by our group a few years ago.

UV-Vis and SERS spectra were measured after adding aspartic acid or sodium
chloride to the diluted colloidal system to examine bathochromic shift of aggregated NPs
and potential SERS signal, respectively. Subsequently, BSA was introduced into the
systems and UV-Vis and SERS spectra were recorded again.

5.3.1 SERS of BSA using AgNPBh_Ag+_Asc-(l)-9m

Figure 39 shows the comparison of two approaches to the aggregation of the same
colloidal system (AgNPBh_Ag+_ Asc-(11)-9m): (i) the aggregation with aspartic acid
AgNPBh_Ag+ Asc-(I)-9m_D (green line), with subsequent addition of BSA,
AgNPBh_Ag+ Asc-(1)-9m_D BSA (blue line), and (ii) the aggregation with sodium
chloride AgNPBh_Ag+_Asc-(11)-9m_NaCl (red line), with subsequent addition of BSA,
AgNPBh_Ag+_Asc-(11)-9m_NaCl_BSA (purple line).
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Figure 39 UV-Vis spectra of the 9 months-aged final colloidal system after the addition
of aspartic acid AgNPBh_Ag+ Asc-(I11)-9m_D (green), with subsequent addition of BSA,
AgNPBh_Ag+_Asc-(1)-9m_D_BSA (blue); the same final colloidal system after the addition of
sodium chloride AgNPBh_Ag+_Asc-(I1)-9m_NaCl (red), with subsequent addition of BSA,
AgNPBh_Ag+_Asc-(11)-9m_NaCl_BSA (purple)

The aggregation with sodium chloride (red line, Figure 39) yields noticeably
different results with a broadened right side of the still visible SPR peak, compared to the
aggregation with aspartic acid (green line, Figure 39) which manifested itself by the
appearance of a secondary maximum located at around 710 nm (note: this secondary
maximum was not present in the spectrum of AgNPBh_Ag+_Asc-(11)-9m- purple curve in
Figure 36).

The addition of BSA to the system pre-aggregated with NaCl (purple line, Figure
39) almost completely reduces any absorbance of the sample beyond the point of 340 nm.
Most probably, the system collapsed after the addition of BSA (purple line, Figure 39). On
the contrary, all bands retained and only slightly broadened in AgNPBh_Ag+_Asc-(Il)-
9m_D_BSA in comparison to AgNPBh_Ag+ Asc-(11)-9m_D; the overall background
increased and the UV band blue-shifted. It can be directly related to the influence of BSA
presence.

Following the measurement of the UV-Vis spectra, SERS measurement was
performed with the excitation laser lines of 532 nm and 785 nm.

For the final colloidal system AgNPBh_Ag+_Asc-(11)-9m (without any
aggregation), there was no enhancement of Raman scattering of BSA detected as assumed
(not shown here). For the measured SERS spectra of this final colloidal system aggregated
with both approaches (the excitation laser line of 532 nm) see Appendix 1.While in the
system aggregated with NaCl only the Raman signal of water is observed (Appendix 1,
black and magenta curves); the system aggregated via aspartic acid (Appendix 1, blue and
cyan curves) manifested itself by spectral features of (i) organic acid molecules attached
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through carboxylic groups to the surface of AgNPs (e.g. the peak located at 235 nm) and
(ii) graphitic carbon characteristic by two intensive peaks situated at around 1350 and
1590 cm™ (stemming most probably from a huge local electromagnetic field leading to
organic molecules decomposition). Since there is no difference in the spectrum with and
without BSA addition, we conclude that the observed spectral pattern is coming from
aspartic acid molecules only. The same result (only the signal of aspartic acid) was
obtained by using 785 nm excitation laser line (spectra not shown here).

5.3.2 SERS of BSA using AgBhNP-7m_Ctr-Ag+_Asc-(I)-9m

In Figure 40, there are UV-Vis spectra of the 9 months-aged final colloidal
systemAgBhNP-7m_Ctr-Ag+_Asc-(1)-9m (blue line), of the same colloidal system after the
addition of aspartic acid AgBhNP-7m_Ctr-Ag+_Asc-(1)-9m_D (red line), and after
subsequent addition of BSA, AgBhNP-7m_Ctr-Ag+_Asc-(1)-9m_D_BSA (green line).

Compared to the UV-Vis spectra of the previous Ag-Ag final colloidal system
(Figure 39), the addition of aspartic acid to the diluted colloidal system did not change the
SPR peak and resulted in a slight widening of the right part of the absorption spectra (red
line, Figure 40). The subsequent addition of BSA vyielded a fully aggregated system (green
line, Figure 40) with a slight absorption enlarged over the whole visible and near infra-red
region.
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Figure 40 UV-Vis spectra of the 9 months-aged final colloidal system AgBhNP-7m_Ctr-
Ag+_Asc-(1)-9m (blue), after the addition of aspartic acid AgBhNP-7m_Ctr-Ag+_Asc-(I)-
9m_D (red), and subsequent addition of BSA, AgBhNP-7m_Ctr-Ag+ Asc-(1)-9m_D_BSA
(green)

SERS spectra of the final colloidal Ag-Ag system after the addition of aspartic acid
AgBhNP-7m_Ctr-Ag+_Asc-(1)-9m_D (red line), and after the subsequent addition of BSA,
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AgBhNP-7m_Ctr-Ag+_Asc-(1)-9m_D_BSA (green line) with the excitation line 532 nm are
shown in Figure 41.

The SERS spectra were normalized to the band of the carboxylate group positioned
at 1395 cm™. This symmetric stretching vibration of RCOO- typically signifies that the
carboxylate of amino acid is adsorbed onto the surface of Ag NPs (Figure 41). [74]

Other bands detected are the ones for amide Il (at 1280 cm™) and amide I (at
1552 cm™) which are characteristic for the Raman spectrum of the protein [75]. The
vibrations of aromatic compounds provide generally more intensive Raman signal than the
aliphatic ones, therefore, the signal of several aromatic acid residues present in BSA
structure (e.g. tyrosine Y, tryptophan W) is detected (Figure 41, green curve). It can be
thus concluded that not only the Raman signal of aspartic acid, but also the signal of BSA
is observed due to AgBhNP-7m-Ctr-Ag+_Asc-(1)-9m using 532 nm excitation laser line.
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Figure 41 Normalized SERS spectra (excitation laser line of 532 nm) of

AgBhNP-7m_Ctr-Ag+_Asc-(1)-9m_D (red), and AgBhNP-7m_Ctr-Ag+_Asc-(1)-9m_D_BSA
(green). Normalization is performed with respect to the symmetric stretching of carboxylate
molecules (1395 cm™) being adsorbed on AgNP surface.

Although the aggregation occurred, the decrease of the intensity beyond 700 nm,
and mostly flat shape of the absorption spectrum after the addition of BSA (green line,
Figure 40) points to the fact that the measurement using the excitation laser line of 785 nm
will not yield any interesting result. This was confirmed; the SERS spectrum of
AgBhNP-7m_Ctr-Ag+_Asc-(1)-9m_D_BSA copied (with a slightly higher intensity) the
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SERS spectrum of AgBhNP-7m_Ctr-Ag+_Asc-(1)-9m_D (not shown here). Ergo, only
aspartic acid was detected with the excitation line of 785 nm.

The discrepancy between the SERS results obtained with 532 vs. 785 nm
excitations can be explained by the fact that different experimental setups are exploited in
the two apparatuses: the signal is collected from almost the whole cuvette in the
experiment performed by using 532 nm excitation laser line; while only the upper part of
the whole high-volume solution (1,35 mL) is measured when 785 nm excitation exploited.
In the latter case, the large aggregates which settle down at the bottom of the cuvette are
thus not measured by SERS.

5.3.3 SERS of BSA using AUNPBh_Ag+_Asc-(1)-9m

In Figure 42, there are UV-Vis spectra of the 9 months-aged final colloidal system
AuUNPBh_Ag+_Asc-(1)-9m (blue line), of the same colloidal system after the addition of
aspartic acid AuUNPBh_Ag+_ Asc-(1)-9m_D (red line), and after the subsequent addition of
BSA, AuNPBh_Ag+_Asc-(1)-9m_D_BSA (green line).

The UV-Vis spectrum of AUNPBh_Ag+_ Asc-(1)-9m_D (red line) demonstrates the
start of NPs aggregation (demonstrated by broadening and slight blue-shifting of the SPR
peak), and the UV-Vis spectrum of AuNPBh_Ag+ Asc-(1)-9m_D_BSA (green
line)reveals a possible collapse of the system after the addition of BSA (similarly as
observed in Figure 40).
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Figure 42 UV-Vis spectra of the 9 months-aged final colloidal system
AUNPBh_Ag+_Asc-(1)-9m (blue), after the addition of aspartic acid AUNPBh_Ag+_Asc-(I)-
9m_D (red), and subsequent addition of BSA AuNPBh_Ag+_ Asc-(1)-9m_D_BSA (green)
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In the SERS spectra measured with the excitation laser line of 532 nm (Appendix 2,
red and black curves), two characteristic bands of graphitic carbon with a very high
intensity dominate. Otherwise, there is no distinct difference between the spectra with and
without BSA. The SERS spectra of the final colloidal system after the addition of aspartic
acid, AuNPBh_Ag+_Asc-(1)-9m_D (red line), and after subsequent addition of BSA,
AUNPBh_Ag+_ Asc-(1)-9m_D_BSA (blue line), measured with the excitation laser line of
785 nm are shown in Figure 43.

The SERS spectrum of the colloidal Au-Ag system with BSA (blue curve, Figure
43) differs from the spectrum of the system with aspartic acid (red curve, Figure 43),
meaning that the spectral pattern of BSA is most probably observed. Changes in relative
intensity are detected, as well as, several characteristic bands appear, for
instance: 1413 cm™ (either deformation vibrations of CHx, or stretching of carboxylic
acid -RCOO0"), 1640 cm™ (either amide | or deformation vibration of O-H), 3120 cm™
(C-H stretching of aromatic amino acids from BSA adsorbed on NP surfaces) [75].
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Figure 43 Normalized SERS spectra (excitation laser line of 785 nm) of
AUNPBh_Ag+ Asc-()-9m_D  (red), and AuNPBh_Ag+ Asc-(1)-9m_D BSA  (blue).
Normalization is performed with respect to the most intensive peak within a particular
spectrum.

It can be summed up that by using 785 nm excitation laser line, the NP system
yielded the signal of BSA; while employing 532nm excitation it did not, in the case of the
Au-Ag core-shell NPs. This is in a direct contrast to the Ag-Ag core-shell NPs discussed in
section 5.3.2 (where the detection of BSA was obtained only by using 532 nm excitation
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laser line). It might be related to the differences in the metallic core (Au vs. Ag) and/or the
absence/presence of citrate molecules during the second step of the final colloidal system
synthesis. This point will be further investigated.
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6 Conclusion

The focus of this work was the synthesis and characterization of core-shell Ag-Ag
and Au-Ag NPs which were prepared by two-step seed-mediated growth methods.

The final colloidal systems of Ag-Ag and Au-Ag NPs were prepared with four and
five types of the syntheses, respectively, and the naming convention was developed. Seed
solutions used were both several months aged, as well as, freshly prepared prior the
synthesis of the final colloidal systems. The seeds solutions and final colloidal systems
were characterized shortly after their synthesis with UV-Vis spectroscopy and TEM.

Based on our experiments, it can be concluded that the synthesis of the final Ag-Ag
NPs colloidal systems from freshly prepared seed solutions is affected by a different
stage of the hydrolysis and simultaneous oxidation of sodium borohydride, which has
a strong influence on the formation process of the seeds. From the evaluation of UV-Vis
spectra (the SPR absorption peak) and TEM images it was determined that the addition of
sodium citrate as a surface modifier to Ag-Ag NPs synthesis proves to be beneficial for
obtaining a relatively narrow size distribution and smaller sizes of NPs.

Similarly, the earlier addition of ascorbate by reversing the order of the reactants
in the second step of the synthesis alters the formation process of Ag-Ag NPs. The
importance of an electrostatic stabilization of the seeds by EDL is thus demonstrated. It
is especially significant for Ag-Ag NPs because of their reactivity, polydispersity and
lower reproducibility.

Therefore, the final size of Ag-Ag NPs is strongly influenced by mixing conditions
and other experimental parameters.

Au-Ag NPs were synthesised to produce core-shell NPs and to improve
reproducibility of the synthesis while attaining enhancement properties of Ag.

In the final Au-Ag colloidal systems prepared from the fresh seed solutions
(reduced by using borohydride), either core-shell Au-Ag NPs with relatively well formed
(although little irregular) Ag shell, or only agglomerations of Au and Ag fragments were
observed.

The usage of stable seeds (reduced by using borohydride) results in Au core being
surrounded by a cloud of Ag particles (smaller in the case of the reversed reactants order in
the second step of the synthesis), which did not form any compact layer around the Au
core. The Au seed solution was considered stable at the time of the synthesis with a
presumed lesser surface reactivity of the seeds than the freshly prepared ones.

Therefore, similarly as in the case of Ag-Ag NPs, the stage of the borohydride
hydrolysis and oxidation plays an important role in the process of Au-Ag NPs
formation.

Reversing the order of reactants (ascorbic acid prior to AgNOs3) in the second
step of the Au-Ag synthesis had a similar influence as in the case of Ag-Ag NPs:
an improved NPs formation (determined by a higher and narrower SPR absorption peak).
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Hence, the electrostatic stabilization of the seeds is proved to be a very important
factor in Au-Ag NPs generation as well.

The final colloidal Au-Ag NPs systems exploiting the citrate-reduced Au seeds
generally possessed the similar reactivity, regardless the order of the reactants in the
second step of the final colloidal system synthesis. It means that citrate residues are
creating an efficient EDL which results in a better stability and, thus, reproducibility of
the synthesis.

TEM images of the final systems from the citrate-reduced Au seeds revealed fully
formed core-shell Au-Ag NPs with a compact silver layer around the Au core.

The measurement of DLS and zeta-potential values was performed with the final
colloidal systems and seeds solutions aged for 9 months, along with re-measuring of their
UV-Vis spectra.

Two dominant size distributions (particles below 20 nm and above 43 nm) were
determined by DLS in the final colloidal systems and seed solutions in both cases:
Ag-Ag NPs, as well as, Au-Ag NPs.

According to the zeta-potential values, the 9 months-aged Ag-Ag systems can be
generally considered stable; nevertheless, the UV-Vis spectra of the 9 months-aged
Ag-Ag systems prepared from fresh seeds display a bathochromic shift.

The final Au-Ag systems can be also considered relatively stable based on their
zeta potential values and UV-Vis spectra (which show mostly the broadening of the SPR
peak with no shifts).

Lastly, the ability of the prepared Ag-Ag and Au-Ag NPs to enhance Raman
scattering of BSA were tested out. The final colloidal systems AgNPBh_Ag+_ Asc-(I)-9m,
AgBhNP-7m_Ctr-Ag+_Asc-(1)-9mand AuNPBh_Ag+ Asc-(1)-9m were selected for SERS
measurements (employing 532 and 785 nm excitation laser lines). Two aggregation agents
of the final colloidal systems were tested: NaCl and aspartic acid.

The detection of the BSA with the colloidal system AgNPBh_Ag+_Asc-(1)-9m was
unsuccessful with both excitation laser lines and aggregation approaches. On the other
hand, several characteristic peaks of BSA were detected by using AgBhNP-7m_Ctr-
Ag+_Asc-(1)-9m aggregated by aspartic acid and using the excitation laser line of 532
nm. On the contrary, the excitation laser line of 785 nm enabled the detection of BSA
employing the colloidal system AuNPBh_Ag+_ Asc-(I)-9m aggregated by aspartic acid.
The discrepancy between the SERS results obtained with 532 vs. 785 nm excitations was
explained by another experimental setup of the two apparatuses.
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Abbreviations and symbols

Ag

Ag NPs
Ag-Ag NPs
Au

Au NPs
Au-Ag NPs
Cu

CNT

DLS

EDL

A

NaBH4
NPs

y(X)

SERS

SPR

TEM
UV-Vis
Wiotal(D)

...Silver

...silver nanoparticles

...Silver nanoparticles prepared with two-step synthesis
...gold

...gold nanoparticles

...core-shell gold-silver nanoparticles
...copper

...classical nucleation theory

...Dynamic light scattering

...electrical double layer

...Debye length

...sodium borohydride

...nanoparticles

...electric surface potential
...Surface-enhanced Raman spectroscopy
...Surface plasmon resonance
...Transmission electron microscopy
...UV-Vis spectroscopy

...total interaction potential

Abbreviations of the naming convention:

1), (2
(0, (I
5min
m

9m
Ag+
Asc
Bh
BSA

...repetition of the synthesis with freshly prepared NaBH4
...repetition of synthesis using a later stage of hydrolysis of NaBHa
...5 minutes aged

...7 months aged

...9 months aged
...silver nitrate AgNO3
...L-ascorbic acid
...sodium borohydride

...Bovine serum albumin
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Ctr ...sodium citrate
D ...L-aspartic acid
NaCl ...sodium chloride
...divider between abbreviations in the naming order
(i.e. AgNP-Bh-5min-(1))

...progress of the synthesis, i.e. addition of reactants

(e.g. "_Asc" means addition of L-ascorbic acid)
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Appendices

— AgNPBh_Ag+_ Asc-(I1)-9m_NaCl
— AgNPBh_Ag+ Asc-(I1)-9m_NaCl_BSA
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Appendix 1 SERS spectra (excitation laser line of 532 nm) of the 9 months-aged

final colloidal system after the addition of sodium chloride AQNPBh_Ag+_Asc-(11)-9m_NacCl
(black), with subsequent addition of BSA, AQNPBh_Ag+_Asc-(11)-9m_NaCl_BSA (magenta);
the same final colloidal system after the after the addition of aspartic acid
AgNPBh_Ag+_ Asc-(11)-9m_D (blue), with subsequent addition of BSA, AgNPBh_Ag+ Asc-
(N-9m_D_BSA (cyan)
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Appendix 2 SERS spectra (excitation laser line of 532 nm) of AUNPBh_Ag+_Asc-

(D-9m_D (black), and AuNPBh_Ag+_Asc-(1)-9m_D_BSA (red).
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