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List of abbreviations and definitions
1,6-HDT - 1,6-hexanedithiol

o - two-dimensional electrokinetic charge densities
& - permittivity

{ - zeta potential

n - VIscosity

¢ - coverage

e - electrophoretic mobility

p - density

A - wavelength

A - Hamaker constant

AFM - atomic force microscopy

AgNPs - silver nanoparticles

ANI - aniline

AuUNPs - gold nanoparticles

Au SD - sensor disc with a planar Au layer

Ay - Avogadro’s constant

B. C. E. - before Common Era

¢ - bulk concentration

CPs - conducting polymers

D - diffusion coefficient

DLS - dynamic light scattering

EB - emeraldine base

GOx - glucose oxidase

| - number concentration of cations in the bulk
ks - Boltzmann's constant

LB - leucoemeraldine base

N - surface concentration

Nc - number of elementary charge

NMNPs - nobel metal nanoparticles

NPs - nanoparticles



PAH - poly(allylamine hydrochloride)
PANI - polyaniline

PB - pernigraniline base

PBS - phosphate buffered saline

Rn - hydrodynamic radius

RSA - random sequential model

tch - adsorption time

SA - sodium acetate

SAM - self-assembled monolayer
SEM - scanning electron microscopy
SERS - surface-enhanced Raman spectroscopy
Sy - geometrical cross-section area
SPR - surface plasmon resonance

T - absolute temperature

UV - ultraviolet

v - molecular volume

Va - attractive energy

Vis - visible

w - bulk concentration of colloidal solution



Introduction

Nanotechnology has been a well-known field of science since the 20™
century. This swiftly developing scientific field unites broad range of areas that
are connected to synthesis, investigation and application of various materials at
nanoscale level. High level of interest and development of nanoscience is driven
by differences in materials’ properties in nanoscale and in bulk scale. This opens
new innovative range of materials’ applications. Furthermore, particles in
nanoscopic scale are characterized by large surface area to volume ratio.

Synthesis of various nanoparticles (NPs) is frequently performed by
preparation of their colloidal solution. Choice of colloids manufacturing method
depends largely on which desired properties prepared NPs should possess. Size,
shape and surface modification can affect NPs optical, electronic and many other
properties. Therefore, it is essential to design new ways of NPs’ synthesis for
their novel application. It is equally important to control and optimize
preparation of NPs to ensure stability, purity and uniformity of shape and size
distribution for their future use.

Nanostructures of conductive polymers (CPs) such as nanoparticles,
nanowires and nanocomposites are attractive for broad application due to
possibility to combine their conductive properties with other characteristics
attributable to CPs. Polyaniline (PANI) is one of the most extensively studied
CPs. The level of PANI conductivity can be changed in the range from insulator
to conductor by altering PANI doping level and synthesis condition. Moreover,
PANI possesses sufficiently good thermal and chemical stability, flexibility and
mechanical properties, wherein it is problematic to prepare PANI nanostructures
with high-level biocompatibility. Usage of enzymatic polymerization and
additional cleaning procedures can be beneficial for improvement of
biocompatibility and solubility in water of PANI nanoparticles and allows to
avoid employment of toxic and non-biodegradable compounds.

Silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs) are widely

used in wide range of scientific areas. Unique optical properties of AgNPs and
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AuUNPs are related to phenomenon of surface plasmon resonance, and therefore
these metallic nanoparticles are widely used in sensors design, surface-enhanced
Raman spectroscopy and other research fields.

AgNPs are commonly used in medicine due to their antimicrobial
properties. For instance, formation of AgNPs monolayers allows to prevent
bacterial growth, wherein various factors such as ionic strength, pH value and
presence of additional compounds can affect monolayer stability and prevent
achievement of higher AgNPs coverage. Therefore, investigation of AgNPs
monolayer formation process is especially important.

Enlargement of AuNPs seeds due to formation of H,O during enzymatic
reaction and enhancement of analytical signal are highly promising application
areas. Different oxidases, such as glucose oxidase (GOx), are suitable for this
purpose. AuNPs enlargement can be performed equally well when AuNPs are
in colloidal solution or adsorbed onto the surface of a self-assembled monolayer.
Process of AuNPs enlargement can be monitored spectrofotometrically or by
dynamic light scattering method (DLS), atomic force microscopy (AFM) or

scanning electron microscopy (SEM).

The aim of the study:

To investigate chemically and enzymatically synthetized or
biocatalytically enlarged polymeric and metallic nanoparticles colloidal
solutions by different methods for further biomedical and bioanalytical

application.

The objectives of the study:

1. To determine optimal conditions of polyaniline nanoparticles synthesis
carried out by polymerization/oligomerization of aniline in the presence
of hydrogen peroxide formed during glucose oxidase catalyzed

enzymatic reaction.
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2. To characterize polyaniline nanoparticles synthesized at optimal
conditions using dynamic light scattering and cyclic voltammetry
methods.

3. To determine the physicochemical properties and stability of tannic
acid solution and silver nanoparticles colloidal solution.

4. To study the deposition Kkinetics of charge-stabilized silver
nanoparticles from colloidal solution containing tannic acid on mica
covered by the poly(allylamine hydrochloride).

5. To investigate biocatalytic enlargement of AuNPs in colloidal solution
and immobilized on the surface by UV-Vis spectroscopy, atomic force
microscopy and dynamic light scattering methods.

6. To study the dependence of biocatalytically enlarged AuNPs size on

concentration of glucose.

Statements for defense:

1. PANI nanoparticles formation depends on concentrations of aniline and
glucose oxidase and on duration of polymerization.

2. The size of PANI nanoparticles increases with increasing duration of
polymerization.

3. The formation of AgNPs monolayer on PAH-covered mica depends on
concentration of tannic acid in colloidal solution.

4. Hydrodynamic diameter of biocatalytically enlarged AuNPs in the
solution and the height of nanoparticles immobilized on the surface
depends on the glucose concentration and on the duration of reaction.

5. The enlargement of AuNPs seeds could be applied for the glucose
concentration determination by analytical systems based on dynamic

light scattering and atomic force microscopy.
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1. Literature review

1.1. Colloids

A colloid is a mixture of at least two phases. Length scale of dispersed
phase is ranging from a few nanometers to a few tens of micrometers. In most
cases the size of dispersed phase particles is lower than 1 um [1]. Different and
extraordinary examples of the colloid systems are found in nature (e.g. clouds,
smoke, soil and cell fluids). Additionally, a lot of agricultural and industrial
products, especially foodstuffs, consist of colloidal structures that define their
rheological properties and textures. Clay and soil, whose constituents are of a
colloidal nature, are the object of explore of environmental science. As a result,
a colloid science is an interdisciplinary field where chemists, physics, biologists,
engineers and other scientists are working in collaboration [2].

Although the term “colloid” was used for the first time only in 19" century,
colloidal solutions made use thousands of years earlier. In Egypt stones were
lubricated with a greasy substance by slaves for moving to building places of
pyramids. Manufacturing of bricks of clay, a classic colloid, and effect of oil
pouring on storm-tossed waters to damp the waves are known from ancient
times. Colloidal phenomena was also used in manufacturing of paints and
pigments, bread, cheeses, butter and other products [3].

It is considered that Benjamin Franklin started scientific research of
interfacial phenomena. In his reports (1765) it was described what amount of oil
should be used for covering of pond surface with the thinnest possible layer.
Furthermore, Francesco Selmi in the 1840s performed aggregation studies of
sulfur and silver iodide in water (pseudo-solutions). Meanwhile in 1861 Thomas
Graham based on Selmi’s results of pseudo-solutions study developed the term
“colloid” from the Greek word koAAa (glue). Well known scientists such as
Faraday, Laplace, Poisson, Landau were involved in further research of colloidal

solutions [4, 5].
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As it was mentioned above colloidal systems are composed of at least two
phases. Dispersed phase and another phase (the medium) can be in different

states of matter. VVarious examples of colloidal systems are given in Table 1.

Table 1. Classification of colloidal dispersions [2].

Dispersed material

Medium Solid (S) Liquid (L) Gas (G)
Solid suspension Solid foam
Solid (S) (bone, wood, Solid emulsion (loofah, bread,
various composite (opals, pearls) pumice,
materials) styrofoam)
Sol, Suspension (mI;:Irl?urllj::)obner Foam
Liquid (L) (blood, polymer crude oii sham 1oo (detergent foam,
latex, paint, ink) ’ poo, beer foam)

mayonnaise)

Gas (G) Aerosol Aerosol i
(smokes, dust) (fog, sprays)

The colloids can be classified based on nature of interaction between
dispersed phase and medium. Colloidal solutions in which dispersed phase has
a high affinity for the medium are called as lyophilic. If, in contrast, there is a
little interaction between dispersed phase and medium such colloid solutions are
termed as lyophobic. If medium is water, lyophilic colloids are called
hydrophilic and lyophobic are respectively called hydrophobic. In association
colloids (micelles) one part of dispersed molecules interacts with medium,
opposite part is lyophobic and have little interaction with medium. Lastly,
network colloids (gels) are sometimes considered as a separate category [6, 7].

Significance of particles’ shape is difficult to overestimate. Shape of
particles is one of parameters on which their optical and electronic properties,
employment possibilities and stability of colloidal system depend. Solid
particles in liquid medium can be of different shapes. The geometrically simplest

shape is the sphere. A variety of spherical particles are commercially available
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and extensively spread in nature, for instance, vesicles, liposomes and some
globular proteins. Also a lot of various non-spherical particles were found in
nature or synthesized. Ellipses, cylinders, discs, rod-like particles are only a
small part of existing diversity of particles shapes. Furthermore, various particle

systems that are anisotropic by shape were created in laboratories [2, 8-11].
1.2. Stability of colloidal system

Due to giant surface area of particles, colloidal system possesses high
levels of free energy. Therefore, colloidal system will prone to minimize surface
area, thereby colloid will tend to aggregate. Stability of colloid is a property of
system to resist the tendency to particles aggregation [3].

Stability of system is one of the key problems of colloid chemistry. In
colloidal solution stability depends on balance of repulsive and attractive forces
between particles. Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory is
most commonly used theory for description of colloidal system stability.
According to this theory the total interaction of two colloidal particles consist of
two forces: the repulsive interaction of particles’ double layers and attractive
Van der Waals interaction [12, 13]. The Van der Waals interaction of two

spheres can be modeled as:

Vo= —1 (1)

12y

where Va is the attractive energy, r is the radius of spheres, y is the distance
between spheres and A is the Hamaker constant, which characterizes interaction
strength. In most cases Hamaker constant is positive, meaning that particles
attract each other [14, 15]. Hamaker constant depends on the nature of particles
and on the medium. In the work of K. Jiang et al. it was shown that Hamaker
constant of metal nanoparticles depends on temperature and size of

particles [16].
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Repulsive double layers attraction consists of an electrostatic and osmotic
force components. When distance between colloidal particles decreases, the ions
of double layer become clenched to the smaller volume. Since then, increase of
osmotic pressure, which is proportional to concentration of ions, is observed.
Electrostatic repulsion is the result of interaction between the double layers of
colloidal particles. When colloidal particles become separated by the distance
less than twice double layer, repulsion occurs [17, 18].

DLVO theory is not enough for describing of interaction between particles
which are closer than few nanometers. In this distance solvation and structural
forces arise and affect the interaction. Solvation forces define how solvent
interacts with surface of colloidal particles. These forces depend on properties
of solvent and particles surface. For example, such characteristics as
smoothness, hydrophilicity or homogeneity of particles surface affect this type
of interaction. Solvation forces can be divided into three subcategories:
oscillatory, hydration and hydrophobic forces. Molecules of the medium that are
getting into the space between particles begin to oscillate. This oscillation
process can be the cause of repulsive or attraction forces depending on distance
between particles [19, 20].

Hydrophobic forces arise when particles that have a hydrophobic surface
are dissolved in water medium. When nonpolar groups on surface of particles
interact with water molecules, changes in structure of water are observed. As
a result layer of water molecules varies between particles [21]. Hydrophobic
forces are implicated in various biochemical processes such as receptor — ligand
or enzyme — subtract interactions. These forces are also significant in formation
of proteins tertiary and quaternary structure [22].

There are few theories that describe a mechanism of hydration forces.
Underlying of hydration process is interaction between water molecules and
hydrophilic surface of particles. The first theory builds upon abnormal
polarization of water molecules, which interact with particles. According to this
conception, hydration forces are electrostatic by nature. In other sources it is

expected that hydration forces are the result of entropic repulsion of thermally
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excited polar groups that bulge from the surface [23]. The term “structural
forces” is used for describing all other types of interaction.

The value of zeta potential is a parameter, which is often used for
describing of colloidal system stability. Zeta potential provides guidance on
repulsion interaction between particles. It is recognized that if value of zeta
potential is between -30 and +30 mV then the colloidal solution is unstable.
Meanwhile, zeta potential of stable colloid should be lower than -30 mV or
higher than +30 mV.

Particles concentration, pH and ionic strength are parameters influencing
zeta potential. pH is probably the most important factor for zeta potential value.
Change in pH value may cause increasing or decreasing zeta potential value.
Dependency between concentration of particles and zeta potential is
complicated. Generally, in strongly diluted solution zeta potential increases with
increasing concentration of particles. In solutions with high concentration
perverse effect is noticed. With the increase of ionic strength the electric double
layer becomes thicker [24, 25]. lonic strength can be controlled by changing salt
concentration in colloidal solution. The valence of counter-ions also affects
stability of colloidal solution (zeta potential). The electric double layer becomes
thicker if counter-ions with higher valence are used. It is important to choose
suitable background electrolyte and its concentration if high concentration of
colloidal particles is used. In such cases spacing between particles becomes
almost equal to the diffuse layer and employment of electrolyte with high
valence may be the reason of particles aggregation [26, 27].

As was mentioned previously the value of zeta potential is important for
stability of colloids. One more option to control zeta potential is to use
surfactants or molecules such as polymers or even proteins. As a result of
deposition of such compounds the change in zeta potential of particles is
observed [28]. Besides it can affect hydrophobic, hydration and structural
interaction between particles [29].

Surfactants play a vital role in manufacturing of different products such as

cosmetics and detergents [30]. Surfactants are the amphiphilic molecules. In
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these compounds polar and non-polar groups are presented simultaneously. Such
chemical structure stipulates possibility for surfactants to adsorb on colloidal
particles/medium interface. This kind of interaction helps to reduce surface and
interfacial tensions. There are few types of surfactants: anionic, cationic,
nonionic and amphoteric. The choice of surfactant type depends on application
area of colloidal particles. For instance, cationic surfactants, which are positively
charged, can interact with cells membranes. Therefore, they are used as
germicides. It is also necessary to pay attention to such parameters as particles
charge and hydrophilicity in order to choose the best surfactant [31-33].

By structural analogy of surfactants various macromolecules or polymers
containing hydrophilic and hydrophobic groups are often used for increasing of
colloids stability. If hydrophilic and hydrophobic parts are repeated in polymer
structure, such surfactants are called “Polysoaps”. In contrast macrosurfactants
have hydrophobic and hydrophilic parts separated from each other. Narrow
classification of polymeric surfactants is based on differences of surfactants

polymerization (Fig. 1) [34].

[ Polymeric Surfactants ]

—— |

[ Polysoaps ] [ Macrosurfactants ]

[Complex architecturesl

Statistic

amphiphilic \ —L
copolymers !f Alternating amphipihlic [ Amphiphilic Diblock I
/ copolymers :
'd ™
-~ . Branched
Homopolymers of [Amphlphllnc multiblock W ‘ (Graft, Comb, Star, ...) ]
polymerizable surfactants .
\

Fig. 1. Classification of polymeric surfactants. Adapted from [34].

There are two types of colloidal particles stabilization by polymeric
surfactants. When polymers are adsorbed on surface and form particles coating,
it is called steric stabilization. Repulsive forces, which emerged due to

adsorption of polymers, prevent aggregation of colloids. Another kind of
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stabilization is based on unattached interaction between polymers molecules and
particles. Molecules of unanchored polymer can induce interaction. Mechanism
of such interaction can be depletion repulsion or depletion attraction [35].

Application of proteins (natural polymers) is another method for
stabilization of colloidal solution. Presence of protein casein in milk is an
example of usage of proteins for colloidal solution stabilization in nature.
Proteins are biomolecules consisting of chains of amino acids residues.
Depending on pH proteins can be negatively or positively charged or be neutral.
Thereby when proteins adsorb on surface of particles effectiveness of stabilizing
layer is increasing [36]. In the work of M. Ocwieja et al. cysteamine was used
for postmodification of gold nanoparticles. As a result negatively charged
synthesized gold nanoparticles became positively charged after adsorption of
cysteamine molecules [37].

Proteins can also affect hydration forces in colloids. In the work of
J. A. Molina-Bolivar etal. different proteins for stabilization of the latex
particles were used. It was observed that stabilization efficiency depends on
hydrophilicity of proteins. Such type of stabilization arises in solution with high
salt concentration [38]. Naturally this effect of stabilization also depends on

composition of colloidal particles [39].

1.3. Polymer colloids

A polymer colloid is mostly a heterogeneous system of submicron polymer
particles dispersed in medium. Polymer-based colloids are used in different areas
such as medicine, electronics, paper coating, rubbers, paints and many others.
Such wide scope of polymers usage is based on their variety. Depending on
research purpose polymer with set of necessary properties can be selected [40].

Sometimes various applications of polymer colloidal particles require
surface modification. Such functionalization is normally used for addition of
specific properties to colloidal particles or for protection of polymers that are not

stable under the chosen conditions. Diverse methods from chemical oxidation
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and reduction to employment of plasma can be wused for surface
modification [41].

Many of polymer-based colloids are biocompatible and well suited for drug
delivery. Wide variety of polymers nanostructures including liposomes, micelles
and particles are used in the drug delivery systems. Biodegradable nanoparticles
can be used for encapsulation and delivery of protein-based drugs [42]. Among
wide range of biocompatible polymers, conducting polymers can be
distinguished separately [43].

Due to their unique optical and electrical properties conducting polymers
(CPs) are attractive for scientific investigation [44]. The history of these
polymers started from the discovery of polyacetylene’s good conductivity [45].
After a while it was observed that various CPs such as polypyrrole,
polythiophene and poly (ethylenedioxythiophene) also possess good
conductivity. Nowadays one of the developing directions in science of
conducting polymers is controlling of CPs morphology and structure. Different
CPs nanostructures such as nanoparticles, nanowires and nanorods were
developed in the last ten years. Various nanostructures of CPs were employed in
sensors fabrication, electrochromic devices manufacturing, electronics and other
industrial areas. In this context, nowadays, the search for new synthesis methods

of CPs nanostructures is especially relevant and sought after [44, 46-48].

1.4. Polyaniline

Polyaniline is an organic conducting polymer. In some scientific works it
is claimed that PANI is the earliest known synthetically obtained organic
polymer [49]. PANI is produced by the oxidation of aniline (ANI)
molecules (Fig. 2). According to value of conductivity PANI is referred to as an
organic semiconductor. The main reason for wide range of PANI and other CPs
applications is not conductive properties but the opportunity to combine them
with other CPs characteristics. PANI as well as many other CPs possesses such

properties as partial biodegradability [50], flexibility [51], biocompatibility to
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several cell lines [52] and processability as well as low cost [53] and good
mechanical properties [54]. It is worth noting that aniline polymerization is
inexpensive and easily performed [55]. Generally, for synthesis of PANI
electrochemical [56] or chemical polymerization [57] is used. Alteration of
PANI polymerization conditions and strict control over them makes it possible
to produce PANI with prefered structure and morphology. Differences in
synthesis procedure bring not only distinction in structure and morphology, but
in polymer physical properties as well [57-60]. Another advantage of using
PANI is opportunity to change its physical properties by copolymerization [61]
or by forming PANI nanocomposites with ions of metals [62] or other inorganic

compounds [63].

H H

H H

Fig. 2. Aniline molecule.

The history of aniline started in 1834 from F.F. Runge works of
investigation of coal-tar distillates. During this work F.F. Runge isolated
colorless salt. Thereafter, it was proved that this salt was so-called “aniline
black” [64]. Later in 1840 C. J. Fritzsche pursue to determine the molecule
structure of indigo, also separated “aniline black” [65]. Subsequently, based on
F. F. Runge and C. J. Fritzsche works F. Crase-Carvet, S. Clift and C. Lowe
found a method for commercial dyes manufacturing applying aniline [49].
H. Letheby in 1862 for the first time performed PANI synthesis by the anodic
oxidation and shown electrochromic behavior and conductive properties of

PANI [66].
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The new story of conducting polymers, including PANI, began in 1970s.
A. J. Heeger, A. G. MacDiarmid and H. Shirakawa working in collaboration
studied conductivity of CPs. For their pioneer research they got the Nobel Prize
in Chemistry in 2000 “for the discovery and development of conductive
polymers” [66]. These developments encouraged worldwide interest to CPs
investigations.

As previously noted, range of PANI application is very wide. In literature
one can find a lot of examples of possible practical use of PANI. Thus, PANI is
one of mostly studied organic conducting polymers that have been developed
over the past 30 years [67-69]. PANI has a great promise for applications in
supercapacitors [70],  rechargeable  batteries, light-emitting  diodes,
electrochromic display devices, corrosion inhibitors [71] and detecting material
for sensors [72-75]. PANI could contribute to the development of portable,
sensitive biosensors. PANI-based various microfabricated electrochemical
biosensors, such as enzymatic, DNA sensors or immunosensors offer many
advantages and new possibilities for the determination of biologically important
compounds [76-78]. Conducting polymers including PANI are good alternative
to paints, which are more harmful to environment [79]. Among possible
applications of PANI there is such creatively different usage as smart conductive
textiles [80].

Over the last decade, special interest was concentrated in searching of new
application fields of PANI nanostructures. Physical properties of such materials
differ from PANI properties. Carbon nanotube-polyaniline composites [63] and
PANI nanofibers [81] are case in point of PANI nanostructure which have many
of possible applications [82]. PANI nanofibers can be used in design of gas
vapor sensors, printable electronics, filtration membranes and many other
devices [83]. Also worth noting is that PANI nanoparticles can be used as
electrocatalysts, immobilization matrixes for biomolecules [67, 72-74] and in

many other biomedical fields [83].
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1.4.1. Properties of polyaniline

In general, there are three possible oxidation states of PANI:
leucoemeraldine base (LB), emeraldine base (EB) and pernigraniline base (PB).
For emeraldine and pernigraniline base or salt forms are possible (Fig. 3). PANI
as electrochromic polymer possesses various optical and electrochemical
properties at different oxidation states. Characteristics of PANI such as stability
and mechanical properties differ depending on the degree of oxidation [84].
Additionally conductivity of PANI can greatly vary (from 1071° to
10% S cm™ [85]). In protonate state conductivity of PANI is on the same level as
conductivity of semiconductors (100 S cm) [86]. On the other hand PANI is

insulating material in LB form [87].

TZe0p

A OO e+ OO0

Violet pernigraniline base Blue pernigraniline salt

;;“.;%;; zf;u.;i;;
A ) @ O O

raldine bas

O

Colorless leucoemeraldine

Fig. 3. Different forms of polyaniline. Adapted from [108].

Conductivity of PANI depends on molecular weight, percentage of
crystallinity and inter-chain separation, oxidation level, molecular arrangement,
percentage of doping and type of dopant. Therewith, oxidation level is the most
important parameter for conductivity. In order to achieve high conducting level
PANI should be in half-oxidized form. Doping level is the second most affecting
factor. Doping of PANI allows to form a polaron structure. In this structure a
current is carried by the holes [88]. Conductivity also depends on the nature of
dopant. Synthesis of PANI is typically performed in acid solution, so mostly

doping anions are incorporated in PANI originate from the acid [89].
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Conductivity of PANI can be easily reduced by changing oxidation level or by
dedoping process. Typically dedoping process is performed by placement of
sample in basic solution [90]. Surely, there are also other methods for dedoping
of PANI. For example, emeraldine salt can be transformed to EB form by the
irradiation of ultraviolet (UV) light [91].

In LB form PANI contains only amino groups and benzene rings. As
mentioned before, this fully reduced form of PANI is non-conducting. In all
possible forms in spectra of PANI two absorption bands are presented around
6.89 eV (180 nm) and 6.20 eV (200 nm). This two bands correspond to n—m*
transition in benzene ring. Another absorption maximum at 3.94 eV (315 nm)
for LB form corresponds to m—n* transition connected with delocalization of
benzene ring electrons on nitrogen atoms [92, 93]. Transparent yellow is specific
color for PANI in LB form. In reduced form PANI is not stable in air
atmosphere. Slightest oxidation of LB leads to shift of absorption peak 3.94 eV
(315 nm) to 3.79 eV (327 nm) and change of PANI color to light green-yellow.

Continuing of oxidation process PANI passes into half-oxidized form. In
this EB form PANI is comprised of both benzene and quinoidal rings.
Conductivity of blue EB form is around 10° S cm. Usage of doping assists to
improve conductivity of PANI layer. During doping process EB is passed into
emeraldine salt and color of polymer is changing from blue to green [94, 95].
Electrical conductivity of emeraldine salt can reach 10°Scm™ [85]. High
electrical conductivity of emeraldine salt can be explained by formation of low-
energy hole levels [96]. The absorption at 3.19 eV (388 nm) due to benzenoid
rings and at 1.47 eV (843 nm) due to quinoid rings is specific for EB form [97].

Completely oxidized form of PANI is called pernigraniline base. In this
oxidation state PANI is insulating violet polymer. Two absorption maximums at
2.35 eV (528 nm) and 3.88 eV (320 nm) are specific for PB [98]. Pernigraniline
salt is fully oxidized form of PANI in acidic medium which has bipolarons in its
structure. In this form PANI can be conductive. During doping process of EB
shift of the band at 2.35 eV (528 nm) to 2.14 eV (580 nm) is observed. Such shift
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of absorption peak is specific for EB protonation in acidic medium and
pernigraniline salt formation [99, 100].

PANI is a relatively stable polymer with low manufacturing cost. PANI
shows good mechanical properties. Depending on preparation conditions
changes in stiffness and elasticity of PANI are possible. Young’s modulus of
PANI pellets is comparable with other frequently used polymers such as
polystyrene [101]. P. Peikertova et al. investigated stability of protonation form
of PANI in various storage condition after different time of oxidation. It was
observed that in course of time PANI films drop into a deprotonation state.
Furthermore, stability of PANI in time depends on relative humidity of
environment [102]. Storage temperature and pH can also affect stability of
PANI [103, 104]. EB is thermally stable polymer (up to 420 °C). It was observed
that thermal stability of emeraldine salt depends on type of dopant [105]. Even
in aggressive chemical environments, PANI is characterized by high thermal
stability and by slight loss of conductivity at relatively high temperature
(100 °C) [106, 1071].

Bulk PANI possesses lower biocompatibility in comparison with PANI
nanofibers [109]. Purification of PANI allows to reduce cytotoxicity of PANI to
the minimum. Washing procedure allows to eliminate ANI and reaction
intermediates (aniline dimers and oligomers) from mixture. Cytotoxic effect of
such low-molecular-weight compounds, which are aromatic amines and can be
physiologically active or even harmful, is much higher than PANI is alone [110].
Actual studies of PANI biocompatibility can be separated into two groups. The
first one is working on in vivo testing of PANI implantability [111]. The second
one is focused on in vivo investigations of cells proliferation in presence of
PANI [112], its copolymers [113] or composites [114]. Prevalently PANI is
used as a matrix for decreasing of cytotoxicity of employed materials [115]. On
the other hand, employment of compounds such as dopamine and cysteine can
improve biocompatibility of PANI [116, 117].

An important aspect of biocompatibility is biodegradation of materials.

Although PANI is non-biodegradable in all oxidation states, there are some
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technologies allowing to synthesize copolymers, which are conducting and

biodegradable, containing oligomers of PANI [118].

1.4.2. Synthesis of polyaniline

Generally, chemical or electrochemical polymerization in presence of
dopant are used for preparation of PANI. Choice of polymerization method
depends on the aim of synthesis. Chemical polymerization is more favorable
when large quantity of PANI is needed. Further, for direct deposition of PANI
on substrate, especially for formation of thin polymer film, electrochemical
synthesis is more suitable. Whereas, chemical polymerization allows to form
conducting PANI layer on the non-conducting substrate [89]. The oxidation
process of ANI is exothermic, thereby can be tracked by observing the
temperature [119].

Mechanism of PANI formation consists of three main steps: initiation step,
dimerization and oligomerization/polymerization. Initiation step is the limiting
step of polymerization reaction. This can be explained by differences in
oxidizability of ANI and its protonated form, as well as variations in redox
properties of its reactive species [120]. In this phase rate of reaction strongly
depends on type of oxidant or on anodic potential and acidity of the medium. At
higher pH oligomers with low molecular weight are formed [121]. It is widely
thought that first step of ANI polymerization reaction is formation of its radical
(Fig. 4) [122]. pKa value of aniline cation radical is 7.05. Therefore, in medium,
whose pH value is lower than 7, aniline cation radical prevails. It denotes that at
lower pH the rate of polymerization should be higher [123].

In following steps further formation of oligomers and polymer is more
probable due to higher oxidation potential of ANI in comparison to its dimers.
However, it should be noted that dimerization process also depends on pH of
medium. Different dimeric products are formed depending on acidity of
solution. These dimers, due to differences in reactibility, are not equally

involved in polymerization process [120]. In oligomerization/polymerization
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step propagation of polymer chain occurs in acidic media due to redox reaction.
In this reaction pernigraniline form of PANI is involved as oxidant and aniline
is applied as reductant. Oxidation potential of polymer chain depends on degree

of oxidation, length of the chain and degree of protonation [69].
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Fig. 4. Oxidation of monomer during polymerization of aniline.

Chemical polymerization of ANI is typically performed by oxidation with
various oxidants in acidic aqueous medium. Thereat, more often than other
oxidants ammonium persulfate is used. More rarely oxidants with high oxidation
potential such as salts of iron, cerium, silver, or dichromates are employed [124].
The highest yield (~ 90%) of PANI is achieved in presence of (NH4)2S20s as
oxidant. Usage of acidic medium (1 <pH < 3) is necessary for synthesis of
conducting PANI form [108]. Electrochemical polymerization is carried out by
oxidation of ANI in electrolyte solution by applying electric potential. For
electrochemical synthesis, typically galvanostatic, potentiostatic and
potentiodynamic (e.g. cyclic voltammetry) methods are used in two- or three-
electrode systems [125].

Many other methods of PANI synthesis are described in the literature.
PANI can be obtained by photopolymerization [126], various heterophase
polymerization ~ methods [88],  self-assembling  polymerization [127],
sonochemical synthesis [128] and plasma polymerization [129]. Enzymatic
synthesis stand out among all other methods, which are suitable for PANI

preparation. In this method, contrary to others, macromolecular biological
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catalysts —enzymes are used. Also in majority of methods, including
electrochemical [72, 130] and chemical [73, 107] oxidation of ANI, different
chemical compounds, even toxic, are employed. Such chemicals should be
removed after synthesis and utilized. Contrary to such compounds enzymes are
biodegradable and non-toxic. Low or very low pH is necessary for
electrochemical or chemical PANI synthesis [68]. PANI formed during such
synthesis mostly is conductive and is characterized by poor solubility in
water [77, 131]. The enzymatic polymerization of PANI can be carried out in
aqueous solutions [132-134]. This synthesis can be done at almost neutral pH
value. Additional advantages of enzymatic polymerization are (i) possible
control of the reaction kinetics and (ii) simple, one-step procedure based
process [133]. Different enzymes such as horseradish peroxidase [135, 136],
laccase [137], bilirubin oxidase [138], chloroperoxidase [139] and glucose
oxidase [140] can be employed for PANI synthesis. Usage of various enzymes,
stabilization agents ant templates allows to obtain PANI nanostructures with

required properties [141].

1.5. Noble metal nanoparticles

Noble metals were known and used in our daily life for a long time. In the
past noble metals were used as a material for making of jewellery and currencies,
while in our times, possibilities of their application are very wide. Breadth of
potential application areas is attributable to their unique properties [142]. Also
it must be noted that the majority of noble metals except for gold and silver were
discovered in the eighteenth century or later. Gradually studying their properties
even more possible application fields were found. Furthermore, the development
of nanoparticles synthesis and fabrication gave a strong impulse to utilization
and research of noble metals.

Noble metal nanoparticles (NMNPs) possess unique photonic, electric,
electronic and catalytic properties. Few kinds of noble metal NPs have

interesting optical properties such as fluorescence, absorption, scattering and
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surface plasmons. Those properties allow to use NMNPs in biolabeling and
bioimaging, for instance, in X-ray computed tomography, magnetic resonance
imaging and optical imaging [143]. Referring to medicine, it is also worth
mentioning that catalysis, drug delivery, sensing and therapy are also possible
application areas for NMNPs [144]. NMNPs can be used for treatment and
diagnostic of cancer. Among the possible options of NMNPs usage may be noted
catalysis, electronics, optoelectronics and antimicrobial applications [145-148].

Silver and gold nanoparticles are the most frequently used NMNPs.

1.6. Silver nanoparticles

Silver is the third known metal after gold and copper, which were used by
humans. Chaldeans have learned how to purify silver as early as 4.000 B. C. E.
Ever since, coins, jewellery, utensils, vessels and many other things were made
from silver. Also, silver was very actively used in medicine. For water
purification silver was employed as early as in ancient Egypt, Greece and
Rome [149]. Macedonians applied silver plates for achieving better wound
healing. Ancient Greeks used silver preparations as a cure for ulcers and for
stimulation of wound healing. It can be appreciated that silver and its compounds
were the most significant antimicrobial preparations until discovering of
antibiotics. Nowadays, silver is used due to its antibacterial properties in a wide
range of medical applications: as a topical cream in the treatment of burn
wounds, in bone prostheses, cardiac implants, surgical sutures and needles,
dentistry, catheters, wound therapy and surgical textiles. Contemporary
application of silver includes photographic use, electronics, photovoltaic
devices, mirrors and glasses, as well as brazing and soldering [150-153].

First recorded utilization of colloidal silver is dated IV century of our era.
Lycurgus cup, which was made in ancient Rome, consists of mixed silver
nanoparticles (AgNPs) and gold nanoparticles (AuNPs). The size of
nanoparticles which was found in the cup is about 70 nm. Besides, it has long

been known that colloidal solution is the most effective form among possible
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silver preparations and possesses good activity at sufficiently low
concentrations [154].

The modern history of AgNPs extends back more than 120 years. In 1889,
M. C. Lea reported the method of AgNPs synthesis through reduction of AQNOs
using ferrous sulfate. As stabilization agent of AgNPs citrate ions were
employed. Already since 1897 this colloidal solution under the name “Collargol”
has been produced commercially for medical purpose. Different colloidal
solutions of AgNPs were manufactured commercially and used for medical
applications. According to data, from 2011, worldwide manufacturing of AgNPs
has reached 320 tons/year and these nanoparticles are one of the most
commercially produced nanomaterials in the world having applications in over
200 products [155, 156].

1.6.1. Synthesis of AgNPs

Chemical reduction is the most common approach for synthesis of AgNPs.
During this reaction Ag* ions are reduced to Ag®. The standard reduction
potential of this reaction in water is relatively high and equal to +0.799 V. It
allows to use several reducing agent such as sodium citrate, sodium borohydride,
hydrazine and some others [157]. Synthesis of metallic nanoparticles consist of
two stages: nucleation and growth. For this reaction there are three essential
elements: metal precursor, reducing agent and stabilization agent [158]. Scheme
of such reaction using the example of AgNPs formation is showen in Fig. 5.

In 1982, Lee and Meisel carried out modified Turkevich method for the
synthesis of AuNPs using AgNOs instead of HAuUCI,; and sodium citrate as the
reducing agent synthesized AgNPs [159]. In this case, citrate also acts as
stabilization agent. Growth of AgNPs is influenced by citrate ions by
complexing with Ag.* dimers. Generally, mechanism of growth depends on the
type of reduction method [160, 161].

Creighton and his co-workers [162] performed synthesis of AgNPs in

which NaBHs was used as reducing agent. Recent researches have shown that
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possibly process of AgNPs growth during reduction of Ag® ions by NaBH.
consist of four steps (Fig. 6). In first step (< 200 ms) rapid reduction of
Agt — AgP takes place. In the second step (< 55s) reduced Ag atoms form
dimers, trimers, etc. These clusters further coalesce to nanoparticles with radius
of around 2-3 nm. During the third step (around 5-10 min) particles with size
higher than 1 nm are not growing anymore. Further comes a point when stability
of AgNPs dramatically decreases. Such drop of stability leads to further
coalescence and formation of 5-8 nm AgNPs during the final stage. Eventually,
colloidal solution stabilizes, stirring is not required anymore and AgNPs solution

can be stored during long periods of time [163].
NUCLEATION GROWTH
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Fig. 5. Mechanism of AgNPs formation by the reduction of the AgNOs salt.

Size, shape, polydispersity index and other parameters of AgNPs can be
controlled by choosing synthesis conditions such as concentration, temperature,
pH, stabilization agent, etc. [158].

Synthesis of AgNPs can be performed in organic solvents, which can act
as a reduction agents. It can be difficult to control aggregation process in organic
solvent. On the other hand, advantages of this method are high yield and low
polydispersity index [157, 164]. Photochemical synthesis of AgNPs is a process
of Ag precursor solution irradiation. Reduction agent is not needed for
performing of synthesis. As an irradiation source it is possible to use, for
instance, laser or microwave or sunlight irradiation, ionizing radiation and UV
light [165]. Also such methods as electrolysis, pyrolysis, sonoelectrochemistry,
physical vapor condensation and arc-discharge method are suitable for AgNPs
synthesis [166].
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Additionally, biogenic methods are suitable for synthesis of AgNPs. Plants,
fungi and bacteria are used for production of AgNPs. Biogenically produced
AgNPs possess lower toxicity in comparison with AgNPs synthesized by

chemical reduction or physical methods [165, 167, 168].
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Fig. 6. Scheme of growing mechanism of AgNPs when NaBHs is used as

reducing agent. Adapted from [163].

In plants reduction rate of metal ions is higher than in microorganisms.
Mostly extracts of plants are used for synthesis purposes. Procedure of AgNPs
solution filtration is needed before application of nanoparticles. Besides, exact
mechanism of AgNPs synthesis as well as enzymes, which are involved in this

process, are not known yet [169].

1.6.2. Properties and applications of AgNPs

AgNPs possess unique physical, electrical, catalytic and chemical
properties. Exclusive optical properties of AgNPs are connected to such
guantum electromagnetic phenomenon as surface plasmon resonance (SPR),
which is the result of interaction between the light and metal surface. Electrons
on surface of AgNPs collectively oscillate when nanoparticles are irradiated by
electromagnetic wave with specific wavelength [170]. AgNPs have shown
impressive light trapping potential among metal nanoparticles. Furthermore,
SPR absorption spectra of AgNPs can be controlled from 300 to 1200 nm [171]
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and depend on AgNPs size, shape and surrounding matrix [172]. The
forementioned parameters affect light scattering of AgNPs as well as
absorption [173]. Such optical properties allow to employ AgNPs in different
plasmonic applications including surface-enhanced Raman spectroscopy
(SERS) [174], near-field optical microscopy [175], surface-enhanced
fluorescence [175], localized surface plasmon resonance spectroscopy [176] and
plasmonic circuitry [177]. Employment of AgNPs in SERS allow to detect
single molecules, enhancing signal by as much as 104 — 10% fold [178]. Due to
possible toxicity of Ag* ions, which can come from the nanoparticles, AgNPs
mostly are used in in vitro plasmonic applications [179].

Due to good electrical and thermal conductivity of silver, AgNPs are used
in electronics. In addition, silver possesses fairly low resistance [180].
Nanosilver is applied in electronic equipment as solder, single-electron
transistors, nanoelectrodes and nanoconectors [181-183]. Also, AgNPs are used
In manufacturing of silver pastes [184, 185].

AgNPs are perfect candidate for catalysis. Large surface area of AgNPs
provides them more possible reactive sites and high surface energy. High
catalytic activities and longer lifetime can be achieved by imparting them with
functional groups or supporting materials [180, 186]. AgNPs are suitable
catalyst for CO or benzene oxidation [186], 4-nitrophenol to
4-aminophenol [187] and many others [188].

AgNPs are well suited for application as antimicrobial agents in medicine.
As mentioned previously silver was used for wound healing and for water
purification since ancient times. Silver is comparatively cheap and commercially
available. Also silver can be used as antimicrobial agent in different forms such
as salts, immobilized ions and nanoparticles [189]. As antimicrobial agents
nanosilver has few benefits. Silver has relatively low toxicity towards human
cells. Toxicity of AgNPs in comparison with toxicity of silver ions for human
mesenchymal stem cells is 10 — 29 times lower [190]. AgNPs typically possess

high antimicrobial activity against wide range of microorganisms. Furthermore,
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relatively low concentrations of AgNPs are enough for ultimate growth
inhibition of microbes [189].

The crucial role in antimicrobial activity of AgNPs play silver atoms (AgP°).
There are two main speculation about antimicrobial actions of AgNPs. Firstly,
due to accumulation and aggregation of nanoparticles at the bacteria’s
membranes, preservation of membrane integrity became no longer possible,
which in turn leads to death of bacteria [191]. Secondly, the oxidative stress of
cells, which is the result of reactive oxygen species generation by AgNPs, leads
to cell death [189].

In presence of an oxidizer, Ag® atoms on the surface of AgNPs can dissolve
and oxidize to Ag® ions. In this case antibacterial actions fall within few
mechanisms. Often, as in the case of Ag® atoms, formation of reactive oxygen
species is possible. For Ag™ ions it is also typical to have high affinity for thiols,
phosphates and amines. Thus, targets of silver ions can be different molecules
such as DNA, peptides and enzymes. Binding of Ag* ions can affect processes
occurring in cells and, consequently, causes death of cell [192-194].

Chemical and physical properties of AgNPs such as size, shape,
morphology, coating and many others define AgNPs cytotoxicity. Furthermore,
cytotoxic effect of AgNPs mostly depend on types of molecules, which are on
their surface. Depending on goal of application it’s possible to select condition
of synthesis and thus obtain AgNPs with higher toxicity to chosen
microorganisms or cells type [195]. Presence of some anions such as S? can
reduce or completely stop antibacterial action of AgNPs, which is related to Ag*
ions activity. In such case produced silver salts are poorly soluble or insoluble
and antibacterial activity of Ag* is suppressed [196].

Besides traditional areas of silver medical application, which are well
known for a long time, there are some more innovative scopes of AgNPs use.
Infections are the most common cause of complications in orthopaedic surgery.
Employment of AgNPs reduces the risk of infection sites emergence. Studies
have shown that use of AgNPs in bone cement, trauma implants and in tumor

prostheses have beneficial effect on the results of orthopedic surgical
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procedures [197]. There are many different bacteria in the oral cavity. Chronic
periodontitis is very frequently encountered disease worldwide [198, 199]. Any
odonatological procedure can cause the infection in such circumstances. Use of
AgNPs in dentistry allows to minimize possibility of the microbial colonization.
Researches of AgNPs incorporation in composite resin, endodontic materials,
acrylic resin and implants were performed in the last decade. Despite positive
antimicrobial effect use of AgNPs in dentistry is not possible at this point. For
routine use of AgNPs in the future it is necessary to prioritize further research
and studies related to cytotoxicity and long term properties of silver
nanoparticles [200].

Among possible future applications of AgNPs in medicine also may be
noted application of nanoparticles as virucidal agents, photosensitizers or
radiosensitizers, anti-angiogenesis agents and anticancer therapeutic
agents [201]. AgNPs, similar to some other metal nanoparticles, are powerful
tools for inhibition of enzymes involved in membrane synthesis of bacteria.
Consequently, in future, it might be possible to replace more expensive
antibiotics and enzyme inhibitors [202]. Also, in future AgNPs can be used in
agroecosystems for plant disease management. Especially, biosynthesized

AgNPs are suitable for this purpose [203].

1.7. Gold nanoparticles

History of gold usage began over 6000 years ago. Already in 4000 B. C. E.
remarkable jewellery had been manufactured from gold sheets. Such early
employment is the result of ease of gold processing [204]. Since then, gold as a
material for jewellery manufacturing was used in ancient Egypt, Rome and other
ancient civilizations. In ancient Egypt over 5000 years ago people swallowed
pieces of gold for mental and body purification. In 700 B. C. E. gold was applied
in prosthetic dentistry in Etruscan civilization [205]. The first use of gold as a
material for coins dates back to 700 B. C. E. in Lydia, which was located on the

territory of modern Turkey. In the 13" century gold Ducat, which was
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manufactured in Venice, was the most commonly used coin in the world [206].
Alchemists were preparing an elixir “aurum potabile” in the middle ages.
Solution of NaAuCls had been used as drug for syphilis treatment in the 19™
century. Employment of gold compounds in treatment of such disease as
tuberculosis began in the 20" century. Nonetheless, afterwards and until now
chrysotherapy (from Greek: chrysos — gold) has been more frequently used for
treatment of arthritis and similar diseases [207].

Colloidal gold has a rich history. For the first time “soluble” gold was used
for medical purposes in Egypt and China at around 4™ century B. C. E. AuNPs
had been used for treatment of various illnesses [208]. Due to its optical
properties, colloidal gold has been widely used as a colorant in making ruby
glass. The best known example of such AuNPs application is Lycurgus Cup
dating back as far as 4" century B. C. E. Ruby glass can be often found in
stained-glass windows of ancient churches [209]. AuNPs were also used in
manufacturing of glaze decoration on ceramics. Color of so-called “lustre” can
differ depending on the angle of observation. The earliest archaeological finds
date back as far as 8" century B.C.E. and were manufactured in
Mesopotamia [210].

The first mention of AuNPs was in book, which was published in 1618 by
F. Antonii. J. Kunckels, H. H. Helcher, E. Fuhlame and J. B. Richters in their
respective works also described some properties and medical applications of
AUNPs [208]. The modern history of AuNPs started in 1857 when Michael
Faraday observed differences in properties of bulk and colloidal gold [211]. In
his works, it was shown that gold chloride can be reduced by various
compounds. Faraday attracted attention to formation and optical properties of
gold colloids. He was the first who optically monitored and described in a
scientific work the plasmon resonance of AuNPs[212]. Gold colloids
synthesized by Faraday were so stable that some of them are still stored in Royal
Institution in London [213]. In their works, Zsigmondy, Svedberg and Ostwald
detailed new synthesis methods such as electrochemical and preparing of AUNPS

in organic solutions. Furthermore, they described physical properties of colloidal
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gold solutions and methods, which are suitable for size, shape and other
parameters determination [214]. In 1951 Turkevich [215] proposed AuNPs
synthesis method in which citrate was used simultaneously as reducing and
stabilizing agents. This method allows to obtain monodispersed AuNPs with size
lower than 20 nm. Aforementioned synthesis method was reinvestigated by
Frens [216] and already was suitable for preparation of colloidal solution of
AuUNPs with diameter ranging from 15 to 150 nm by changing ratio of citrate
and gold precursor. Turkevich — Frens method subsequently was modified by
different scientists, but remained possibly the most common and most cited
AUNPs synthesis method [217, 218].

1.7.1. Synthesis of AUNPs

AUNPs synthesis methods can be divided into chemical and physical.
Preparation of gold colloids in terms of media could be split into synthesis in
agueous and non-aqueous solutions. Since Faraday synthesized AuNPs using
phosphorus vapor as reducing agent, tetrachloroauric acid (HAuUCI,) is still the
most common used gold precursor. The most widely used synthesis method is
reduction of HAuUCIs with trisodium citrate (NasCt) [219]. The size of
nanoparticles depends on amount of citrate ions [220]. In this AuNPs synthesis
method there must be at least 0.05% of citrate ions (NasCt : AuCls > 0.5) in the
mixture for reduction of all gold. Colloidal gold is stabilized by combination of
citrate and chloride anions [213].

There are two mechanisms of AuCls™ reduction by citrate ions described in
the literature. According to earlier nucleation — grown mechanism system tends
to reduce its Gibbs energy. Clusters of gold atoms (“nuclei”), which consist of
few atoms, are formed in the solution. If diameter of gold clusters is lower than
so called critical cluster size dissolution is more possible than growth process.
For clusters, which reached critical size, growing becomes increasingly
possible [221, 222]. The group of professor Peng [223] suggested that

mechanism of AuNPs may vary depending on the pH. According to them, it is
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connected with structural changes of Au complexes in solution (from
AUCI3(OH) to AuCI(OH)3).

Technological advancement allows to employ new analytical methods for
investigation of AuNPs synthesis process. As a result another mechanism was
proposed. In seed-mediated growth mechanism (Fig. 7), formation of gold seeds
that consist of more than hundred atoms is observed during the first stage. In the
next step, due to coalescence process, formation of particles with diameter larger
than 3 nm is occurring. Particles size is further changing to 8 — 10 nm during the
third step due to diffusional growth. Gold ions are attached in the electronic
double layer of the seed particles. This explains shift of plasmon band from 530
to 520 nm in the synthesis beginning. The last step of AuNPs formation is quite

quick. Within this stage nanoparticles are formed [224-226].
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Fig. 7. Scheme of the seed-mediated growth mechanism of AuNPs. Adapted
from [224].

The final diameter of AuNPs significantly depend on AuCls ions
concentration in solution. Initial concentration of HAuCl4 define pH value and
ratio of Au complexes at the beginning of synthesis. Increasing of HAuCl.
concentration allows to obtain smaller AUNPs. More AuNPs are formed due to
higher available AuCls ions amount during the seed particle formation.
Conversely, concentration of NasCt is practically unimportant for the size of
AuNPs until pH changes are not observed [219, 224]. Interaction between citrate
jons and AuNPs surface were investigated by J.Park and
J. Shumaker-Parry [227]. Citrate anions stabilize AuNPs by adsorption on their

surface through central carboxylate group. Moreover, citrate anions that are
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coordinated on AuNPs surface interact with one another and other anions
through terminal carboxyl group by forming hydrogen bonds. Citrate anions on
surface are joined to 1-D chains, which interact between themselves by Van der
Waals interaction [228].

Chemical AuNPs synthesis in aqueous solution can be performed using
various methods. As a reducing agent it is possible to use borohydrides, ascorbic
acid, hydrazine, tannic acid, sugars and other compounds. For stabilization it is
possible to employ various ligands, polymers, dendrimers and surfactants [217].
Selection of synthesis method depends on size, shape, charge and many other
parameters of desired AuNPs.

Among non-aqueous AUNPs synthesis methods the Brust-Schiffrin
method has been widely used. This technique allows to get nanoparticles with
needed size and low polydispersity index. This synthesis is performed in toluene
and NaBHa in presence of dodecanethiol, which is used as reducing agent [229].
For the use in biological systems AuNPs synthesized in non-aqueous media
should be transferred to aqueous solutions. It can be seen as disadvantage,
although AuNPs synthesized in non-aqueous solutions are distinguished by
monodispersity. It can also be noted, that synthesis in non-aqueous solutions is
often a difficult multi-stage process [230, 231].

Synthesis of AuNPs can be performed by photochemical methods.
Reduction of AuCls ions occur due to impact of UV-irradiation or sun light
irradiation [232]. Besides, y-irradiation [233] and microwave irradiation [234]
can be used for synthesis. Formation of AuNPs is possible in ionic liquids, where
they could play a role of reducing and stabilization agent simultaneously [235].
Sonochemical method allows to synthesize very small AuNPs. For elimination
of size distribution problems, which are specific to sonochemical AuNPs
formation, use of surfactants or other stabilization agents is required [217].
Furthermore, electrochemical methods have been adapted for synthesis of
AuUNPs for a long time [236]. Low cost, lower processing temperature and easy
control of produced nanoparticles properties can be noted as advantages of this
methods [237].
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Biological synthesis is seen as green and eco-friendly method of AuNPs
preparation [217]. The use of biologically-based methods allows to eliminate
toxic and hazardous compounds from AuNPs synthesis solution and thereby
reduce synthesis cost [238]. Besides, it is possible to achieve uniformity of
nanoparticles. Synthesis can be performed by employment of microorganisms
such as fungi, yeast and bacteria. In this regard, fungi are more suitable for
large-scale production in comparison to other microorganisms. It is sufficient to
get bacteria with required properties acquired by genetic manipulation [239-
241]. Plant extracts can also be used for green AuNPs synthesis. During such
synthesis Au precursor is mixed with plant extract. Reaction can be performed
at room temperature in few minutes or few hours. Furthermore, there are a lot of
plants whose extracts are suitable for AuNPs synthesis [242, 243]. Despite all
advantages of biological AuNPs synthesis there are few scientific issues, which
should be solved for more frequent use of such methods. Efficiency and time of
synthesis primarily need further improvement. Furthermore, control of particles
size and morphology should be also improved. These challenges can be

effectively handled by understating of AuNPs synthesis process [244, 245].

1.7.2. Properties and applications of AUNPs

AuUNPs as well as AgNPs due to such phenomenon as SPR possess unique
optical properties. As a result, UV-Vis spectra of AuNPs colloidal solutions are
characterized by specific plasmon band in the region of 500 to 600 nm.
Plasmonic optical properties strongly depend on size and shape of AuNPs. For
instance, in UV-Vis spectra of gold nanorods solutions there are two absorption
bands that are related to diameter and length of nanorods [246], whereas
extinction coefficient depends on the size of nanorods due to higher relative
scattering efficiency of larger nanorods [247]. Change of nanoparticles diameter
leads to alteration of wavelength of absorbance peak [248], wherein such
phenomenon can be observed for nanoparticles with size higher than 2 nm.

Changes of AuNPs in size by few nanometers can be easily detected
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spectrophotometrically from absorbance peak shift. Therefore, such processes
as aggregation or disaggregation can be easily detected and might be used for
analytical purposes [249]. Kim et al. [250] developed a method for
determination of small amounts of heavy metal in aqueous solutions. In this
method AuUNPs were capped by 11-mercaptoundecanoic acid. Due to
coordination of metal ions by 11-mercaptoundecanoic acid, aggregation takes
place and change in UV-Vis spectra was registered.

Change of AuNPs size can also be detected and considered as analytical
signal. The group of Tian [251] developed a method for screening of lipase
activity. Tween 80 in this work served as the reducing and stabilizing agent, but
also as substrate for lipase. H202 formed during oxidation process of Tween 80
reduce AuCls ions that leads to formation of AuNPs. Concentration of hydrogen
peroxide depends on lipase activity. Therefore, enzyme activity can be defined
by formation of AuNPs. Considering that H.O> can reduce AuCls ions into Au
atoms, glucose oxidase and horseradish peroxidase can be used for enlargement
of AuNPs [252, 253]. Slight change of determination method allows to detect
concentration of enzyme inhibitors [254]. In another research enzymatic
reaction, in contrast to previous examples, was monitored from decrease in
absorbance and shift of SPR peak due to reduction of size of gold nanorods.
Activity of acetylcholinesterase was determined by stopping or decreasing rate
of enzymatic etching of gold nanorods in the presence of horseradish
peroxidase [255].

Plasmonic properties of AuNPs also depend on temperature, pressure up to
1.2 GPa, electric charge and surrounding environment [256]. SPR depends on
the dielectric constant of the non-absorbing surrounding medium, wherein
various materials, which are adsorbed on AuNPs surface, can also have influence
on plasmonic properties [249]. In this case, change in SPR may be related to
alteration of the surrounding environment, variation of electronic density of
states near the AuNPs Fermi level or change of effective size of AuNPs

plasmonic metal core [256]. For instance, change in effective size takes place
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when molecules with thiol groups adsorb on Au surface, resulting in reducing
amount of effective ‘valence’ electrons [257].

AuNPs display fluorescence properties. AuUNPs quench or enhance the
fluorescence of fluorophore. Therefore, AuNPs can be used in design of
metal-enhanced fluorescence sensors, for instance, for DNA and proteins
detection [258]. AuNPs as well as AgNPs can enhance Raman scattering and are
also employed in SERS sensing. Use of AuNPs allows to increase Raman signal
10° times. The main problems of SERS usage are fluorescence and reproducible
enhancement factors. Even a weak fluorescence can disguise Raman signal and
even minor changes in Au nanostructures can significantly influence the result
of sensing and lead to SPR shift [259].

AuUNPs are perfect candidates for catalysis. Gold as well as silver is inert
in bulk form, wherein if Au is dispersed onto a support media, it possesses
fantastic catalytic ability. The huge surface area has a significant role in catalytic
properties of AuNPs [260]. Crystal structure, shape and dimensions are
extremely important for selectivity and catalytic activity of Au
nanostructures [261]. Unique properties make it possible to use AuNPs for
electrochemical applications. AuNPs are not only good electronic signal
transductors and display relatively high surface area to volume ratio, but also
possess perfect biocompatibility and structural, electronic and catalytic
properties. Thereby, AuNPs were used in design of biosensors, immunosensors,
chemisensors and electrocatalyst [262-264].

Important features of AuNPs are chemical stability and relative simplicity
of Au surface functionalization with organic and biological molecules.
Chemisorption of molecules, which contain thiol group in their structure, is
especially used for formation of self-assembled monolayer (SAM) onto Au
surface. Sulfur during adsorption process forms covalent bonds with Au atoms.
Structure of the sulfur-gold interface depends on AuNPs surface
coverage [265]. The efficiency of chemisorption process can be controlled by
changing time of adsorption and various parameters (pH, temperature, etc.).

AUNPs are also great for bioconjugation with peptides, lipids and other organic
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molecules [208]. AuNPs are commonly bound to biomolecules by non-covalent
conjugation. Covalent conjugation (amine-carboxylate coupling) is normally
performed between free biomolecules and SAM, which was pre-grafted onto Au
surface by chemisorption of thiol groups [266].

As it was mentioned above colloidal gold was used in medicine from
ancient times. Nowadays, AUNPs have become hopeful tools in several fields of
medicine. During the past three decades AuNPs have been actively used in
design of different sensors. AuNPs due to their unique properties improve
characteristics of produced sensors. In some cases work of analytical systems
such as SERS, metal-enhanced fluorescence and etc. are based on features,
which are particular for Au nanostructures. Moreover, AUNPs can be employed
in drug delivery, biomedical imaging and different types of therapy [267].

AUNPs can absorb photons and convert the collected energy into thermal.
Therefore, gold nanostructures are suitable for photothermal therapies.
Modification of AuNPs with molecules, which can specifically determine
particular cells in organism, allows to localize AuUNPs near to nests of these cells.
Therapy performed in such manner allows to minimize negative effect to human
health. Such type of therapy can be especially employed in cancer
treatment [268].

In case of biomedical imaging AuNPs can be used as a contrast agent for
X-ray computed tomography due to the fact that X-ray radiation of gold
nanostructure is larger than widely used iodine. AuNPs also are suitable for
employment in magnetic resonance imaging, ultrasound and optical
imaging [269].

Especially useful characteristic of gold nanostructures applied for
bioimaging is their ability to form strong bonds with various biomolecules,
which can be selected depending on target in organism. Thus it becomes possible
to visualize desired cells or tumors. [270]. Such ability is equally important for
targeting drug delivery. Biomolecules adsorbed on AuNPs surface can serve as
matrix for drugs and as part that recognizes, for instance, cancer cells [271, 272].

AuNPs as well as a few Au salts can be used as antiarthritic agents [267]. Au
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nanomaterials are currently being used in food packing manufacturing as
antimicrobial agents [260].

In most of the given examples of application it is important to evaluate not
only the therapeutic effect, but also toxic actions of AuNPs. Cytotoxicity of
AUNPs is related to few parameters: (i) size, (ii) coating materials, (iii) surface
chemistry and (iv) biological target. Numerous studies have shown that smaller
nanoparticles are more toxic for different type of cells [273]. Pan et al. [274]
investigated cytotoxic effect of small AuNPs with a size of 0.8 - 15 nm. Particles
with size of 1.4 nm possess the highest toxicity in four different cell lines,
wherein viability of cells which were incubated with AuNPs was lower than
viability of control group. Nanoparticles with size of 1.4 nm fit exactly to ensure
that AuNPs will be easily attracted to DNA grooves due to the fact that Au is an
electronegative metal. As a result DNA can be damaged [275], besides stress
proteins can be overexpressed [276].

Large particles are detected by immune system fast enough and are
delivered to the liver and to the spleen, whilst smaller particles can be excreted
by kidney [273]. Small particles (15 nm) strongly accumulate in many tissues:
blood, liver, lung, heart and kidney. Concentration of larger AuNPs (200 nm)
was very low in blood, brain and spleen [277].

Charge of AuNPs is very important for toxicity. Cationic particles can be
attracted to DNA, anionic AuNPs can get inside cells due to endocytotic
pathways. Hydrophobicity is equally important parameter, but its role is not
understood enough [273]. Proteins spontaneously adsorb on the surface of
positively charged nanoparticles in the cellular media. Adsorbed layer of
proteins is called corona. Shell of proteins is important for AuNPs stability and
can help particles get into the cells [278]. Modification of AuNPs can allow to
minimize negative effects. Polyethylene glycol due to biocompatibility is a good

option for modification of AuNPs surface [279].
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2. Materials and methods

2.1. Chemicals

Chemicals of analytical grade and deionized water were used, if not
otherwise stated. Silver nitrate (AgNOs3), trisodium citrate dihydrate
(CeHsNazO7 x 2H20), sodium borohydride (NaBH.), sodium chloride (NaCl),
sodium hydroxide (NaOH), hydrochloric acid (HCI), methanol (CH3OH),
dipotassium hydrogen phosphate (K2HPO4), disodium hydrogen phosphate
(Na2HPOQ4), 1,6-hexanedithiol (HS(CH2)sSH) (1,6-HDT) and poly(allylamine
hydrochloride) (PAH) of molar mass of 70 kDa were purchased from
Sigma-Aldrich (Taufkirchen, Germany). Glucose oxidase from Aspergillus
niger (EC 1.1.3.4, type VII, 208 U mg* and 215 U mg?) was obtained from
Fluka (Buchs, Switzerland) and Carl Roth GmbH&Co (Karlsruhe, Germany).
Ethanol (C2HsOH) was purchased from Vilniaus degtine (Vilnius, Lithuania).
Sodium acetate trihydrate (CH3COONa x 3H20) and potassium chloride (KCI)
were obtained from Reanal (Budapest, Hungary) and Lachema (Neratovice,
Czech Republic), respectively. Aniline was purchased from Merck KGaA
(Darmstadt, Germany). Tannic acid was obtained from Avantor Performance
Materials Poland S.A. (Gliwice, Poland) and Carl Roth GmbH&Co (Karlsruhe,
Germany). Aluminum oxide powder ((Al203), grain diameter 0.3 mm, Type N)
was purchased from Electron Microscopy Sciences (Hatfield, USA).
D-(+)-glucose and tetrachloroauric acid trihydrate (HAuCls x 3H20) were
obtained from Carl Roth GmbH&Co (Karlsruhe, Germany).

The solution of glucose was prepared at least 24 h before usage in order to

allow glucose to mutarotate and reach equilibrium between « and S forms.

44



2.2. Sample preparation
2.2.1. Preparation of polyaniline nanoparticles

Water soluble PANI could be prepared using a template guided enzymatic
approach [280]. Aniline was filtered before the use through 5 cm column filled
by Al>Os powder to remove colored components. Polyaniline nanoparticles were
prepared at room temperature in darkness in the solution of 0.05 mol L sodium
acetate (SA) buffer, pH 6.0, 0.05 mol L™ of glucose, 0.50 mol L™ of aniline and
0.75 mg mL* of GOx.

0O,

B-D-Glucose

Aniline

i
'

B-D-Gluconolactone

H,0,

Fig. 8. Scheme of enzymatic synthesis of polyaniline nanoparticles.

In the presence of glucose and dissolved oxygen (Fig. 8) the B-D-glucose
oxidase (GOx) generates hydrogen peroxide, which oxidizes the polymer chain,

and B-D-gluconolactone that is hydrolyzed to gluconic acid.

2.2.1.1. The separation procedure of polyaniline nanoparticles
PANI nanoparticles after 21 h lasting synthesis at 20 +2 °C were separated
from the synthesis solution by centrifugation (5 min, 16.1 x 10%g). PANI
nanoparticles were washed with selected washing solution. Suitability of
(i) CoHsOH; (i) 0.05 mol Lt sodium acetate (SA) buffer, pH 6.0;
(iii) 0.001 mol Lt HCI or (iv) 1.0 mol Lt HCI solutions for cleaning of PANI
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nanoparticles was investigated. Washing procedure was repeated 3 times and
PANI nanoparticles were collected by centrifugation. Then separated and
washed PANI nanoparticles were resuspended in SA buffer and used for further

investigations.

2.2.1.2. The optimization of PANI nanoparticle formation

The efficiency of PANI nanoparticles formation depends on the initial
aniline and GOx concentrations in polymerization solution. The selection of
optimal aniline concentration was performed by changing the aniline
concentration from 0.10 to 0.90 mol L' in the polymerization solution
consisting of 0.05mol Lt SA buffer, pH 6.0, 0.05 mol L of glucose and
0.50mg mL* of GOx during 21h period. The optimization of GOx
concentration was performed by changing GOx concentration from 0.125 to
0.75 mg mL in the polymerization solution with 0.50 mol L of aniline. The
optimal duration of polymerization was studied changing the polymerization
time from 1 to 331 h in 0.05 mol Lt SA buffer, pH 6.0, 0.05 mol L™ of glucose,
0.50 mol L* of aniline and 0.75 mg mL* of GOx. The separation and washing
of PANI nanoparticles were carried out in the same way as it was described in
the previous section. All experiments were performed at 20 2 °C. The influence
of aniline and GOx concentrations, as well as polymerization duration was

evaluated by UV-Vis spectroscopy.

2.2.2 Preparation of AgNPs and tannic acid monolayers
2.2.2.1. Preparation of colloidal suspensions
The silver nanoparticles suspension was obtained from silver nitrate by a
chemical reduction method (Fig. 9). In the synthesis, 200 mL aqueous solution
of silver nitrate (1 mol L?) was added dropwise into 400 mL of the mixture,
which contained 580 mg of trisodium citrate and 64 mg of sodium borohydride.
The process was carried out for 2 h at room temperature under continuous

stirring. Afterwards, the excess of ions in yellow silver suspension was removed
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by ultrafiltration method. The ultrafiltration procedure was continued until the
conductivity of the effluent solution stabilized at 15 puS cm [17].

The stock solution of tannic acid was prepared by dissolving of 100 mg of
tannic acid in 100 mL of ultrapure water. Other solutions of tannic acid of a
desired concentration were obtained by diluting the stock solution. In order to
prevent an uncontrolled decomposition of tannic acid, the solutions were freshly

prepared before each measurement.

AgNPs

A gNO3 dropwise ultrafiltration .
solution

NaBH, |[stirring [Initial AgNPs
—
Na,C¢H;0,| 2h solution

Fig. 9. Principle scheme of silver nanoparticles synthesis.

The mixtures of the silver nanoparticles and tannic acid of given
concentrations were prepared using the stock solutions. pH and ionic strength of
these suspensions were regulated by the addition of hydrochloric acid and
sodium hydroxide using solutions of desired weight concentration.

The suspension of cationic polyelectrolyte was prepared by dissolving
10 mg of poly(allylamine hydrochloride) salt in 100 mL of ultrapure water. In
order to obtain suspensions of lower concentration, the stock solution was

diluted to an appropriate concentration before adsorption experiments.

2.2.2.2. Deposition of silver nanoparticles on PAH-covered mica
In the first step, PAH monolayers of a controlled coverage were produced
on mica. Natural ruby mica sheets, obtained from Continental Trade, were used
as substrate for particle deposition. The solid pieces of mica were freshly cleaved
into thin fragments of desired area and used in each experiment without any

additional pretreatment.
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Accordingly, freshly cleaved mica sheets were placed into the PAH
solution of the bulk concentration of 10 mg L (1 = 1072 mol Lt NaCl, pH 4.0).
PAH molecules were allowed to adsorb under diffusion conditions over the time
of 15 min. Afterwards, the mica sheets covered with a PAH monolayer were
rinsed with ultrapure water and placed in thermostated diffusion cells containing
a mixture of silver nanoparticles and tannic acid of desired concentration at fixed
ionic strength of 1072 mol L. The deposition time was varied between 5 and
400 min. Finally, the obtained monolayers were rinsed, dried in air and
characterized by scanning electron microscopy and atomic force microscopy

imaging.

2.2.3. Biocatalytic enlargement of gold nanoparticles
2.2.3.1. Synthesis of AuUNPs
AUNPs were synthesized reducing AuCls™ anions by sodium citrate in the
presence of tannic acid as an additional reductant (Fig. 10). 80 mL of 0.0125 %
[w/v] of HAuCl4 agueous solution and a mixture of 20 mL consisting of sodium
citrate (4 mL of 1% [w/v]) and tannic acid (0.025 mL of 1% [w/v]) in deionized
water were prepared [218, 281].These solutions in deionized water were heated

in an Erlenmeyer flasks up to 65 °C on a magnetic stirrer with electric heating.

HAUCI Na,C¢H;0, AuNPs
u
¢ Tannic acid solution

[}

Heating 65 °C
Stirring 3 min
Heating 95 °C Stirring at 95 °C

Fig. 10. Principle scheme of gold nanoparticles synthesis.

After preheating, solutions were mixed, heated up to 95 °C and kept at this
temperature for 3 min to yield solution of nearly monodispersed AuNPs of
13.0 nm in diameter that was determined by AFM [282]. Solution of AUNPs was
stored in dark glass flasks at +4 °C.
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2.2.3.2. Biocatalytic enlargement of AUNPs seeds in the solution
Colloidal AuNPs seeds and 0.01 mol L™t PBS solution were mixed at
different ratios maintaining the same final concentration of GOx (25 pg mL™)
and HAUCIs (0.976 mmol L) (growing solution) in order to determine the
optimal composition for the biocatalytical enlargement of AuNPs seeds
(Fig. 11A). Six ratios of colloidal AuUNPs seeds and growing solution (1:1, 2:3,
1:2, 1:3, 1:6 and 1:14) with 4 x 102 mol L* of glucose were analyzed at 20 °C

temperature.

2.2.3.3. Preparation of Au SD surface for AUNPs immobilization

Surface plasmon resonance sensor disc with a planar Au layer (Au SD)
were received from XanTec bioanalytics GmbH (Germany). A bare sensor disc
surface was cleaned with 1 mol L** NaOH solution for 20 min and then with
1 mol L* HCI solution for 5 min. After the rinsing with deionized water and
drying, the sensor disk was transferred to 1 mmol L 1,6-HDT in methanol and
stored for 24 h to form a self-assembled monolayer of the alkane dithiols. After
the rinsing out the excess of alkane dithiols firstly with methanol and then with
water, and drying the 1,6-HDT-modified sensor disc was used for AuNPs seeds
immobilization.

Glucose Gluconolactone 13 nm AuNPs
in the solution

13 nm AuNPs
immobilized on the surface

Fig. 11. Principle of the biocatalytic enlargement of gold nanoparticles in the growing
solution (A) and immobilized on the 1,6-hexandithiol self-assembled monolayer
modified sensor disc (B).
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2.2.3.4. Biocatalytic enlargement of immobilized AuNPs seeds
Sensor disc functionalized with 1,6-HDT exposing thiol groups on the
surface was placed into colloidal solution of AuNPs seeds for 20 min and then
washed by water. The strong interaction between sulphur and gold atoms leads
to the 13 nm AuNPs seeds immobilization on the surface. The enlargement of
AUNPs seeds was performed in the growing solution for 60 and 90 min changing

glucose concentration (Fig. 11B).

2.3. Instrumentation

2.3.1. UV-Vis spectrophotometry

The enzymatic ANI polymerization was evaluated by UV-Vis absorption
spectroscopy. The absorbance of solutions was investigated in 300 - 700 nm
wavelength range and it was used for the monitoring of PANI nanoparticle
formation in the polymerization solution.

The appropriate ratio of AuNPs seeds and components needed for the
biocatalytic ~ enlargement of  AuNPs  seeds was  determined
spectrophotometrically. In both investigation UV-Vis absorption spectroscopy
measurements were performed by UV-Vis spectrometer Lambda 25
(PerkinElmer, Shelton, USA). UV-Vis spectra were monitored in plastic
disposable cuvettes of 1 cm optical path length.

UV-Vis spectra of silver and tannic acid suspensions in quartz cuvettes
were recorded using the UV-1800 spectrometer (Shimadzu, Kyoto, Japan).
Ultrapure water was used as the reference sample to take the ‘blank’ spectrum
for all measurements. Additionally, the spectrophotometric measurements were
used in order to determine the stability of silver nanoparticles under various pH

values.

2.3.2. Atomic force microscopy and scanning electron microscopy
For the characterization of modified sensor disk surface and determination

of AuNPs size the atomic force microscope BioScope 11 (Veeco, Santa Barbara,
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USA) with TESP cantilevers (Veeco) operating in the tapping mode was used.
On the basis of previous experiments, the enlargement was carried out at the
optimal ratio of AuUNPs seeds and growing solution.

The kinetics of AgNPs deposition on PAH monolayers were studied by
AFM and SEM. AFM measurements were carried out using the Solver Pro
instrument (NT-MDT, Tampa, USA) with the SMENA SFC050L scanning head
(NT-MDT). The imaging was done in semi-contact mode using composite
probes possessing a silicon body, polysilicon levers and high resolution silicon
tips. The SEM investigations were carried out using the JEOL JSM-7500F Field
Emission microscope at 15 kV. The number of particles per unit area of the
substrate was determined from the AFM images or SEM micrographs using
Image-analysis software MultiScan Base. Typically, the number of particles was
determined over 10 - 15 equally sized areas, which were randomly chosen over
the PAH pre-covered mica sheets.

Morphology and the size of particles were determined using scanning
electron microscope JEOL JSM-7500F working in transmission mode. Samples
for this examination were prepared by dispersing a drop of the silver colloid on

a copper grid which was covered by a carbon film.

2.3.3. Dynamic light scattering

Dynamic light scattering measurements were performed with Zetasizer
Nano ZS (Malvern, Herrenberg, Germany) equipped with a 633 nm He-Ne laser
and operating at 173° angle. The obtained data was analyzed with Dispersion
Technology Software version 6.01 from Malvern. DLS investigations were
evaluated and presented using SigmaPlot software.

DLS method is based on measurements of scattered light fluctuations.
Then monochromatic light is scattered by particles in analyzed solution speckle
pattern is visible on the screen. Speckle pattern consists of dark and bright areas.
Bright areas belong to light scattered by particles. Due to Brownian motion
particles are moving and changing their position during measurements so

speckle pattern is changing in time. Fluctuation of intensity of scattering light is
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recorded and DLS data is fitted with an autocorrelation function. As a result
diffusion coefficient of particles is calculated. Larger particles are moving
slower than small one [283-286]. The Stock-Einstein equation gives information
about relationship between size and speed of a particle and establishes a
connection between diffusion coefficient (D) and hydrodynamic radius (Rn) of

particles:

kgT

D= BT )

6TNRy,
where kg is Boltzmann's constant, T is the absolute temperature and # is the
viscosity of the solvent.

Samples of PANI nanoparticles for DLS measurements were performed by
enzymatic polymerization of aniline in the solution consisting of 0.50 mol L™ of
aniline and 0.75 mg mL* of GOx for a defined period of time (from 21 to 163 h)
at 20 +2 °C. After synthesis PANI nanoparticles were washed with 0.05 mol L™
SA buffer, pH 6.0, and collected by centrifugation (5 min, 16.1 x 103 g).
Washing procedure was performed three times. After rinsing PANI
nanoparticles were resuspended in SA buffer.

Also by DLS method was evaluated enlarged AuNPs hydrodynamic
diameter after biocatalytic enlargement. Samples for DLS measurements were
prepared by mixing of AuNPs seeds with solution containing components,
which are required for the enlargement of AuNPs seeds at the ratio of 1:2. All
samples were prepared in plastic cuvettes by consistent addition of components
and gentle blending after each addition. The final growing solutions consisted
out of 25 pg mL* GOx, 0.976 mmol Lt HAuUCI. and different concentration of
glucose (4 x 102, 4x 102 and 4 x 10* mmol L) dissolved in 0.01 mol L
PBS pH 6.0.

Diffusion coefficients and electrophoretic mobility of the silver
nanoparticles as well as tannic acid molecules were measured by the DLS and

microelectrophoresis, respectively, using the Zetasizer Nano ZS instrument.
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2.3.4. Cyclic voltammetry

Enzymatic polymerization of aniline (duration of synthesis 112 h) and
washing procedure of PANI nanoparticles were performed in the same way as
for DLS measurements. Cyclic voltammograms were registered using a
computerized potentiostat PGSTAT 30/Autolab (EcoChemie, Utrecht,
Netherlands) with GPES 4.9 software in cyclic voltammetry mode at scan rate
of 0.10 V s. A conventional three-electrode system comprising of modified
graphite rod as a working electrode, platinum wire as a counter electrode and
AQ/AQClE moi Lt kery (Metrohm, Herisau, Switzerland) as a reference electrode
was used in cyclic voltammetry based measurements. Graphite rod was cut and
polished on fine emery paper. After this PANI nanoparticles were deposited on
the surface of electrode. Then modified electrode was covered with a
polycarbonate membrane with a pore size of 3 um, which was received from
Merck Millipore (Carrigtwohill, Ireland), in order to avoid the detachment of
PANI nanoparticles from the surface of electrode. Cyclic voltammogram was
performed in 1 mol L't HCI electrolyte solution at 20 +2 °C. The electrode

potential was swept from -0.20 to +1.20 V vs Ag/AgCI3 mol L* kc).

2.3.5. Measurement of AgNPs concentration

Silver particle concentration in the suspensions was determined using a
high-precision densitometer DMAS5000M (Anton Paar, Ostfildern, Germany)
according to the procedure described previously [287].

The kinetics of AgNPs adsorption is dependent on the bulk concentration
of AgNPs colloidal suspension. Moreover, for calculation of coverage it is
necessary to know AgNPs concentration. The stock solution of AgNPs was
prepared by ultrafiltration method using a stirred membrane filtration cell model
8400 (Millipore, Guyancourt, France). Further densities of AgNPs stock solution
and supernatant solution were measured using densitometer. Bulk concentration

of AgNPs colloidal solution (w) was calculated from the formula [288]:

W = Pp(Ps—pPe) (3)
pPs(Pp—pe)
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where ps is the density of the stock AgNPs colloidal suspension, pe is the
density of the supernatant solution and pp = 13.49 g cm is specific density of
silver.

2.3.6. Streaming potential measurements

The adsorption processes of tannic acid at PAH monolayers were studied
using streaming potential measurements according to the previously described
procedure [289, 290].

T

Fig. 12. Schematic view of apparatus, which was used for streaming potential
measurements: (1) cell (2) Ag/AgCl electrodes (3) electrometer (4) electrodes for cell

resistance measurements (5) conductivity cell (6) conductometer. Adapted from [291].

Streaming potential measurements were performed using homemade cell
(Fig. 12) consisting of two Teflon blocks. In one of them, rectangular form inlet
and outlet were done. Between the blocks two mica sheets separated by a Teflon
gasket (250 um) were placed. Blocks were put to the pressing machine and as a
result a channel (2b x 2c x L =0.025 x 0.33 x 6.0 cm) was formed between
mica sheets separated by Teflon spacer. During the measurements electrolyte
was streamed through the cell. Streaming potential appears due to constant
pressure gradient of electrolyte. Two Ag/AgCI electrodes, which were in direct
contact with inlet and outlet, were used for streaming potential measurements.
Apparatus was placed to the Faraday cage to avoid effect of any electromagnetic
fields [291, 292].
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3. Results and discussion

3.1. Evaluation of enzymatic formation of polyaniline nanoparticles

In  this section synthesis of PANI nanoparticles by
polymerization/oligomerization of aniline monomers using hydrogen peroxide,
which was formed during GOx catalyzed enzymatic reaction, is discussed.
During this process GOx could be capsulated within formed PANI nanoparticles.

The optimal conditions for enzymatic formation of PANI nanoparticles were

determined.

20H | -2H>,0

Fig. 13. Schematic representation of polyaniline formation initiated by hydrogen
peroxide formed during enzymatic reaction.

The process of enzymatic polymerization/oligomerization is based on a
mechanism where monomer of aniline is attacked by a radical cation, leading
directly to the aniline reaction with the oxidized oligomer [67, 140]. The main
steps of enzymatic polymerization and PANI nanoparticle formation are

illustrated in Fig. 13. H2O2 was produced during catalytic reaction of glucose
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oxidase creating conditions for the aniline polymerization. According Liu
et al. [133] results, the optimal pH for the catalytic activity (the oxidation of
polyaniline in the complex begins) has been observed at pH about 6.0, when
aniline oligomers with different structures are formed in aqueous solution [106,
131]. Such oligomers contain orto- and para-coupled units with cyclic phenazine
fragments [106].

The synthesis of polyaniline depends on the reaction conditions (solution
pH, the type of oxidant, the nature of the acid protonating, the aniline and the
concentration of reactants). The selected washing solution, the procedure of the
separation and the purification of synthesized PANI nanoparticles from the
reaction components have got significant influence on further
investigations [293]. In order to select suitable washing solution synthesized
PANI nanoparticles were centrifuged and washed with (i) CzHsOH;
(ii) 0.05 mol Lt SA buffer, pH 6.0; (iii) 0.001 mol L** HCI or (iv) 1.0 mol L*
HCI. Washing/centrifugation procedure was repeated 3 times. The degree of
successful separation and purification of PANI nanoparticles was evaluated by
UV-Vis spectroscopy. Spectra of resuspended PANI nanoparticles and washing
solution were compared. No absorbance peaks were observed using 0.05 mol L™
SA buffer, pH 6.0, and these results confirmed that the selected washing solution
and purification procedure of PANI nanoparticles are appropriate. It should be
mentioned that investigated C:HsOH, 0.001 and 1.0 mol L HCI solutions
dissolved polymer in the first stage of the purification. Synthesized, washed and
resuspended in SA buffer, pH 6.0, PANI nanoparticles were used in our further
investigation.

Successful enzymatic polymerization/oligomerization of polymers
depends on such factors like the concentration of monomer and glucose oxidase
and the duration of polymerization [133, 140]. It was demonstrated in previous
studies that higher oxidant concentration has influence on the higher yield of
polymer [294]. In order to improve PANI formation the influence of aniline
concentration on the absorbance was evaluated. To achieve the best conditions,

aniline monomer concentration in 0.05 mol L* SA buffer, pH 6.0, with
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0.05mol L' glucose, 0.50 mgmL? GOx was changed from 0.10 to
0.90 mol L. Fig. 14A illustrates that registered absorbance of polymerization
solution using 0.05 mol L™ of glucose increased by increasing concentration of
aniline and it was the highest at 0.5 mol L™ of aniline. The absorbance of
synthesis solution containing 0.50 mol L of aniline increased 21.5 times if

compared with the absorbance registered in the presence 0.10 mol L™ of aniline.
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Fig. 14. The effect of aniline (A) and glucose oxidase (B) concentration in the
polymerization solution on the registered absorbance in the presence 0.05 mol L of
glucose. (Polymerization solution: A — 0.05mol L' SA buffer, pH 6.0, with
0.05 mol L glucose, 0.50 mg mL? glucose oxidase; B — 0.05 mol LT SA buffer,
pH 6.0, with 0.05 mol L* glucose, 0.50 mol L aniline; polymerization time 21 h. The
absorbance was measured in 0.05 mol L SA buffer, pH 6.0.)

The most significant amount of aniline monomers is oxidized by oxidant
during the early stage of the polymerization and oligomers of high molecular
weight are formed [140]. The polymerization is faster at higher (up to
0.5 mol L) aniline concentration [133, 294], but further increasing of aniline
concentration negatively influenced the polyaniline nanoparticles formation.
Thus, 0.5 mol L of aniline was selected as the optimal concentration of
monomers.

In the next set of experiments spectrometric measurements were performed

in order to determine the effect of GOx concentration on the PANI formation.
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Experiment was performed at 0.50 mol L of aniline and GOx concentration
varying from 0.125 to 0.75 mg mL™. The influence of GOx concentration on the
registered absorbance is presented in Fig. 14B. The registered absorbance
significantly increased by increasing GOx concentration in the polymerization
solution up to 0.75 mg mL. Absorbance of PANI nanoparticles, which were
prepared using 0.75 mg mL™* of GOX, increased by 6.33 times if compared with
the absorbance obtained by PANI nanoparticles prepared using 0.125 mg mL™?
of GOx. Thus, the 0.75 mg mL* of GOx was selected as optimal concentration
for PANI nanoparticles formation. The similar effect of aniline and GOx
concentration on PANI formation has been reported by other authors who have
investigated enzymatic polymerization of aniline [140].

Polymerization time is one of the most important factors for the synthesis
of polymers. Thus, the influence of polymerization time on the absorbance
during enzymatic polymerization/oligomerization of aniline was evaluated.
Enzymatic polymerization of PANI nanoparticles was performed from 1 to
331 h. Initially polymerization solutions were colorless and no absorption peaks
were present in the visible part of UV-Vis spectra (Fig. 15A). After some time
of polymerization solutions turned to yellowish color. In the early stage of
aniline oxidative polymerization intermediate form of PANI was formed [69,
106, 107, 140, 295] and two absorbance peaks at A =325 nm and A =434 nm
were registered. Sapurina and Stejskal proposed that at initial stage of aniline
polymerization the most probable structure is cyclic aniline dimer
(5,10-dihydrophenazine) with the absorbance at 380 nm [106]. During the
oxidation of 5,10-dihydrophenazine phenazylium radical cation was formed,
which absorbs at A = 420 nm [106]. The increase of absorbance peak at 434 nm
after longer period of synthesis is characteristic for PANI nanoparticles
formation. It means that the starting units of the chain of PANI nanoparticles
were formed. It was in an agreement with higher concentration of hydrogen
peroxide produced during GOXx catalyzed enzymatic reaction [132, 140, 296]
initiated formation of multiple PANI branched structure during polaron band
transition [295, 297, 298]. Another peak of the absorbance at 325 nm is due to
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n—7* transition of the benzenoid ring and is attributed to formation of linear
polyaniline structure [295, 298-300]. These peaks indicate that conducting form
of enzymatically synthesized polyaniline is similar to obtained by chemical and
electrochemical methods [298, 301] and are associated with the stabilization of
the composite in the emeraldine form [299], which has got a lower oxidation

potential than protonated monomer and is oxidized preferentially [106].
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Fig. 15. Spectra of enzymatic polymerization/oligomerization of aniline (A) and the
influence of polymerization time on the absorbance at 434 nm (B) in the presence of
0.05 mol L glucose. (Polymerization solution: 0.05 mol L SA buffer, pH 6.0, with
0.05 mol L* glucose, 0.50 mol L* aniline and 0.75 mg mL* glucose oxidase. The
absorbance was measured in 0.05 mol L SA buffer, pH 6.0.)

Figure 15B shows that the registered absorbance at 434 nm increased with
the time of polymerization and was the highest after 331 h of PANI nanoparticles
synthesis. Absorbance registered after 331 h of enzymatic synthesis of PANI
increased by 62.4 times in comparison to the absorbance registered after 1 h.
However 331 h of polymerization is inconvenient and too long, so it is
recommended to perform polymerization up to 115 h. Although the absorbance
after 115 h of enzymatic synthesis was 1.60 times lower in comparison with
absorbance registered after 331 h of synthesis. Initial aniline conversion into

polymer rate (V), which corresponds to tga in Fig. 15B can be calculated using
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estimated/approximated optical absorbance (approximately 1.25 (a.u.)) of PANI
nanoparticle solution formed if 100% of aniline present in initial 0.50 mol L
aniline monomer solution would be converted into PANI (Fig. 15B). Then initial

aniline polymerization rate (V) is equal:

A1go X Cany _ 0.95 % 0.50

- — 0.0038 mol L 1h1
A, Xtpy 1.25x100 mo

V = (tga) =

The size of PANI nanoparticles formed after certain period of time was
evaluated using DLS method. Results presented in Fig. 16 illustrate that the size
of polymeric nanoparticles increased by increasing time of the polymerization.
PANI nanoparticles size was 15.8 nm after 21 h of enzymatic synthesis, while
size of nanoparticles increased up to 142 nm after 163 h of the polymerization.
It could be predicted that after 163 h of enzymatic polymerization the aggregates
of PANI nanoparticles were formed. As it is present in fig. 16A the formation of
smaller PANI nanoparticles (115nm) allows to use shorter (115 h)
polymerization time.

In order to confirm the electroactive nature of the PANI obtained by GOx
catalyzed polymerization, cyclic voltammograms were recorded. Figure 17
illustrates the cyclic voltammogram of electrode modified with enzymatically
synthesized PANI nanoparticles in the range between -0.20 and +1.20 V vs

Ag/AgCI 3 mol L ke
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Fig. 16. The distribution of PANI nanoparticles size after certain period of enzymatic
polymerization/oligomerization determined using DLS (A) and the dependence of
PANI nanoparticles size on the time of synthesis (B). (Polymerization solution:
0.05 mol L SA buffer, pH 6.0, with 0.05 mol L glucose, 0.50 mol L aniline and
0.75 mg mL? glucose oxidase. DLS signal was measured in 0.05 mol L™t SA buffer,
pH 6.0. A: 1, 2, 3 and 4 curves — 21, 45, 115 and 163 h of polymerization.)

The cyclic voltammogram of polyaniline showed two oxidation waves
with peaks at +0.51 and +0.68 V, which are similar to that obtained in acidic
medium in previously reported papers [73, 133, 296]. The first peak at +0.51 V
is not distinctly resolved, but it is reversible. The peak is slightly shifted towards
lower potential in comparison to that reported for PANI nanoparticles, which
were synthesized enzymatically by glucose oxidase at pH 6.0 [296] or by
horseradish peroxidase at pH 4.1 [302]. It can be related to the formation of
branched or cross-linked structures of the polyaniline backbone [296]. It
corresponds to the transformation of leucoemeraldine to emeraldine salt [73].
The second PANI oxidation peak, which is observed at +0.68 V, is well defined
and reversible too. The observed peak could be explained as a radical cationic
polaron state and a cationic bipolaron state, and it is associated with the

formation of p-benzoquinone and hydroquinone as side products [73]. The
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enzymatic polymerization/oligomerization of aniline is strongly depended on
pH, and this pH-dependence is related to the differences of peaks in cyclic
voltammograms of PANI, which was formed in aqueous solution of pH 4.0 - 4.3,
reported by other authors [132, 297, 302].

015 F

0.0 0.6 1.2
E [V]

Fig. 17. The cyclic voltammogram of electrode modified with enzymatically
synthesized polyaniline nanoparticles. (Cyclic voltammogram was registered in
1mol LTHCI,v=0.10 Vs?)

Recently PANI based nano and micro scale particles have attracted much
attention through their broad range of applications [303]. The formation,
separation and purification of PANI nanoparticles make these particles
particularly suitable for the attachment of proteins and other biologically active
materials. Nanocomposite structure of polyaniline with gold [303], Fe3zO4 [304]
nanoparticles could be used as an excellent matrix for electrocatalysis and
enzyme immobilization in biosensors and micro-fabrications because of their

novel properties [305].

Conclusions of 3.1. section
PANI nanoparticles were synthesized by enzymatic
polymerization / oligomerization of aniline monomers during enzymatic

reaction of glucose oxidase. The concentration of aniline, GOx and the
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polymerization time showed a significant influence on PANI nanoparticle
formation. It was determined that for the efficient formation of PANI
nanoparticles solution containing 0.50 mol L of aniline and 0.75 mg mL™* of
glucose oxidase is optimal. DLS-based measurements showed that size of PANI
nanoparticles increased by increasing duration of polymerization. Optimal
duration of enzymatic PANI formation was 115 h. Enzymatically synthesized
polyaniline was characterized by two oxidation waves with peaks at +0.51 and
+0.68 V. Formed PANI nanoparticles were pure from surfactants and interfering
species what increases the applicability of synthesized polymeric nanoparticles

for various biomedical applications.

3.2. Deposition of AgNPs from suspensions containing tannic acid

Silver nanoparticles, due to their well pronounced biocidal properties [306,
307], are often used for surface modification of polymers [308], fibers [309,
310], implants and surgical tools [311, 312]. Deposition of AgNPs on various
surfaces, leading to the formation of monolayers and films, is often carried out
in order to obtain functional materials, which are applied in catalysis [313],
microelectronics [314], diagnostics [315] and spectroscopic methods [316].

In response to these wide range of practical applications, many
experimental studies have been devoted to AgNPs monolayer formation at
various solid substrates such as glass, quartz, silicon and ITO surfaces [317-
320]. In most of these works, attention was focused on determining the
morphology of the AgNPs monolayers using AFM and SEM imaging [321-324].
However, the suspensions used in these studies were often poorly defined in
respect to chemical composition, the presence of contaminants and particle
concentration. This prohibits a quantitative analysis of the experimental kinetic
results and makes it difficult to draw valid conclusions about particle deposition
mechanisms. This contamination issue may become important when AgNPs
suspensions are synthesized in the presence of tannic acid. These suspensions

exhibit unusually high activity against the antibiotic resistant bacteria
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strains [325]. It has been shown in a recent publication [326], that tannic acid
appears in the form of nanoparticles having a shape of oblate spheroids and the
hydrodynamic diameter of 1.63 nm. Because of a negative charge and high
diffusion coefficient, tannic acid molecules (nanoparticles) may adsorb on
polycation-modified substrates, which blocks AgNPs deposition and prevents
the formation of dense monolayers. This effect may profoundly decrease the
antibacterial activity of silver suspensions because of tannic acid attachment to
bacteria’s membranes. Despite a vital significance this issue has not been studied

before in the literature.
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Fig. 18. Schematic representation of AgNPs and tannic acid adsorption on PAH

covered mica.

Therefore, the main goal of this work was the systematical study the
kinetics of AgNPs deposition in the presence of controlled amounts of tannic
acid and in the absence of this reagent (Fig. 18), whose coverage can be
precisely controlled by the streaming potential measurements. On the other
hand, the coverage of silver particles is uniquely evaluated by a direct SEM and
AFM imaging. This allows one to quantitatively determine the Kinetics of
particle deposition interpreted in terms of the random sequential adsorption
model (RSA).

Tannic acid and AgNPs suspensions under various pHs and ionic strengths
was determined that is a prerequisite for a quantitative interpretation of particle

deposition experiments.
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Tannic acid belongs to a group of tannic acids which are widely distributed
in plants [327, 328]. The molecule consists of a hepta- to
octa-galloyl-pB-D-glucose in which, on average, two to three additional galloyl
groups are esterified in  depside form to a  preexisting
B-1,2,3,4,6-pentagalloyl-D-glucose core (Fig. 19) [327]. Due to the specific
chemical structure, this compound is often used in the preparation of noble metal
nanoparticle suspension [329, 330]. However, as shown in previous works [290,
331] at elevated temperature and under basic conditions, tannic acid is unstable
and it slowly hydrolyses what results in the release of gallic acid and other

organic derivatives.
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Fig. 19. Chemical structure of tannic acid.

In the previous work [290] it was shown that the hydrodynamic diameter
of tannic acid remains practically constant at pH range 3.0-5.0, assuming an
average value of 1.63 nm, regardless of the ionic strength. On the other hand,
the electrophoretic mobility of tannic acid molecules and the zeta potential
calculated from the Henry’s equation, depend on both pH and ionic strength.
Thus, at pH 3.5 the electrophoretic mobility varies between —0.54 and
—0.42 umcm V1st and zeta potential from —12 to —9.2 mV for ionic strength
3.3x 103 mol Lt and 102 mol L. However, at pH 5.5 the mobility and the zeta
potential assume much lower values of —3.1 and —1.6 umcm V-1 stand —58 and

—30 mV for ionic strength 3.3x103mol L and 102 mol L, respectively.
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Therefore, at pH 3.5 the average number of electrokinetic charges (calculated by
using the Stokes-Lorenz equation) is close to —0.5 (see Table 2). At pH 5.5, the
number of electrokinetic charges varies between —2.9 and —1.4 for ionic strength
of 10* and 1072 mol L. The higher values of surface charge at pH 5.5 indicate
that the dissociation degree of tannic acid increases with the increase of pH. As
a consequence, more charged phenolate groups are formed in tannic acid

molecules.

Table 2. Physicochemical properties of the silver nanoparticles and tannic acid.

. . Silver Tannic acid
Quantity [unit] nanoparticles molecules Remarks
Spe‘ig'gn?ﬁ;s'ty 10.49* 1.61%* from Refs. *[332] *[290]
Molecular mass [Da] 1701 manufacturer data
Molecular volume,
v: [nm?] 1.75 from Ref. [290]
Plasmc_m absorption 393 214 and 271 determined in this work
maximum [nm]
. . from TEM
Particle size [nm] 15 +3 measurements
determined in this work
Diffusion coefficient 3.07 x 107 2.93 x 10°® using DLS method for
[cm? s7] +0.10 x 10”7 +0.06 x 10°® T=298 K, pH 4.0,
1=0.01 mol L* NaCl
determined in this work
Hydrodynamic using DLS method for
diameter [nm] 16 +8 1.6320.15 T=298 K, pH 3.5-5.5,
1=0.01 mol L* NaCl
Geometrlcal croszs- 206 2 40 calculated from
section area [nm?] geometry
Electrophoretic determined in this work,
mobility e —-2.53 —-1.22 +0.06 for T=298 K, pH 4.5
[um cm V1s? 1=102 mol L* NaCl
Zeta potential ¢ determined in this work,
E’mv] 56 23 for T=298 K, pH 4.5
1=10"2 mol L NaCl
Number of elementar determined in this work,
charge N y 22 -1.05 for T=298 K, pH 4.5
ge e 1=10 mol L"* NaCl
Two-dimensional determined in this work,
electrokinetic charge —0.0316 —0.438 for T=298 K, pH 4.5
densities o [e nm?] 1=10"2 mol L'* NaCl

These results suggest that in order to avoid an uncontrolled hydrolysis of

tannic acid the deposition experiments should be carried out at pH values
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below 5.0. In the next stage, the physicochemical characteristics of AgNPs and
their suspensions were carried out. The weight concentration of AgNPs
suspension was determined precisely according to the procedure described
previously [287]. The morphology of the silver particles and their size
distribution were determined using the micrographs obtained from TEM. The
particles were spherical and fairly monodisperse. Therefore, the size of a single
particle was defined as an average of the two maximal diameters perpendicular
to each other and from the surface area of a particles using MultiScan Base
software. Based on the data presented in Fig. 20. It was found that the average
size of the nanoparticles was 15 £3 nm (see Table 2).
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Fig. 20. The histogram of the size distribution of the silver nanoparticles determined
from TEM micrographs.

Additionally, the DLS was used to determine the hydrodynamic diameter
of the AgNPs at various pH. Firstly, the diffusion coefficients were measured by
DLS and the hydrodynamic diameters were calculated using the Stokes—Einstein
relationship (Eq. 2) [287]. The results obtained at ionic strength 102 mol L
NaCl and the pH range 3.0-9.5 are presented in Fig. 21. As can be noticed, at

the pH range 4.0-8.0, the hydrodynamic diameter remains practically constant
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and equals to 15 nm. A significant increase in the nanoparticle size is observed

only at pH below 4.0, what indicates some instability of the AgNPs suspension.
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Fig. 21. The dependence of the hydrodynamic diameter of silver nanoparticles on pH.
Experimental conditions: the concentration of the silver suspensions 50 mg L?,
I =102 mol L NaCl, and T = of 298 K. The solid line represents nonlinear fit of
experimental data.

Moreover, the measurements of electrophoretic mobility () of the AgNPs
at controlled pH conditions were carried out at constant value of ionic strength.
When the electrophoretic mobility of the AgNPs was determined, the zeta
potential of nanoparticles was calculated using the Henry’s equation
analogously as it was done for tannic acid nanoparticles [290]. As can be
observed in Fig. 22, the zeta potential of the AgNPs remains negative for the
entire range of pH indicating that the particles acquired a net negative
electrokinetic charge. Moreover, with the increase of pH, the zeta potential
attains more negative values and equals —49 mV at pH 3.5 and —61 mV at
pH 9.0.

For the sake of convenience, the physicochemical parameters pertinent to

tannic acid and the silver particle suspensions are collected in Table 2. It can be
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deduced from the above presented experimental results that both tannic acid and
silver nanoparticle suspensions are stable at pH range 3.5-5.0.
-40
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Fig. 22. The dependence of the zeta potential of the silver nanoparticles on pH at ionic
strength of 102 mol L* NaCl. Measurement conditions: the concentration of the silver
suspensions was 50 mg L, T =298 K. The solid line represents nonlinear fit of
experimental data.

Additionally, the series of UV-Vis spectroscopy experiments were
performed in order to evaluate the stability of the tannic acid and silver
nanoparticle mixtures. The spectra obtained for native suspensions and the
mixture consisting 15 mg L of silver particles and 25 mg L tannic acid are
presented in Fig. 23. It can be seen that the characteristic absorption maximum
of the pure silver suspension appears at 393 nm. In the case of tannic acid, the
absorption spectrum exhibits two peaks at 214 and 271 nm that are in agreement

with previously reported results [333, 334].
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Fig. 23. UV-Vis spectra of: tannic acid (25 mg L™), the silver nanoparticles (15 mg L)
and the mixtures of silver nanoparticles and tannic acid with the same concentrations
recordered at ionic strength of 102 mol L™ NaCl and pH 4.5.

The position of the peaks remains practically unchanged in the case of the
mixtures and their absorbance is additive. This indicates that tannic acid did not
induce the aggregation of the silver particles. In order to confirm this conclusion,
the spectra of the tannic acid/silver particle mixtures having various composition
were recorded as a function of time. It was revealed in these experiments that

the mixtures remain stable over the time period of 24 h at pH range 3.5-5.0.
3.2.2. Adsorption of tannic acid and AgNPs on PAH monolayers

Adsorption of tannic acid molecules on PAH monolayers was studied using
the streaming potential measurments according to the procedure described by
Ocwiejaet al. [290]. It consisted of the following steps. Firstly, the zeta potential
of bare mica was determined in pure electrolyte of the concentration
1072 mol L. Afterwards, PAH monolayer was adsorbed in situ in the streaming
potential cell from the PAH suspension of the bulk concentration of 10 mg L™

at the same ionic strength over the time of 15 min. After a complete formation

70



of the PAH monolayer, the cell was flushed with the pure electrolyte solution
and the streaming potential of the PAH monolayers was measured. The zeta
potential of the monolayer was calculated from the Smoluchowski’s equation as
previously described [335]. It varied between 49 mV at pH 4.0 and 58 mV at
pH 5.0. In the next step, tannic acid molecules were adsorbed over the time of
15 min on the PAH monolayer under diffusion-controlled conditions from the
solutions in which the bulk concentration of PAH varied between 1 and
250 mg L. After the formation of tannic acid/PAH bilayers, the cell was
flushed with pure electrolyte and the streaming potential was measured again. In
this way the dependence of the zeta potential of the bilayer (¢) on the tannic acid
bulk concentration (cywt) was determined. Additionally, in order to increase the
precision of these measurements, the PAH/tannic acid bilayers on mica were
externally adsorbed in a diffusion cell over a controlled period of time.
Afterwards, the wet mica sheets bearing the bilayers were assembled into the
electrokinetic cell and the streaming potential was measured.

The primary data obtained in these experiments are shown in Fig. 24 as the
dependence of the zeta potential of the PAH/tannic acid bilayer on the bulk
concentration, which varied between 0 and 250 mg L1, As one can observe, the
adsorption of tannic acid causes an abrupt decrease in the zeta potential of the
PAH-covered mica that leads to the inversion of its sign for the bulk tannic acid
concentration of 30 mg L L. Interestingly, the zeta potential assumes negative
values for higher bulk concentration range and finally attains the limiting value
of -23 mV, which is close to the tannic acid bulk zeta potential at pH 4.5. This
behavior indicates that negatively charged tannic acid molecules continue to
adsorb at surfaces bearing negative mean-field zeta potential. Analogous
phenomenon was previously observed in the case of silver particle adsorption
on PAH-covered mica [289] and protein adsorption on mica [336, 337]. This
anomalous adsorption, indicating the limitation of the mean-field theory in the
nanoscale, was explained in terms of heterogeneous charge distribution within

the particle monolayers.
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Fig. 24. (A) The dependence of the zeta potential of PAH monolayer on the bulk
concentration of tannic acid. The adsorption conditions: I=102mol L NaCl,

pH 4.0-5.0, T =298 K, the monolayer formation time 15 min. (B) The tannic acid
adsorption isotherm on the PAH monolayer determined from Eq. (7) (I = 102 mol L™
NaCl, pH 4.0-5.0, T = 298 K). The solid line denotes the theoretical results calculated

from the Langmuir model, ie, &6=§6, K“Cbt, where  6nx=0.30 and

mX 14k,
Ka=0.04 L mg™. Cbt
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It is useful for the interpretation of tannic acid/silver nanoparticle mixture
deposition kinetics to convert the zeta potential vs the bulk concentration
dependence, shown in Fig. 24A, into the coverage vs the bulk concentration
dependence that corresponds to an adsorption isotherm. Given the oblate
spheroid shape of the tannic acid molecule-resembling a disk, and its small size
that facilitates the penetration into the polyelectrolyte monolayer, one can expect
that the Gouy-Chapmann (GC) patchy adsorption model can be adequate. It was
previously shown that this model works well in the case of protein adsorption at
polymeric carrier particle in the limit of lower ionic strength [338, 339].
Accordingly, because the charge additivity is assumed in the GC model, one can

express the net charge of the PAH/tannic acid bilayer by the simple relationship:
o=0,+NN.e=0,+0o, (4)

where N is the surface concentration of tannic acid molecules, e is the elementary

charge, #= N Sy is the coverage of tannic acid, Sgq is the geometrical cross-section
area of tannic acid, o, is the electrokinetic charge density of tannic acid and o,

Is the electrokinetic charge density of the PAH monolayer on mica calculated

from the dependence valid for 1:1 electrolyte:

0, = 2(26KTn)z sinh (%) (5)

where ¢ is the permittivity of water, k is the Boltzmann constant, T is the absolute
temperature, { is the zeta potential of the PAH monolayer and n = 6.023x10%° |
(where I is the number concentration of cations in the bulk).

Considering that the net charge is connected with the tannic acid/PAH

bilayer zeta potential through the relationship:

1
o =0,y +00, =2(2KTn)2 sinh(%) (6)
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One can calculate the tannic acid coverage from the dependence:

sinh[zek(Tj
o--201

. % _sinh (e‘;‘) )
2kT

It should be noted that no adjustable parameters are used in Eq. (7).
The tannic acid coverage vs the bulk concentration relationship calculated
from Eq. (7) is shown in Fig. 24B. As can be noticed, the tannic acid coverage

increases proportionally to the bulk concentration assuming the value of 0.05 for
C, =5mg L and 0.09 for C, =10 mg L1, The charge inversion occurs at

tannic acid coverage of 0.18 and that limiting coverage approached in to the limit
of the high tannic acid concentration of 250 mg L is 0.26. It is also interesting
to note that the experimental data can be adequately reflected by the Langmuir

model:

_ KCy,
"1+ K.c,
where @ = 0.30 and Kz = 0.04 L mg™.

7 (8)

Knowing the maximum coverage of tannic acid as a function of its bulk
concentration one can theoretically predict the characteristic time of the
monolayer formation. Under the diffusion-controlled transport conditions, the

adsorption time can be calculated from the dependence [287]:

b= o ©
where n, :10’6cb[,% I'M,, is the number concentration of tannic acid and A,
is the Avogadro’s constant number.
For C, =10 mg L using the diffusion coefficient of 2.93 x 10° cm? s

(Table 2), one can calculate from Eq. (9) that teh = 0.24 s. Analogously, for

C, =250 mg L one obtains tc, = 0.004 s. As can be noticed, these monolayer
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formation times are considerably shorter than the adsorption time of 900 s
(15 min) used in experiments that ensures a full equilibration of tannic acid
monolayers. Also, because of such short transition time, the adsorption of tannic
acid proceeds much faster than the deposition of silver nanoparticles that is

expected to significantly affect the kinetics of this process.
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Fig. 25. Kinetics of silver nanoparticles deposition on mica modified by the PAH
monolayers determined for various tannic acid concentration: (e) 0mgLY,
(m) 5mg L%, (o) 10 mg L™ and (¢) 250 mg L. The other experimental conditions: the
concentration of silver nanoparticles is 50 mg L%, 1 =102 mol L** NaCl, pH 4.0-5.0
and T =298 K. The solid lines denotes the theoretical results calculated from the
random sequential model (RSA).

In order to examine this competitive adsorption, the experiments were
performed in which the silver/tannic acid mixtures of increasing tannic acid
concentration were studied. The silver particles coverage was quantitatively
determined according to the above described AFM and SEM monolayer
imaging. Typical results obtained for the tannic acid concentration of 5, 10 and
250 mg L are plotted in Fig. 25. For comparison, the reference results obtained
for the pure silver particle suspension having the concentration of 50 mg L™ are
also presented in Fig. 25 (filled dots). As can be observed, for the pure silver

particle suspension the time of monolayer formation is about 200 min, exceeding
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by orders of magnitude the above estimated time of tannic acid monolayer
formation. The maximum coverage of the particle attained for such a long time
is 0.28. The addition of tannic acid at the level of 5 mg L™ that corresponds to a
3 x 107% mol L"* solution drastically reduces the maximum coverage of the silver
particles that in this case is 0.09.

It can be seen in Fig. 25 that this trend is continued with increasing tannic
acid concentration. As a result, for tannic acid concentration above 10 mg L
the silver particle deposition becomes negligible. For the sake of convenience,
the maximum coverage of silver particles determined for various tannic acid
bulk concentration in the mixture is collected in Table 3.

Also, it is worth mentioning, that the experimental data shown in Fig. 25
are adequately reflected by theoretical results derived from numerical solution
of the governing mass transfer equation (the solid lines in Fig. 25). The surface
blocking function used as the boundary condition for this equation is calculated
using the random sequential adsorption model. The details of this theoretical

approach and the modelling procedure are discussed in Refs. [11, 326, 340].

Table 3. The maximum coverage of the silver particle monolayer vs the bulk
concentration of tannic acid in the mixture (1 =102 mol L™* NaCl, pH 4.0-5.0 and

T =298 K).
Concentration of tannic acid vs
concentration of silver nanoparticles Ns [um2] Ongnps
[mg L't mg L]

0:50 1598 0.282

5:50 548 0.096

10:50 356 0.063

25:50 187 0.033

50:50 190 0.034

100:50 149 0.026

250:50 140 0.025

500:50 135 0.024

Hence, these results unequivocally show that the presence of low
molecular weight component at low bulk concentration range can significantly
reduce the attachment efficiency of silver particle to polymer-modified surfaces.

This effect is illustrated in Fig. 26 where the dependence of the maximum
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coverage of the silver particles, which has attained in the long time, is plotted
against the bulk concentration of tannic acid and the coverage calculated from
the adsorption isotherm. It should be mentioned that the experimental data

qualitatively agree with theoretical predictions presented in Ref. [341].
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Fig. 26. The dependence of the maximum coverage of silver particles on the bulk
concentration of tannic acid (upper horizontal axis) and the equilibrium surface
coverage of tannic acid derived from the adsorption isotherm (lower horizontal axis).
(1=102mol L'* NaCl, pH 4.0-5.0 and T = 298 K). The solid line shows a non-linear
fit of experimental data.

These results were obtained using the Monte-Carlo RSA modelling for
particle deposition on surfaces pre-covered with spherical particles of smaller
size. The maximum coverage of larger particles was calculated as the function
of smaller particle coverage for various size ratios denoted by 1. For 1 =10,
which corresponds to the silver particle/tannic acid hydrodynamic ratio, was also
analyzed. In this case, an abrupt decrease in the larger particle coverage is
theoretically predicted. Accordingly, the maximal coverage is expected to vanish
for the smaller particle coverage larger than 0.1. This agrees with the

experimental data shown in Fig. 26, although the decrease in the silver particle
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coverage with the tannic acid coverage is more abrupt than theoretically
predicted. The deviation is probably due to the electrostatic repulsion between
tannic acid and deposition silver particles that increases the surface blocking
effects. In the theoretical modelling, performed in Ref. [341], the electrostatic
interactions were neglected.

Conclusions of 3.2. section

The adsorption isotherm of tannic acid on PAH-covered mica can be
conveniently determined using the streaming potential measurements. Using this
isotherm one can quantitatively analyze the kinetics of silver particle deposition
from mixtures containing a controlled amount of tannic acid that was determined
using the SEM method.

These kinetic results showed unequivocally that the presence of tannic acid
at low bulk concentration in the range of 107° to 10° mol L significantly
reduces the attachment efficiency of silver particle to the polymer modified
surfaces. This effect was theoretically interpreted using the random sequential
adsorption model. The experimental results confirmed also that by quantitative
determination of the kinetics of the silver particle deposition in the model system
of mica/PAH monolayer, one can precisely estimate the suspension purity and

its ability to form dense monolayers on solid substrates.

3.3. Investigation of biocatalytic enlargement of AuNPs seeds

In our study 13 nm AuNPs were synthesized and were used as seeds for
the biocatalytic enlargement of nanoparticles. GOx in the presence of oxygen
catalyzed oxidation of glucose to gluconolactone and H>O», followed by the
reduction of AuCls™ on the surface of AuNPs seeds by the H20o.

This reduction is attractive due to the location of catalytic centers on the
surface of AuNPs and the dependence of AuNPs size on the concentration of
glucose in the growing solution. Biocatalytically enlarged AuNPs can be
monitored in the solution and on the surface after AUNPs seeds immobilization

using different optical methods and surface scanning probe microscopy.
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3.3.1. Biocatalytic enlargement of AuNPs seeds in the solution

Firstly, the optimal ratio of AuNPs seeds and components required for the
growing of nanoparticles could be determined in order to successfully perform
the biocatalytic enlargement of AuNPs seeds. Six ratios of colloidal AuNPs
seeds and growing solution (1:1, 2:3, 1:2, 1:3, 1:6 and 1:14) keeping the same
final concentration of GOx (25 pug mL™*) and HAuCls (0.976 mmol L) with
4 x 1072 mol L* of glucose were analyzed spectrophotometrically immediately
after mixing and after 60 and 90 min. Initial Amax Value of 13 nm AuNPs was
520 nm, while after mixing with growing solution it shifted to 533 nm. UV-Vis
absorption spectra, which were registered after 60 min of AuNPs seeds
incubation in growing solution, showed that the Amax Value was shifted to
554 nm. The increase of plasmon absorbance and a shift to longer wavelengths
are occurring due to enlargement of AuNPs seeds. Our investigations showed
that the maximal shift of plasmon absorbance during the time was achieved
using colloidal AuNPs seeds and growing solutions mixed at ratio equal to 1:2
(Table 4). At this ratio the most AuNPs seeds were applied for the biocatalytic
enlargement and it resulted in the higher difference of plasmon absorbance after
60 and 90 min of synthesis. The same ratio was used in all further experiments.
The importance of Au®*/AuP (seeds) ratio was shown during the enlargement of
AUNPs seeds (10 nm) by y-irradiation [233].

Table 4. The values of absorbance maximum of AuNPs in growing solution after
selected periods of incubation at 20 °C.

0 min, 60 min, 90 min, _ _

A533 om Amax Amax AA60 min AA90 min
1.1 0.625 1.190 1.336 0.565 0.711
2:3 0.508 1.127 1.299 0.619 0.791
1:2 0.437 1.099 1.304 0.662 0.867
1:3 0.390 1.021 1.179 0.631 0.789
1:6 0.186 0.591 0.839 0.405 0.653
1:14 0.125 0.527 0.877 0.402 0.752
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Biocatalytic enlargement of AuNPs seeds in the growing solution was
followed spectrophotometrically while changing glucose concentration from 0
to 2.0 mol L1, As it is visible from the UV-Vis spectra registered after 60 min.
(Fig. 27A), increasing glucose concentration increases the amount of reducing
agent produced during enzymatic reaction, which leads to the faster enlargement
of AuNPs seeds. Fig. 27B shows the calibration curves, which provide the
hyperbolic dependence of plasmon absorbance on the glucose concentration in

the evaluated concentration interval after 60 and 90 min of synthesis.
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Fig. 27. UV-Vis spectra (A) and dependences of plasmon absorbance (B) on the
concentration of glucose in the mixture of AuNPs seeds and growing solution (1:2).
A — UV-Vis spectra after 60 min of biocatalytic growth of AuUNPs seeds. B — plasmon
absorbance depending on concentration of glucose in the growing solution after the
selected period of incubation.

However, the linear dependence was observed using glucose concentration
lower than 0.02 mol L. Obtained calibration curves revealed that the increase
of glucose concentration from 0.2 to 2.0 mol L™ has not significant effect on the
intensity of plasmon absorbance of AuNPs seeds, which were incubated for
tested intervals of time. Thus, for the further investigations three glucose
concentrations were selected: 4x10“molL?, 4x103molL? and
4 x 102 mol L, and the growth of AuNPs seeds was performed for 60 and
90 min at 20 "C. The correlation between enlarged AuNPs solution plasmon
absorbance and glucose was observed by other authors after 10 min in the
growing solution additionally containing cetyltrimethylammonium chloride as

surfactant at 30 "C [342]. Besides, other enzymes, such as different oxidases,
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hydrolases, hydrolytic proteins, or NAD(P)H dependent enzymes can be used as
biocatalyst for the enlargement of AuNPs and for the development of optical and
electrochemical sensors dedicated for the determination of corresponding
substrates [343]. Additionally it was shown that upon the inhibition of enzymes
the growth of AuNPs seeds was terminated [344].

75 15
A y=ax+tbh B
———  5min
AV |ssssss in | | 12
65 ® 4x10%mollL"’ 2=0347 IE ){f\ 30 min
3 4 R? = 0.9961 H N 60 min
= 4x10°mol L [..,,\: ______ o -
4 4 HF AR L g 2
— 55 4 4x10" mollL [:_, 1 s,
—_ " - e 7]
F B a=0.193 AT [ ¢ 2
T 45 & R? = 0.9964 !é' \\.: b s
e x ’i \ i =
35 . E-TT 0 a=0113 I::i \3\\“ L 3
—————— R? = 0.9991 1if i
I % "
25 ; , ‘ , ‘ ,
0 15 30 45 60 75 90 1 10 100 1000 10000
Time [min] dH [nm]

Fig. 28. (A) Dependence of enlarged AuNPs hydrodynamic diameter on the duration
of AuNPs seeds biocatalytic enlargement at different concentrations of glucose.
(B) The distribution of enlarged AuNPs hydrodynamic diameter after different
durations of enlargement in solution containing 4 x 102 mol L™ of glucose.

In order to determine the size of enlarged AuNPs after biocatalytic
enlargement, DLS and AFM measurements were performed. DLS is a powerful
technique for the determination of hydrodynamic diameter of particles. This
method successfully was applied for the evaluation of kinetics of AuNPs
synthesis and growth at different temperatures [345]. Using a mixture of
colloidal AuNPs seeds and growing solutions at ratio of 1:2 (keeping the same
final concentration of GOx and HAuClI4 as for UV—-Vis spectra registration) and
changing concentration of glucose, changes of AuNPs size were determined by
DLS. The obtained results showed that hydrodynamic diameter of enlarged
AuNPs depended on the glucose concentration in the solution and on the
duration of synthesis (Fig. 28). Enlarged AuNPs of 37.2 nm hydrodynamic
diameter were obtained after 60 min of biocatalytic enlargement using the
smallest concentration of glucose (4 x 10* mol L), while 47.2 nm and 60.4 nm
AUNPs were obtained using 4 x 1072 mol L and 4 x 1072 mol L™ of glucose,
respectively. After 90 min lasting enlargement of AuNPs seeds, they became of
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40.3nm, 52.3 nm and 68.9 nm in diameter, respectively. The distribution of
enlarged AuUNPs hydrodynamic diameter after different durations of
enlargement in solution containing 4 x 1073 mol L of glucose is presented in
Fig. 28B. It is obvious that during enzymatic enlargement the size of enlarged
AuNPs depends on the concentration of glucose in the solution and on the
duration of the enlargement. Using glucose concentration in the range from
4 x 104 mol L to 4 x 102 mol L™ hydrodynamic diameter of enlarged AuUNPs
linearly depends on the duration of biocatalytic processes. Additionally, from
the slope of lines presented in Fig. 28A it is visible, that process of AUNPs seeds
enlargement was the most rapid using the highest concentration of glucose
(4 x 1072 mol L). However, it should be mentioned that after 5 min lasting
enlargement of AuNPs seeds in solutions containing GOx, HAuCls and glucose,
relatively large nanoparticles were detected. If 4 x 10* mol L™* concentration of
glucose was used enlarged AuNPs of 29-34 nm diameter were formed. It might
be due to adsorption of GOx on the surface of gold nanoparticles at the initial
step of AuNPs seeds enlargement followed by relatively fast increase of particles

size at the initial step of this process.

3.3.2. Modification of Au SD surface by self-assembled monolayer

A bare Au SD surface after cleaning was modified with 1,6-HDT in order
to prepare the surface suitable for the immobilization of AuNPs seeds. Due to
chemisorption of thiol functional group present at one end of 1,6-HDT the planar
gold surface was modified with self-assembled monolayer containing free thiol
functional groups directed outward from the planar gold surface. These
functional groups were used for AuNPs seeds immobilization on the Au sensor
disc and for their further biocatalytic enlargement.

The surface of Au SD before and after each step of modification was
analyzed by AFM (Fig. 29). Obtained data showed that after 24 h of Au SD
incubation in the 1,6-HDT solution the SAM (Fig. 29 2A-C) was formed and

this SAM increased the size of planar gold structures on sensor disk and slightly
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reduced the surface roughness (Fig. 29 1A-C). After the incubation of modified
sensor disc in the solution of 13 nm AuNPs seeds for 20 min and washing, the

structures of 10-14 nm were observed on the surface (Fig. 29 3A-C).
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Fig. 29. The most important steps of sensor disc modification (A), 2D AFM images of
modified surfaces (B) and the cross-section of substrate topography marked AFM
image (C). 1 A-C — a planar gold layer of Au SD; 2 A-C — 1,6-HDT modified Au SD
surface; 3 A-C — 1,6-HDT and AuNPs modified Au SD surface.

The strong interaction between sulphur and gold atoms led to the
successful surface modification with AuNPs seeds, which were regularly
distributed on the surface. Summarizing the obtained results it could be
concluded, that AuNPs seeds were successfully immobilized on the 1,6-HDT
self-assembled monolayer modified sensor disc. In the same way surfaces
modified by AuNPs seeds were used for the further study in order to observe the
biocatalytic enlargement of AuNPs seeds, which were immobilized on the sensor

disc surface.
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3.3.3. Biocatalytic enlargement of AuNPs seeds immobilized on the

surface modified with self-assembled monolayer

In order to confirm the biocatalytic enlargement of AuNPs seeds
determined using optical methods, AFM-based evaluation was performed. All
tested samples were prepared identically as it was presented in previous section
using the same 1,6-hexanedithiol self-assembled monolayer and the same initial
concentrations of AuNPs seeds. The biocatalytical enlargement of AuNPs seeds
immobilized on the surface was performed using three different concentrations
of glucose (4x10“molL?, 4x103molL*? and 4 x 102 mol L) for the
determined period of time (60 or 90 min). As it is presented in Fig. 11B, the
enlargement of immobilized AuNPs seeds in the solution with HAuCls was
based on the GOx catalysed enzymatic reaction, which occurred in the presence
of dissolved oxygen and added known concentration of glucose. The
concentration of produced H20; is an important factor for the reduction rate of
AuCls ions on the surface of AUNPs seeds and, therefore, on the growth rate of
AUNPs. Otherwise, the size of AuNPs after biocatalytic enlargement depends on
the concentration of glucose. As it is visible from AFM images, increasing
concentration of glucose increased the height of nanostructures formed on SAM
and enlarged AuNPs modified sensor disc surfaces. Additionally from the AFM
images obtained after 60 and 90 min lasting enlargement it is obvious that the
efficiency of biocatalytic enlargement of AuNPs depends on the duration of this
process at initial glucose concentrations. Thus, the biocatalytic enlargement of
AUNPs seeds, which were initially immobilized on formed SAM layer, in the
growing solution containing 4 x 1072, 4 x 1072 or 4 x 10* mol L* of glucose
after 60 min leads to the formation of 70—90 nm (with the highest number of
80 nm nanoparticles) (Fig. 30 1A), 50—70 nm (with the highest number of 61 nm
nanoparticles) (Fig. 30 2A) or 35-55 nm (with the highest number of 45 nm
nanoparticles) (Fig. 30 3A) height AuNPs, while after 90 min the size of formed
AuNPs at the same glucose concentrations increased up to 150-180 nm (with
the highest number of 168 nm nanoparticles) (Fig. 30 2A), 60-90 nm (with the
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highest number of 80 nm nanoparticles) (Fig. 30 2B) or 50—-70 nm (with the
highest number of 60 nm nanoparticles) (Fig. 30 3B) respectively.

Fig 30. AFM images and height distribution histograms of biocatalytically enlarged
AUNPs immobilized on the Au SD pre-modified with 1,6-HDT self-assembled
monolayer. The enlargement of AuNPs seeds was performed at different initial
concentrations of glucose and different durations of biocatalytic enlargement.
Concentrations of glucose: 4 x 102 mol L (1A, B), 4 x 103 mol L? (2A, B) and
4 x 10~ mol L (3A, B); duration of synthesis: 60 min (A) and 90 min (B).
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It can be assumed that at glucose concentrations ranging from 4 x 107 to
4 x 1072 mol L the biocatalytic enlargement of AuNPs should be performed for
the different period of time in order to obtain the enlarged AuNPs of same
diameter. Therefore, lower glucose concentrations also could be useful if the
duration of biocatalytic enlargement would be extended. Some other authors
have shown the accuracy and applicability of AFM-based method for the
evaluation of kinetics of AuUNPs synthesis and growth using classical Turkevich
citrate synthesis method at different temperatures [345]. The biocatalytic
enlargement of AuNPs immobilized on the glass support after the salinization
through amino functional groups was employed in the design of optical
biosensor [342].

Comparing the size of enlarged AuNPs, which was determined by DLS
and AFM, it is obvious that the determined size of AUNPs was slightly different.
These differences in the observations could be explained by the different initial
concentration of AuNPs seeds in the solution and surface concentration of
AUNPs seeds immobilized on the sensor disc initially used for the biocatalytic
enlargement at the same concentration of other chemicals applied for this
reaction. In the solution where DLS measurements were performed the
concentration of AuNPs seeds was higher in comparison to surface
concentration of AuNPs seeds deposited on SAM-modified gold surface of
sensor disc.

Conclusions of 3.3. section

The biocatalytic enlargement of AuNPs using optimal concentration of
components was studied by three different methods — UV-Vis spectroscopy,
DLS and AFM methods. The dependence of nanoparticle growth on the glucose
concentration was evaluated changing initial glucose concentrations and the
duration of biocatalytic enlargement. It was shown that plasmon absorbance,
hydrodynamic diameter and height of enlarged AuNPs change depending on the
concentration of glucose in the solution after the same duration of enlargement
procedure. Therefore, the enlargement of AuNPs could be applied in the

development of glucose biosensors based on UV-Vis spectroscopy, DLS and
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AFM. It could be expected that such environmentally friendly synthesis method

of different size AuNPs can be used for some other bioanalytical,

nanotechnological or biomedical applications.

General conclusions

1.

It was determined that 0.5 mol L of aniline and 0.75 mg mL*? of
glucose oxidase concentrations and 115 h duration of enzymatic
polymerization are the optimal conditions for PANI nanoparticles
formation. The initial rate of PANI nanoparticles formation was equal
to 0.0038 mol Ltht. The size of PANI nanoparticles after 115 h lasting

polymerization was 115 nm.

Solutions of tannic acid and colloidal solution of silver nanoparticles

are stable at pH range from 3.5 to 5.0.

The maximal coverage of silver nanoparticles monolayer on
PAH-modified mica deposited from colloidal solution without any
tannic acid was 0.28, while at the 3 x 10° mol L! concentration of

tannic acid AgNPs coverage abruptly decreased up to 0.03.

Plasmon absorbance of enlarged AuNPs linearly depends on glucose

concentration in the range from 2 x 10 to 0.02 mol L,

The hydrodynamic diameter of AuNP after 60 min of biocatalytic
enlargement was 37.2 nm, 47.2 nm and 60.4 nm, while after 90 min it
was 40.3nm, 52.3nm and 68.9 nm using 4 x 10, 4x 1073 and
4 x 1072 mol L™* concentrations of glucose in the solution, respectively.
Furthermore, the rate of AuNPs seeds enlargement increases increasing

initial concentration of glucose in the solution.
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6. The height of enlarged AuNP after 60 min of biocatalytic enlargement
was 35—-55nm, 50 -70 nm and 70 —90 nm, while after 90 min it
increased up to 50 — 70 nm, 60 — 90 nm and 150 — 180 nm in growing
solution containing 4 x 1074, 4 x 1073 and 4 x 1072 mol L™ of glucose,

respectively.
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