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ABSTRACT

The objective of this thesis is to obtain stable suspensions, of biogenically
synthetised zinc oxide (ZnO) and metallic silver (Ag) particles, through
functionalisation with polyoxazolines ligands

Both ZnO and Ag nanoparticles have interesting technological properties,
especially in the field of biomedicine. Colloidal silver, displaying antimicrobial
properties, has been used to prevent infection and to treat wounds and doped zinc
oxide particles can be used as a probe in optical bioimaging.

The biogenic route is a sustainable and cost-effective synthesis method, which
exploits a biological agent. In this work, the microalga Nannochloropsis gaditana
was used. Additionally, classical wet chemistry approaches (including
hydrothermal route) were also used and considered as benchmarks.

To sterically stabilise the obtained nanoparticles, poly(2-alkyl-2-oxazoline)s
(PMOXAs) were used as ligands. Polyoxazolines are a class of water-soluble
organic polymers enabling a wide range of functionalities. PMOXA was
synthetised with a degree of polymerisation (DP) of 50 ad 100, and modified with
different anchor groups, to produce suitable and water-soluble ligands for the
particles. These procedures were aimed to obtain stable suspensions in water to be
used as pharmaceutical formulations.

All the particles were characterised with various analytical techniques (XRD, DLS,
UV-Vis Spectroscopy, TEM, SEM, ATR-IR) and the synthesis protocols were
optimised. The polymers and their functionalities were characterised as well using
multiple techniques (NMR, ESI-MS). Finally, particle functionalisation was
confirmed with DLS and ATR-IR and the colloidal stability was monitored through
time.



1. INTRODUCTION AND AIM OF THE THESIS

Nowadays, one of the major issues for the current socio-economic system is
environmental sustainability.

The classical approach to goods production and industry is considered to follow “a
linear model” which can be summarised as “take-make-dispose”. This means that
raw materials are extracted, transformed into products, and discarded as waste after
the usage. In this context, the only priority is to capitalise onto the selling without
considering the environmental damage caused neither by disposal nor by
manufacturing [1].

A more modern and environmentally friendly paradigm would be the one of
“circular economy”. In this case, products are designed taking into account their
environmental impact and recycling of their components at the end of life [2]. In
this context, “Green Chemistry” was conceived in 1998 [3], with the purpose of
avoiding the use of hazardous substances during the chemical syntheses and
minimising waste production. In particular, this new field of study follows twelve
rules elaborated by Paul T. Anastas and John Warner in 1998 [3], some of which
state to perform reactions at low temperatures and pressure. Many of these criteria
are met by the “wet chemistry” approaches. These methodologies imply the use of
a liquid phase for the syntheses, which in turn limits the array of high reaction
temperatures due to its boiling point [4].

This thesis is focused on the synthesis of nano and microparticles zinc oxide (ZnO)
and metallic silver (Ag®), drawing technological application in several fields.

The wet chemical approaches for these two systems are quite similar. Both
syntheses rely on an aqueous medium, a metal precursor (a zinc or silver salt), heat
and a second reagent (NaOH or an organic reducing agent, classically sodium
citrate, respectively). In the case of ZnO, the basic environment determined by the
presence of NaOH triggers complex equilibria leading to ZnO precipitation [5]. On
the other hand, for the Ag nanosystems, the second reagent reduces the Ag” cations
to their metallic state and also acts as a stabilising ligand for particle formation
[6,7].

Moreover, syntheses of zinc oxide were also carried out through a hydrothermal
route. This procedure exploits a closed reaction system which enables to reach a
pressure above 1 atm and a temperature above water boiling point. This approach,
under subcritical conditions, results in dramatic changes regarding solvent
characteristics (e.g. viscosity and dielectric constant) determining differences in
crystallisation pathway and the reaction products compared to classical batch
synthesis (i.e. different morphologies and particle size) [8].



To further enhance sustainability, a promising wet chemical approach is the
biogenic synthesis. This relatively recent approach is based on the use of biological
extracts both as scaffolds and/or as reducing agents, diminishing the cost and the
environmental impact related to the production of reactants themselves [9]. These
extracts can be derived from plants, bacteria culture, or any other biological sample
containing complex organic molecules. In particular, cultivation of microorganisms
can be a promising constant source of “bio-reactant” as it is continuously produced
as the culture grows. For that reason, and others discussed later, this work will deal
with microalgae. These are unicellular photosynthetic organisms which only need
a light source, micronutrients and atmospheric CO to grow in an aqueous medium
(also helping to deal with global warming due to the greenhouse effect) [10,11].
These basic growth requirements and outstanding eco-friendly features confer
significant advantages over other biological systems, like bacteria or cultured
mammalian cell. The biomolecules inside these photosynthetic microorganisms
may act as reducing and scaffolding agents for nanoparticle synthesis [12].

Both zinc oxide e metallic silver particles may be used as antimicrobial wound
treatment or antiseptic agent for food packaging [13,14] by exploiting several
mechanisms, discussed later. Moreover, doped ZnO can be used as optical
bioimaging probe [15]. However, in order to be used as such, these systems need to
be dispersible in water [16]. Ag nanoparticles made by using the classical wet
synthesis (with sodium citrate) remained dispersed in suspension, as expected,
being stabilised by citrate. On the other hand, the same cannot be said for zinc oxide
which forms a precipitate due to its low solubility in water [17]. Moreover, also Ag
nanoparticles, synthetised by the biogenic route, precipitated as well.

For the above discussed reasons, the obtained systems need to be stabilised by some
organic soluble ligand in order to remain suspended in water. Polyoxazolines were
chosen in this work as organic polymers to stabilise the particles. They are a
promising alternative to poly(ethylene glycol) (PEG) as suitable coating agents in
pharmaceutical formulations due to their simple modulation in term of functional
groups [18,19]. In order to be adsorbed to the inorganic material, the polymers were
functionalised alternatively with the disulphide and catechol group, which are
demonstrated to tightly bind, respectively, metallic silver and zinc oxide [20,21].

The final aim of this thesis was the production and characterisation of biogenically
synthetised Ag and ZnO particles using microalgae and their suspension into water
by exploiting organic ligands.

This thesis consists of 8 chapters. In this chapter (#1), the introduction and the aim
of the thesis are described. In the following chapter (#2) properties and application
of zinc oxide and silver are discussed. In the following chapter (#3), wet chemical
synthesis approaches toward the nanoparticles of interest are described. Chapter 4
describes the polymers used as ligands for the inorganic materials. In chapter 5
experimental data are reported and discussed. In chapter 6, the analytical techniques



used to characterise both the polymeric ligands as well as the inorganic
nanoparticles are described. In chapter 7, the materials and the methodologies used
are reported and explained. In chapter 8, the conclusions drawn from this work and
the outlooks for future developments are evaluated. Finally, acknowledgements and
the list of bibliographical references are reported.
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2. ZINC OXIDE AND SILVER

In this chapter, zinc oxide and silver are described with their properties and
applications.

2.1. Chemical-physical and structural properties of nanostructured
zinc oxide

Zn0O is a low cost compound [22] and it is present in nature in three different
crystalline structures: rocksalt, zinc blende and wurtzite (hexagonal lattice), shown
in the following Figure 2.1 I. The latter polymorph is the most thermodynamically
stable and abundant under standard conditions (0 °C, 1 bar [23]). It lacks an
inversion centre and has every zinc atom in the centre of a tetrahedron where at the
vertices there are 4 oxygen atoms. Moreover, every crystal structure shows
semiconductive properties with a wide direct band gap of ~3.3 eV, making the
material feasible for optoelectronics applications [24].

Figure 2.1 I ZnO polymorphs: a) rocksalt, b) zinc blende, c) wurtzite. Zinc and oxygen are
respectively coloured in grey and yellow [25]

In the case of wurtzite (C in the Figure above), zinc (Zn**) and oxygen (O?) atoms
are positioned on alternated planes across the structure. This arrangement
determines a polarity in the crystal which influences electrostatic attraction,
piezoelectric properties and directs epitaxial crystal growth. Even if the hexagonal
prism have 6 faces neutrally charged, 2 of them are polarised (respectively the 0001
for zinc (positive charge) and 000-1 for oxygen (negative charge)) [26], as
illustrated in the following Figure 2.1 II.
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Figure 2.1 II Wurtzite ZnO crystal from a polarity perspective: a) the faces 0001 and 000-1 are
positioned respectively at the top and the bottom of the image, perpendicularly towards the plane of
the observer b) the overall crystal is shown highlighting the polar planes on top and at the bottom
of the structure [26]

Nanostructured ZnO can be synthesised in various morphologies and dimensions.
Tuning reaction conditions, nanorods [27], nanowires [28], nanospheres [29] and
other morphologies were obtained. All these different shapes can be exploited to
modulate its optical properties [30].

Zinc oxide appears as a white powder, making it useful for orthodontal applications
(also thanks to its inherit resistance to deformation) [31]. However, being a d'°
metal, its colour is only due to several lattice defects ad not to d d transitions [32—
34]. Finally, the compound also turns yellow upon heating [32]. It is one of the five
zinc compounds considered as GRAS (Generally Recognised As Safe) material by
the american FDA (Food and Drug administration) [24], which means it has
negligible toxicity and it is eligible to be classified as food additive [35].

As a semiconductor (class II-VI), it has a band gap that permits light emission after
photon absorption. Moreover, the valence band maximum corresponds to the
conduction band minimum, hence this feature causes a radiative recombination [36]
(with fluorescence emission) without the need of a quantised, lattice, mechanical
vibration (a phonon [37]) conferring the status of direct semiconductor to the
material [24].

2.2. Chemical-physical and structural properties of
nanostructured silver

Silver is another d-block metal, classified as noble metal thanks to its exceptional
resistance to corrosion. Used since ancient times to fabricate jewels and coins [38],
silver is the metal with the highest thermal and electrical conductivity (followed

12



by copper) as well as the most malleable and ductile [32,39]. Differently from the
ZnO, the only crystalline structure for Ag is a face-centered cubic (FFC) lattice,
being an elemental metal [40]. Nonetheless, it was possible to obtain nanometric
Ag (as well as Au) with a hexagonal 4H structure [41,42]. In Figure 2.2 I the silver
crystal structure (FCC) is reported [43] where silver atoms are positioned at the
centre of every cube face as well as at every vertex.

. oy
¢ v e
¢ I
¢ ¢
||.‘» ¢ k.l
| ¢

¢ ¢

Figure 2.2 I Silver face-centered unit cell [43]

Since the silver salts are photosensitive, it is employed in analogical photo-
development [34]. Furthermore, from that application, the metal may be also
recycled [44]. Even if it may be used as a bulk catalyst for oxidation reaction [45],
most of the recent literature is focused on its use as nanostructured compound. Even
if it not considered GRAS (like ZnO) nanosized silver is approved by FDA in
various products [46]. Whilst, its bulk counterpart shows its peculiar shiny aspect
(due to reflectance of visible light rather than the distant 4d—>5s transition, which
falls in the ultraviolet spectrum [47]), silver nanoparticles appear to be yellow due
to plasmon resonance [48]. This feature was already exploited during ancient times
since it is reported that Egyptians used colloidal Au as ink. However the best known
example of ancient colloidal usage is the Lycurgus Cup [49] shown in Figure 2.2
II.

Capyrght of Tany
Milton & The British
Museum,

Figure 2.2 II Lycurgus Cup, drinking Cup, late roman, 4" century, British Museum (London, UK),
[49,50]
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The glass cup implemented a dispersion of colloidal silver-gold alloy which appears
as green if the light is reflected but becomes red if it is focused. The cause of the
red colouring is probably the gold nanoparticles absorption whereas the green is
likely caused by both nanoparticles scattering [50,51].

The red colour of gold nanoparticles as well as the yellow of silver NPs, is due to
the plasmon resonance. The latter is the collective and coherent oscillation of the
conduction band electrons of a metal in response to an electromagnetic wave [52].
The phenomenon is shown in Figure 2.2 III.

Electric field

+++
K\ Magnetic
el field
Metal sphere Electron cloud

Figure 2.2 III Localised surface plasmon resonance. In this figure the movement of the electron
cloud in response to the electromagnetic impulse is highlighted [53]

Since noble metal particles are demonstrated to have a plasmon absorption
depending on their dimension, the spectra obtained are different. If the incident light
on a metal NP, smaller than its wavelength, the phenomenon is called “localised
surface plasmon resonance” (LSPR). In this case, conduction electrons are spatially
confined (quantum confinement) by the positive nuclei associated to them in the
“plasmonic Ag particles”. Depending on particle size, this reduction of liberty
degree favours the blue shift in absorption spectrum [53,54]. Moreover, bigger
particles have a red-shifted spectrum with the contribution of light scattering
according to the Mie theory [55].

AgNPs are stable as colloidal dispersion if an appropriate ligand is added to the
suspension. Hence, the use of ligands and surfactants adsorbed onto their surfaces
is encouraged to prevent coagulation [56]. Furthermore, smaller particles are
proven to be more stable compared to their bigger counterparts [57]. Moreover, the
surface area to volume ratio is greater for smaller objects, making NPs more
reactive and more usable in photocatalysis [53].

The catalytic usage of AgNPs, derive directly from the plasmon absorbance band.
This feature, in particular may be tuned not only by changing particle size but also
the shape as well as the dispersion media polarity [53,58]. For these reasons, like
for ZnO, many different AgNPs shapes were produced in literature (beside classical
spheres) such as nanorods [58], nanowires [59], nanocubes [60] and triangular
nanoplates [61].
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2.3. Applications

Both ZnO and AgNPs have various applications in many fields, such as catalysis,
theragnostic, electronics and as sanitising agents [13,15,62—64].

Being a direct semiconductor, ZnO is exploited in photovoltaic cells for its low cost,
high conductivity and possibility of band gap tuning through quantum confinement
[65]. When the particle size becomes similar to electronic wave function, electrons
start experiencing geometrical constraints. As a consequence, electron readjust their
energy levels in a way similar to single atoms (rather than a bulk material resulting
in a higher separation between the valence and the conduction bands [66]. In Figure
2.3 1, a graphical explanation of the concept is provided.

® ¢ ¢ ¢

Decreasing size
Increasing band gap

Energy
band gap

I

Bulk |
semiconductor Quantum dols
Diameter 6 nm — 2nm

Figure 2.3 I Quantum confinement effect (in this case applied onto quantum dots nanoparticles). As
the object size reduces, the band gap of the semiconductor increases.

The energy levels-size dependency starts at a diameter near the Bohr radius [66]. In
case of bulk ZnO, this value is 2.34 nm, meaning that by producing particles about
this size, the band gap can be tuned easily. This feature is desirable in photovoltaic
applications since it enables light absorption and the channelling through the
electrical circuit [65]. For the same reason, ZnO were are also used in quantum
dots-light emitting diodes technology [67].

Beside tuning the band gap of a semiconductor for electronics, the same concept
was applied for the LSPR of AgNPs, enhancing the light harvesting properties of
solar cells [68]. Moreover, the reduction of nanoparticles size causes a decrease in
the superficial to core atom ratio within the particles. Since the external atoms are
generally more reactive (not being surrounded by other nuclei of the same
element/compound), smaller particles are excellent for catalysis. For this reason,
AgNPs are actually studied as photocatalyst [53,69].

Regarding biomedicine, both ZnO and Ag nanoparticles present applications.
Semiconductor nanocrystals possess better photoluminescent properties compared
to their bulk counterparts (due to the quantum confinement effect) such as wide
absorbance and tight emission bands. However, conventional quantum dots (i.e.
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CdTe and CdCs) are highly toxic to biological organisms, consequently, they
cannot be used as bioimaging probes. Along with its cheap production cost, ZnO is
proposed to be a substitute for quantum dots in bioimaging [15]. However, since
the band gap of ZnO falls in the UV region, the nanoparticles are frequently doped
with other metals. In particular, main group and rare earth elements were reported
as enhancing luminescence [15].

Through doping it was possible to obtain ZnO particles suitable for bioimaging,
especially with lanthanide ions [70]. The reason behind the ions choice is ascribed
to the upconversion luminescence mechanism of these particular elements. It is
known that, combining 2 near-infrared photons they can emit one in the blue range
of visible light spectrum [71]. Exiting particles in the near-infrared region represent
a technological advantage, since for these wavelengths, scattering, absorption, and
auto-fluorescence from tissues is greatly reduced allowing to deeper tissue
penetration [36]. Combining this property with the band gap of ZnO, as well as its
inherit biocompatibility [24], it is possible to obtain new materials which overcome
the limitation of both ZnO and lanthanides. Beside doping, ZnO was also used a
shell layer in core@shell QD NPs exploiting both the optical properties of
conventional QD and the biocompatibility of ZnO [72]. However, considering the
tendency of ZnO to precipitate, polymeric ligation is needed to obtain injectable
bioimaging probes [73].

On the other hand, Ag nanoparticles are widely used in diagnostic field.
Nonetheless, due to the intrinsic lower spectral shift upon aggregation, Ag NPs are
mostly overshadowed by Au NPs for colorimetric essays [74]. However, the main
application for Ag NPs is disinfection [62,63]. It is very used in both domestic and
clinical dentistry being a common antibacterial additive in toothbrushes [75], in
clothing [76] and it is also widely used in combination with hyaluronic acid for
wound dressing and other therapies [77]. Furthermore, it is effective against
antibiotic resistant bacteria [75]. The reason behind this property is still unknown,
although several mechanisms were proposed, and they are summarised in Figure
23111
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Figure 2.3 III Proposed antibacterial mechanisms for Ag-NPs [78]

As it is evinced from the picture, both Ag" cations and AgNPs themselves may be
responsible for killing bacteria. Metallic silver, through a slow corrosion process,
is believed to continuously release to Ag” ions proportionately to the surface area,
especially for particles smaller than 20 nm [39]. The ions may adhere to the cell
wall (thanks to the affinity of sulphur proteins), enhance the permeability and lead
to envelope disruption. Moreover, once inside, they may interfere with the
ribosomes and cause their denaturation, thereby stopping protein synthesis.
Furthermore, Ag" ions may interact with the respiratory chain components reducing
the ATP supply and generating reactive oxygen species (ROS, such as H202, Oz~
and "OH [79]) which in turn create DNA and plasmatic membrane damage. Finally,
AgNPs may accumulate onto the cell wall, disrupting its structure (thanks to their
nanometric size) and perforate it causing the bacterium lysis [78].

Interestingly, even if less used, also ZnO present antimicrobial activity and the
mechanism proposed for this feature are similar to those of Ag, being ROS
production, Zn" release and cell wall integrity alteration from direct ZnO NPs
contact [13]. For that reason, ZnO is used as conservating agent in food packaging
[24].
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3. WET CHEMISTRY SYNTHESIS ROUTES

Nanoparticle production can follow two main routes: physical and chemical
processes. The first one comprises the “top-down approach”, which consists in the
mechanical fragmentation of a bulk material obtaining nano objects, while the
second one entails the “bottom-up approach”, which exploits chemical species to
build nanoparticles from scratch [80]. These approaches are schematically
represented in Figure 3 1.
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Figure 3 I Comparison between “Top-down” and “bottom-up” approaches [80]

The most used physical production technologies are laser ablation, sputtering and
ball milling. However, these methods do not ensure a small size distribution of
particles and are not feasible for the industrial scale due to the consistent machinery
cost [80]. For these reasons, chemical bottom-up approach is still considered the
best method for monodisperse nanoparticle production. In this context, wet
chemical syntheses are the election methods for metal/metal oxide nanoparticles
production. These types of fabrication methods are cheap (not involving particular
equipment) and are performed in liquid phase which allows to easily control
experimental conditions and thereby particles properties [81,82].

In this thesis, only wet chemistry syntheses were performed and, depending on the
material (Ag or ZnO), different methods were exploited.

3.1. Zinc oxide precipitation from solution

This method exploits a zinc salt along with a precipitating agent in water, namely
an inorganic base such as NaOH or KOH. In this work, a modified method of the
original Bahnemann et al. protocol was exploited [5]. Temperature, reaction time
and pH are considered the main variables controlling the precipitation of ZnO NPs.
In section 5.1 the theoretical details about the synthesis are discussed whereas in
section 7.2.1 the protocol used is reported. As explained in detail in section 5.2,

18



syntheses of metal particles from solution can be rationalised with the La Mer-
Sugimoto growth model. This implies that once reached supersaturation, the
particle formation begins [83,84]. In order to have more variability in terms of
shape and size, the use of lesser soluble precursors or different reaction conditions
may be needed. For these reasons, the hydrothermal synthesis was also a technique
exploited in this work.

3.1.1. Hydrothermal synthesis

The hydrothermal synthesis is a process that takes place in water at a temperature
above the boiling point in a sealed vessel. The autogenous pressure within the vessel
is above the atmospheric one [85], so, the combination of temperature and pressure
causes a change in the water properties. In particular, the viscosity, ionic product,
density and dielectric constant change as function of temperature and pressure. In
the following Figure 3.1.1 I, graphs describing the variation of water properties as
function of these two variables, during hydrothermal processes, are reported.
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Figure 3.1.1 I Water properties dependency as function of pressure and temperature. In particular:
A) ionic product as function of pressure, B) ionic product as function of temperature, C) dielectric
constant as function of temperature (at 30 Mpa) D) viscosity as function of temperature [85—88]

As can be highlighted from the graphs, ionic product increases both with the
increase of pressure and temperature. On the other hand, the dielectric constant
decreases if temperature rises, like viscosity. At the critical point, the densities of
the two phases become equivalent, and the distinction between the liquid and gas
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phases ceases to exist. Beyond the critical point, which occurs at a temperature of
374°C and a pressure of 218 atm, only a supercritical fluid state exists (see water
phase diagram in Figure 3.1.1 II).
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Figure 3.1.1 II Water phase diagram [89]

As depicted in Figure 3.1.1 I1I, hydrothermal syntheses are carried out in a closed
Teflon® liner, locked in a stainless steel vessel. The autogenous pressure strongly
depends on the filling ratio of the liner. As it is shown in the following picture, even
small increases in this value can easily result in big variation of pression (at a certain
temperature).
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Figure 3.1.1 III Pressure—temperature dependence of water for different degrees of percentage
filling ratio (left) alongside a picture and a schematic representation of an hydrothermal vessel
(right) [85]

Regardless, in most hydrothermal syntheses, temperature and pressure are kept
below the critical point. These syntheses are carried out under mild conditions, also
known as sub-critical, where the greater reactivity and solubility of precursors are
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exploited without reaching the supercritical state. Since conventional hydrothermal
synthesis are not performed in stirring conditions, the most probable mechanism for
nucleation and growth is the dissolution-reprecipitation process. This mechanism
involves the dissolution of precursors, their diffusion and the precipitation of the
desired compound [85].

3.2. Turkevich method for colloidal silver synthesis

AgNPs are mostly prepared with three possible methods: pulsed laser ablation in
liquid medium, electrochemical synthesis and chemical reduction. However, the
last method remains the most cost effective and used [49]. For this reason, it was
the one chosen to be used in this thesis. In particular the Turkevich method is the
one most used [6,7,90,91]. In particular this protocol is designed for Au NPs,
however, it was adapted for Ag NPs as well.

The synthesis exploits a soluble Ag salt (namely, AgNO3) and a reducing agent
(such as citrate). The second component reduces the Ag" cations to their metallic
form, while remaining adsorbed on the nanoparticles preventing aggregation (by
displaying the negative charges for citrate, thanks to its carboxylic moieties). This
method can be applied also to other metallic NPs (such as titanium and platinum)
using the appropriate precursor, as reported in Figure 3.2 1.

Figure 3.2 I Sol dispersion of metal nanoparticles. From left to right: silver, titanium, platinum and
gold nanoparticles [49]

The mechanism behind the nanoparticles formation can be described following the
La Mer-Sugimoto model [83,84]. Besides being considerate as highly reproducible,
the synthesis product is easily affected by small experimental setting changes [92].
The discussion about this topic is dealt in section 5.2.
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3.3. Biogenic synthesis

The biogenic synthesis was the major focus exploited in this thesis. For both metal
and metal oxide particles (as well as for other inorganic particles) the synthesis
exploits a biological agent (alive or not) such as fungi, microalgae, bacteria or plant
leaves to shape and produce the desired materials [9].

This type of synthesis was born to answer the needs of cheap nanoparticles
production and the use of green approaches [3,63]. The mechanisms behind
biogenic synthesis are still not clear (for both binary and single metal particles),
however it was shown that it is possible both in intracellular and extracellular
settings [93]. Using enzymes, plant extracts and living beings, the identification of
involved biomolecules is a challenging task. Nonetheless, flavoproteins, NAPDH,
nitrate reductases, as well as flavonoids and polysaccharides, are proposed to be
part of the reduction mechanisms [94-98]. Regarding metal oxides, however, the
same cellular components are proposed to be involved, even if the presence of a
reductive reaction step is debatable [94,99,100]. An example of biogenic synthesis
is shown in the following Figure 3.3 1.

s At

Algae Prepared algal Aqueous solution Metal ionic Biosynthesis of
extract of algal extract source nanoparticles

Metal. Metal oxide
Nanoparticle nanoparticle

Figure 3.3 I General synthetic protocol for biogenic synthesis of metal and metal oxide
nanoparticles [101]

As can be seen, the main method for biogenic nanoparticle obtainment is the
production of an extract by boiling the biomass (of algae, bacteria, fungi etc), filter
and mix it with the desired metal precursor [102].

Considering the wide array of potential biogenic agent (biochar comprised [103])
the choice of biogenic agent for this thesis was dictated by ecological reasons. In
particular, the microalga Nannochloropsis gaditana was selected.
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3.3.1. Nannochloropsis gaditana

Even if the term “microalga” was previously referred to a small taxonomic group
with restricted phenotypical properties, nowadays it is commercially used for all
the unicellular photosynthetic organisms (both procaryotes and eukaryotes) [10].
The big advantages in using microalgae over of fungi or other microorganisms are
their minimalistic growth requirements (only micronutrients, being autotrophic),
the relief of the greenhouse effect thanks to CO> sequestration and O production
(through photosynthesis) and the possibility of obtainment from other established
industrial processes (like waste water management), virtually eliminating the
cultivation costs [10,11,104—106].

Even if the chosen microorganism was not already proven to be able to produce
nanoparticles, this microalga was selected for its simplicity as organism (in view of
future systematic studies about the biomolecules involved in the synthesis). In
particular, Nannochloropsis gaditana is an eukaryotic microalga of
Eustigmatophyceae class [107]. The overall genus of Nannocloropsis comprises
marine non-motile spherical microalgae with a diameter between 2 and 3 um [108].
Despite its small size, most of the cell volume is occupied by a four-wall chloroplast
originated from a second endosymbiotic event, in which the eukaryotic microalga
engulfed another unicellular photosynthetic organism (a red alga) [109].
Interestingly, the photosynthetic system of N. gaditana lacks of accessory
chlorophylls containing only the chlorophyll A, even if carotenoids and other
pigments are present [110]. Finally, the study of this organism had a revival in
recent year due to its rapid growth, nutritional features (being a source of
eicosapentaenoic acid, EPA (20:5w3)) and the possibility of producing biofuels
exploiting its high concentration in triglycerides [111-113]. In the following Figure
3.3.1 I, a micrograph of Nannochloropsis gatidata obtained through optical

microscopy is shown.

Figure 3.3.1 I Optical microscopy of Nannochloropsis gaditana [113]
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4. PARTICLE FUNCTIONALISATION

Once obtained the desired NPs, colloidal stabilisation with ligands is needed to
obtain stable formulations. However, the ligand choice is crucial as it may be not
soluble in water or trigger inflammatory responses.

The use of PEG to obtain stealth NPs is so widely diffused that it was termed the
name “PEGilation” to describe it [114,115]. For many years it was considered the
only possible polymer for nanosystems in biomedicine. Among the possible
alternatives, poly(2-alkyl-2-oxazoline)s (PAOXAs) have recently emerged, due to
their stability towards oxidative degradation, biocompatibility and chemical
versatility [18]. In Figure 4 I, the general structure formula of PAOXA is shown.

R'\’/o
N
R R
Figure 4 I General structure of PAOXA, where R represent the initiator moiety, R’ the monomer
specific side chain and R’’ the chain terminator

These polymers are already used in a variety of biomedical applications, such as for
drug delivery and protein coatings [116]. Considering these features, PMOXA was
chosen as a polymer ligand for all the particles produced within this thesis. PMOXA
is particularly convenient as ligand for the NPs fabricated in this work, as it is highly
hydrophilic and can thus stabilize NPs in aqueous medium [116]. In order to anchor
robustly the different inorganic NPs the introduction of a specific functional group
as chain end is required. In this case of Ag NPs a disulfide anchor was introduced,
whereas for ZnO NPs a catechol end group was incorporated in the PMOXA chain.
[20,21]. In Figure 4 11, the PMOXA modification process performed in this thesis
is summarized.
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Figure 4 II Scheme of anchor group polymer links performed in this thesis.
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4.1. Poly(2-methyl-2-oxazoline)

PMOXA is synthesized by cationic ring opening polymerization (CROP) CROP 2-
methyl-2-oxazoline (MOXA) [116]. Thanks to the use of chemically tailored
initiator and terminator agents CROP enables the accessible modulation of end-
groups, allowing one to subsequently introduce anchor moieties [19].

Even if it is considered comparable to PEG, the in vivo immune reaction against it
is still not completely characterised. However, it is known that, in humans, the
innate complement serum system is triggered through the sensing protein Clq
[117].

4.2. Catechol group
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Figure 4.2 I Catechol group in mussels (Mytilus californianu in the photograph) and its network
of modifications to obtain a strong, yet reversible, bond with inorganic surfaces [118]

The catechol group (shown in Figure 4.2 I) is chemically defined as a 1,2-
Benzenediol and it is present in mussel foot proteins (Mfps), in the form of the L-
DOPA (L-3,4-dihydroxyphenylalanine) amino acid [21,118] (which in mammals is
exploited an intermediate precursor for dopamine biosynthesis [119]). In these
clams, the moiety is used as anchor group to adhere on inorganic wet surfaces
strongly enough to resist sea turbulences. Mussels, however, can attach and detach
their tentacles by chemically modifying the DOPA within Mfps. In nature the
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switch-off mechanism is due to the oxidation of catechol to quinone, which reduces
the adhesion strength, against metal oxides, by 80% (however it is possible to
exploit several other modifications for technological purposes) [118]. This last
feature left the development of several technological application regarding the
obtainment of redox responsive swich devices [118]. Nevertheless, the mechanism
exploited for strong adsorption on metal oxide is dependent the deprotonation of
the -OH moieties present in the catechol ring. In order to obtain an increase in
acidity, and prevent oxidation to quinone, an electron-withdrawing nitro group (-
NO3) was introduced. to the obtained nitro-catechol was previously demonstrated
to provide strong and irreversible anchoring with metal oxide surfaces (like ZnO).
[118,120,121].

4.3. Disulphide group

Figure 4.3 I Representation of a AgNPs covered with lipoic acid molecules trough the disulphide
binding [20]

The sulthydryl group (-SH, also known as thiol group) is the most renowned moiety
used to strongly ligate organic molecules on noble metal surfaces, forming what is
known as a the metal-thiolate bond [122]. This functional group is exploited both
in the classical Brust-Shiffrin synthesis and for the production of self-assembled
monolayers (SAMs) [91,123]. Nevertheless, disulphide group (S-S) is emerging as
a better alternative since it is more stable towards oxidation compared to thiols
[124].

Most of literature about the topic revolves around the use of the disulphide bearing
molecule lipoic acid. The latter is a well-known endogenous molecule widely used
in food supplements and medical therapies [125—127]. Even if the use of these kind
of ligands is still very new, research work have been made demonstrating the
superior affinity [20] and enhanced biocompatibility for AgNPs engulfed in lipoic
acid [128]. Nonetheless literature about this specific topic is scarce.
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S. RESULTS AND DISCUSSION

In this section, the experimental results obtained in this project are described and
discussed. Prior to data illustration, it is dutiful to make a preface dealing with the
whole following work. The biogenic synthesis method, for both ZnO and Ag’
particles, suffers from an intrinsic lack of reproducibility [9].

Microorganisms may differ from clones of their own colony due to environmental
factors, even if they underwent the same treatment and belong to the same
production lot. In addition, microalgae biomolecular composition heavily depends
on cultivating conditions such as lighting [129]. Even though these effects are
minimal, as far as this work concerns, it is important to clarify this negative aspect.

For both ZnO and Ag particles, classical golden standard synthesis techniques were
also carried out as benchmarks to be referred to. In particular, for ZnO the chosen
protocol was the one established by Bahnemann et al. [5], in which an aqueous
solution of NaOH and zinc acetate is heated yielding ZnO as a stable suspension
eventually leading to a white precipitate. Regarding this project, a molar ratio of
1:1 zinc acetate to sodium hydroxide was used in all batch non-biogenic synthesis.
The hydrothermal method was exploited as well, using both the 1:1 zinc acetate to
NaOH molar ratio and a more complex protocol by Diodati et al., explained later in
the dedicated section (5.1.1) [130].

Regarding the non-biogenic synthesis of metallic silver nanoparticles, the
Turkevich synthesis method was chosen [90]. This method was firstly deigned for
gold nanoparticle but, like the Brust-Shiffrin synthesis, is widely used also for silver
and it is considered the standard technique [91,131]. In this project, a molar ratio of
1:3.4 AgNOs to sodium citrate dihydrate was chosen in order to obtain small and
stable colloidal dispersions. Moreover, with the intention of obtaining smaller and
less polydisperse NPs, a variant of the method was also explored, hereby called
“Reverse” synthesis, in which the reagents introduction order was reversed. In
addition, the latter procedure better simulates the biogenic ones, being also a closer
comparison since the introduction order of reagents is the same.

This chapter describes and discuss the experimental results and their critical
discussion. In particular, in the 5.1 section, the syntheses of ZnO are illustrated
including non-biogenic (5.1.1) and biogenic (5.1.2) syntheses. Instead, in
subchapter 5.2, the results coming from metallic silver nanoparticles productions
are explored. In details, this section comprises syntheses by the Turkevich method
(5.2.1) and the biogenic ones (5.2.2).
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5.1. Zinc oxide particle synthesis

As stated before, this project aims to obtain stable water suspensions of biogenically
synthetised ZnO particles, through the support of water-soluble polymeric ligands.
Going in details, the protocol for the biogenic syntheses of the material is based on
a previous work, made by another research group member (Tinello, S. 2022) as her
Master’s Degree Thesis [132]. Though it is worth mentioning that the reaction
mechanism governing these syntheses is still unclear.

Differently from other biogenic syntheses (like Ag’ NPs), the oxidation status of
Zn remains the same from the precursor salt to the final product, being +2 in both
compounds. This means that the metal salt is not reduced by biomolecules, which
instead may have only a scaffolding role. In the literature reductive enzymes are
proposed to be part of the formation mechanism, thanks to the aim of other organic
compounds such as nicotinamide adenine dinucleotide (NADH) and nicotinamide
adenine dinucleotide phosphate (NADPH) [94,99,100] in a reduction-oxidation
fashion with molecular oxygen O-.

Even if there are some hypotheses in literature, the main issue behind this lack of
knowledge is to be charged to the difficulty in identifying the involved
biomolecules. The understanding of mechanistic phenomena and systematic
definition of biological components in microalgae (having a role in these situations)
are the main question marks remaining to be addressed. Studies involving XAS (X-
ray Absorption Spectroscopy), HPLC-MS (High Performance Liquid
Chromatography-Mass Spectrometry) and other similar analyses need to be
extensively performed in the future, for the sake of understanding such cheap and
environmentally sustainable synthesis method.

Both the biogenic and the classical wet chemical approaches are based on the
equilibrium between Zn(OH); and ZnO. Conventionally, a precursor is provided as
a metal salt (Zn*"), and thanks to a basic pH, Zn(OH): is eventually formed. The
latter, in turn, decomposes generating H>O and ZnO (precipitate). This mechanism
was extensively studied by Bahnemann et al. who investigated the nucleation
process using zinc acetate as a precursor (like in this work) [5]. The precipitation
of ZnO is also due to the low solubility of Zn(OH): (K, = 3.5-10717) [133,134]
which pushes the reaction towards the formation of crystalline ZnO [135].
Moreover, high temperature is needed to establish the dehydration reaction [136].
Alkaline pH is demonstrated to be a key factor in the production of zinc oxide, that
is why many synthetic protocols include NaOH (or other metal hydroxides like
KOH [137]) as precipitating agent. This applies also to hydrothermal methods [138]
and for the non-biogenic synthesis carried out in this work. On the other hand, acidic
pH determines the dissolution of ZnO, stabilising the Zn*" cation [139]. Finally,
higher temperature favours the synthesis overall [132,140].

Even though there are exceptions [141,142], many of the biogenic synthesis present
in literature exploits NaOH as a precipitating agent alongside the biogenic agent
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[143]. In these types of syntheses, the role of the microalgae cannot be addressed,
since another well-known and established precipitating agent is triggering
precipitation. Regarding this work, all the biogenic syntheses were performed
without the aid of other precipitating agents, apart from the microalgae extract itself.

5.1.1. Non-biogenic synthesis

As described previously, the non-biogenic batch syntheses of ZnO particles were
carried out following a modified version of the method explored by Bahnemann et
al in 1987 [5]. In particular, a reaction temperature of 100 °C and a molar ratio of
zinc acetate to sodium hydroxide of 1:1 was chosen. The procedure yielded a bright
white precipitate with a rection yield of 71%. This sample, hereby called “Zn0O 0.3,
was analysed through x-ray diffraction crystallography (XRD) to define its crystal
form and confirm the success of the synthesis. In the following Figure 5.1.1 I, the
XRD diffractogram is shown.
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Figure 5.1.1 1 diffractogram of ZnO 0.3. Miller indices hkl were assigned based on a reference
[144]
As can be seen, the batch synthesis produced crystalline ZnO in the hexagonal
structure, corresponding to the wurtzite mineral (Crystallography Open Database
reference pattern ID: COD 2300112) with the space group P 63 m c (186). The
reflections were indexed following a reference [144]. Moreover, with the Scherrer’s
equation [145,146] it was estimated a crystallite size of 22 nm which is comparable
with other studies in literature [147—149].
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The molar ratio, the reaction time and temperature were chosen based on a previous
optimisation made by another group member [132] and are described in the
experimental section of this elaborate (subchapter 7.2.1.1).

Powder attenuated total reflectance infrared spectroscopy (ATR-IR) analysis was
also carried out to study sample composition. In the next Figure 5.1.1 II, the IR
spectrum sample “ZnO 0.3 is shown.
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Figure 5.1.1 Il ATR-IR spectrum of the sample ZnO 0.3

From this spectrum is not possible to clearly distinguish the Zn-O stretching mode
signal near 450 cm™! [150] due to the instrument detection limit. Nonetheless, there
is an appreciable broad transmittance decrease in the region corresponding to the
stretching of interest. Being broad and intense, compared to the other peaks, this
signal indicates the presence of Zn-O bond and, more importantly, its amount
against contaminants, qualitatively. Regarding this aspect, peaks at 3360, 1410 and
875 cm! are related to small traces of organic compounds and residual water. These
signals are probably due to the CO»™ scissor vibration (858 cm™) and symmetrical
stretching (1410 cm™), of acetate [151]. The signal at 3360 cm™' is, instead, ascribed
to of residual -OH groups [152]. Since the peak intensities relative to contaminants
are insignificant compared to the ZnO band, this last measure indicated the purity
of the sample.

Zeta potential measurements were performed to estimate the average charge of the
particles. This value is defined as the electric potential in the interfacial double layer
of a dispersed particle with respect to the bulk phase [153]. In this case, it was +20
mV at pH 7. However, a colloidal dispersion is considered stable if the particles
have a zeta potential higher than or equal to £30 mV [100], reinforcing the
observation that ZnO precipitates in water. Nonetheless, the value is positive as
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expected since a pH of 7 is below the zinc oxide isoelectric point pH (which is 9)
[154].

The NPs diameter and morphologies of the batch synthesis were measured through
electron microscopy techniques. In particular, the transmission electron microscopy
(TEM) was used to precisely measure the average particle size and to calculate the
polydispersity of the diameter distribution. In the following Figure 5.1.1 III the
images retrieved from the TEM analysis and the diameter distribution plot are
reported.
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Figures 5.1.1 III TEM images of the batch synthesis “ZnO 0.3” (on the left) accompanied by the
particle size distribution plot (on the right)

From these measurements, an average particle diameter 60+18 nm was calculated
with a polydispersity index (PDI) of 0.3. In particular, for solid particles, this value
is calculated as the ratio between standard deviation and the average size of
particles, varying between 0 and 1. For a PDI value smaller than 0.2, the suspension
is considered monodispersed, whereas if it is between 0.2 and 0.5 is on average
polydisperse. Lastly, values higher than 0.6 represent highly polydisperse
distributions [155]. Having described that, it is safe to define the polydispersity of
this synthesis on average polydisperse, making this sample suitable as a standard
also from this point of view.

Regarding microscopic measurements, scanning electron microscopy (SEM)
method was exploited to determine the morphology of the particles. In Figure 5.1.1
IV, a SEM image of the ZnO particles is shown.
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Figure 5.1.1 IV SEM image of the particles from sample “ZnO 0.3”

As can be seen in the picture, the morphology is similar to prisms with hexagonal
bases which is common for ZnO NPs, considering the hexagonal crystal lattice of
wurtzite [ 156—158].

Another non-biogenic synthesis explored in this work is the hydrothermal one. As
explained previously in the dedicated section (3.1.1), this method consists in
conducting reactions under unconventional conditions, namely, above 1 atm of
pressure and at a temperature above the solvent boiling point thanks to a
hermetically closed system. In order to have another synthesis comparison, also this
particular synthesis method was investigated. Initially, the same molar ratio of the
previous synthesis (1:1 zinc acetate to sodium hydroxide) was used. This procedure,
however, (sample “ZnO 1.2”) generated a yield of only 37%, after 24 hours of
reaction time. For that reason, another sample was produced doubling the reaction
time (“Zn0O 1.3”) albeit, even this time the yield was only 35%. Even these samples
were analysed through XRD and the diffractograms are reported in the next Figures
5.1.1VandS.1.1 VL
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Figure 5.1.1 V and 5.1.1 VI Diffractogramsof samples 1.2 (on the left) and 1.3 (on the right). Miller
indices hkl were assigned based on a reference [144]
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As can be highlighted in the diffractograms, the are some reflections which do not
belong to the hexagonal zinc oxide crystal lattice. These can be likely ascribed a
spurious phase of hydrozincite (COD: 72-1100, C2/m (12)). Regarding that issue,
it is important to note that this time only two centrifuge washing steps were
performed (instead of 3, like in the previous sample) since the products were more
soluble than batch syntheses and less prone to precipitate. Nonetheless, both
samples appeared to be crystalline hexagonal ZnO like the previous synthesis (cod:
900887, space group P 63 m ¢ (186)). The crystallite sizes were 50 and 61 nm for
Zn0O 1.2 and ZnO 1.3, respectively.

To qualitatively assess the level of contamination, ATR-IR spectroscopy
measurements were performed, and the relative spectra are reported in the next
Figures 5.1.1 VII and 5.1.1 VIIL
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Figures 5.1.1 VIl and 5.1.1 VIII ATR-IR spectra of samples ZnO 1.2 (on top) and 1.3 (at the bottom)

The peaks at 669 and 672 cm™! are probably ascribable to CO,” scissor vibration and
the signals at 1020 and 1010 cm™ are ascribed to the acetate ion as well [151]. The
peaks at 3376 and 3349 cm™! (for “ZnO 1.2” and “1.3”, respectively) are probably
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due to the stretching of residual OH groups [152]. Since there is not a large
qualitative difference between contamination peaks and Zn-O signal, the samples
were not particularly pure.

Even for these syntheses, the zeta potential was estimated through electrophoretic
measurements. In both cases it was positive as expected. In particular, the values
were +38 and +52 mV (at pH 7) (for ZnO 1.2 and 1.3, respectively) which are above
the stability threshold [100]. This high values partially explains the tendency of
these particles to remain suspended during centrifugation.

To explore the size of these particles, TEM analyses were performed on each
sample. As depicted in the following Figures 5.1.1 IX and 5.1.1 X, different
morphologies were found.

o

\

\

\

oD\
200

§

N
AL
1000 1200 1400

Figure 5.1.1 IX TEM images of sample “ZnO 1.2 with different morphologies along with the
corresponding size distribution plots below. From top to bottom: similar to hexagonal base prisms,
nanorods and big clusters

34



\

N\

0 100 200 300 400 500 600 700

Particle size (nm)

Figure 5.1.1 X TEM photographs of sample “ZnO 1.3 with the different morphologies along with
the corresponding size distribution plots below. From top to bottom. similar to hexagonal base
prisms, nanorods and big clusters

As can be evidenced by these pictures, this type of synthesis yielded different and
polydisperse morphologies with particles similar to prims with hexagonal bases,
nanorods and big clusters (from top to bottom of each picture set). The reason
behind these results may be the need for a stabilising peptising agent during
syntheses at such unusual conditions which might shape assist the obtainment of
particles in a singular and more monodisperse morphology. The fact that both
syntheses present the same particle morphologies with similar sizes, along with
XRD data, confirm the completion of reactions during the first 24 hours. Due to the
high polydispersity and lack of shape coherence, this type of synthesis was
abandoned in favour of another hydrothermal protocol, in which a peptising agent
to maintain a uniform morphology amongst particles.
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The approach was the one from Diodati et al. [130] in which the pH was set at 10
(with a 1 M NaOH aqueous solution) while the morphology was also shaped by the
presence of a peptising agent, the tetracthylammonium hydroxide (TENOH). The
metal precursor was zinc acetylacetonate, in a 1:1 molar ratio with respect to oxalic
acid to obtain zinc oxalate. Oxalates are prone to be decomposed into CO> upon
heating, indeed, without leaving any contamination [159,160]. For each equivalent
of oxalic acid and zinc oxalate, 0.26 equivalents of TENOH were used.

The reaction was carried out at 135 °C in a closed vessel, with a filling ratio of 55%.
The overall synthesis produced a white powder precipitate with a 55% reaction
yield. XRD analysis was performed in order to assess the crystallinity of the
obtained compounds. In the following Figure 5.1.1 XI, the XRD diffractogram is
reported.
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Figure 5.1.1 XI “ZnO 1.7” XRD diffractogram. Miller indices hkl were assigned based on a
reference [144]

XRD analysis confirmed that presence of crystalline ZnO in the form of hexagonal
wurtzite (COD 2300112, space group P 63 m ¢ (186)), and no further reflections
due to spurious phases were detected. In addition, Scherrer’s equation allowed to
estimate two different crystallite sizes: 18 and 25 nm. This result is in line with
anisotropy of the particles themselves (TEM and SEM images reported further
Figures 5.1.1 XIII and 5.1.1 XIV respectively) and literature about elongated ZnO
systems such as prisms and cones [161,162].

To verify the organic compounds decomposition, as well as to evaluate the degree
of sample purity, the IR spectroscopic analysis was performed, as reported in figure
5.1.1 XII.
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Figure 5.1.1 XII ATR-IR spectrum of the sample “ZnO 1.7”

As can be easily seen, there are small peaks corresponding to contamination. In
particular, it is possible to recognize the band at 1638 and 1323 cm™!, probably
ascribable to the enolic form (1638 cm™) of acetylacetonate (being a B-diketone
[163]) and C-O stretching of a carboxylic acid (oxalic or acetylacetonic acid) (1323
cm™) modes [151]. The wavy signals between 2500 and 2000 cm™! are due to
instrumental noise. With this measurement it was possible to confirm the purity of
crystalline ZnO and the occurred decomposition of most of the organic reactants.

After that, the zeta potential was also measured. In this case, a negative charge at
neutral pH (7) was observed (while all the previous samples presented a positive
one). In particular, the value obtained was -8.4 mV, even if, as it was explained
before, the ZnO isoelectric point is at pH 9 [154]. This unexpected value is still very
close to neutrality, implying it is probably the result of residual carboxylic acids
remained adsorbed onto the surface (which is likewise positive) contrasting the real
charge of the particle.

As the previous samples, to define the average diameter and morphologies, the
sample was analysed by TEM and SEM, Figure 5.1.1 XIII.
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Figure 5.1.1 XIII TEM image of the sample “ZnO 1.7” along with the corresponding size
distribution plot

As can be seen at a first glance, these particles are bigger than those obtained by the
previous syntheses, with an average diameter of 17714463 nm and a PDI of 0.3.
This instance means that they cannot be defined as nanoparticles (1-100 nm [52]).
The dispersion was equal to the chemical batch synthesis, being in average
polydisperse.

Moreover, to define particle morphology, SEM measurement was performed, as
reported in Figure 5.1.1 IV.

EHT = 5.00 kv Signal A = SE2 Date :15 Jul 2022
WD = 74mm Photo No. = 32119 Time :16:01:49

Figure 5.1.1 IV SEM image of sample “ZnO 1.7"

In Fig. 5.1.1 IV the particles shape can be appreciated as acicular (needle shape).
This is the same morphology obtained by Diodati et al. [130], confirming the
synthesis reproducibility.

All the previous measurements and analyses determined that samples “ZnO 0.3”
and “1.7” are, respectively, suitable standard for the biogenic batch and
hydrothermal syntheses. The following biogenic synthesis methods were tailored to
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match the characteristics of these sample regarding, for instance, dimension,
crystallinity and powder colour appearances.

5.1.2. Biogenic synthesis

The biogenic approach used in this project is based on the work of S. Tinello [132].
It is notable to underline, prior to the discussion, that all the following syntheses
were performed at neutral pH and without the aid of any precipitating agent like
NaOH. The syntheses were carried out by the biogenic agent only (apart for a small
concentration of OH anions naturally present in solution at that pH) being more
green [3] than previous state-of-art biogenic syntheses of the same compound [143].

The sample “Zn0O 2.1 was produced following the approach of S. Tinello. For this
sample, 1 g of microalgae was boiled for 20 minutes, filtered on paper and diluted
to 100 ml with deionised water and let to react with 20 mmol of zinc acetate (1g of
biogenic agent every 20 mmol of metal precursor). The precipitated product was
bright green instead of white, due to the presence of biological components on the
particles. The sample appearances and synthesis process are shown in the following
Figure 5.1.2 1.

Figure 5.1.2 I Synthesis of sample “ZnO 2.1 and its powder

The apparent reaction yield was 37%. However, this high value is mainly due to the
presence of biological debris which increased the product weight. According to the
original work from S. Tinello, the actual product weights (estimated through
thermogravimetric analyses (TGA)), were the 15% of the total. Consequently, the
real reaction yield would be only 6%.

XRD analysis was performed revealing that the sample is amorphous as reported in
the following Figure 5.1.2 II.
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Figure 5.1.2 II Diffractogram of the sample “ZnO 2.1”

Then, a powder ATR-IR spectroscopy measurement was performed, and the
spectrum is reported in the following Figure 5.1.2 III.
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Figure 5.1.2 Il “ZnO 2.1” IR spectrum

As can be seen, the sample appears to be contaminated by biomolecules coming
from microalgae. The band near 450 cm™ has an intensity similar to other signals;
yet it is present, testifying the presence of Zn-O bonds within the sample.
Particularly evident are the signals of O-H stretching mode (2921 cm™) from
carboxylic acid dimers, amide II at 1622 cm™ (which is the combination of N-H
bending and C-N stretching in proteins) and the acetate characteristic band (1030
cm’!), which are all due to residual of microalgae [151]. Also, these measurements,
as expected, indicated the poor purity of the sample.

Since the previous protocol was problematic and never yielded a pure white ZnO
powder, it was decided to improve it. In detail, the preparation of the biological
extract was changed. In particular, 1 g of microalgae was left at boiling temperature
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(~100 °C) until the solvent (deionised water) was evaporated and left for another
20 minutes under the same heating conditions. Once this procedure was completed,
the remaining brown slurry was suspended in 100 ml in deionized water. Finally,
the processed extract was filtered and used as a reactant along with 20 mmol of zinc
acetate (like the previous synthesis, 1 g of microalgae each 20 mmol for precursor)
precipitating the sample “ZnO 2.2”. This approach was used in order to take
advantages from heat (boiling temperature) and atmospheric O to partially burn
the biogenic agent to decompose phenols, chromophores and other organic
compounds which may not be part of the synthesis mechanism, yet they can
interfere with particles production and sample purity. In literature most of biogenic
productions of ZnO rely on a post-synthesis calcination step (with temperatures
between 350 and 700 °C), with the aim of purifying the final product and to obtain
a crystalline ZnO [142,164,165]. Calcination is an extreme energy demanding
activity for industries, requiring a significant amount of heat [166]. For these
reasons, the use of a milder heating step was chosen.

This approach was successful since it yielded white crystalline ZnO particles,
comparable to the one made with the classical batch approach while still using less
energy compared to a state of art calcination-assisted biogenic synthesis. The use
of'a biogenic agent and less heat are coherent with the principles of green chemistry,
in particular the use of less hazardous synthesis (3° principle) and the design for
energy efficiency (6° principle) [3].

To assess the synthesis efficiency and comparability in regard to its batch
counterpart (sample “ZnO 0.3”), the same analysis and measurements sets were
performed onto this product. Firstly, an apparent reaction yield of 5% was
calculated. Even if it is lower than the yield obtained with “ZnO 0.3, the value is
similar to the ones obtained by S. Tinello with TGA analyses. Then a XRD analysis
was performed (Figure 5.1.2 1V).
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Figure 5.1.2 IV XRD pattern of sample “ZnO 2.27[144]
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As can be evaluated by the diffractogram, this method yielded crystalline hexagonal
ZnO (COD 900887, space group P 63 m c (186)), just like its batch reference
sample. In this case, the calculated crystallite size was 56 nm which is significantly
higher than the one from “ZnO 0.3” (22 nm).

Then, IR spectroscopy analysis was performed, as reported in Figure 5.1.2 V.
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Figure 5.1.2 V ATR-IR spectrum of sample “ZnO 2.2

As can be seen, the presence of Zn-O stretching signal confirms the presence of the
corresponding bond. Besides instrumental noise between 1750 and 2500 cm™ and
the acetate peak at 1017 cm™!, there are not signals ascribed to microorganism
adsorbed biomolecules, being the spectrum very similar to “ZnO 0.3”. This analysis
further confirms the higher product purity of this new biogenic protocol with
respect to the previous one.

Zeta potential measurement was also performed resulting in a value of -19 mV at
neutral pH. This result is ascribed to the presence of various biomolecules adsorbed
onto the particles which confer a negative charge.

Finally, TEM analyses were performed as well and in Figure 5.1.2 VI the particle
TEM micrograph and the corresponding size distribution plot are depicted.
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Figure 5.1.2 VI TEM images of sample “ZnO 2.2 and its size distribution plot. In red circles, some
of the microalga debris are highlighted

As can be seen in the image, the particles are bigger than the ones produced with
the batch method. having an average diameter of 476186 nm. This value is in
agreement with biogenic syntheses performed previously by S. Tinello [132], as
well as, the PDI being about 0.4 which is still considered on averagely
polydisperse. To define the morphology, SEM images were taken and reported in
figure 5.1.2 VIL
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Figure 5.1.2 VII SEM image of sample “Zn0O 2.2”.

In the Fig. 5.1.2 VII it is possible to observe particles shaped like hexagonal prisms
along with the presence of bigger acicular-like aggregates. Nonetheless, microalgae
debris are still present adsorbed on particles (see red circles in Figures 5.1.2),
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highlighting that, even with this enhanced protocol, a little biomolecules amount is
still present.

In conclusion, referring to the batch synthesis benchmark (“ZnO 0.3”), the obtained
biogenic particles had a bigger size and crystallite size and a positive surface charge.
However, the sample “ZnO 2.2” has less biogenic agent adsorbed on the surface
compared to “ZnO 2.1”, meaning that the first one is more similar to the one made
with batch method. Moreover, “ZnO 2.2” is crystalline and has the same
appearances as the batch product. In conclusion, this biogenic synthesis is suitable
for all the applications that need cheap ZnO big particles without an excessive
product purity. The biogenic synthesis is considered more economic and sustainable
than conventional chemistry because of microalgae. For instance, they can be
obtained as industrial discards from other processes like wastewater flocculation
[105] diminishing the synthesis cost. As last consideration, the presence of
microalgae debris may also enhance the biocompatibility of the product (which is
already high, being ZnO considered to be a GRAS compound) [24,167].

Using the sample “ZnO 1.7 as a benchmark, also biogenic-hydrothermal syntheses
were tried by performing the biogenic synthesis into a hydrothermal vessel.
However, none of the various ratios (grams of microalgae over mmol of metal salt)
generated any product after 24 hours of reaction time at 135 °C with a filling ratio
of 48%, determining the abandonment of the biogenic-hydrothermal research line.
The probable causes are the extreme conditions met in hydrothermal syntheses in
which high temperatures and pressures may have interfered with the role of the
biogenic agent, deactivating it. Nevertheless, hydrothermal reference sample “ZnO
1.7 was kept and still functionalised with polymers to generate a stable water
suspension, for further considerations. In the Table 5.1.2 VIII the biogenic-
hydrothermal attempts are reported and summarised.

Zinc
Zi tat
Sample “(1;1:;; ¢ Microalgae (g) | acetate/microalgae
(mmol/g)
Zn0 4.0
2 0.05 1:0.025
Zn0 4.1
2 0.10 1:0.050
Zn0 4.2 2 0.50 1:0.250

Table 5.1.2 VIII List of ZnO biogenic-hydrothermal syntheses
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5.2. Silver nanoparticles synthesis

As stated before, even for metallic silver, the aim is the obtainment of stable water
suspensions of nanoparticles synthesised through biogenic methods. The synthesis
product is a colloidal dispersion. Nevertheless, biogenic synthetised metallic silver
do not have the same colloidal stability with respect to the Turkevich conventional
batch counterparts, unless in high ionic strength conditions [168]. On the other
hand, is reported in literature that biogenic particles should be highly stable due to
the stabilisation effect brought by the adsorbed charged biomolecules [169].
Biogenic syntheses produced in this thesis were not considered stable, hence
polyoxazolines were employed to stabilise the suspensions [170].

Even for AgNPs the biogenic synthesis mechanism is not completely clear,
however, there is the reduction of metal cations (oxidation state +1) to their metallic
form (oxidation state 0). For this reason, we can assume that biomolecules act as
both scaffolding and reducing agents [9]. The biomolecules probably involved in
this process are flavonoids and terpenoids [97], polysaccharides [95] and reductive
enzymes such as flavoproteins and nitrate reductases [96,98]. Even considering the
greater consensus amongst the reductive mechanism (in contrast to zinc oxide) there
is not a precise knowledge of which biomolecules are involved. Therefore, even in
this case, extensive studies would be required. In particular, HPLC-MS, XAS and
biochemical essays such as immunoprecipitation could be performed. In addition,
the majority of studies about biogenic silver nanoparticles are conducted using leaf
extracts or bacteria, determining more difficulties to identify the organic
compounds involved in microalgae [171]. Taking into account the cost-
effectiveness, biocompatibility and antibacterial activity, it is crucial to continue
these researches [172—175], thanks to the already established market of AgNPs as
sanitising agents (representing 50% of commercialised nanoparticles in 2015 [63]).

Despite its peculiar synthesis mechanism, biogenic silver nanoparticles growth can
be modelled with the LaMer-Sugimoto model, likewise their batch counterparts
[83,84,176]. As shown in the following Figure 5.2 I, this model is based upon the
idea of the existence of two temporarily separated main steps during which the
synthesis of nanoparticles takes place: nucleation and growth.
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Figure 5.2 I LaMer-Sugimoto nucleation model for nanoparticles formation [177] where the
number refers to the generation of metallic atoms (1), nucleation (2) and growth (3) phase

As shown in the figure the addition of metal precursor triggers the generation of
metallic nuclei (oxidation number 0). After reaching a certain concentration of
reagents (above the solubility), small clusters are formed, due to atoms aggregation
(nucleation), which eventually grow, through mass diffusion, into bigger particles
[83].

Smaller nanoparticles are demonstrated to generally possess a higher colloidal
stability [57] and present a smaller surface, which facilitates the polymeric ligand
coating process. For this reason, the obtainment of small sizes was a target of this
thesis. As shown in the previous figure 5.2 I, the growth of particles relaxes the
supersaturation (defined as the ratio between the actual precursor concentration and
its solubility in the current solvent [178]) thereby preventing further nuclei from
being produced. This means that, to obtain smaller and more monodisperse
nanoparticles, the phases of nucleation and growth should be as temporally
separated as possible. One of the possible route is the use of pre-synthesised
nanoseeds of the same material in order to skip the nucleation phase and obtain
monodisperse, bigger particles [179]. Nonetheless, focusing the synthesis on the
nucleation phase would be desirable [176] since faster nucleation leads to smaller
crystals (as well as high supersaturation) [180].

These colloidal systems are tunable since their morphology and sizes are influenced
by many experimental conditions, such as stirring rate, temperature, precursor to
reductant molar ratio and pH [181]. Regarding this thesis, two main parameters
were explored: reaction time and reactant addition order. An excessively long
reaction time leads to particle aggregation, eventually resulting in loss of colloidal
stability, colour change to darker tones and the precipitation of silver as bulk
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material. Even though colour change is a good indicator for silver Turkevich
synthesis completion (from transparent to yellow, due to the occurrence of Plasmon
resonance [48]), timing the reactions was found to be a more reproducible manner
to assess the most suitable moment for synthesis quenching.

The other parameter evaluated was the reactant introduction order. With the aim of
focusing the process within the nucleation phase, the “reverse” method was used
for Turkevich and biogenic methods. The metal salt was added to a hot stirring
water solution already containing an excess of reducing agent, contrarily to classical
technique. This process may cause the quasi-instantaneous generation of several
small nuclei, exhausting the Ag" in solution before the starting of growth phase. In
literature, this method produces smaller and more monodisperse particles for
colloidal gold synthesis [182,183] (compared to the classical Turkevich method [7])
which implies it may lead to the same outcome for silver particles as well.
Moreover, since biogenic synthesis is known as a method which intrinsically
produces wider size distributions [184], syntheses with microalgae were performed
with the reverse method, in order to minimize polydispersity (meaning, the metal
salt was added to a solution of microalgae and not vice versa). Being more similar
to the biogenic synthesis, the reversed synthesis, along with the classic one, is
considered as the comparison benchmark for the biogenic method.

During these syntheses, the pH did not change significantly (remaining neutral) in
both biogenic and non-biogenic samples and were carried out under vigorous
stirring. Finally, in biogenic syntheses, similarly to ZnO, only the metal precursor
salt and the biogenic agent were exploited without the aid of other chemicals,
assuring the products are only the results of microalgae presence.

5.2.1. Turkevich method

The method used was a modified version of the Turkevich colloidal gold method
[7] adapted for silver. A molar ratio of 1:3.4 silver nitrate to sodium citrate was used
in all non-biogenic synthesis. The excess of citrate was chosen with the aim of
obtaining small particles completely covered and stabilised by organic molecules
[185].

From preliminary attempts of AgNPs batch syntheses (not reported), it was obvious
that reaction time was the most important parameter to avoid unstable sols. For that
reason, initially both the reverse and normal methods were performed and every
minute a time point sample was taken (from O to 5 minutes). The success of
syntheses were assessed by UV-Vis spectroscopy measurement in which the
occurrence of the silver surface plasmon resonance was observed [48,186]. In the
following Table 5.2.1 I, the samples synthesised, and their maximum absorbance
are reported.
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Normal Reverse
Reaction
sample Amax(nm) sample Amax(nm) time
(minutes)
Ag Ag
Normal / Reverse / 1
1 min 1 min
Ag Ag
Normal 396 Reverse 411 2
2 min 2 min
Ag Ag
Normal 413 Reverse 410 3
3 min 3 min
Ag Ag
Normal 420 Reverse 413 4
4 min 4 min
Ag Ag
Normal / Reverse / 5
Smin 5 min

Table 5.2.1 I List of samples synthesised through Turkevich normal and reverse colloidal silver

routes.

As can be seen in the previous table, for both syntheses, samples with a reaction
time of one and five minutes do not have an absorbance maximum reported. The

reason behind is the impossibility of observing to see any colour change or measure
a plasmon resonance absorbance peak before 2 minutes, indicating the absence of
nanoparticles. After the fifth minute, on the other hand, the sols assumed a dark
silver colour caused by particle aggregation into bulk material, thereby determining
the synthesis failure. In the following Figure 5.1.2 II, the absorbance spectra of
samples obtained between two and the four minutes of rection time are reported.
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Figure 5.1.2 II UV-Vis spectra of the following samples: on the top line (from left to right): “Ag
Normal 2 min”, ”Ag Normal 3 min” and “Ag Normal 4 min”’; on the bottom line (from left to right)
“Ag Reverse 2 min”, "Ag Reverse 3 min” and “Ag Reverse 4 min”

As can be seen in the spectra and the table, all samples present broad absorption
peaks near 390-420 nm which is compatible with the silver plasmonic resonance of
particles with sizes smaller than 30 nm [68,187,188].

To determine long term colloidal stability of these samples, the surface zeta
potential was measured and monitored for 1 week. See the following Table 5.1.2

111
Ag Ag Ag Ag Ag Ag
Sample | Normal 2 | Normal 3 | Normal 4 | Reverse 2 | Reverse 3 | Reverse 4
min min min min min min
Zeta
potential
-37 -41 -46 -41 -58 -47
(mV)
3 days
Zeta
potential
-44 -46 -42 -48 -43 -46
(mV)
S days
Zeta
potential
-47 -47 -49 -41 -45 -42
(mV)
7 days

Table 5.1.2 III Zeta potential measurements of non-biogenic silver syntheses
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As can be seen in the previous table, besides some minor oscillations ascribed to
experimental error, the surface charge remained stable throughout the time lapse
evaluated for every sample. Moreover, all the measurements reported a zeta
potential value above the colloidal stability threshold of £30 mV [100]. These data
suggest that all samples should not undergo aggregation and precipitation processes
during in a reasonable time frame.

To have a more precise measure of colloidal stability, the plasmon UV-Vis
maximum absorptions were monitored as well and for a longer timeframe. The data
are shown in the next Table 5.1.2 IV.

Sambple )\.max(nm) )vmax(llm) )\.max(nm) )vmax(llm) )\.max(nm)
P 3 days 5 days 7 days 14 days | 28 days
Ag Normal2 | 0 422 417 423 430
min
Ag Normal3 | - 415 412 424 432
min
Ag Normald | ) 420 425 425 432
min
Ag Reverse2 | 414 421 420 420
min
Ag Reverse3 |, 419 421 425 427
min
Ag Reversed | ¢ 423 421 425 428
min

Table 5.1.2 1V Time resolved Jyax shifts of non-biogenic silver syntheses

The spectroscopic data confirmed an overall colloidal stability for every sample
within two weeks. However, after 14 days there is a more sensible redshift for
samples made with the standard Turkevich method. These data suggest that the
reverse method may produce more stable sols.

Finally, the long-term stability was evaluated through the optical observation of
sols for four weeks. Pictures of this analysis are reported in the next Figure 5.1.2
V.
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Figure 5.1.2 V Long term analysis of batch silver samples. on top samples freshly made are shown
whereas at the bottom, they are shown after 4 weeks.

As it is evident from the pictures in Figure 5.1.2 V, there was a net colour change
in the samples produced via the classical Turkevich approach and a reaction time
greater than two minutes after the first week. This observation confirms the idea of
the increased colloidal stability of the “reverse” samples with respect to the standard
ones. Nonetheless, every sample showed a colour change after four weeks except
for the ones synthetised with a reaction time of 2 minutes. Consequently, these two
samples were chosen to be the reference standard as they were the most stable.

The TEM analysis was performed onto “Ag Normal 2 min” and “Ag Reverse 2
min”. In Figures 5.1.2 VI and VII, results are shown.
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found (on the left) accompanied by the corresponding size distribution plots (on the right).

Figure 5.1.2 VII TEM images of sample “Ag Reverse 2 min” with the different morphologies
top row: small spherical particles; on the bottom row: anisotropic aggregates



As can be seen in the previous images, alongside particles, these is a small
component of anisotropic aggregates (of 22 and 175 nm, for the “Ag Normal 2min”
and “Ag Reverse 2min”, respectively). As confirmed by the analysis, even though
there were not macroscopic precipitates in these sols, some nanoparticles still
aggregated. For the reverse synthesis, this effect was more evident, generating
bigger aggregates. Nevertheless, contrary to what expected, nanoparticles produced
with the reverse method featured a bigger diameter (20+7 nm) compared to the ones
obtained with the conventional techniques (6.0+3 nm). At first glance, it may be
seen as a worse synthesis, however “Ag Reverse 2 min” was slightly more
monodisperse (PDI 0.3) than is traditional counterpart (PDI 0.4) (even being both
average polydisperse [155]). However, since monodispersity is, generally, a more
desirable feature than smaller sizes; it is hereby possible to state that the reverse
Turkevich method is a better synthesis for technological applications that do not
require nanoparticles below 20 nm. SEM measurement were not possible due to the
instrument detection limit above the dimensions of the nanoparticles at issue.

Regarding TEM measurements, it is worth noting that the aggregates represent a
only small portion of the particle population. Then, to avoid the formation of these
components, the samples to be used for polymer functionalisation were synthetised
and used fresh withing the first 24 hours (using the hereby established optimal
reaction time and conditions). Even though the Turkevich method is based upon the
subjective colour change observation (which is not to be highly reproducible [92]),
the exploitation of the same optimised conditions, such as reaction time, should lead
to the same product. This implies that even if the functionalised samples were not
the ones subjected to the analysis, they still retained the same characteristics of the
ones used in microscopic analysis, in term of size distribution.

5.2.2. Biogenic synthesis

In this part the biogenic syntheses were performed following the reverse Turkevich
method in which instead of adding AgNOs to a boiling solution of citrate, the metal
salt was added to a hot stirring suspension of microalgae extract. However, in the
very first attempt, the conventional Turkevich addition order was used (first the salt
then the reducing agent). This choice is functional to the type of experiment
preformed. The first parameter explored was the ratio between microalgae extract
and metal salt required to obtain AgNPs. 1 ml of biogenic agent (10 g/1) were added
to a hot stirring solution of AgNOs (with the same quantity in mass of precursor of
the batch syntheses, for reference, 0.017 g, 0.1 mmol) every fifteen minutes.

Right after the addition of the first milligrams of microalgae, the solution turned
from bright green to a slightly greyer tone, probably due to interactions of Ag"
cations with negatively charged molecules withing the microorganism which, as a
result, shifted their absorption spectra. Nevertheless, it is not ascribed to AgNPs
formation. After adding 0.04 g of extract to the solution, a slight shade of pink was
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observed, however, only after 0.1 g the colour changed markedly, indicating the
presence of nanoparticles. Unfortunately, it was not possible to perform
spectroscopic analyses due to the high optical density of the sols, the presence of
chromophores from the photosynthetic organism and instrumental saturation.
Thereby, apart for optical observation, there are not further indication of AgNPs
existence within the liquid.

DLS analyses were performed onto samples recovered by the sols after adding 0.04
and 0.1 g total of extract (called “Ag BIO 4ml” and “Ag BIO 10 ml”, respectively).
For these two samples, the measured hydrodynamic diameters were, respectively,
123 and 178 nm. Even though the sizes increased as time passed by, as expected,
these values are not considered reliable since the measurements were performed 6
hours after the synthesis, meaning the data obtained are to be referred to larger
aggregates (due to colloidal instability). Every biogenic silver sols synthesised in
this thesis, which were not subjected to further purification steps to remove
adsorbed and non-adsorbed biomolecules (namely, centrifugation, filtration,
polymeric ligand exchange and dialysis), were completely subjected to
precipitation during the first 12 hours of shelf life.

Moreover, zeta potential measurements were taken as well. The samples presented
a charge of -26 and -22 mV (“Ag BIO 4ml” and “Ag BIO 10ml”, respectively).
These values mark the instability of colloidal suspensions, thereby explaining the
appearance of a precipitate after such short time.

Once established that 0.1 g of microalgae and 0.1 mmol of AgNOs3 are needed to
obtain a net solution colour change (thereby, generating AgNPs), all the following
syntheses were performed using the reverse technique. In particular, since the
heating is one of the most expensive industrial activity [166,189], beside the
classical approach of heating the extract solution, reactions were performed also at
room temperature (RT). Even if in the work of S. Tinello [132], a sufficient heating
was required to produce biogenic ZnO, the elevate concentration of reductive
compounds within microalgae was sufficient to synthetise metallic silver particles
at RT.

The first samples produced were “Ag BIO 3.0 100 °C” and “Ag BIO 3.1 RT” which,
as the names suggest, were performed respectively at boiling point and at room
temperature. Even for these samples it was not possible to evaluate the absorption
spectra, being the signal too weak. However, the optical observation of samples
during synthesis determined the reaction time required for a colour change from
green (microalgae) to pink-yellow. In particular the at boiling point condition, the
reaction time was 45 minutes, whereas the reaction conduction at room temperature
required 24 hours. For these syntheses (and all the following discussed in this
section), as soon as AgNO3 was added the solutions turned from bright green to a
grayish green, due to Ag" ions being coordinated by chromophores present in
microalgae.
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Finally, DLS measurements were performed. The hydrodynamic diameters were 69
and 38 nm (for the synthesis at boiling point and at room temperature, respectively).
This analysis was exploited to have an indication of particle formation due to the
impossibility to visualise an absorption spectrum or obtaining a sample powder to
be analysed with XRD diffractometry. These data suggest that room temperature
synthesis yielded smaller particles. This statement was later confirmed by TEM
(Figures 5.2.2 II and III).

Having established the quantity of biogenic agent and the reaction time required,
the following step of this research was devoted to separate microalgae debris from
nanoparticles with the aim of improving colloidal stability (since microalgae extract
showed a tendency to precipitate on its own) and detect a plasmonic resonance
through UV-Vis spectroscopy. To precipitate the microalgae a mild setting of 7000
rpm for 3 minutes was chosen. The resulting supernatant and pellet are shown in
the following Figure 5.2.2 1.

Figure 5.2.2 I Picture of sample “Ag BIO 3.9 100 °C-C”, the supernatant is stored in the becker in
the background whereas the pellet is in the centrifuge tube (bottom-left)

In the previous picture the classical silver colloidal yellow suspension (even if with
a tonality similar to green) is present in the supernatant, whereas the pellet mostly
contained microalga debris. Assuming similar sizes and tendency to precipitate
between room and boiling point temperature synthesis products, this first
purification step was essayed only for the hot biogenic synthesis. Moreover, before
the centrifuge step, the sol was split into two samples, namely “Ag BIO 3.9.1 100
°C-YES C” and “Ag BIO 3.9.2 100 °C-NO C”. The treatment was performed only
for the first one whilst the other was kept as a control reference. After this
procedure, “Ag BIO 3.9.2 100 °C-NO C” lost its stability after 24 hours whereas
the other one remained suspended for 3 days. The last consideration further
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underlines the confinement of particles in the supernatant and the intrinsic tendency
of microalgae debris to precipitate by their own. Finally, even after centrifugation
it was not possible to detect any plasmon absorbance in the UV-Vis spectrum due
the massive presence of microalga debris even after centrifugation.

Considering the centrifugation as an effective method to enhance colloidal stability,
all the following synthesis were performed including that purification step. Finally,
in order to assess the size of Ag nanoparticles, TEM analyses were performed on
freshly prepared samples synthesised with each temperature condition explored in
this work (“Ag BIO 3.13 100 °C-C” and “Ag BIO 3.14 RT-C”) and the results are
reported in the following Figures 5.1.2 IT and II1.
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Figure 5.1.2 Il TEM results of sample “Ag BIO 3.14 RT-C TEM”

In the images, the presence of spherical (black) particles is shown: this could be
probably ascribable to the formation of Ag nanoparticle, even if there is not an
observable plasmon absorbance. As can be noticed there is not the presence of any
aggregates (differently from the synthesised batch standards, Figures 5.1.2 VI and
VII). This could be explained with the fact that the samples were freshly prepared
and analysed in the following 2 hours. The particles diameter was measured for
both samples, resulting in 18+6 nm (PDI 0.3) for Ag BIO 3.1 RT-C and in 35+16
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nm (PDI 0.5) for Ag BIO 3.0 100 °C-C. Besides, the measured particle diameters
unravel a particular feature, already suggested by DLS (samples “Ag gaditana BIO
3.0 100 °C-C” and “Ag gaditana BIO 3.1 RT-C”): syntheses at room temperature
generated smaller and more monodispersed nanoparticles (18 nm, PDI 0.3, average
polydisperse) compared to the ones obtained through heating (35 nm, PDI 0.5,
average polydisperse). The result definitively confirmed that the usage of lower
temperature leads to better particles (in both terms of size and polydispersity) with
lower energetic expenditures in favour to sustainability. Finally, the microscopic
analysis confirmed that the DLS measurements were overestimated due to the
presence of biogenic debris adsorbed on the particles. Even for these samples it was
not possible to observe the silver plasmon through UV-Vis analysis. The following
Figure 5.1.2 1V reports the spectrum of the extract taken from the centrifugation
supernatant used as blank.

Absorbance (a.u.)

T T 1 T 1
400 500 600 700 800
wavelenght (nm)

Figure 5.1.2 IV Absorbance spectrum of the biogenic extract supernatant (red) and its scattering
contribution (black)

As can be highlighted, there is a significant contribution of scattering due to the
presence of big particles, ascribed to the biogenic agent (highlighted by the black
line [190]). It is possible to observe absorption peaks at 425, 676 and 702 nm which
belongs to the Soret (425 nm) and Q bands (676 and 702 nm) of chlorophyll A
[191], which is abundant in N. gaditana [110]. The presence of these compounds
might explain the particular coloration of these sols.

Then, in order to further purify the samples, a filtration on PTFE filters was carried
out (pore diameter of 0.2 um). The samples were renamed as “Ag BIO 3.17 100
°C-CF” and “Ag BIO 3.18 RT-CF*“. A UV-Vis analyses was then repeated, by
obtaining a broad band at 412 nm, ascribable to the silver plasmon resonance, as

reported in Figure 5.1.2 V.
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412 nm
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Figure 5.1.2 V UV-Vis of sample “Ag BIO 3.18 RT-CF”

As can be noticed, a plasmon resonance is present, confirming the presence of silver
nanoparticles. Nonetheless, due to instrumental noise and to the residual presence
of contamination, it was not possible to fit the spectrum into a proper gaussian
function (R-squared: 0.78).

Subsequently, both samples were subjected to a ligand exchange procedure with
PMOXA-100-S-S (see section 7.5.2) with the aim of removing the last adsorbed
biomolecules, displacing them with organic molecules and expelling them from the
colloidal dispersion through dialysis. After functionalisation, the sample presented
a clear plasmon and the solution turned completely pink (compared to the previous
green-pink colour). Moreover, it was possible to fit the spectrum with a gaussian
function (R-squared 0.90). Considering the spectrum reported in Figure 5.1.2 V
and the absence of chlorophyll peaks in the 650-750 nm region (Figure 5.1.2 IV),
it 1s possible to state that the peak at 409 nm was indeed due to the metal
nanoparticles only, definitively confirming the synthesis positive outcome. In
Figure 5.1.2 VI the fitted spectrum, after functionalisation, is reported.

Absorbance (a.u.)

T T T !
300 400 500 600 700
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Figure 5.1.2 VI Spectrum of sample “Ag BIO 3.17 100 °C-CF” after functionalisation with
PMOXA-100-S-S.
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The previous plots definitively confirm the synthesis success. Regarding that, the
absorption peak of the polymer in water is at 327 nm, which is distant enough and
not influence significantly the plasmon spectrum.

Even if the TEM data were obtained from samples which were not subjected to any
purification steps besides centrifugation, these measurements can be assumed to be
referable also to the other samples. This feature is ascribed to the image processing
analysis performed in which only the diameters of darker metal nanoparticles were
considered without the semi-transparent organic corona, which was removed
through purification step in other samples.

In conclusion, biogenic metallic silver nanoparticles were successfully synthesised,
at least for samples produced at room temperature. These ones showed the same
PDI (0.3) of their batch counterpart (“Ag Reverse 2 min”) and as well as similar
dimensions (20 nm against the 18 nm of the chemical approach). Even though
further purification steps are required, the reduced energy consumption and the
cost-effectiveness of the reactants might justify the production process. These
considerations imply that biogenic silver nanoparticles produced in this thesis may
be a valuable economic asset for industries for diminishing the price and the
environmental impact of an already widely commercialised nanosystem [63].

5.3. PMOXA synthesis and particle functionalisation

In order to obtain stable suspensions from biogenic Ag and ZnO particles, the
functionalisation with) PMOXA ligands was carried out. For functionalisation,
polymer chains were modified with anchor groups proven to be specific for
adsorption upon the inorganic material produced, namely catechol and disulphide,
for ZnO and Ag respectively [20,21]. PMOXAs were synthetised with two different
DPs, ~50 and ~100. After several modifications of the chain terminator, the
organic compounds were used as ligands for the particles of ZnO and Ag. In
particular, for Ag the polymer with a length of 100 units was exploited whereas for
ZnO PMOXAs with both lengths were used. Beside the simple colloidal
stabilisation, on objective of the thesis was to establish whether biogenic particles
could be functionalised or not. As shown in previous chapters (sections 5.1.2 and
5.2.2) both biogenic particles of Ag and ZnO presented a variable amount of
microalgae debris adsorbed upon, which may contain strongly binding compound
such as flavonoids (which are polyphenols, secondary metabolites used as glues
[97,192]).

The polymerisation of PMOXA (like the other polyoxazolines) follows the cationic
ring opening polymerisation (CROP) mechanism [116] (see figure 5.3 I). The
general mechanisms for the initiation and propagation of 2-oxazolines depends on
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the nature of the initiator used in the reaction. Two different types, ionic and
covalent, are involved in the reaction. In this case an alkyl tosylate [193]) was used,
therefore the covalent mechanism was exploited. Once activated, the cationic
polymerization of 2-oxazolines begins with the nucleophilic attack of a nitrogen
atom of 2-oxazoline onto the C(5) carbon of the propagating 2-oxazolinium species,
resulting in 0(1)-C(5) bond cleavage and isomerization of the intermediate species
to give a product with N-acylethylenimine units [194]. In this thesis, after
polymerization completion, a terminating agent was added (a nucleophilic amine)
[195]. In particular, for this thesis a polymerisation terminator with a hydrolysable
ester group was chosen (ethyl isonipecotate). Once deprotected, the carboxylic acid
can be exploited to couple functional groups through a stable amide bond [196,197].
In  particular, DCC (N,N'-dicyclohexylcarbodiimide), =~ NHS (N-
Hydroxysucinimide), COMU ((1-Cyano-2-ethoxy-2-
oxoethylidenaminooxy)dimethylamino-morpholino-carbenium

hexafluorophosphate) and HBTU (N,N’,N'-Tetramethyl-O-(1H-benzotriazol-1-
yl)uronium hexafluorophosphate (HBTU) were used, in different reactions, to
activate the terminator carboxylic moiety to react with amines .

The polymerisation mechanism is reported in the following Figure 5.3 I. The graph
was drawn with the compounds used for this thesis, based on a reference [116].
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Figure 5.3 I PMOXA CROP mechanism
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After polymers synthesis and modification, they were used as ligand for previously
synthesised nanoparticles. The obtained colloids were monitored for signs of
precipitation over time to confirm sols stability.

5.3.1. PMOXA-COOQOEt polymerisation

The polymerisation reaction process was conducted based on a previous work of
Morgese et al. [120] and in Figure 5.3.1 I the process (reported in detail in the
“experimental procedures” chapter, section 7.4.1.) is shown.

2.methyl-2.oxazohne CH-CN
\Q P N O A H3C{1\' /\}'N
' -+ AN e, . b D
0" T 1)70°C. 20 h /J\\\G S
o 2} ethyl isonipecotate o
methyl p-toluenesulfonate rt.2d g 50 or 10
“.rf: or

%\ko/&“ L-PMOXA
o

Figure 5.3.1 I Scheme of the syntheses performed for PMOXAs polymerisation

As can been noticed in the figure, the same method was exploited to produce both
PMOXA-50-COOEt and PMOXA-100-COOET by using, respectively, an initiator
to monomer molar ratio of 1:50 and 1:100.

To confirm the positive synthesis outcome, 'H NMR analysis was performed on
both products. The relative spectra are shown in Figures 5.3.1 I and I1.
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Figure 5.3.1 1 'H NMR spectrum of PMOXA-50-COOEt in D>O
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Figure 5.3.1 I 'H NMR spectrum of PMOXA-100-COOEt in D;0

The peaks assignment was performed comparing the spectra to references reported
in literature [120,198] and through J-coupling analysis (for protons belonging to the
ethyl isonipecotate esters). As for all the '"H NMR measurements performed in this
thesis, it was not possible to identify protons signals from the piperidinic ring, being
likely covered by protons belonging to the repeating units [199]. Furthermore, the
integrals of the signals related to the protons from the terminator ethyl-ester (-CHo-
and -CH3) and the initiator (-CH3) do not correspond to the expected values (3, 2
and 3 respectively). This is due to the signal ratio between the repeating units and
the un-repeated parts which makes the latter ones difficult to be detected.
Nonetheless, the degree of polymerisation (DP, corresponding to the number of
repeating units in the polymer [200]) was estimated for both polymers, from the
integral ratio between protons of the repeating units and the terminator ester. In the
table 5.3.1 III the calculated values are reported.

Terminator Terminator Terminator Terminator
ester CHs ester CHz ester CHy ester CHy
Polymer with with with with
oxazoline oxazoline oxazoline oxazoline
CHs CH»>-CH2 CH3 CH»-CHz
PMOXA-50-
113 115 94 95
COOEt
PMOXA-
2 272 1 1
100-COOEt 70 / 78 80

Table 5.3.1 III DP (adimensional) calculated from NMR spectra of PMOXA-50-COOEt and

PMOXA-100-COOEt
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None of the calculated DPs correspond to the expected values (50 and 100). The
causes are either the incomplete termination with ethyl isonipecotate (of all chains)
or ester hydrolysation during work up steps. In any case, considering the correct
molar ratios of initiator to monomer, it is safe to assume the chains length obtained
are the ones wanted. As last consideration, even though NMR analysis did confirm
the polymers syntheses, an analytical gel permeation chromatography run (GPC)
should be performed in the future to confirm the DPs and calculate the PDIs [201].

5.3.2. PMOXA-COOH synthesis

Following a method previously from Trachsel et al. [198], the ethyl isonipecotate
terminating esters, of the previously obtained PMOXAs, were hydrolysed obtaining
the corresponding carboxylic acids.

The reaction scheme is shown in the following Figure 5.3.2 1.

HiC N ; :
3 [M/\+ H;0. N,OH 1M H,C N
O 3 rt1d /J§D n ]

n= 50 or 100

Figure 5.3.2 I Scheme of the syntheses performed for ester hydrolysis

Once the chains were polymerisated and terminated, the carboxylic acid cannot
react with active MOXA moieties (generating chain cross-links [202]), meaning
that the ethyl ester can be hydrolysed for further reactions. The process was
performed for both polymers. The polymers NMR spectra are reported in the
following Figures 5.3.2 II and 5.3.2 II1.
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Figure 5.3.2 II PMOXA-50-COOH 'H NMR spectrum
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Figure 5.3.2 IIl PMOXA-100-COOH 'H NMR spectrum

As can be easily interpreted from the spectra, there is not the presence of esters
protons, indicating the protecting group was successfully removed and confirming
the reaction success. After these procedures, the batches of both polymers were split
to form PMOXA-ND and PMOXA-S-S.

5.3.3. PMOXA-ND synthesis

Before coupling with a molecule containing the catechol group, the latter one was
nitrated. As it is known in literature, the -NO2, being an electron withdrawing group,
reduces the pKa of the catechol ring it is bound to (from 9 to around 6.5). Thus it
facilitates deprotonation and allows for stronger interactions with metal oxides
[120]. In this case, the dopamine molecule was nitrated and used as a catechol
bearing compound (obtaining 6-nitrodopmaine (ND)). The anchor group choice is
dictated by the high biocompatibility of the molecule, being a natural
neurotransmitter in the stimulus-rewarding circuit [203] and by the fact that
catechol strongly bound to oxide surfaces [21]. The reaction performed (following
the protocol of Morgese et al. [120]) is a classical electrophilic aromatic nitration
[204] and the experimental conditions exploited are schematised in Figure 5.3.3 1.

NaNO, H,S0,

HO NH, H.0 HO NH,
HO 076, 1h HO NO

RT, overnight

hydroxytyranune hydrochloride
(dopamine hydrochloride)
mitrodopamme hemisulphate

Figure 5.3.3 I Dopamine nitration reaction

The process produced a brown powder with a reaction yield of 19 %. The 'H NMR,
as well as the ESI-MS analyses, were performed in order to confirm the reaction
success. The spectra are reported in Figures 5.3.3 II and III.
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The peak assignment of 'H NMR was performed by comparison with a reference
[120] and it confirms the reaction success. The ESI-MS analysis assessed the
sufficient purity of the product (high intensity signal at 199.1 m/z, highlighted in a
red circle in Figure 5.3.3 III). By comparison with the blank spectrum, it is
noticeable that most of the impurity signals detected in the sample spectrum (such
as 107.2, 130.3, 149.1, 169.2 and 204.2 m/z) are actually ascribed to residual
contaminations already present in the instrument. However, there is still a small
presence of the reactant (154.1 m/z, highlighted in a red circle in Figure 5.3.3 III)
meaning it did not react completely, as suggested by the low reaction yield.
Nonetheless, the impurities were likely removed with further dialysis steps (once
the coupling reaction was performed) and the presence of unreacted dopamine
molecules might have only generated a small polymers population without a strong
bond with ZnO which, again, were probably removed in the last dialysis step.

Once obtained the 6-nitrodopamine, it was linked to both PMOXA-50-COOH and
PMOXA-100-COOH using the DCC/NHS chemistry to form an amide bond [120].

The DCC is a carboxylic acid activator, meaning that by linking itself to carbonylic
carbon, it enhances the susceptibility of the latter to be subjected to a nucleophilic
attack. The reaction mechanism is shown in Figure 5.3.3 V [205].
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Figure 5.3.3 V Reaction mechanism of DCC [205]

As shown in the picture, after coupling to an amine (or another group such as an
alcohol), an N,N-dicyclohexylurea (DCU) molecule is released as a side product
(insoluble in most solvents [206]). Moreover NHS is often used with DCC to form
a more stable, yet activated, intermediate (through an ester bond) which may be
purified (in this case by precipitation) before continuing the coupling process [207].
Moreover, an NHS-ester is particularly reactive towards amines [208,209]. In
Figure 5.3.3 VI the amide formation from an NHS-ester is briefly reported, for
clarity [208].
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Figure 5.3.3 VI Formation of an amide from a NHS-ester [208]

For the synthesis, a molar ratio of 1:10:10 (polymers : DCC : NHS) was used in the
first reaction step (generation of PMOXA-NHSs). After that, the formation of
PMOXA-NDs was performed with a molar ratio of 1:1.18:1.18 (polymer : ND :
TEA). The reaction scheme utilised is summarised in Figure 5.3.3 IV.
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[e] 23DCC /J\\"O N
n= 50 or 100 rt ld OO

3
=50 or 100 C} ;lmtmdopamme hemisulphate, 0°

H;C
[ /\} ﬁr AP H;c ‘\}N
Jj 1) triethylamine ;\O[ ‘AQ

3 .t overnight

Figure 5.3.3 IV Scheme of the coupling PMOXA-COOH with nitrodopamine

To establish the synthesis effectiveness, 'H NMR analyses were performed and the
retrieved spectra are shown in Figures 5.3.3 VII and VIIL
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Figure 5.3.3 VII 'H NMR of PMOXA-50-ND. In the left panel, the protons belonging to the aromatic
ring are highlighted along with their multiplicity
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Figure 5.3.3 VIII '"H NMR of PMOXA-100-ND. In the left panel, the protons belonging to the
aromatic ring are highlighted along with their multiplicity

Based on the reference used [120], it was possible to determine the synthesis
success. Nonetheless, it is worth noticing that the protons signals corresponding to
the ND aromatic rings are spitted into doublets (highlighted in the top-left mini-
spectra in Figures 5.3.3 VII and VIII). Rather than J-coupling, the cause of these
double signals is, realistically, the presence of two polymer populations: one with
an amide bond (between the polymer and amine group of ND) and another one with
an ester bond (between the macromolecule and the catechol group of ND). Nitrating
the dopamine diminished the pKa value of the compound, this entails that (being
deprotonated) the alkoxy groups of catechol may react with the NHS-ester forming
another ester with themselves. For that reason, it was not possible to determine the
reaction conversion (by comparing the integers of protons from ND and the
repeating units). However, the ester-bound polymers were lost during the last
dialysis work up step after particle functionalisation (as non-ligands), as adsorption
through the catechol group is sterically hindered for them. Differently from other
synthesised polymers, the obtained powders were brown instead of bright white,
due to the ND group attached (having that colour by itself).

5.3.4. PMOXA-S-S synthesis

In order to graft PMOXA polymers onto AgNPs, the PMOXA-100-COOH was
linked to a lipoic acid molecule. The latter contains the disulphide group (S-S)
which is proven to bind silver surfaces with high affinity (being a double thiol) [20].
Moreover, lipoic acid is known for its biocompatibility being a human endogenous
molecule [128,210]. However, this time, in order to link an acidic compound
(PMOXA-100-COOH) to another one (lipoic acid), a linker molecule was required.
For that purpose, p-xylylenediamine was exploited. This compound was chosen for
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being a molecule with two amine moieties (which can form the same number of
amide bonds) and an aromatic ring (easily detectable by 'H NMR).

In this synthesis, COMU was used as an activating agent for the carboxylic acid.
This one is a uronium type-coupling agent containing an Oxyma moiety (ethyl 2-
hydroximino-2-cyanoacetate), a common coupling additive in peptide synthesis
[211,212]. The proposed reaction coupling mechanism for amide formation is
reported in Figure 5.3.4 1[213].
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Figure 5.3.4 I Proposed mechanism for COMU coupling. In particular the molecule A is a generic
carboxylic acid, B is COMU, F is the uridinic by-product whereas H is the oxyminic one

For this synthesis, a molar ratio 1:5:10:10 (polymer : p-xylylenediamine : COMU :
DIPEA) was chosen. The reaction performed is briefly summarised in Figure 5.3.4
IL.
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Figure 5.3.4 II Coupling reaction between PMOXA-100-COOH and p-xylylenediamine

The synthesis success was confirmed by "H NMR analysis, see spectrum in Figure
5.34 1I11.
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protons is reported

Proton assignments were performed based on previous polymer spectra and, in
absence of suitable literature references, on a MestReNova prediction (software
version: 12-0-0), for signals belonging to the aromatic ring. By comparison of
integers from the aromatic ring and the repeating units of the polymer, a conversion
of 15 % was calculated. Being considered an excessively low value for an effective
particle functionalisation, the same batch was subjected to another coupling
reaction with a different activating agent.

For this reaction the coupling agent chosen was HBTU. This one is a well renowned
amide forming compound for peptide synthesis, being part of the uronium class
coupling reagents [205]. The coupling mechanism (for peptide synthesis, yet it is
the same for any amide formation) is shown in the following Figure 5.3.4 1V,
(retrieved from the book “Oxytocin” by Thomas Kremsmayr & Markus
Muttenthaler [214]).
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Figure 5.3.4 IV HBTU reaction mechanism in a peptide synthesis

70



The molar ratio used was 1:1.2:8:8 (polymer : HBTU : p-xylylenediamine : TEA)
This reaction scheme for this new coupling is shown in the following Figure 5.3.4

V.
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Figure 5.3.4 V Second coupling reaction between PMOXA-100-COOH and p-xylylenediamine

To evaluate the conversion and general synthesis success, an 'H NMR analysis was
performed (Figure 5.3.4 VI).
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Figure 5.3.4 VI 'H NMR spectrum of the second amine coupling reaction

Adding this reaction step, a conversion of 53% was reached, which is deemed as
more than enough to continue with coupling steps. However, at very low chemical
shifts (below 1.25 ppm), the presence of contamination is noticeable. Nonetheless,
any component which was not properly adsorbed onto silver particles was lost
during the various dialysis step, such as these impurities.

As last step, lipoic acid was linked to the p-xylylenediamine linker moiety, to
complete the particle anchor attachment. For this last organic synthesis, a molar
ratio of 1:5:6:20 (polymer : lipoic acid : HBTU : TEA) was chosen. In the next
Figure 5.3.4 VII the reaction scheme is reported.
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Figure 5.3.4 VII Lipoic acid coupling reaction

As can be noticed in the picture, the acid used was a raceme, yet only the enantiomer
R of alpha-lipoic acid is naturally produced by organisms. However, the raceme is
a cheaper and biocompatible option, being is widely used in dietary supplements
and may enhance the therapeutic action of the standalone biologic isomer
[125,127]. Contrarily to previous organic syntheses, for this reaction it was not
possible to evaluate the product with '"H NMR since the protons of lipoic acid
present a chemical shift similar to the repeating units of the polymer [126].
Nevertheless, the small organic molecule at issue shows a peculiar absorbance peak
in UV-Vis spectroscopy near 330 nm [215]. For that reason, the characterisation
was made by comparison of a 1 mg/ml standard lipoic acid solution (in DMF) with
another one of the polymer (PMOXA-100-S-S, 2 mg/ml). The spectra are reported
in Figure 5.3.4 VIII.
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Figure 5.3.4 VIII UV-Vis spectra of the standard solution of lipoic acid (top) PMOXA-100-S-S
bottom) in DMF
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The two spectra shown present similar absorption maxima, being 338 nm for lipoic
acid alone and 331 nm for PMOXA-100-S-S. The spectra similarity confirmed the
coupling success. The concentration of the polymer solution was chosen in order to
have a good enough signal to noise ratio. Nonetheless, due to probably sample
polydispersity altering the real value of molar concentration, it was not possible to
estimate the conversion.

5.3.5. Particles functionalisation

Once obtained the final polymers (PMOXA-50-ND, PMOXA-100-ND and
PMOXA-100-S-S), they were mixed with a dispersion of ZnO and Ag particles
obtaining a hybrid material sol. The colloidal stability was then evaluated on a
weekly basis three times.

5.3.5.1. ZnO@PMOXA particles

ZnO particle were functionalised with polymers based on the weight ratio optimised
by Morgese et al. [120]. The ratios were adapted based on the particle sizes of
synthetised systems. However, polymer quantities were chosen based on the
diameter instead of the surface area. Furthermore, for hydrothermally synthetised
particles, an even smaller amount of PMOXA was added (compared to diameter
requirement). This non optimal surface derivatisation was dictated by PMOXA-
NDs stock availability. The weight ratio used, the quantities of polymer and ZnO
and the overall ZnO@PMOXA retrieved, are summarised in Table 5.3.5.1 1.

ZnO Polvmer used Polymer | ZnO Weight ratio Obtained mass
sample Y (mg) (mg) | (ZnO/polymer) | ZnO@PMOXA (g)
PMOXA-100-
Zno 0. 2 1 1:2 22
no 0.3 ND 0 0
ZnO 1.7 PMOXA-100- 250 10 1:25 128
ND
7Zn0 2.2 PMOXA-100- 150 10 1:15 100
ND
PMOXA-50-
Zno 0.3 20 10 1:2 26
no ND
PMOXA-50-
ZnO 1. 1 1 1:1 1
nO 1.7 ND 50 0 5 5
Zn02.2 PMO?}‘; -30- 150 10 1:15 47

Table 5.3.5.1 I Synoptic table of ZnO functionalisation
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As can be extrapolated from the previous table, a recognisable general trend is the
obtainment of lower amount of ZnO@PMOXA for the PMOXA-50-ND polymer
functionalisations. Even though it may seem that PMOXA-100-ND is more
adsorbed onto particles, the product retrieving process is a delicate step. Therefore,
from this data it is not possible to assess if one polymer performed better than the
other one.

To confirm adsorption, DLS size measurements were performed and compared to
TEM measured diameter of particles. In the following Table 5.3.5.1 II the resulting
DLS “number” data are reported.

sample ZnO diameter ZnO@PMOXA DLS size

(nm) (nm)
PMOXA-50-ND + ZnO 0.3 60 280
PMOXA-50-ND + ZnO 1.7 1771 989
PMOXA-50-ND + ZnO 2.2 476 582
PMOXA-100-ND + ZnO 0.3 60 277
PMOXA-100-ND + ZnO 1.7 1700 782
PMOXA-100-ND + ZnO 2.2 476 650

Table 5.3.5.1 II Synoptic table of ZnO@PMOXA DLS size

As can be noticed by the previous table, for small nanoparticles produced by batch,
the functionalisation occurrence is evident by the large increase in diameter.
Moreover, the increase of size was similar for both polymers, this may be explained
with chain coil phenomena due to the length of the molecule itself. However, for
other samples, the increase is not significant. Furthermore, for “ZnO 1.7”
(hydrothermal synthesis) a reduction in size is detected. The reason for these wrong
data is ascribed to instrument upper detection limit for unusually big particles.
Nevertheless, for these four samples, the functionalisation was indeed confirmed
with an ATR-IR analysis, and spectra are shown in Figure 5.3.5.1 I1I.
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Figure 5.3.5.1 Il ATR-IR spectra of ZnO@PMOXA: on top the spectra of “ZnO 1.7@PMOXA-50"
(left) and “ZnO 1.7@PMOXA-100" (right) whereas at the bottow row “ZnO 2.2@PMOXA-50"
(left) and “ZnO 2.2@PMOXA-100" (right) are shown

As can be easily seen in the spectra, the polymer is present in all samples
(comparison from reference [120]). In particular, organic peaks are even
qualitatively more intense with respect to the Zn-O signal near 450 cm™ [150]. In
details, peaks at 1620 cm™ are ascribed to the C=C aromatic stretching mode (of 6-
nitrodopamine) [216]. Furthermore, the polymer repeating units generated the
signals close to 1420 cm™ (aldehyde C-H bending mode [151]), 1240 cm
(CHa/NHa twisting vibration [217]) and signals near 1010 cm™ (C-C skeletal stretch
[218]). These measurements finally confirmed the adsorption of both polymers on
every ZnO particle type used.

Once confirmed the ZnO@PMOXA formation (for every ZnO synthesis with all
the PMOXA-ND produced), colloid dispersions were prepared and their stability
was monitored through time. In Figures 5.3.5.1 IV and V photo of samples freshly
made and after three weeks, respectively, are reported.
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Figure 5.3.5.1 IV Freshly prepared ZnO@PMOXA colloids. From left to right: “ZnO
0.3@PMOXA-50", “ZnO 1.7@PMOXA-50", “ZnO 2.2@PMOXA-50", “ZnO 0.3@PMOXA4-100",
“Zn0 1.7@PMOXA4-100" and “ZnO 2.2@PMOXA-100"

Figure 5.3.5.1 V ZnO@PMOXA colloids after 3 weeks. From left to right: : “ZnO 0.3@PMOXA-
507, “ZnO 1.7@PMOXA-50", “ZnO 2.2@PMOXA-50", “ZnO 0.3@PMOXA-100", “ZnO
1.7@PMOXA-100" and “ZnO 2.2@PMOXA-100"

During the first week of shelf life, all the colloids obtained presented good stability
without showing the presence of any precipitate. Nevertheless, after two weeks,
colloids produced by syntheses made with the biogenic and batch methods
(independently from the polymer used) presented precipitates indicating the
beginning of an aggregation process and stability loss (see Figure 5.3.5.1 VI). It is
worth noticing that these two types of synthesis are similar in the way they were
carried out (ZnO precipitation). This feature suggests that the synthesis procedure
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may have influenced the colloidal stability even more than the presence of
microalgae (since all the sols at issue started precipitating after the same time).
Surprisingly, both “ZnO 1.7@PMOXA50” and “ZnO 1.7@PMOXA100”
(produced by the hydrothermal method) remained completely stable after the whole
time frame (3 weeks total), even though the particle generated by the hydrothermal
method were the biggest and were the ones with a reduced weight ratio (ZnO to
polymer) compared to their size (being, supposedly, not completely covered by the
macromolecule).

Figure 5.3.5.1 VI Precipitate after 2 weeks of “ZnO 0.3@PMOXAs” (top) and “ZnO@PMOXAs”
(bottom)

These results determined that the synthesis procedure influence the colloidal
stability more than the used precipitating agent (NaOH or microalga) and the
polymer length chosen (PMOXA-50-ND or PMOXA-100-ND). Nonetheless,
PMOXA-ND did strip microalgae components on the particle surface as confirmed
by ATR-IR analysis. In conclusion, biogenic synthesis of ZnO particles did
generate a product comparable to the batch counterpart, even from the point of view
of colloidal stability. Nonetheless, microalgae may have played a role in stability,
even though it was not crucial.
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5.3.5.2. Ag@PMOXA particles

AgNPs were functionalised with PMOXA-100-S-S by mixing freshly prepared
metal colloids with a polymer solution (see section 7.5.2). The process outcome
was confirmed by comparing the diameter increase through DLS analysis. In Table
5.3.5.2 1, the resulting DLS plotted as number data are reported.

sample Ag diameter Ag@PMOXA DLS size
P (nm) (nm)
PMOXA-100-S-S + Ag 6.0 54
Turkevich Normal '
PMOXA-100-S-S + Ag 20 68
Turkevich Reverse
PMOXA-100-S-S + Ag BIO 13 68
3.18 RT-CF

Table 5.3.5.2 I Synoptic table of Ag@PMOXA DLS size

As can be easily determined from the previous table, for all samples, the
functionalisation process succeeded.

The time resolved colloidal stability was assessed and in Figures 5.3.5.2 II and 111
sol photos are reported of Ag@PMOXA samples freshly prepared and after three
weeks at room temperature, respectively.

Figure 5.3.5.1 II Freshly prepared Ag@PMOXA colloids. From left to right: “Ag Turkevich
Normale@PMOXA100”, “Ag Turkevich Reverse@PMOXAI100”, *“Ag BIO 3.18 RT-

CF@PMOXA100”

78



Figure 5.3.5.1 IIl PMOXA@Ag colloids after three weeks. From left to right: “Ag Turkevich
Normale@PMOXA100”, “Ag Turkevich Reverse@PMOXA100”, “Ag BIO 3.18 RT-
CF@PMOXA100”

Even the PMOXA@Ag colloids did not present any sign of instability after one
week of shelf life. Nevertheless, after the second week (out of 3), “Ag BIO 3.18
RT-CF@PMOXA100” presented precipitates indicating the start of an aggregation
process (see Figure 5.3.5.1 IV). The reason behind this loss colloidal stability may
be the synthesis method (since the Turkevich counterparts remained dispersed).
Microalgae debris might be still present onto particle surface, event after polymer
functionalisation, determining the instability.

Figure 5.3.5.1 IV Precipitate after 2 weeks of “Ag BIO 3.18 RT-CF@PMOXA100”

These results determined the inefficiency of biogenic AgNPs in polymer
stabilisation compared to their chemical synthesis benchmarks. Nevertheless, the
functionalisation did improve drastically the colloidal stability up to two weeks
(from the 72 hours previously achieved in this work without the aid of PMOXA).
In the future, the use of longer or different polymers may change the outcome. It is
worth reminding in this context, the cheaper cost of biogenic syntheses compared
to the chemical ones, which may cover the polymer production [105]. Moreover,
biogenic Ag might be more biocompatible and efficient as an antimicrobial further
justifying the need of research from that point of view [174].
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6. CHARACTERISATION TECHNIQUES

In this section the characterisation techniques exploited in this thesis are reported,
along with the relative sample preparation procedures.

6.1. Powder X-ray diffraction (XRD)

The crystallinity and the average crystallite sizes of ZnO samples were analysed
through XRD. This is a non-destructive analytical method based on the interaction
of an electromagnetic wave and a solid sample. The instrument measures distances
similar to the incident wave (X-ray range = 10 - 10"'2 m) through the scattering of
the incident beam. The wave interfering generated by the process is considered
constructing if the resulting wave respects the Bragg’s law [219] (Equation 6.1 I):

2dnk sin® = nA

Equation 6.1 I Bragg’s reflection law, where duu is the distance between lattice planes, 8 is the
incident angle, n is the diffraction order and 4 is the wavelength of the beam [219]

The analysis output is a diffractogram where the reflection positions gives
information about the elemental cell, their intensity about the atomic positions and
their shape about the crystallite morphology and possible defects in the material
(see Figure 6.1 II).

Figure 6.1 II Geometrical representation of Bragg Law [220]

Moreover, the average sizes of the crystallites were estimated from the
diffractogram using the Scherrer’s equation [221], reported in Equation 6.1 III.

KA
BcosO

Equation 6.1 III Scherrer’s equation, where D is the mean crystallite size, K is the Scherrer constant
(~0.9), A is the wavelength used in the measurement, f is the full width at half maximum (FWHM)

and 0 is the Bragg angle of the reflection [221]

In this thesis, a Bruker D8 Advance diffractometer was used with a CuKy (A =
1,5406 A) X-ray source. The data were collected between 20° and 80° 20 range.
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The identification of the compounds was performed with the EVA software from
Bruker.

6.2. Dynamic light scattering (DLS)

Dynamic Light Scattering, which is also known as Photon Correlation
Spectroscopy, is a technique that provides information regarding the size of the
particles present in a suspension. The sample is illuminated by a laser beam, and
the fluctuations in the intensity of the scattered light, caused by the Brownian
motion of the suspended particles, are measured as a function of time. The
relationship between the size of a particle and its velocity due to Brownian motion
is defined by the Stokes-Einstein equation (reported in Equation 6.2 ) [222].

TK,

D=——
6mnmy

Equation 6.2 I Stokes-Einstein equation where D is the diffusion coefficient, T is the experimental
absolute temperature, Ky is the Boltzmann constant, n is the medium viscosity and ry is the
hydrodynamic radius of particles [222]

When temperature and viscosity are held constant, smaller particles exhibit higher
diffusion coefficients and faster changes in scattering intensity, whereas larger
particles induce slower changes in intensity due to their slower movement [223].
DLS size measurements were obtained with a MALVERN ZETASIZER Nano-ZS
with glass cuvettes.

Moreover, the DLS instrument also enables the calculation of the zeta potential by
measuring the particle electrophoretic mobility [224]. In this case, the same
equipment was exploited using an electrode cuvette (from the instrument set). For
each analysis, 64 scans were used. Solid powder samples were previously dissolved
in deionised water and sonicated for 30 seconds with a Sartorius stedim
LABSONIC® P.

6.3. Transmission electron microscopy (TEM)

TEM microscope utilizes an electron beam that undergoes scattering upon contact
with the atoms of the sample. The transmitted wave is amplified by a system of
lenses and then reaches the detector, typically consisting of a charge-coupled device
(CCD) or photographic plate. This allows for obtaining high-resolution 2D images,
where brighter areas correspond to a greater transmission of electrons, while darker
areas, characterized by higher scattering, are due to the presence of heavy atoms or
thicker areas of the sample [225].

TEM measurements were performed at the Biology Department (DBio, Dr.
Federico Caicci, University of Padua) with a FEI Tecnai G2 microscope (operating
at 100 kV) equipped with an Olympus Veleta and a TVIPS F114 cameras. The
samples were prepared by depositing a droplet of the suspension containing the
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nanoparticles onto a copper grid coated with carbon and let dry at RT. Furthermore,
solid samples were also previously treated likewise for DLS and zeta analyses.

6.4. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a technique for characterizing solid
materials by providing information on their size and shape. It exploits the use of an
electron beam scanning onto the solid samples. When the electrons collide with the
surface, the emission of secondary electrons occurs and a visualisation of the
surface morphology takes place. The electron current detected is amplified and
converted into three-dimensional images [226].

For this thesis, SEM analyses were performed with a Zeiss SUPRA 40VP
microscope with a primary beam acceleration voltage range of 2.0-5.0 kV. Solid
samples were prepared with the same procedure as TEM analyses.

6.5. Attenuated total reflectance infrared spectroscopy (ATR-IR)

Fourier transform infrared spectroscopy is an analytical technique used to
determine the functional groups present in a compound at characteristic
frequencies. In this thesis infrared spectra were taken in ATR mode. In this setting
the radiation passes through a particular crystal which allows the electromagnetic
wave to be reflected inside itself several times, generating an evanescent wave.
Furthermore, the sample is pressed against the crystal that partially absorbs the
evanescent radiation (attenuate). The irradiation is continually pulsed until the
sample is detected (see schematical representation in Figure 6.5 I) [227].

Sample Evanescent wave
—

LA I.'.'EF-\’A'MHJF:FWHIF.‘!'IUI.'.'.'Iln' AR RN ER R EAY

IR bearn ATR crystal
Polarizer /
Detector

IR source

Figure 6.5 I Schematical representation of the ATR-IR spectroscopy setting [227]

ATR-IR spectra were retrieved with a NICOLET NEXUS 870 spectrophotometer
equipped with a SMART iTX diamond cell. Spectra in the 4000-400 cm™' range
spectra were collected through 64 scans with a resolution of 4 cm™.

6.6. UV-Vis spectroscopy

UV-Vis technique is widely employed in many chemistry subfields. It works by
emitting a light beam that passes through a monochromator (which selects a specific
wavelength of light). The resulting monochromatic light is then directed through
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the sample holder containing the analyte. The sample absorbs some of the light
wavelengths, depending on its chemical composition [228].

UV-Vis spectroscopic measurements were performed with an Agilent Varian Cary®
50 UV-Vis Spectrophotometer, using quartz cuvettes at RT. The obtained spectra
were fitted into a Gaussian function with the software Origin pro 2018.

6.7. Nuclear Magnetic Resonance spectroscopy (NMR)

The nuclear magnetic resonance (NMR) is used upon of nuclei with spin (namely
'H, 13C and N, the most exploited), immersed in an external magnetic field and
excited with radio frequencies. Depending on the element of the nucleus and its
chemical environment, different wavelengths are absorbed. Exploiting this
phenomenon, NMR spectroscopy is used derive the structure of organic compounds
[229].

In this thesis, only 'H NMR analyses were performed. Moreover, the measurements
were carried out at room temperature with either a Bruker 500 Avance I1I (equipped
with a BBI-ATM-z grad probehead) or a Bruker 400 Avance I1I HD.

6.8. Electrospray Ionisation-Mass Spectrometry (ESI-MS)

ESI-MS is a spectrometry technique for the detection of compounds within a
mixture. The sample is dissolved in a solvent and then charged in the ion source by
a high voltage applied to a capillary tube. The charged droplets are desolvated,
leaving the analytes ionized. The resulting ions are then transferred to the mass
analyzer, where they are separated based on their m/z ratio [230].

ESI-MS analyses were performed with an Agilent Technologies MSD SL Trap. The
sample preparation consisted in dissolving the solid in a acetonitrile (ACN) solution
(10 M). The eluent used was a solution of 0.1%w formic acid in ACN.
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7. EXPERIMENTAL PROCEDURES

In this section the chemicals and materials used, as well as the complete procedures

performed, are described.

7.1. Chemicals and materials

The chemical used in this thesis are listed in the following Table 7.1 1.

Name Formula CAS number Supplier
: : Sigma-
zinc acetate dihydrate Zn(CH3COO); -2H,0 5970-45-6 Aldrich
. Sigma-
sodium hydroxyde NaOH 1310-73-2 Aldrich
oxalic acid dihydrate C>HeOs 2H,0 6153-56-6 Carlo Erba
tetraethylammonium Sigma-
. C>Hs)sN(OH 77-98-5 .
hydroxide (20%j,) (CaHs)iN(OH) Aldrich
sodium citrate tribasic Sigma-
Hs07°2H 132-04-
dihydrate NasCeHs07-2H.0 6132-04-3 Aldrich
: : Sigma-
silver nitrate Ag(NO3) 7761-88-8 Aldrich
zinc acetylacetonate C10H14047n 14024-63-6 Merck
sulphuric acid (96%v) H,SO, 7664-93-9 Carlo Erba
methanol CH;0H 67-56-1 Carlo Erba
. I Sigma-
sodium nitrite NaNO, 7632-00-0 Aldrich
. . Sigma-
dopamine hydrochloride (HO),CsH3CH>CH,NH»-HC1 62-31-7 .
Aldrich
2-methyl-2-oxazoline C4HNO 1120-64-5 illirr?jh
Sigma-
hyl p-tol I H3;CeH H -48-
methyl p-toluenesulfonate CH3CsHsSO3CHj3 80-48-8 Aldrich
tonitril CH:CN 75-05-8 Sigma-
acetonitrile 3 -05- Aldrich
. Sigma-
ethyl isonipecotate CsHisNO» 1126-09-6 Aldrich
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dimethyl sufoxide-d6

(CD3),S0

2206-27-1

Sigma-

Aldrich
deuterium oxide D,O 7789-20-0 Euriso-top
Sigma-
chloroform-d CDClI3 865-49-6 Aldrich
L Sigma-
DCC CeH1i1N=C=NC¢H, 538-75-0 Aldrich
Sigma-
NHS CsHsNO; 6066-82-6 Aldrich
DMF HCON(CHz3), 68-12-2 Carlo Erba
Sigma-
DMF, anhydrous HCON(CH3)2 68-12-2 Aldrich
. . Sigma-
acetic acid, glacial CH;COH 64-19-7 Aldrich
: : Sigma-
triethylamine, anhydrous (CoHs)sN 121-44-8 Aldrich
Sigma-
DIPEA, anhydrous [(CH3),CH].NC,Hs 7087-68-5 Aldrich
Sigma-
TEA, anhydrous (C2H5)3N 121-44-8 Aldrich
p-xylylendiamine CsHi2N» 539-48-0 TCI
Sigma-
COMU CiaHioFeN4OsP 1075198-30-9 | &M@
Aldrich
Sigma-
HBTU Ci1Hi6F¢NsOP 94790-37-1 Aldrich
DL-thioctic acid (lipoic acid) CgH140:S; 1077-28-7 aber
dichloromethane CH)Cl, 75-09-2 Carlo erba
: : Sigma-
1 h H -78-
calcium hydride CaH» 7789-78-8 Aldrich
. Sigma-
potassium hydroxyde KOH 1310-58-3 Aldrich

7.1 I Synoptic table of used chemicals
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Most of the previous listed reagents were used at commercial grade without any
further purification processes. However, some of them were exploited after a
distillation step, in order to obtain anhydrous liquids stored under inert atmosphere
(Ar gas). The procedure conditions for the reagents at issue are summarised in the
following Table 7.1 1I.

Water absorbi T t
Chemical ater absorhing Atmosphere cperature
agent °O)
2-methyl-2- KOH Ar 130
oxazoline
methyl AV ~1
CaH, acuum (p 140
p-toluenesulfonate mbar)
acetonitrile CaH> Ar 105
. Vacuum (p~ 1
hyl H 80
ethyl isonipecotate CaH; mbar)

Table 7.1 II Synoptic table of distillations performed

In all the above purifications, the chemical was firstly mixed with the water-
absorbing agent, under Ar atmosphere for 30 minutes. After that, the temperature
was risen through an oil heating bath and, if needed, vacuum was also applied,
starting the process. Moreover, the first 10 drops of distilled 2-methyl-2-oxazoline
were discarded as they might contain residues of water.

All the procedures which did not exploit an organic solvent, were performed in
distilled water. Nevertheless, for synthesis involving Ag, dopamine (or ND) and
polymers, milli-Q® water was used instead (filter: Millipak® Express 40).

Regarding microalgae, biological samples were provided from Prof. Thomas
Morosinotto’s lab. The photoautotrophic microorganisms (Nannocloropsis
gaditana, strain CCAP 849/5) were cultivated in a photobioreactor for two weeks,
maintaining the pH at 8 through HC1 6 M additions, using sodium bicarbonate as a
carbon source. The axenicity was also monitored through microscopical
observation. The microbial water suspensions were harvested through
centrifugation after the OD7s0 reached 3.1 and stored at 4 °C. In the following
Figure 7.1 111, the microalgae production process is summarised (the picture is a
gentle concession of Dr. Giorgio Perin (Department of Biology (DiBi10), University
of Padua) who also produced the microalgae for us.
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Nannochloropsis gaditana strain CCAP 849/5

45L cylindricPBR in greenhouse at DiBio

pH restored to 8 with HCI 6N twice a day
Carbon source: NaHCO; 10 mM every other day
Cultivated in F/2 medium for 2 weeks
Microscope monitoring: fully axenicculture

Biomass harvested via centrifugation

100 x concentration

451
0.73g/L
0Dy, =3.1

Figure 7.1 III N. gaditana cultivation process. The picture is a gentle concession from Dr. Giorgio
Perin (Department of Biology (DiBio), University of Padua)

7.2. Zinc oxide particle synthesis

In this section, the synthesis methods exploited for ZnO particles production are
described in details.

7.2.1. Non biogenic synthesis
7.2.1.1. Batch synthesis

For a typical ZnO batch synthesis [5], 4.39 g of zinc acetate dyhidrate (0.020 mol)
were dissolved into 100 ml of distilled water, in a volumetric flask. The solution
was then transferred in a round bottom flask and heated up to boiling point (100 °C,
measured with an in-solution thermometer) through an oil bath and a reflux system
(using a condenser). To the hot stirring solution, 10 ml of room temperature 10M
NaOH were added. The mixture was left stirring and heating for 3 hours. After time
passed, the white sol was left cooling at room temperature. The white precipitate
was then recovered through three steps of centrifugation and washing in distilled
water (fifteen minutes at 13000 rpm, HERMLE Z366 centrifuge with a Z326-0650-
HS rotor). Finally, a last washing step in acetone (same centrifugation conditions)
removing the remaining acetates was performed. The precipitate was then dried
overnight in an oven (MEMMERT CELSIUS 10.0) at 80 °C. The dried solid was
finally milled and stored at room temperature.

7.2.1.2. Hydrothermal synthesis

For the synthesis of sample “ZnO 1.2” and “Zn0O 1.3, 2.19 g of zinc acetate (0.01
mol) were dissolved in 10 ml of deionised water in a proper volumetric flask. The
solution was then transferred to a PTFE A255AC closed recipient (a “liner”) (23 ml
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Teflon® Liner, Parr Instrument Company) along with a 2 ml of NaOH 10 M. The
liner was then incapsulated in a stainless steel vessel (4745 General Purpose Acid-
Digestion Bomb, Parr Instrument Company). The system was then left in oven at
135 °C for 24 hours (MEMMERT CELSIUS 10.0). After cooling at room
temperature, the white precipitate was purified through two centrifugation and
washing steps (13000 rpm for 10 minutes, HERMLE Z366 centrifuge with a Z326-
0650-HS rotor). Even in this case, a final washing step in acetone was performed.
The product was dried overnight in the same oven at 80 °C. Once cooled, it was
milled and stored at room temperature.

For sample “ZnO 1.7 [130], 2.75 g of zinc acetylacetonate (0.11 mol) and 1.32 g
of oxalic acid (0.11 mol) were suspended in 100 ml of distilled water in a liner
(Berghof Pressure Digestion Insert DAB-3 200bar PTFE TFM 250C 210mL Acid
5225200). After, 2 ml of TENOH 20%,, were also added to the mix. Finally, the
pH was then basified up to 10 with a NaOH 10 M water solution and the closed
liner was sealed in a stainless stell vessel (Berghof digestec Pressure Vessel (DAB-
3 XXL)). The system was left for 24 hours at 135 °C and was subjected to the same
treatments of the previous samples (for purification).

7.2.2. Biogenic synthesis
7.2.2.1. Batch biogenic synthesis

For the ZnO biogenic synthesis [132], 1 g of microalgae (corresponding to 13.6 ml
of the suspension provided by Prof. Morosinotto’s lab) was diluted to 100 ml with
distilled water. The suspension was stirred and brought up to boiling point. For
“Zn0O 2.1” after 20 minutes, the mixture was cooled at room temperature whereas
for “Zn0O 2.2” it was left at boiling temperature (~100 °C) until the solvent was
evaporated and left for another 20 minutes under the same heating conditions. The
obtained slurries were resuspended and diluted up to 100 ml with deionised water
and vacuum paper filtered (90 mm Black Dot Quantitative Filter Paper Discs /
Grade 388). The retrieved liquids were again filtered on paper using another clean
paper, obtaining the microalgae extracts. The latter ones were again heated to
boiling point, stirred and mixed with a room temperature zinc acetate solution (4.91
g, 0.02 mol, 10 ml). After 3 hours of reaction time, the products were purified in
the same fashion of non-biogenic batch ZnO (section 7.2.1.1).

7.2.2.2. Biogenic-hydrothermal synthesis

For the biogenic-hydrothermal syntheses, a volume corresponding to the targeted
microalgae mass was withdrawn from the stored 74 g/l aliquots (4 °C). The
suspension was then diluted to 8 ml and processed like the batch biogenic synthesis
obtaining the biogenic extract (see previous section 7.2.2.1). The latter was then
mixed with a solution of zinc acetate (0.44 g, 0.002 mol, 3 ml) in a liner (23 ml
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Teflon® Liner, Parr Instrument Company) and subjected to the same treatments as
the non-biogenic hydrothermal syntheses (section 7.2.2.1).

7.3. Silver particles synthesis

In the following section, the methodologies used to obtain AgNPs are explained in
details.

7.3.1. Turkevich method
7.3.1.1. Normal method

For a classical Ag turkevich method synthesis [90], 0.017 g of AgNOs3 (0.0001 mol)
(previously kept in the dark) were dissolved in 100 ml of milli-Q® water in a
volumetric flask. The solution was then transferred into a conical flask, stirred and
heated at boiling point with different reaction times. Once reached boiling point, a
sodium citrate tribasic dihydrate room temperature milli-Q® water solution was
added (0.1 g, 0.00034 mol, 10 ml), triggering the sol formation. The reaction time
was monitored and registered. Once the desired time passed, the reaction was
abruptly quenched by dropping the hot conical flask into an ice bath. The yellow
suspension obtained was stored in dark at room temperature without any
purification steps.

7.3.1.2. Reverse method

Similarly, for a reverse Turkevich Ag synthesis [183], 0.1 g of sodium citrate
tribasic dihydrate (0.00034 mol) were dissolved in 100 ml of milli-Q® water in a
volumetric flask. The solution was then stirred and boiled in a conical flask. Once
reached boiling point a room temperature milli-Q® water solution of AgNO3 (0.017
g, 0.0001 mol, 10 ml) was added to the mix. The process was then stopped at the
chosen time point, in the same manner as the Normal method (section 7.3.1.1). The
sol was stored at room temperature in the dark without any purification steps.

7.3.2. Biogenic synthesis
7.3.2.1. Boiling point synthesis

For a hot biogenic synthesis of Ag, the first step was the preparation of the
microalgae extract. For that purpose, 1 g of microalgae (corresponding to 13.6 ml
of the suspension provided by Prof. Morosinotto’s lab) was diluted to 100 ml in
milli-Q® water. The suspension was boiled for 20 minutes, cooled at room
temperature, vacuum paper filtered (90 mm Black Dot Quantitative Filter Paper
Discs / Grade 388). The obtained clean green liquid was further filtered on paper
using another clean paper. Finally, the obtained extract was diluted 10 times and
100 ml were withdrawn as a biogenic reactant (corresponding to 0.1 g of initial
microalgae suspension). The latter was stirred and heated. Once reached boiling
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point, a room temperature milli-Q® water solution of AgNO; (0.017 g, 0.0001 mol,
10 ml) was added to the mix. The suspension turned slightly grey. The mix was left
on stirring and heating for 45 minutes and abruptly cooled in an ice bath. For
samples requiring a centrifugation step, this was performed for 3 minutes at 7000
rpm (HERMLE Z366 centrifuge with a Z326-0650-HS rotor) collecting the
supernatant. After this step, samples were filtered through CHROMAFIL® Xtra
PTFE-20/25 20 um filters (if it was needed). For instrumental measurements, blank
samples containing the same components (but AgNO3) and subjected to the same
treatments, were prepared.

7.3.2.2. Room temperature synthesis

For biogenic AgNPs synthesis at room temperature, 100 ml of microalgae extract
(prepared as for boiling point synthesis, see previous section 7.3.2.1) were mixed
with a milli-Q® water solution of AgNO3 (0.017 g, 0.0001 mol, 10 ml). The reaction
mixture was left stirring in the dark for 24 hours. The next purification steps, for
samples which required them, were performed like for Ag boiling point biogenic
syntheses (section 7.3.2.1).

7.4. Polymers synthesis
7.4.1. PMOXA-COOEt polymerisation

The polymer synthesis was performed according to Morgese et al. [120] and the
reagents exploited were distilled and used under Ar (with the conditions described
in section 7.1). Firstly, the desired amounts of MOXA (8.51 g (100 mmol, 49 eq)
and 4.60 g (54.1 mmol, 93 eq) for PMOXA-50-COOEt and PMOXA-100-COQEt,
were dissolved, under Ar, in ACN (16 and 8.5 ml, respectively). Then, 1 eq of
methyl p-toluenesulfonate was added to the solutions with a syringe: 380 mg (2.04
mmol) and 108 mg (580 umol), respectively. The solutions were left to react at 70
°C for 20 hours under stirring in Ar atmosphere. Finally, the polymerisations were
terminated though addition of 5 and 10 eq of ethyl isonipecotate at RT, being 1.5 g
(1.46 ml, 9.7 mmol) and 0.91 g (0.89 ml, 5.8 mmol), respectively for the polymers
with 50 and 100 repeating units. The solutions were left to react for 48 hours under
Ar at RT. For both products, the ACN was removed through rotary evaporation
(BUCHI® Rotavapor R-300), redissolved in milli-Q® water and dialysed four times
against the same solvent using a 1 kDa cut-off membrane (Spectrum™ Labs
Spectra/Por™ 6 Pre-wetted Dialysis Tubing). The solutions were eventually frozen
and the final solids were obtained by lyophilisation (Kiinher® Martin Christ
ALPHA 1-2 LDplus).

90



7.4.2. PMOXA-COOH synthesis

Ester hydrolysis was performed following the protocol optimised by Trachsel et al.
[198]. Briefly, the solid PMOXA-COOEts were dissolved in the smallest possible
volume of a 1 M NaOH Milli-Q® water solution and left stirring in a round bottom
flasks overnight at RT. The reaction was then quenched with glacial acetic acid
addition, until the pH reached a value of 6. The solutions were dialysed five times,
on a 1 kDa cut-off membrane, against milli-Q® water and freeze-dried, like for the
polymerisations (previous section 7.4.1).

7.4.3. Dopamine nitration

The nitration of dopamine was performed following the method by Morgese et al.
[120]. 5.011 g (0.026 mol) were dissolved in 200 ml of milli-Q® water along with
sodium nitrite (6.309 g, 0.091 mol) and cooled down to 0 °C. Afterwards, 5.3 ml of
a 95% vv HoSO4 were added dropwise. The mixture was left stirring at 0 °C for one
hour and at RT overnight. The brown slurry was then paper vacuum filtered (90
mm Black Dot Quantitative Filter Paper Discs / Grade 388) and washed with cold
milli-Q® water and methanol. The solid retried was eventually recrystallized from
milli-Q® water, filtered and washed with the previous procedure and vacuum dried
at RT for 3 days.

7.4.4. PMOXA-ND synthesis

The solid polymers were dissolved in 10 ml of distilled ACN, under Ar. 5 ml of two
ACN solutions containing NHS and DCC (in the wanted molar ratios based on the
polymer used, see section 5.3.3) (234.4 mg of DCC and 412.4 mg, 0.002 mol) were
then added sequentially. The mix was left stirring under Ar for 24 hours at RT. The
solid dicyclohexylurea was gravity filtered out (90 mm Black Dot Quantitative
Filter Paper Discs / Grade 388) and the PMOXA-NHSs were obtained by
precipitation in cold diethyl ether (40 ml) after dissolution in dichloromethane (6
ml). The solid was retrieved by centrifugation and washed three times with cold
diethyl ether (ten minutes at 10000 rpm, HERMLE Z366 centrifuge with a Z326-
0650-HS rotor). PMOXA-NHSs were subsequently dissolved in 10 ml of
anhydrous DMF. After dissolution, 57 mg (0.057 mol, 79 pl) and 30 mg (0.030
mol, 42 pul) of anhydrous TEA were added under Ar for PMOXA-50-NHS and
PMOXA-100-NHS, respectively. Previously prepared ND solutions (in anhydrous
DMF) were then added dropwise to the mix (281 g and 150 g, respectively). The
reaction mixtures were left stirring under Ar at 0 °C for 6h and at RT for another
18 hours. The solids were then precipitated in cold diethyl ether, retrieved through
gravity filtration, dissolved in water and dialysed against milli-Q® water until the
latter stopped turning yellow (8 times). The final PMOXA-ND solids were obtained
through freeze-dying.
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7.4.5. PMOXA-NH; synthesis

For PMOXA-100-NH>, the PMOXA-100-COOH powder was mixed with COMU
(71 mg, 0.17 mmol) and p-xylylenediamine (46 mg, 0.34 mmol) in a two-necks
round bottom flask, in a one-pot fashion. The solid mixture was dissolved, under
Ar, in 20 ml of anhydrous DMF (the solution turned yellowish, due to COMU) and
43 mg (0.34 mmol, 58 pul) of dry DIPEA were added. The solution was stirred in
Ar at RT for 24 hours. The solvent was then removed through rotary evaporation
and the product was redissolved in milli-Q® water to be dialysed against water six
times with a 1 kDa cut-off membrane, gravity filtrated and, then, freeze-dried.

For the second coupling, the polymer was dissolved (under Ar) in 15 ml of
anhydrous DMF and cooled down to 0 °C. After that, 11 ml of a RT HBTU solution
(6.61 g, 0.17 mmol) and 12 mg of dry TEA (0.12 mmol, 16 pl) were added. The
mixture was left stirring under Ar at 0 °C for 45 minutes. Finally, 1.4 ml of a p-
xylylenediamine solution (16 mg, 0.12 mmol) were added. The reaction solution
was left stirring for 72 h at RT. The solvent was eventually removed, and the
product was purified as in the previous synthesis.

7.4.6. PMOXA-S-S synthesis

For the synthesis of PMOXA-100-S-S the method used was similar to the one
exploited for the second PMOXA-100-NH> formation (section 7.4.5). 8 mg of
lipoic acid were dissolved in 10 ml of dry DMF (under Ar) and cooled down to 0
°C in dark (being photosensitive). Subsequently, 3.4 ml of HBTU (33 mg, 0.43
mmol) and 19 mg of DIPEA (0.14 mmol, 25 pl) were added and the resulting mix
was left stirring for 45 minutes in dark at 0 °C (under Ar). Finally, the PMOXA-
100-NH> dry DMF solution is added (4 ml) at RT and the mixture was left stirring
for 72 hours (under Ar, RT, in dark). The product was purified as previously done
for PMOXA-100-NHz: (section 7.4.5).

7.5. Particle functionalisation
7.5.1. ZnO functionalisation

PMOXA-ND functionalisation of ZnO particles was performed as reported from
Morgese et al. [120]. Briefly, ZnO and PMOXA-ND were mixed in a round bottom
flask in the chosen amounts (weight ratio) and dissolved in 10 ml of
dichloromethane. After 36 hours of stirring at RT, the solvent was evaporated, the
product was dissolved in milli-Q® water a dialysed four times in a 100 kDa cut-off
membrane (Dialysis membrane Spectra/Por® Biotech CE MWCO 100), to remove
unbound polymers, and freeze-dried. To obtain the colloids, ZnO@PMOXA solids
were suspended in milli-Q® water with a concentration of 0.083 mg/ml. The
resulting sols were stored at room temperature.
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7.5.2. Ag functionalisation

To obtain Ag@PMOXA 4ml of AgNPs were mixed with a 1 mg/ml milli-Q® water
solution of PMOXA-100-S-S in a 15 ml centrifuge tube (Corning™ Falcon™ 15
mL Conical Centrifuge Tube). The dispersions were left under agitation for 72
hours (RT). The suspensions were dialysed four times in a 100 kDa cut-off
membrane (Dialysis membrane Spectra/Por® Biotech CE MWCO 100). The sols
were finally diluted adding 20 ml of milli-Q® water and stored in dark at RT.

7.6. Data elaboration

The software Origin pro 2018 (version: SR1 b9.5.1.195) was used for data
elaboration except for NMR data for which MestReNova (version: 12-0-0) was
exploited instead.
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8. CONCLUSIONS AND OUTLOOKS

The aim of this thesis was the obtainment of stable water dispersions of ZnO and
AgNPs obtained through biogenic synthesis for a possible future application in a
biomedical field.

This was carried out through the exploration of new green and cheap pathways to
produce already known and marketed materials. The use of a continuously
reproducing microorganism, which do not need macronutrients and contribute to
atmospheric CO> sequestration and may be harvested from other industrial
processes, directed the choice over microalgae.

The use of Nannochloropsis gaditana posed the problem of purification, since
biological components remained adsorbed on the particles, changing the latter
properties, such as colloidal stability. To resolve this issue, PMOXA was used as a
highly water-soluble polymeric ligand to suspend the obtained nanoparticles.

First, the generation of standard wet chemical benchmarks were achieved for both
nano systems. In particular, for ZnO a batch standard sample was easily obtained,
whereas for hydrothermal one the use of a peptising agent revealed itself as being
crucial for the obtainment of homogenous particles. This observation is in line with
the property changes to which the water is subjected during the hydrothermal
methods. Regarding the reference standards AgNPs, to establish a repetitive
synthesis protocol the reaction time variable was extensively studied. Moreover,
the use of a “reverse” protocol led to the production of slightly more monodispersed
NPs respect with their classical counterpart. In relation to non-biogenic wet
syntheses, all the techniques used were successful.

Once obtained the chemical standard, biogenic syntheses were successfully
optimised. For ZnO, the use of heat to thermally purificate the product was required
even if, in a green chemistry optic, it was not initially considered. The positive
outcome arose from the fact that the heat involved was much less compared to the
standard calcination steps present in biogenic literature. ZnO biogenic-
hydrothermal syntheses did not yield any product regardless of the relative
quantities used, probably due to the unusual reaction conditions. On the other hand,
the synthesis of biogenic AgNPs was more complicated. For these systems the
adsorption of biological components on the particle surface entailed a loss in
colloidal stability and a negative outcome for the whole synthesis. Beside silver,
biogenic metal nanoparticles tend not to have long lasting sol stability due to the
synthesis exploited itself. Nevertheless, using various purification steps, as well as
the aid of PMOXA, it was possible to push the colloidal stability time from 12 hours
to 2 weeks. Even if this shelflife is not sufficient for commercialisation, the increase
in sol stability (compared to the original one) is still a remarkable achievement.
Furthermore, it should be taken into account that the use of less heat conducted to
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the production of smaller and less polydisperse AgNPs compared to their hot
counterpart. This last result indicated that, in future, the focus of biogenic AgNPs
optimal synthesis should be around room temperature methods.

The PMOXA was obtained according to literature and, even if it was not possible
to perform an analytical GPC run, the NMR analyses confirmed the positive
outcomes for both the polymerisations and the coupling reactions. However, for the
PMOXA-100-NH> formation synthesis it was not possible to directly obtain a
sufficient conversion using COMU as an activating agent. Conversely, the use of
another protocol exploiting HBTU resolved the issue, suggesting that the last
method is more suitable for PMOXA amide coupling reactions (hence it was
adapted and exploited again in the production of PMOXA-100-S-S).

The obtainment of the hybrid materials ZnO@PMOXA and Ag@PMOXA was the
pivotal point of this thesis. From DLS measurements, the hydrodynamic diameter
increase was similar for ZnO particles with both PMOXA-50-ND and PMOXA-
100-ND. The cause of this feature is probably the chain coil effect in water.
However, it is very interesting to highlight how (in term of colloidal stability) there
are not any differences between the two polymers used for ZnO. Regardless of the
ligand, ZnO particle produced by batch and by the biogenic synthesis started to
precipitate after 2 weeks (like biogenic Ag@PMOXA). On the other hand,
hydrothermal particles (the biggest particles produced in this project) remained
completely suspended for all the time frame considered. Regarding the lack of
influence from the polymer length and the similar morphology between the two
metal oxide systems which precipitated, the instability may be influenced by the
particle shape (and the consequent tendency to be functionalised). The previous
statement can be also formulated considering that hydrothermal ZnO particles were
the most stable colloid (once functionalised) and had the same morphology of those
from which the exploited ligation strategy was modelled upon [120]. Regarding
Ag@PMOXA, the non-biogenic nanoparticles remained completely stable at every
time point while the biogenic one lost its stability after 15 days. This result implies
that, even after several purification steps, some biological precipitating agents still
remained adsorbed on the metallic surface. Moreover, both biogenic
ZnO@PMOXA and Ag@PMOXA began to precipitate at the same time,
suggesting that the polymer chosen may have a role in precipitation by itself.

In conclusion, the colloidal stabilisation of biogenic Ag and ZnO particles (along
their chemical counterpart) was obtained, even if only for a relative short time.
Nonetheless, the main question mark to be answered remains the lack of knowledge
about the biological compounds adsorbed on the inorganic surfaces. In the future,
systematic studies about this topic are definitively required. Moreover, the use of
other polymers, especially branched and with longer chains, should be considered
to further stabilise the particles. Regarding biogenic AgNPs, the use of other
purification techniques should be also envisioned, as well. Another consideration
should be made about the biogenic agent: the use of N. gaditana itself is extremely
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reductive considering the variability within photosynthetic organisms. Changing
biogenic agent, it might be possible to generate stable particles without the aid of
any external polymer as well as producing systems with different morphologies,
sizes and concentration of biomolecules adsorbed upon.

Finally, these particles may be exploited in other fields separated from biomedicine.
The ZnO particles obtained through the hydrothermal synthesis are too big to be
used as injectable formulations, however they may be useful in paint colouring or
in photovoltaic cells.

It is worth reminding, at this point, that there is a big market behind nanomaterials
and that it pushes towards the production of greener materials and lowering the
price, thereby any technology promising these two features must be investigated
and kept on the scientific research spotlight.
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