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Abstract

The widespread manufacturing of nanomaterials and nano-enabled products (NEPs) has led to
concerning human and environmental exposure levels. The lack of knowledge regarding the
occupational, consumer, and environmental potential adverse effects of this burgeoning
technology has ignited serious safety issues and highlighted the importance of a comprehensive
risk evaluation. Safety and Sustainability by Design (SSbD) is a concept that thanks to a
prevention approach aims to reduce the hazards at the early stages of product development. The
combined implementation of safety measures and risk assessment will have to meet regulatory
infrastructures to deliver SSbD guidelines and tools. To reach this goal it will be crucial to
monitor the effects of these products and their manufacturing processes on human and
environmental health. Structure-properties correlations must be studied to determine general
guidelines and deliver safer and more sustainable design alternatives to the actual nanomaterials.
A proper design of the synthesis step directly affects the structure of the nanomaterials allowing
to building of the desired physicochemical, functional, and safety profiles. In this context, the
design or re-design of a nanomaterial is an early-stage measure that can effectively improve the
safety and sustainability of the product creating a bridge between design space and functional
properties. A full life cycle assessment is required to link the nanomaterials design step to the
nano-enabled products manufacturing, use phase, and end of life.

To contribute to this research field, during this work, three main topics were assessed: the
synthesis of antimicrobial silver nanoparticles and their implementation into several case studies,
the synthesis of gold-platinum nanoparticles for application as a catalyst in biomass valorization,
and the production of biopolymeric scaffolds embedding natural-derived active phases for the
wastewater remediation.

Three AgNPs synthesis methods using different capping agents were studied:

- Quaternized hydroxyethyl cellulose 1s a natural-derived biopolymer with positive

charged quaternary ammonium groups that confers antibacterial activity to this
compound.

- Curcumin is a natural-derived organic molecule with intrinsic antimicrobial and
antioxidant properties.

- Cyclic lipopeptide biosurfactant derived from bacterial metabolism which possesses

antimicrobial properties thanks to its cell wall lysis capability.
A wide-ranging physicochemical characterization (TEM, XRD, ICP-OES, UV-Vis, DLS, ELS)

was performed to correlate synthesis parameters to physicochemical and functional properties.



The so-obtained AgNPs were tested against Gram-negative (Escherichia coli) and Gram-positive
(Staphylococcus aureus and Listeria innocua) bacteria, demonstrating excellent antibacterial
activity against all the tested bacterial strains. Antiviral tests were performed against the SARS-
CoV-2 enveloped virus and BK polyomavirus non-enveloped virus, proposing an antiviral
mechanism of action of AgNPs involving the interaction of AgNPs with the viral envelope
inhibiting the attachment to cell’s receptors.

The most active AgNPs variants were selected for the implementation into nano-enabled
products within different case studies: antimicrobial textiles, paper, and biopolymeric film and
scaffolds. The antimicrobial properties were successfully transferred from the nanomaterial to
the nano-enabled product. Thanks to these case studies workers, users, and environmental
exposures were assessed. NEPs antibacterial efficacy and product durability were evaluated.
The Safe and Sustainable by Design approach was applied for the synthesis of gold-platinum
nanoparticles catalysts. The green chemistry principles were implemented on multiple levels,
first for the safe and sustainable synthesis of the nanoparticles and then in their application for
biomass valorization by converting biomass wastes into chemical building blocks. Two different
gold-platinum nanoparticles structures were studied core-shell (gold core and a platinum external
shell) and alloy. The correlation between the structure and the catalytic activity of these materials
was studied thanks to an in-depth physicochemical characterization (TEM, XRD, ICP-OES, UV-
Vis, DLS, ELS). The catalytic activity was evaluated in the model reaction of hydrogenation of
nitrophenol to aminophenol. Synergistic effects were observed for the bi-metallic nanoparticles,
thanks to which a reduced load of platinum allows excellent catalytic activity.

The increasing contamination of hydric resources caused by human activities has highlighted the
necessity to develop new technologies for wastewater remediation. From a circular economy
perspective, natural adsorbent materials were selected for this purpose. Clays and hydrotalcites
share a layered structure able to host counterions, the deriving ion exchange capability has been
efficiently exploited for the adsorption of heavy metals and organic pollutants. The selected
adsorbents were characterized by XRD, BET, and ELS, subsequently, they were tested in the
adsorption of simulated pollutants, namely the cationic dye rhodamine B, anionic dye methyl
orange, and copper (II) cation. Clays and hydrotalcites were embedded into renewable seaweed-
derived biopolymeric scaffolds made of k-carrageenan, chitosan, or agarose to improve their
handleability. The pollutants adsorption tests were replicated on the scaffolds and the resulting

adsorption process kinetic followed the pseudo-second-order model.
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Chapter 1 — Introduction

1.1. Nanotechnology and nanosafety

Nanotechnology — The concepts underlying “nano-technology” were first introduced, even

before the term was officially recognized, in a lecture delivered by Physics Professor Richard
Feynman at a meeting of the American Physical Society at Caltech on December 29, 1959. This
lecture marked the inception of the concept and study of nanotechnology.! The term
“nanotechnology” was first introduced in 1974 by Norio Taniguchi, a professor at Tokyo Science
University, with the following definition: “Nano-technology mainly consists of the processing
of separation, consolidation, and deformation of materials by one atom or one molecule”.?
Subsequently, the United States National Nanotechnology Initiative defined nanotechnology as
the manipulation of matter that has at least one dimension ranging from 1 to 100 nanometers.**
This scale, often referred to as the nanoscale, is where surface area and quantum mechanical
effects become significant in defining the properties of matter.” The term “nanotechnology”
encompasses all research and technologies that interact with these unique properties. Hence, it’s
common to see the terms “nanotechnologies” and “nanoscale technologies” used to denote a
wide spectrum of research and applications linked by their size. In its early stages,
nanotechnology was described as the specific technological aim of accurately manipulating
atoms and molecules to construct products on a larger scale, a concept now known as molecular
nanotechnology.®

Nanotechnology inherently including scientific disciplines as varied as surface science, organic
chemistry, molecular biology, semiconductor physics, energy storage, engineering,
microfabrication, and molecular engineering.”#%!° The related research and applications are just
as diverse, extending from enhancements of traditional device physics to entirely novel methods
based on molecular self-assembly. This includes the development of new materials with
nanoscale dimensions as well as the direct manipulation of matter at the atomic level.!!

The future implications of nanotechnology are currently a topic of discussion among scientists.
Nanotechnology holds the potential to generate a plethora of new materials and devices with a
wide array of applications, such as in the fields of nanomedicine, nanoelectronics, biomaterials,
energy production, and consumer products. However, like any emerging technology,
nanotechnology also brings with it a host of issues, including worries about the toxicity and
environmental impact of nanomaterials, their potential influence on the global economy, and
even fears about possible catastrophic scenarios. These concerns have sparked a debate among
the scientific community and governments about the need for specific regulations for

nanotechnology.!?
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Nanosafety — During the early stages of nanomaterials (NMs) investigation, they were believed
to possess similar toxicity levels to their micro and macroscopic counterparts.'> However,
research has indicated that materials at the nanoscale display different physicochemical
properties compared to the original macroscopic-sized material, thereby altering their behavior
and reactivity in biological systems. The new available information raised questions regarding
the validity of traditional methods used to assess the harmful effects of nanomaterials.'*!?
According to “REACH” (Registration, Evaluation, Authorization, and Restriction of Chemical
Substances), the safety evaluation of NMs should adhere to the risk assessment methodology
used for conventional chemicals. This methodology is based on three requirements: evaluation
of effects, exposure assessment, and risk characterization.!>!® In-vitro and/or in-vivo
experiments should assist the adverse effects assessment related to a real scenario estimated
exposure routes to implement suitable testing and risk prevention measures for manufacturers
and users.!” An in-depth physicochemical characterization of the tested nanomaterials could be
helpful for the correlation of physicochemical properties to the toxicity, most relevant
physicochemical parameters that may influence toxicity are usually considered the size
distribution, aggregation/agglomeration status, shape, surface area, reactivity, water solubility,
surface properties, and long-term stability.'®!” Therefore, it is crucial to understand the complete
manufacturing process and the most probable exposure routes. Finally, it is fundamental to select
a suitable testing strategy and to make recommendations on risk prevention measures. '
Nanosafety is concerned with evaluating the potential risks that nanomaterials pose to human
and environmental health, including their ecological impact and toxicity levels.?’ Over the past
two decades, there has been a significant increase in studies related to nanosafety, revealing
conflicting results and failing to definitively establish the safety of nanomaterials.'>*!
Nanomaterials are not all identical in their creation, implying that even minor differences in
material properties can lead to variations in biological responses.’*? The proliferation of
nanomaterials in a large variety of applications such as medical devices, pharmaceuticals,
cosmetic products, and other applications interacting with biological systems has highlighted
significant concerns about potential toxic effects on human health and the environment.'>%
Despite a decade’s worth of knowledge on nanotoxicity, predicting the biological interactions

nanomaterials remains challenging.?* Nevertheless, safety protocols have been established in the

manufacturing, commercial, and medical sectors. !
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1.2. Safe and sustainable by design

The European Union is striving to achieve a climate-neutral economy with zero net greenhouse
gas emissions by 2050, and a pollution-free environment as outlined in the sustainability
chemical strategy as part of the EU Green Deal, which is dedicated to addressing climate and
environmental issues.?>?® To achieve these objectives, innovative strategies like the Safe-and-
Sustainable-by-Design (SSbD) are needed. This approach focuses on the safety and
sustainability of materials, products, and processes throughout their full life cycles.?’” The EU
Research and Innovation program Horizon 2020, funded projects under the call “Foundations
for tomorrow’s industry - Safe by design, from science to regulation: metrics and main sectors /
multi-component nanomaterials”, that are developing methods, infrastructures, and regulations
for implementing SSbD principles in the nanotechnology field assisting the European
Commission in achieving the SSbD policy goals. Thanks to real industrial case studies, these
projects will provide a range of digital products to promote and streamline the selection of design
options and the decision-making process which address the life cycle of manufactured
nanomaterials and/or advanced materials.?’

The European Commission (EC) Joint Research Center (JRC) introduced a framework that
defines the criteria and evaluation procedures for chemicals and materials under the Safe-and-
Sustainable-by-Design (SSbD) concept.?® This framework anticipates the assessment of a
chemical’s entire life cycle, evaluating human and environmental safety, as well as other relevant
dimensions such as environmental, economic, and social sustainability. All of these aspects must
be considered since the design or re-design stage of the desired product or process focusing on
the functional properties desired.”’

Even if the most impactful part for a SSbD approach may be the early phases of development of
a new material, technology, or process, it is fundamental to apply these criteria and principles all
along the life cycle.?” An optimal design may improve not only the functional properties of the
material, but also other important safety parameters along the productive process, such as the
workers’ exposure during its processing and manufacturing, environmental release and human
hazards during the use phase, and finally disposal side effects. Multiple variables and dimensions
must be considered all along the life cycle, increasing the difficulty level of these assessments,
these kind of interventions are easier if performed at early stages of the product development,
especially if already considered in the first design, because modify an already running process

may be more complicated, costly, and less effective.?’-
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The actual challenge involves the identification of impactful and effective criteria to apply the
SSbD approach as best as possible to improve all the concerned aspects: human and
environmental health, and economic and social sustainability. For a quantitative evaluation it
will be necessary to establish thresholds that define whether a product or process meets SSbD
criteria, to do it the best solution may be to identify some key performance indicator that

represent the goal for each design spaces.?’!
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1.3. Green chemistry

The term green chemistry was first coined in 1991 by Paul Anastas, Professor at the University

of Berkley. It was refereed to new priorities for scientific and technological research and

innovation, and it was based on solid principles aimed at eliminating or avoiding the use and

generation of hazardous substances or procedure. Later, in 1998 Paul Anastas and John Warner

provided 12 main principles defining green chemistry as a path for the development of greener

chemicals, processes, and products.?>¥-4 The 12 principles may be summarized as follow:

Prevention of wastes production.

Atom economy to maximize the incorporation of reagents in final products.

Less hazardous chemical syntheses designed to adopt and produce little or non-toxic and

non-ecotoxic substances.

Design safer chemicals preserving their efficacy.

Safer solvents and auxiliaries substituting unnecessary hazardous ones.

Design for energy efficiency performing synthesis at ambient temperature and pressure,

when possible, to reduce environmental and economic impact.

Use of renewable feedstocks when it is feasible to substitute depleting ones.

Reduce derivatives when unnecessary to reduce reagents consumption and wastes

production.
Catalysis is preferred to stoichiometric reactions.

Design for degradation to break down into innocuous and non-persistent products.

Real-time analysis for pollution prevention to avoid the formation of hazardous

substances.

Inherently safer chemistry for accident prevention to minimize chemical accidents.

These concepts should be applied also in the synthesis of nanomaterials, where the maximization

of reagents incorporation into products, the use of renewable material and energy sources, the

implementation of safe and benign substances, the energy efficiency, and the waste production

are as impactful as for classic chemistry.



Chapter 1 — Introduction

1.4. Nanomaterials

Nanoscience and nanomaterials have aroused considerable interest in the scientific community.
Nanomaterials are materials with size ranging from 1 to 100 nanometers representing a junction
point between atomic-molecular scale and macroscopic scale also known as bulk phase.®® The
increased interest in the investigation and use of nanoparticles is attributed to the American
theoretical physicist Richard Phillips Feynman, who in 1959 during a speech to the American
Physical Society spoke about the possibility of combining atoms on a small scale thus leading to
the formation of nanomaterials.>® Because of the nanometric size of this class of materials, and
subsequently the greater surface/volume aspect ratio, nanomaterials usually have different
characteristics and properties than the same bulk material. Therefore, nanomaterials owe their
uniqueness to the synergy between common properties of matter, such as conductivity, hardness,
melting point, and the most peculiar properties of the atomic-molecular world, such as wave-

particle duality or quantum effects.

Size effect — The effect of dimension is a determining factor describing the behavior of
nanomaterials, as it affects their structural, chemical, thermodynamic, electronic and
spectroscopic characteristics.’”*® In particular, due to the high surface/volume ratio, they have a
high reactivity, decreasing the size the percentage of atoms present on the surface increases,
which makes them particularly suitable for specific applications such as catalysts, adsorbents, or
for biological interactions. When the aspect ratio reaches values of 10°-107 cm™, the surface
energy acquires significant importance, in this way different physicochemical behaviors of
nanomaterials respect to the equivalent massive materials are justified. In fact, in nanometric
particles, surface atoms are only partially coordinated, so they are in a different energy state
respect internal atoms. Surfaces, as well as dimensions, play a decisive role in any class of
nanomaterial, affecting most of its properties.’® Therefore, it is possible to find a close correlation
between nanomaterial size and its physicochemical properties, for example in terms of optical,
electronic, and magnetic properties, making this class of compounds particularly versatile and
interesting. For this reason, nanomaterials and nanoparticles are studied and applied in a wide
range of disciplines, from energy, medicine, nanoengineering, optic, cosmetic, food, catalytic

fields.
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Nanomaterials preparation methods — Nanomaterials are strongly influenced, in terms of
structure and physicochemical properties, by the preparation method used. The synthesis of
nanostructured materials is mainly based on the two following approaches:

- Bottom-up: the nanomaterial is obtained starting from the individual atoms, suitably
assembled, through chemical reactions (typically by chemical or biological synthesis),
allowing the conversion of the precursor to the nanophase, controlling its characteristics
and possibly reaching the desired size. Therefore, these are chemical reactions, conducted
in liquid or gaseous phase, in which, through accurate reaction parameter control, such
as temperature, precursor concertation, type and amount of reducing and capping agent,
the particles nucleation/growth equilibrium may be manipulated. The purpose is to
develop a synthesis procedure able to control the final properties of the material. The
desired product can be either a stable colloidal suspension of nanoparticles, avoiding the
formation of agglomerations eventually by adding electrostatic or steric stabilizers, or a
nanophase to be precipitated and isolated from the reaction environment.

- Top-down: this approach usually consists of a mechanical grinding process (physical
synthesis) in which macroscopic materials are crushed to form nanosized particles. It
should be noted that this process can cause the presence of impurities in the product due
to the simultaneous crushing of the grinding bodies.

Both approaches can be conducted in gas, liquid, or solid state, as well as in supercritical fluids
or vacuum. The main objectives of most synthetic processes are to control: particle size, particle
shape, size distribution, composition, and the degree of agglomeration for colloidal systems. The
control of these parameters is becoming increasingly necessary, in fact, in nanotechnology the
study structure-properties correlations is fundamental to better understand the enormous

potential of these materials. #4142

Colloidal systems — Colloidal nanosuspensions are a particularly interesting form to produce and
exploit nanomaterials. These systems are constituted by a discontinuous nanometric phase with
diameter comprised between 1 nm and 1 um, and a continuous dispersing phase, identified as
solvent. Typically, such colloidal particles are characterized by a high surface/volume ratio,
strongly influencing the properties of the colloid itself. As colloidal stability is intended the
ability of nanoparticles to remain suspended over time, avoiding aggregation, agglomeration,
coagulation, and sedimentation phenomena. Therefore, the stabilization mechanisms of the
colloids are fundamental to avoid these phenomena, all the destabilizing processes are

thermodynamically guided by the need of the colloids to minimize the free surface energy and

9
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therefore the liquid-solid interface, thus leading to suspension instability. In fact, colloidal
nanoparticles are only kinetically stable and therefore they must be stabilized to avoid

thermodynamically favored sedimentation leading phenomena.

Colloids stability — The Derjaguin-Landau-Verwey-Overbeek (DLVO) model allows the
mathematical study of properties and stability of colloidal systems by analyzing the interaction
between two particles immersed in a liquid. Specifically, the degree of stability of a suspension
is quantified by calculating the interaction potential between two electrostatically charged
surfaces immersed in a fluid. Conventionally, when the potential is positive there is a repulsion
between the two surfaces, when the potential assumes negative value, attractive forces prevail.*’
For the calculation, colloidal particles are approximated to spheres of uniform diameter,
therefore, the colloid-colloid interactions are approximated by sphere-sphere geometries.
Classical DLVO theory defines the interaction potential between two electrostatically charged

colloidal particles as the result of two different contributions:

- Attractive forces of Van der Waals. Such interactions are unidirectional, short-ranged,

and relatively weak forces compared to other intermolecular interactions. Essentially,
they are forces of a physical nature due to the reciprocal interactions between charges
(temporary or permanent).

- Electrostatic repulsive forces connected to the electric double layer of counterions. This

interaction is appreciable for nanoparticles dispersed in a liquid phase containing ions. In
these cases, shells of positively or negatively charged ions surround the surface of the
nanoparticles to form an electrical double layer, thus providing an electrostatic force
capable of keeping nanoparticles separate from each other.
The total interaction potential will be the sum of the individual potentials related to attractive
and repulsive forces, and it represents the potential energy expressed in joule. It is possible to
represent in a graph the trend of the resulting potential as a function of the distance between the
two charged surfaces to obtain different profiles. As it can be observed in Figure 1, the stability
of the colloidal suspensions is strongly linked to the distance between the nanoparticles. When
the contributions of the attractive and repulsive forces are comparable, the resulting potential
profile is constituted by a primary minimum and a secondary minimum. At small separation
distances attractive forces prevail reduction in the interaction potential resulting in the so-called
primary minimum. If Van der Waals attractive forces are significantly stronger than repulsive
ones, they can prevent the formation of stable systems leading to the agglomeration irreversible

attachment. At small distances the electrostatic repulsion increases as interference generated by

10
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the interpenetration or overlapping of the electrical double layers. It follows that the potential
energy associated with these forces is positive and so a net repulsive energy is generated as well
as the work required to distort the diffuse double layer and to expel solvent molecules and
counterions increases as particles approach. At greater distances, there is a secondary minimum,
weaker than the first, in which the particles can deposit under the action of weak attractive forces.
Deposited colloids can be released due to changes in the physicochemical conditions of the
suspension such as pH and salinity. This kind of attachment is referred to as reversible or more

commonly as flocculation.*+*°

Energy t

Electrostatic repulsion

+ Distance

‘. Van der Walls attraction

\

Reversible aggregation

‘ «+—— |rreversible aggregation

Figure 1 — lllustration of the repulsive and attractive forces contributions to the total energy according to DLVO theory. Reversible
and irreversible aggregation phenomena occur respectively corresponding to relative and absolute minimum in energy as function

of the distance between the particles.

Summarizing, the stability of colloidal systems is determined by the sum of repulsive forces and
attractive forces that are established between the colloids and the distance between them, to
obtain a stable suspension the resultant force must be repulsive. Otherwise, particles would
aggregate and tend to precipitate. For this purpose, the stabilization of a colloidal system aims
to increase nanoparticles distance by adding deflocculant agents in solution, in order to increase
the diameter of the electronic double layer and thus decrease the possibility of facing
agglomeration and sedimentation phenomena. The main stabilization mechanisms of a colloidal
system are essentially of two different types, Figure 2, that can be combined together to enhance

the stability of suspended nanoparticles:
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Electrostatic stabilization. The repulsive forces of electrostatic nature acting between the

colloidal particles fight against attractive Van der Waals forces thanks to the electrostatic
repulsion generated by the superimposition of electric double-layer regions consisting of
charges of the same sign. This type of stabilization is strongly dependent on the ionic
force of the solution, stronger ionic force determines weaker electrostatic stabilization
until aggregation phenomenon and consequent variation of the optical properties. In fact,
dispersions can be destabilized by increasing the concentration of electrolytes that will
screen the electrostatic repulsion between the surfaces of the nanoparticles, leaving
unaltered the interactions of Van der Waals.

Steric stabilization. The repulsive forces of steric nature are due to the presence of

polymers or other macromolecules or molecules covalently bonded on the surface of the
dispersed particles providing a spatial impediment. These macromolecules, prevent the
approach of colloidal particles with each other hindering their coagulation. The addition
of these compounds leads to a repulsive steric stabilization that is independent of the

1onic force.

Electrostatic stabilization Steric stabilization

Figure 2— Stabilization mechanisms for colloidal nanoparticles: a) electrostatic stabilization promoted by the repulsion of the same

surface charge and the electrical double-layer surrounding the nanoparticles; b) steric stabilization due to the physical hindrance

of a steric agent coating the nanoparticles.
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2.1. Aim of the work

Today’s sustainability challenges involve transitioning to a green and circular economy through
resource efficiency, with the aim of improving both human and planet health. Several strategies
have been applied and others have been proposed for the implementation in the near future to
move in this direction. The 2030 Agenda for Sustainable Development is a plan of action
endorsed in 2015 by all the Members States of the United Nations. It consists of 17 Sustainable
Development Goals (SDGs) aiming to protect the planet and environment ensuring the peace
and prosperity for all people.*® The European Green Deal is a strategic initiative proposed by the
European Commission to transform the European Union (EU) into a modern, resource-efficient,
and competitive economy by 2050.4

In order to achieve these objectives, it is crucial to minimize the impact of materials right from
the design phase. This principle forms the foundation of the eco-design approach, which involves
designing a product in a way that respects the environment and prevents any negative impact
from the earliest stages of material design. In this regard, the development of new advanced
materials with enhanced functionality in the field of clean technology is of paramount
importance. The European Project ASINA is studying the implementation of the Safe and
Sustainable by Design (SSbD) approach to nanomaterials, which is a subset of the broader
concept of eco-design. Some of the results presented in this work have been collected within
ASINA.#®

The eco-design approach has been utilized for the development of numerous nanomaterials,
which boast enhanced safety and sustainability profiles. These nanophases find applications in
various fields, including antimicrobial products, catalysis, and wastewater remediation. The
primary objectives of this thesis work are:

- Development of silver nanophases through green synthesis, with the aim of triggering
new synergistic effects to maximize the antimicrobial functionality, both antibacterial
and antiviral, while minimizing the toxicological and ecotoxicological impacts.

- Determination of the optimal synthesis conditions to maximize antimicrobial effects,
while formulating hypothesis regarding the possible mechanism of actions.

- Assessment of various applications and key performance indicators (KPIs), adhering to
the SSbD approach throughout the different stages of the product life cycle.

- Enhancement of the knowledge pertaining to nanomaterials, their impact on human and

environmental health, and with their potential applications in industrial products.
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Optimization of new green synthesis methodologies, proposed as alternatives to
conventional development methods for catalyst that can be used in the field of biomass
valorization.

Development of innovative advanced materials for the wastewater remediation, capable
of utilizing natural and renewable materials, thereby highlighting enhanced sustainability

in line with the principles of the European Green Deal and circular economy.
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2.2. Structure of the research activity

The research activity and the structure of this thesis were branched on 3 parallel topics, all of
them developed under an eco-design perspective of new and advanced materials. Part of the
results stems from the European Collaborative project ASINA based on the implementation of
the Safe and Sustainable by Design (SSbD) framework in the development of functional nano-
enabled products.*® Here it is summarized the content of the following chapters, depicted by the
concept map in Figure 3.

The main topic addresses the preparation antimicrobial nanophases (Chapter 3), their
characterization and exploitation for different application field (Chapter 4).

In the second topic, the green chemistry principles, aligned with the SSbD approach, were
implemented to obtain metal nanoparticles applied as catalysts in the biomass valorization field
(Chapter 5).

Finally, the wastewater remediation sector was explored exploiting natural derived active
materials for the removal of harmful pollutants, (Chapter 6).

A detailed view of the next chapters content is here presented:

- Chapter 3: Design of safe and sustainable synthesis of antimicrobial silver nanoparticles.
In this chapter, three different natural derived capping agents were exploited for the
production of antimicrobial silver nanoparticles (AgNPs). Quaternized hydroxyethyl
cellulose biopolymer, curcumin extracted from the rhizome of the Curcuma longa, and
sodium surfactin a biosurfactant derived from bacterial metabolism were exploited as
renewable and green reagents. The synthesis parameters were explored to design a set of
variants for each capping agent to correlate synthesis parameters to physicochemical
properties and antimicrobial activity against bacteria and viruses.

- Chapter 4: Production of nano-enabled products implementing antimicrobial silver
nanoparticles on different substrates. Different case studies were addressed to implement
the nanophases (AgNPs) described in Chapter 3 into nano-enabled products (NEPs) and
devices: fabrics, paper, and biopolymeric films and scaffolds. In this way, it was possible
focus on the manufacturing and use phase steps of the product life cycle. The efficiency
of the manufacturing processes was compared and a set of key performance indicator
(KPIs) as functionality, durability, potential human exposure, and environmental
pollution associated to the manufactured NEPs were investigated.

- Chapter 5: Green synthesis of noble metals-based nanoparticles for catalytic
applications. The green chemistry principles, aligned with the SSbD approach, were
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implemented in the design of gold-platinum based catalyst applied in the biomass
valorization field. Gold-platinum alloy and core-shell nanoparticles were synthesized and
their structure-catalytic activity correlation was assessed. The intended application of
these catalysts is the conversion of biomass-derived molecules into key building blocks
for the chemical industry.

Chapter 6: Functional materials for wastewater remediation. In this chapter, natural
solutions were explored for the remediation of wastewaters. Adsorbent materials, like
clays, hydrotalcites, and microalgae were exploited for the removal of heavy metals and
organic pollutants, while photocatalytic phases were implemented for the degradation of
organic matter. These active phases handleability was improved by encapsulation in
granulated powders or by embedding into biopolymeric matrixes. Finally, the products

were tested into a semi-mobile device for water treatment.

Advanced materials for the protection
of the environment and human health

Chapter 3 Chapter 5 Chapter 6

Synthesis of antimicrobial
silver nanoparticles

Preparation of
sorbet/photocatalytic composite

Synthesis of gold/platinum
nanoparticles for catalysis

materials coupling inorganic
nanophases with sorbent biomasses

Chapter 4

Application case studies:
- Antimicrobial fabrics
- Antimicrobial paper
- Antimicrobial
biopolymeric films and
scaffolds

Application case study:
Catalyst in the biomass
valorization field for the

production of chemical
building blocks

Application case study:
Wastewater remediation
from heavy metals and
organic pollutants

Figure 3— Concept map of the research work presented in the following chapters of this thesis.
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3.1. Introduction

The recent global emergency due to the COVID-19 pandemic, caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), pointed out the need to develop new strategies for the
containment of the disease, in particular during the initial phase of propagation of the virus.*’
Another very topical issue is the growing development of antibiotic resistant bacterial strains.*°
This is another important medical problem that will have to be faced soon. In the absence of
known long-term effective therapies and definitive vaccines, it is logical to move towards disease
control strategies that exploit low-cost materials and products, available and with antimicrobial
properties already tested against the targeted pathogens. In this field, silver nanoparticles have
been proposed and studied at different level as general-purpose antimicrobial agent, able to help
in the fight against both viruses and bacteria. Silver nanoparticles exploit their nanosized and the
correlated favorable surface/volume aspect ratio to interact with viruses, bacteria, and biological

components, to penetrate cell wall, and to produce reactive oxygen species (ROS).>!

Silver nanoparticles — At present, silver nanoparticles (AgNPs) are among the most researched
and frequently utilized nanomaterials because of their adaptability and usefulness in diverse
fields such as health, environment, and various industrial sectors, positively contributing to the
economy. >3343> AgNPs are highly utilized in industrial and commercial sectors due to their
unique properties such as antimicrobial action against a broad variety of pathogens and
microorganisms such as bacteria, viruses, fungi, and protozoa, but also thanks to their chemical
stability, catalytic activity, electrical and thermal conductivity, and relatively low production
cost. As aresult, they find extensive use as antibacterial, antiviral, antifungal, anti-inflammatory,

anti-tumor, and regenerative, agents, but also as biosensor, and catalyst.>

They are also found
in products across various industries like textile, pharmaceutical, hygiene, cleaning products,
food, agricultural, and many others, leading to potential human and environmental exposure.>’
AgNPs have a broad range of applications in medicine, such as coating medical devices,
preparing nanogels, or producing formulations for skin lesions,8-%:60:61.62

The synthesis of AgNPs requires careful control of parameters to ensure reproducible
production.®® The toxicity of AgNPs is dependent on several factors, including how the colloidal
suspension is prepared, the physicochemical nature of particles, the aggregation state, the dose,
the nature of the living organism, the cell type, and its morphology.®* Generally, it has been
observed that low concentrations of AgNPs exhibit negligible toxicity in in-vitro and in-vivo

assays. As AgNPs concentration increases, the toxicity of the nanoparticles and their
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accumulation in various tissues and organs also tend to increase. At high concentrations, the
inhalation or ingestion of AgNPs can cause adverse effects and may even result in tissue

death.%5-%°

Antibacterial activity — Most of the recent developed antibacterial agents are chemically
modified natural compounds. The long-term widespread use and abuse of these antibacterial
agents has favored the evolution of antibiotic resistant bacterial strands. The decreasing
effectiveness of the commonly used drugs it is a relevant emergency that still places infectious
diseases as one of the biggest health challenges worldwide. The antibiotic resistance, leads
looking for alternative solution or increasing the dosage till the toxicity limit. For these reasons,
the development of alternative strategies for the treatment of bacterial pathogens is of an absolute
importance. Among various solutions, antimicrobial nanoparticles are likely to satisfy most of
the request in terms of efficacy and microbial resistance. Silver nanoparticles have gained
interest thanks to their wide-ranging antiviral, antibacterial and antifungal properties, in the case
of bacterial pathogen AgNPs are able to kill the bacteria or slow down its growth rate, with
limited toxicity for the infected organism. It is possible to summarize the main mechanisms of
action of silver nanoparticles against bacteria in four main categories:

1. Adhesion of the AgNPs on the bacterial cell wall thanks to electrostatic interactions,
causing irreversible morphological modification and in increase in the permeability,
resulting in cell wall rupture;®’

2. AgNPs penetration into bacterial cells causing intracellular damages;

3. Induction of oxidative stress by producing reactive oxygen species that leads to bacterial
toxicity;

4. Ag' ion released by the dissolution of AgNPs in the intra- and extracellular environment
causing biological damages.%%%

Differentiated mechanisms of action help in the fight against resistant bacterial strands. From
this point of view silver nanoparticles may be an interesting alternative to the conventional

antibiotics for the treatment of bacterial pathogens.

Antiviral activity — The viral infective process is generally based on the virus adsorption on the
cell wall, penetration within the cell, uncoating, virus replication, cell death, and virus release.
Therefore, antiviral nanoparticles have the primary role of inhibiting at least one of these steps,
in this way it is possible to classify antiviral agent depending on their mechanism. Most of the

viral infection start with a selective attack to a protein target on the cell surface, if nanoparticles
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can effectively inhibit the interaction, they can be used as broad-spectrum antiviral agents
capable of suppressing or inhibiting this first step of viral infection. The most direct action is the
virus inactivation exploiting physical or chemical mechanisms that modify the viral envelope,
capsid, drastically reducing the virulence. A second mechanism is to avoid the cell wall
penetration, modifying the receptor sites of the host cell or the virus. If these solutions are not
available, it is possible to prevent the virus replication usually obtained by suppressing the
expression of the enzymes involved in the DNA or RNA replication.”®

Employing antiviral nanophases may reduce the risk of infection preventing pandemic like
COVID-19. The implementation of silver nanoparticles as antiviral therapy treating COVID-19
affected patients is based on the hypothesis that silver nanoparticle will interact with the spike
protein of the virus, inhibiting its capability of attacking human cells. Moreover, the release of
silver cations combines a direct action of Ag" on the virus viability with a decrease of the local

pH creating a hostile environment for the virus.”!

Antimicrobial medical products implementing nanoparticles — Nowadays, infective diseases
caused by pathogens like virus, bacteria, and fungi represent serious threat for human health that
can turn out into extended socio-economic problems. Although important progresses have been
achieved in healthcare standard, the rapid growth of antibiotic-resistant bacteria and the
evolution of stronger and more infective viral variants, highlight the urge of new safer and more
effective antimicrobial agents. In the last decades, the coupling of nanophases with biomolecule
have been widely studied and exploited for auto-sanitizing products, medical devices, and drug
delivery.”? Nanoparticles mediated drug delivery has demonstrated huge advantages in terms of
targeting the desired area and active principle modulated release. These therapies have been
adapted in clinic trials confirming targeted delivery, better solubility, and limited toxicity.
Specific nanophases and drugs formulation may further increase the selectivity of the drug,
granting safer and more effective therapies. Biopolymer based hydrogel have been widely
investigated in this field thanks to their properties, like swelling behavior, pore size,
biodegradation, and capability of incorporate drugs and nanophases. Drugs incorporation into a
hydrogel have a significant impact on its targeting, release and regulation. For example,
antimicrobial drug delivery system based on pH sensible hydrogels nanocomposite have been
synthesized by combining polyvinyl alcohol and silver nanoparticles with citric acid for the
delivery of ciprofloxacin. The as synthesized hydrogel acted as pH sensible drug delivery system

for ciprofloxacin improving antimicrobial activity against S. aureus and E. coli.”
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Eco-design and synergistic effects — Over the years lot of techniques have been developed to
evaluate the environmental impact of products and processes. The most common problems
resulting from using a standard approach are the analysis of the environmental aspect as
independent from product functionality or process requirements, moreover these evaluations are
usually performed on already running processes and commercial products. It is of fundamental
importance the integration of environmental aspects in the early stages of product and process
design, together with a multicriteria approach that allows to balance environmental requirements
with product functionality, and other requirements. As eco-design is intended the integration of
environmental aspects in the design and development of a product, pursuing a reduction of
negative environmental impacts throughout all the life cycle of the product (ISO 14006:2011).74
The concept of sustainable development forced society and industry to move toward a new way
of development, since the environmental degradation is a real global problem. In this perspective,
new technologies bloomed to overcome the challenges related to environmental and human
health. New green technologies implementing the Green Chemistry principles focusing on
sustainability and life cycle assessment have been developed.”” The Green Chemistry is a
discipline voted to the improvement efficiency, safety, and wastes production of chemical
processes. Considering impossible to completely erase the use of hazardous substances, it is
important to minimize their application and avoid their release in the environment coupling a
correct wasted disposal. Green Chemistry may be defined in a larger way of thinking as the
application in the chemical industry of the sustainable development principles. The ideas laying
behind the Green Chemistry are to reduce the consumption of raw material, avoid the use of
unnecessary hazardous materials, and correct wastes disposal, in line with industrial ecology
which is pushing in direction of sustainable resources and recycled materials.”® These guidelines
should be applied all along the life cycle of product and processes, increasing efficiency and
reducing human hazards, environmental impacts, and wastes production, reaching sustainability
goals.”” Thanks to a proper design of the product it is possible to overcome tradeoffs resulting in
synergistic effects improving the effectiveness of the material. As synergistic effects are intended
the combined actions one or more agents with specific properties interacting to reach results
other way impossible for the single components. In this way, the final product properties are
maximized respect to the raw materials. In this perspective, coupling AgNPs with eco-friendly
compounds could allow to maximize the biocompatibility and the antimicrobial properties of the

product, promoting an improvement of safety and sustainability.”®
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Safe and sustainable by design synthesis of silver nanoparticles — In line with the sustainable
development goals indicated by the United Nations in the 2030 Agenda for Sustainable
Development and with the strategies promoted by the European Green Deal, the world attention
is increasingly oriented to the development of green processes with a low environmental impact,
that exploit renewable and non-toxic raw materials.”>*" This behavior is strongly considered in
the production of advanced and nanomaterials, where the scientific community is promoting
important results in these research topics. The development of eco-friendly synthesis for
nanomaterials is being largely studied, implementing protocols involving the use of non-toxic or
low toxicity reagents, exploiting natural based and renewable raw materials. Silver nanoparticles
can be obtained by top-down approaches, by the miniaturization of macroscopic phases, or by
bottom-up approaches, where the nanomaterials are assembled starting from atom, molecules,
or clusters. The eco-design is more relevant in a bottom-up approach, under which the synthesis
of silver nanoparticles may be performed via chemical reduction of a silver salt precursor thanks
to the classic inorganic chemistry compounds supported by appropriated stabilizing agents, or
alternatives green synthesis have been developed, exploiting natural derived reducing and
capping agents, like plant or fungi extracts, or specific biomolecule. Another alternative is
constituted by biosynthesis where living plants, bacteria, or fungi are exploited for the synthesis
of the nanoparticles. In general, bottom-up approaches, whether they are chemical, green, or
biological synthesis, require the reduction of a precursor based on a silver salt. The reduction
reaction of the Ag" cation to metallic silver and its standard reduction potential are reported in

Equation 1.8!

AgT +e” o Agiy 07996V Equation 1

Willing to focus on a bottom-up green synthesis of silver nanoparticles, natural derived reducing
and capping agents were exploited, ranging from biopolymers, organic molecules, and
biosurfactants. In this way the biomass and biological derived raw materials were valorized in
the synthesis of an antimicrobial agent. The selected candidates for this scope possess intrinsic
antimicrobial properties to explore potential synergistic effect with the silver nanoparticles.
Several studies have demonstrated how the antimicrobial properties of silver nanoparticles are
significantly influenced by their physicochemical properties, like size, shape, and surface
chemistry.®>%3 The eco-designed alternatives were widely and deeply characterized to correlated

design and compositional parameters to functional properties.
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3.2. Results and discussion

Three different natural derived products were selected as capping agent for the eco-friendly
synthesis of silver nanoparticles. The syntheses were adapted to the specific requirements of the
selected compound, but the general principles are preserved: avoid the use of hazardous or
harmful reagents, room-temperature or microwave assisted synthesis, and avoid the use of
organic solvents working in water environment. The first solution involves the use of a
biopolymer as capping agent, which is quaternized hydroxyethyl cellulose, a positively charged
macromolecule obtained by the functionalization of the hydroxyethyl cellulose, with intrinsic
antibacterial properties.3* The second one works with curcumin, an organic molecule extracted
from Curcuma longa, long known as a natural remedy against inflammatory process and
pathogens infection, more recently several literature studies have demonstrated it beneficial
properties.®> Lastly, sodium surfactin was tested as capping agent for the synthesis of silver
nanoparticle. It is a biosurfactant obtained from bacterial metabolism that has demonstrated
promising antimicrobial and soil remediation properties.®” The alternatives proposed were
selected based on the intrinsic properties of the capping agent, and the synthetic process of the
nanophase was aimed at synergic interaction between the AgNPs and the capping agent in order
to improve the beneficial antimicrobial properties of both. The molecular structure of the three
compounds used as capping agent is represented in Figure 4.

In this chapter it will be deeply studied the optimization process of the synthesis of these three
variants of silver nanoparticles. They were widely characterized from the physicochemical point
of view and the most promising alternatives were tested against Gram-negative and Gram-

positive bacteria, and against enveloped and non-enveloped viruses.
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Figure 4 — Molecular structures of the selected natural and bio-derived capping agents: a) quaternized hydroxyethyl cellulose

biopolymer, b) curcumin molecule, and c) sodium surfactin biosurfactant.
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3.2.1. Hydroxyethyl cellulose capped silver nanoparticles

Hydroxyethyl cellulose capped silver nanoparticles synthesis patented in CNR-ISSMC uses
quaternized hydroxyethyl cellulose as reducing and capping agent and sodium hydroxide as
reaction initiator.®® It is an eco-friendly and easily scalable synthesis of AgNPs developed in a
safe and sustainable by design (SSbD) perspective. The reaction is fully carried out at room
temperature in water environment, AgNPs are nucleated within the biopolymeric cellulose
matrix. Quaternized hydroxyethyl cellulose is known in cosmetic field as Polyquaternium-67
and it finds use as conditioner into personal-care products to help deliver and deposit beneficial
ingredients such as emollients, sunscreens, and fragrances to the skin and hair.3*° This family
of products based on quaternary ammonium salts of hydroxyethyl cellulose are typically white
to off-white powders or granules with amine odor.’! Polyquaternium-67 structure is reported in
Figure 5, these polymers are prepared by substituting trimethyl ammonium and dimethyldodecyl
ammonium compounds onto hydroxyethyl cellulose.®” The molecules are cationic because they
possess positive charges at the nitrogen atoms and have chloride counter ions. Typically,
SoftCAT products contain about 91% polymer, with the balance water, sodium chloride, sodium
acetate, and isopropyl alcohol.**12 Quaternized hydroxyethyl cellulose it is highly active in
preventing Gram-negative infections and resistance, in fact it was coupled with AgNPs to

promote antimicrobial synergistic effects.”
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Figure 5 — Quaternized hydroxyethyl cellulose molecular structure.

Design of experiment — To optimize the antimicrobial properties of AGHEC, both against viruses
and bacteria, a design of experiment (DoE) was built exploring the reagents molar ratios as
independent variables: HEC/Ag and NaOH/Ag. Working at room temperature, HEC and NaOH
contents are considered as the main driving force responsible for the AgNPs nucleation and

growth mechanisms. In the graph in Figure 6 are reported the explored points of this
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bidimensional space created by reagents molar ratios. In red is represented the standard synthesis

used as starting point, in black all the other synthesis performed, characterized, and tested.
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Figure 6 — Design of experiment assessed to optimize the reagent molar ratios (HEC/Ag and NaOH/Ag) of the AgNPs synthesis
performed using quaternized hydroxyethyl cellulose as capping agent. In red is reported the starting composition used as reference
(AgHEC 5.5 2.8), in black the composition of the other samples.

In the following Table 1 are summarized the reagents molar ratios of the abovementioned

synthesis. The samples were labeled reporting first HEC/Ag and second NaOH/Ag molar ratios.

Table 1 — AgHEC based nanoparticles compositions and reagent molar ratios.

Sample HEC/Ag molar ratio NaOH/Ag molar ratio
AgHEC 5.5 2.8 5.5 2.8
AgHEC 2.8 1.4 2.8 1.4
AgHEC 2.8 2.8 2.8 2.8
AgHEC 2.8 3.7 2.8 3.7
AgHEC 64 1.4 6.4 1.4
AgHEC 6.4 3.7 6.4 3.7

To better understand the correlation between the chemical composition of these NPs and the final
antimicrobial properties of the products, a wide-ranging physicochemical characterization has

been carried out on the samples produced.
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UV-Vis spectroscopy — The first qualitative indicator for a successful synthesis of AgNPs is the
typical yellow color generated by the surface plasmon resonance phenomenon occurring in
presence of colloidal AgNPs. The wavelength of the registered peaks is consistent with the
formation of AgNPs. Thanks to UV-Vis spectroscopy the absorbance peak position and shape
were observed, which may be used as a qualitative indicator of size and morphology of the
analyzed NPs. In fact, as reported in literature, the UV-Vis spectrum of AgNPs depends on the
size and morphology of the nanoparticles, and it also depends on the surrounding media created
by the capping agent and the solvent. Previous results report silver nanoparticles with size range
of 25-50 nm absorption peak around 390-420 nm, furthermore spherical nanoparticles are

reported to absorb at 410-450 nm 493969798
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Figure 7 — UV-Vis absorption spectra comparison of the synthesized AgHEC samples: AgHEC 5.5 2.8, AgHEC 2.8 14,
AgHEC 2.8 2.8 AgHEC 2.8 3.7, AgHEC 6.4 1.4, and AgHEC 6.4_3.7. All the reported compositions present the typical SPR
absorption peak of AgNPs with maximum absorption in the wavelength range of 405-409 nm.

In Figure 7 are reported the absorption spectra of the set of AGHEC synthesis considered, it is
possible to see a similar behavior for the different compositions in terms of peak maximum (also

reported in Table 2), shape, and intensity.

Table 2 — UV-Vis absorption peaks of AgHEC based nanoaprticles.
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Sample UV-Vis absorption Amax

(nm)

AgHEC 5.5 2.8 406

AgHEC 2.8 1.4 409

AgHEC 2.8 2.8 408

AgHEC 2.8 3.7 408

AgHEC 64 14 408

AgHEC 6.4 3.7 405

In comparison with the standard composition (AgHEC 5.5 2.8) it is possible to observe a lesser
blue-shift for AGHEC 6.4 3.7 usually representative of smaller sized NPs, this is one of the
AgNPs variant with the higher amount of capping agent. The other compositions are

characterized by a little red-shift.

Table 3 — Total silver concentration and Ag* conversion of ASHEC based nanoparticles determined by ICP-OES.

Sample Total Ag concentration Ag* conversion
(mg-L") (%)
AgHEC 5.5 2.8 4501+ 71 99.94 + 0.02
AgHEC 28 14 4927 £ 65 99.71 £ 0.05
AgHEC 2.8 2.8 4083 + 63 99.97 £ 0.03
AgHEC 2.8 3.7 3927 +£49 99.94 + 0.08
AgHEC 64 1.4 5174 + 81 99.91 £ 0.04
AgHEC 6.4 3.7 3113 +43 99.96 + 0.02

Silver quantification by ICP-OES — Quantitative information regarding the silver nitrate
precursor used in the synthesis and the final silver concentration in the products was assessed by
ICP-OES. The samples were acidic digested and then analyzed to determine the total Ag
concentration, while the diluted suspensions were previously filtered to analyze only the
unreacted silver cations. Results reported in Table 3 demonstrated quantitative conversion for all
the conditions reported. It was observed that reducing the amount of capping agent to molar
ratios HEC/Ag lower than 2.8 led to unstable suspensions that showed coarse precipitate. As an
example, the composition AgHEC 1.4 2.8 demonstrated good Ag" conversion, = 99.9%, but the
reduced amount of HEC determined the formation of large particles with hydrodynamic diameter

3280 + 370 nm, leading toward a fast precipitation of the unstable product. A relevant red-shift
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was observed for the UV-Vis absorption peak at 424 nm, and the low absolute value of the zeta

potential contributed to its instability, 3.9 £ 0.2 mV at pH 11.37.

Transmission electron microscopy — All the synthesized AgHEC nanoparticles were observed
by transmission electron microscopy. AgHEC 5.5 2.8 and AgHEC 6.4 1.4 were identified as
the most relevant samples, and their TEM images are here reported.

AgHEC 5.5 2.8 phase contrast TEM images, reported in Figure 8, show the presence of
particles well dispersed on the carbon film which size ranges from 5 - 50 nm. HRTEM images
in Figure 9 highlight that the particles are crystalline and are formed by twinned domains.
HAADF-STEM images in Figure 10 were used for statistical size analysis measuring the major
and minor axis of each particle. SAED diffraction pattern and the relative rotational average
reveal that all rings can be indexed as silver lattice planes. The morphological analysis
demonstrated spheroidal nanoparticles with long axis estimated mean value of 14.6 = 0.7 nm and
short axis 12.4 + 0.6 nm, with a confidence interval of 99%. The statistical distribution is reported

in graphs in Figure 11.

Figure 8—a) and b) phase contrast TEM images of AGQHEC 5.5 2.8 showing particles size ranging from 3-20 nm.
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Figure 10 — a) HAADF-STEM image of AgHEC 5.5 2.8 used for the particles size statistical analysis. b) SAED image of
AgHEC 5.5 2.8 showing the diffraction pattern of metallic silver lattice planes.
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Figure 11 — Size distribution statistical analysis of the dimensions of the sample AgHEC 5.5 2.8: a) major axis population

distribution 14.6 + 0.7 nm; b) minor axis population distribution 12.4 £ 0.6 nm. The diameter measurements are reported with a

confidence interval of 99%.

AgHEC 6.4 1.4 HAADF-STEM images (Figure 12) and SAED analysis revealed crystalline
AgNPs with size ranging from 4 to 50 nm. They are well dispersed on the support carbon film.

These images were used for statistical size analysis measuring the major and minor axis of each
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particle. SAED diffraction pattern and the relative rotational average show in Figure 12

demonstrate that all rings can be indexed as silver lattice planes. The statistical analysis reported

in the graphs Figure 13 results in a long axis estimated value of 14.4 = 0.8 nm and a short axis

12.2 + 0.6 nm, with a confidence interval of 99 %.
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Figure 12 -a) HAADF-STEM image of AgHEC 6.4_1.4 used for the particles size statistical analysis showing particles size ranging

from 4-50 nm. b) SAED image of AgHEC 6.4_1.4 showing the diffraction pattern of crystalline metallic silver lattice planes.
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Figure 13 - Size distribution statistical analysis of the dimensions of the sample AgHEC 6.4_1.4: a) major axis population

distribution 14.4 + 0.8 nm; b) minor axis population distribution 12.2 £ 0.6 nm. The diameter measurements are reported with a

confidence interval of 99%.

Table 4 — TEM size of AgHEC based nanoparticles. Long and short axes are reported with an interval of confidence of 99%.

Sample Long axis (nm) Short axis (nm)
AgHEC 5.5 2.8 14.6 £ 0.7 12.4+£0.6
AgHEC 64 1.4 14.4+0.8 12.2+£0.6
AgHEC 2.8 14 17+1 151
AgHEC 2.8 2.8 18.4+0.8 154+0.6
AgHEC 2.8 3.7 18.4+0.8 15.7+0.7
AgHEC 6.4 3.7 15.6+£0.9 13.2+0.7
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Similar considerations were formulated for the other samples, the statistical analysis results are
reported in Table 4.

On average, AgHEC 6.4 1.4 demonstrated the smallest sized population, this is a promising
result for the antimicrobial properties, where reduced dimensions favor both the Ag" ion release
equilibrium due to an enhanced surface/volume aspect ratio, and also the interaction of the
nanoparticles with the pathogens. In the size ranking AgHEC 6.4 1.4 is directly followed by
AgHEC 5.5 2.8, then come all the other compositions. These two samples were selected for an
in-depth statistical analysis of the particle’s dimensions, three different magnification set of
images were collected and an average size was calculated for each magnification, 50 kx, 100 kx,
and 400 kx. The final comparison was assessed based on the general average diameter of the
three magnifications. These measurements were conducted on the JEOL 2100 FE. TEM samples
were prepared by drop-casting nanomaterials suspensions onto lacey carbon films on 300 mesh
copper grids and allowing them to dry before imaging.

The results collected during this second TEM measuring campaign point out slightly different
average diameter for the two samples. In particular, the size of AGHEC 5.5 2.8 reported in
Figure 14 and Table 5, was 17.9 + 6.2 nm and confirmed to be larger than AgHEC 6.4 1.4
reported in Figure 15 and Table 6, which resulted to be 12.9 4.9 nm. In this case, a more marked
difference between the two populations was registered. AgHEC 6.4 1.4 confirmed the smallest

sized population and represent the most promising candidate as an effective antimicrobial agent.
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a)} B)
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Figure 14— TEM micrographs of AGHEC 5.5 2.8: a), b), and ¢) images recorded at a magnification of 50 kx; d), e), and f) images
recorded at a magnification of 100 kx; g), h), and i) images recorded at a magnification of 400 kx.

Table 5 — Average TEM size of AGHEC 5.5 2.8, calculated at different magnifications.

AgHEC 5.5 2.8 50 kx 100 kx 400 kx Total
Average 17.70 16.20 28.612 17.929
Standard deviation 4.390 5.393 9.886 6.168

42



Chapter 3 — Design of safe and sustainable synthesis of antimicrobial silver nanoparticles

. 100 nm

Figure 15 - TEM micrographs of AGHEC 6.4_1.4: a), b), and c) images recorded at a magnification of 50 kx; d), e), and f) images
recorded at a magnification of 100 kx; g) dark field image recorded at a magnification of 50 kx; h) and i) images recorded at a
magnification of 400 kx.

Table 6 — Average TEM size of ASHEC 6.4_1.4, calculated at different magnifications.

AgHEC 6.4 14 50 kx 100 kx 400 kx Total
Average 12.893 12.144 17.880 12.906
Standard deviation 4.927 4.469 6.292 4.945

X-ray diffraction spectroscopy — XRD analysis confirmed the formation of the face centered

cubic structure of a metallic silver phase (JCPDS card No. 87-0717), highlighting its
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characteristic diffraction peaks at 26 38.1, 44.2, 64.4, and 77.4 ° respectively representing (111),
(200), (220), and (311) faces.

A_L_Jt_/w A A
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26 (°)
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AgHEC 2.8 2.8 AgHEC 6.4 1.4

Figure 16— XRD spectra comparison of AGHEC 5.5 2.8, AGHEC 2.8 1.4, AgHEC 2.8 2.8, and AgHEC 6.4_1.4. The samples

show the typical face-centered cubic pattern of metallic silver.

All the samples analyzed, spectra reported in Figure 16, revealed the formation of metallic silver
nanoparticles, together with secondary phases observed. In particular, for samples with reduced
amount of NaOH (NaOH/Ag molar ratio 1.4), it was possible to identify the presence of cubic
AgCl (JCPDS card No. 31-1238), with the main peak (200) at 32.6 ° and secondary peaks (111)
and (220) respectively at 27.9 and 46.6 °, lower intensity signals are also detected for face (311)
and (222) respectively at 20 55.2 and 57.8 °.°” The lower amount of sodium hydroxide in the
syntheses may have determined a non-quantitative reduction of the silver nitrate precursor,
generating the insoluble silver chloride phase reacting with the chloride counterion of the
quaternary ammonium functionalities of the HEC capping agent. Lower intensity signals were
detected for NaCl, ICSD 18189 (PDF 01-072-1668), at 31.7 and 45.5 ° representative of (200)
and (220) peaks, obtained as reaction coproduct. In the samples with the highest amount of
capping agent, AgHEC 5.5 2.8 and even more in AgHEC 6.4 1.4, it is clearly observable a
broad band about 20 °, typical of amorphous phases, in this case the quaternized hydroxyethyl
cellulose.

The main diffraction peak (111) at 38.1 °© was used for the crystallite size calculation by

Scherrer’s equation, resulting of about 10 nm, specific results are reported in Table 7.
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Table 7 — Crystallite size of AgHEC-based nanoparticles calculated applying the Scherrer’s equation on the main diffraction peak.

Sample Crystallite size (nm)
AgHEC 5.5 2.8 8.0
AgHEC 64 14 9.3
AgHEC 2.8 1.4 12.5
AgHEC 2.8 2.8 11.2

The crystallite size results are slightly larger for less quaternized hydroxyethyl cellulose-loaded
samples (AgHEC 2.8 1.4 and AgHEC 2.8 2.8), which may be representative of an
enlargement of the nanoparticles in the presence of a lesser amount of capping agent. For what
concerns the results of AgHEC 5.5 2.8 and AgHEC 6.4 1.4 there is an inversion in size respect
to the TEM values. In general, the recorded crystallite size is smaller than the TEM size, this is
probably due to the fact that the nanoparticles may not be constituted by a single homogenous
crystalline domain. The crystallization process may have been influenced by the different
reaction conditions, leading to smaller crystals for AgHEC 5.5 2.8 even if the smaller

nanoparticles recorded by TEM are AgHEC 6.4 _1.4,100-101,102.103
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Figure 17 — XRD spectra evolution over time during the 48 hours aging following AGHEC 5.5 2.8 synthesis. The metallic silver

diffraction peaks are more intense increasing the aging time.

The evolution over time during the 48 hours of aging of the freshly synthesized AgHEC samples
has been monitored by XRD analysis. In Figure 17 are reported spectra at 2, 24, and 48 hours of
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AgHEC 5.5 2.8, where the signal of the main diffraction peaks of metallic silver increase with

time, and the opposite for the silver chloride which is converted to NPs.

Hydrodynamic diameter — The study of the colloidal properties of these samples started from
the determination of the hydrodynamic diameter, that take into consideration all the coordination
sphere surrounding the nanoparticles. Using as capping agent a biopolymer means that this size
is mostly influenced by the biopolymer itself. In fact, it was not possible to observe nanoparticle-
specific trends in terms of hydrodynamic size and polydispersity index, but in general it is the
HEC load that determines the size, higher HEC loads involve larger hydrodynamic diameter,
Table 8. The same trend was observed for blank suspensions analyzed. All the compositions
were at least one order of magnitude larger than the TEM size of the corresponding nanoparticles,
moreover the PDI highlighted polydisperse population for all the samples, due to the

polydisperse nature of the biopolymer used as a capping agent.

Table 8 — Average hydrodynamic diameter and polydispersity index of AgHEC-based nanoparticles and HEC blanks.

Sample Average hydrodynamic PDI
diameter (nm)
AgHEC 5.5 2.8 286+ 5 0.323 £0.004
AgHEC 2.8 14 219.3+0.5 0.267 = 0.007
AgHEC 2.8 2.8 174 £ 1 0.272 £0.001
AgHEC 2.8 3.7 204 2 0.239+0.012
AgHEC 64 14 343+9 0.321+£0.013
AgHEC 6.4 3.7 298+ 10 0.431 +0.079
HEC 5.5 2.8 306 + 57 0.480 + 0.037
HEC 2.8 2.8 65+9 0.437+0.103
HEC 64 1.4 338 + 83 0.835+£0.135

It is interesting to observe the size population distribution reported in Figure 18. A HEC/Ag
molar ratio of 2.8 leads to a monomodal distribution, while 5.5 and 6.4 reveal a bimodal
distribution with a larger main population due to higher quaternized hydroxyethyl cellulose load,
and smaller sized particles, in the range of 30-90 nm. These samples have demonstrated to be
more stable thanks to the higher load of capping agent, and at the same time, they revealed an

enhanced antimicrobial activity that may be due to the smaller sized population.
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Figure 18 — Hydrodynamic diameter population distribution determined by DLS analysis of the samples: AgHEC 5.5 2.8,
AgHEC 2.8 14, AgHEC 2.8 2.8, AGHEC 2.8 3.7, AgHEC 6.4 1.4, and AgHEC 6.4 3.7.

The size population of blanks reported in Figure 19 revealed more polydisperse and multimodal
distributions, with larger aggregates. This demonstrate that the synthesis of AgNPs within the
biopolymer structure increased the order of the system developing a more homogenous

population since HEC is coordinated to AgNPs as a surrounding shell.
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Figure 19 — Hydrodynamic diameter population distribution determined by DLS analysis of the blanks: HEC 5.5 2.8,
HEC 2.8 2.8, and HEC 6.4 14.

Table 9 — Zeta potential and pH of AgHEC-based nanoparticles and HEC blanks.

Sample Zeta potential (mV) pH
AgHEC 5.5 2.8 16.5+0.3 10.32
AgHEC 2.8 1.4 15.2+0.1 9.27
AgHEC 2.8 2.8 11.5+04 10.51
AgHEC 2.8 3.7 11.3£0.3 10.80
AgHEC 64 1.4 20.1+£04 9.58
AgHEC 6.4 3.7 15.6+0.6 10.63
HEC 5.5 2.8 12£2 11.12
HEC 2.8 2.8 18.7+ 0.6 11.38
HEC 64 1.4 11£3 10.84

Zeta potential — The zeta potential gives information about the electrostatic repulsion between
the nanoparticles in suspension, subsequently a suggestion related to the colloid stability. Higher
zeta potential absolute values represent higher nanoparticles stability, HEC as capping agent
confers positive charge to the silver nanoparticles, about 10-20 mV. In general, this is not a value
high enough to grant excellent suspension stability, but HEC combines this positive charge

generated by quaternary ammonium functionalities in its structure, with the steric hindrance due
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to the polymeric chains that promote the colloidal stability granting these samples several months
of shelf-life, when stored at 4 °C in dark conditions. As reported in Table 9, the combination of
a high HEC/Ag and a low NaOH/Ag gives the highest zeta potentials.

The zeta potential of the most relevant composition, AgHEC 5.5 2.8 and AgHEC 6.4 1.4, was
titrated as function of the pH. Titrations were conducted with HCl to move toward acidic
conditions and NaOH for a basic environment. As it is possible to see by the graph in Figure 20,
the two samples exhibit similar behavior, with a zeta potential about 15-20 mV in the range 2-
10 unit of pH, a strongly acid environment favors Ag dissolution phenomenon, and moving
towards more basic pH the OH™ ions neutralized the positive charge of the quaternized
hydroxyethyl cellulose, leading to the isoelectric point (IEP), the pH that correspond a zeta
potential of 0 mV, which is about 12.5 for AgHEC 6.4 1.4. The full titration gives information
abut the pH use range of these materials, that are stable in the pH interval 2-10.

30
25
20

: S

10

Zeta potential (mV)

-5

-10
pH

——AgHEC 55 2.8 AgHEC 6.4 1.4

Figure 20 — Zeta potential titrations as function of the pH of the samples AGHEC 5.5 2.8 and AgHEC 6.4_1.4. The isoelectric
point of AGHEC 6.4_1.4 resulted to be atpH= 12.5.

Alternative cellulose-based capping agents — Quaternized hydroxyethyl cellulose it is a
biopolymer functionalized substituting at a certain degree quaternary ammonium functionalities
on the hydroxyethyl cellulose skeleton. In this way, a positive charge was attributed to the
capping agent. To verify the importance of the structure of the capping agent, similar compounds

were used to reproduce the synthesis of AgHEC 5.5 2.8. The selected candidates were:
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carboxymethyl cellulose (CMC), ethyl cellulose (EC), hydroxy ethyl cellulose (HEC n), and
hydroxypropyl cellulose (HPC). Hydroxy ethyl cellulose (HEC n) is the base structure of the
capping agent used for the AgHEC samples, but non-quaternized.

The as synthesized products were diluted and characterized. UV-Vis spectroscopy revealed the
absorption peak related to AgNPs surface plasmon resonance, about 400 nm, only for AgCMC
and AgHEC n, Figure 21. As expected HEC n gives a behavior similar to HEC. An absorption
in the UV range was observed for AgHPC. No absorption peaks were observed for the blanks.
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Figure 21 — UV-Vis absorption spectra comparison of the synthesized alternatives to AgHEC: AgCMC, AgEC, AgHEC n, and
AgHPC. Only AgCMC and AgHEC n presented the typical SPR absorption peak of AgNPs with maximum absorption at
wavelength 405 nm, no absorption was monitored for AgEC, and the absorption peak of AgHPC lies in the UV region at wavelength

256 nm.

Table 10— UV-Vis absorption peaks of carboxymethyl cellulose, ethyl cellulose, hydroxyethyl cellulose and hydroxypropyl cellulose

capped AgNPs.
Sample UV-Vis absorption Amax (nm)

AgCMC 405

AgEC n.d.

AgHEC n 405

AgHPC 256
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The maximum absorption for each sample is reported in Table 10, 405 nm peak is observed for
both AgCMC and AgHEC n, these are the only solution that lead to AgNPs formation. An
absorption in the UV at 256 nm is revealed by AgHPC, and no peak for AgEC.

Due to the poor synthesis results and the difficulty in the acidic digestion, AgEC silver
concentration and conversion were not assessed by ICP-OES, other samples results are reported
in Table 11. It is possible to observe nearly quantitative conversion of the silver precursor for all
the other syntheses, but at least for AgHPC the main product is not AgNPs since the surface
plasmon resonance absorption is not present. Some other phases may have been formed, like

silver oxide or carbonate.

Table 11 — Total silver concentration and Ag* conversion of alternative cellulose derived capping agents (CMC, EC, HEC n, and
HPC), determined by ICP-OES.

Sample Total Ag concentration Ag* conversion
(mg-LT) (o)
AgCMC 4792 £ 119 99.9 +0.1
AgEC n.d. n.d.
AgHEC n 6386 + 199 99.97 £ 0.02
AgHPC 5049 + 45 99.03 £ 0.08

Table 12 — Average hydrodynamic diameter and polydispersity index of alternative cellulose derived capping agents (CMC, EC,
HEC n, and HPC) and their blanks.

Sample Average hydrodynamic PDI
diameter (nm)
AgCMC 410+ 4 0.487 £0.011
AgEC 1694 + 921 0.857+0.164
AgHEC n 179 £ 4 0.324 +0.035
AgHPC 25347 0.268 + 0.005
CMC 101 +£138 0.460 + 0.120
EC 4156 + 58 1.000 + 0.000
HEC n 815 0.554 +0.177
HPC 49 £ 26 0.260 +=0.105

The DLS analysis confirmed what it was possible to see by naked eye, AgEC resulted in coarse

aggregates in the size microns. The other synthesis gave more reliable results, the size and PDI
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are comparable with the standard AgHEC 5.5 2.8 composition. Polydisperse and bimodal
populations were registered for the samples, while strongly polydisperse and multimodal
population were observed for blanks, Table 12.

The zeta potential of all the alternatives tested for the synthesis of these AgNPs resulted negative
as it is possible to read in Table 13. Carboxymethyl cellulose and ethyl cellulose determine a
strongly negative zeta potential respectively -56 and -41 mV, while hydroxyethyl cellulose and
hydroxypropyl cellulose zeta potential are slightly negative and close to 0 mV. The same trends

are observed for the blanks.

Table 13 — Zeta potential and pH of alternative cellulose derived capping agents (CMC, EC, HEC n, and HPC) and their blanks.

Sample Zeta potential (mV) pH
AgCMC -56 +£2 10.80
AgEC 41 +2 10.63
AgHEC n -6.80 = 0.07 10.67
AgHPC -3.2+0.2 10.76
CMC -32+3 11.03
EC 23+2 11.14
HEC n -2.5+0.5 11.04
HPC -1+1 11.08

The main problem in the substitution of the capping agent is to reach the same long-term stability
granted by HEC. All the tested alternatives tend to precipitate after short storage times of few
days or weeks observed also for the most stable composition, even AgCMC which is the only
variant promoting the formation of AgNPs and a high electrostatic repulsion that should lead to
a good stabilization. Summarizing, the capping agent plays a crucial role in the synthesis and the
stabilization of the NPs. In this particular synthesis of AgNPs, quaternized hydroxyethyl
cellulose shows outstanding performances respect to other biopolymer with similar molecular
structure. This is most likely due to the quaternary ammonium functionalities that shift the zeta
potential from negative to positive and the distributions of the polymeric chain surrounding the
Ag core. Ethyl cellulose gives coarse aggregates, hydroxypropyl cellulose generate a different
phase respect the desired metallic silver, and carboxymethyl cellulose and hydroxyethyl
cellulose do not grant long term stability. All these considerations lead to the selection of
quaternized hydroxyethyl cellulose as optimal capping agent for this eco-friendly synthesis of
AgNPs.
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3.2.2. Curcumin capped silver nanoparticles

Curcumin is an organic molecule that constitute the main bioactive molecule extracted from the
rhizome of the Curcuma longa. Curcuminoids are the active compounds of Curcuma longa and
are constituted mainly by curcumin (77 %), demethoxycurcumin (17 %), and
bisdemethoxycurcumin (3 %), their molecular structures are schematized in Figure 22. As
alternative from the extraction of the molecule, curcumin can also be synthesized by chemical

way and its production from microorganisms is object of study.!*

Curcumin: Ry = R, = OCHj

Demethoxycurcumin: Ry = OCHj3; R, = H

Bisdemethoxycurcumin: Ry =R, =H

Figure 22 — Curcuminoids molecular structure: curcumin, demethoxycurcumin, and bisdemethoxycurcumin.

It is an interesting molecule since it is historically part of the Asian pharmacology and medicine
thanks to its various beneficial biological properties and intrinsic low toxicity. Several studies
have demonstrated anti-inflammatory, antioxidant, anti-mutagenic, wound healing,
neuroprotective, antimicrobial, and biofilm inhibition properties. Unfortunately, practical
applications of curcumin are impaired due to the limited solubility in water and the molecule
susceptibility to heat, light, alkaline conditions, metal ions, enzymes, oxygen, and ascorbic
acid.'®

The mechanism of the antibacterial action of curcumin is divided into several levels against both
Gram-positive and Gram-negative bacteria.!’®!%” The first recognized activity is the cell
membrane disruption, thanks to its lipophilicity curcumin attacks the liposome bilayer damaging
the permeability and integrity of bacterial cell membrane.!® The inhibition of bacterial quorum
sensing system, which is a cell-cell communication system, helps in preventing both biofilm
formation and bacterial adhesion to host receptors. ! 101LI2ZI3 Apgther important mechanism
is the inhibition of bacterial cell division thanks to the blocking of the filament temperature-
sensitive protein Z (FtsZ), essential for the bacterial cell division.!'*!1>-!1® Cyrcumin at minimum
inhibitory concentration (MIC) induces the production of reactive oxygen species (ROS) in

bacterial cells, resulting in apoptotic-like death processes.!!” Absorbing the visible light in the
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wavelength range of 455-460, curcumin can act as photosensitizer inducing phototoxicity in
bacteria exposed to blue light irradiation. Gram-positive bacteria are more sensitive to these
photoinduced processes, probably due to the more robust outer membrane of Gram-negative
bacteria.!'® Other recognized activities involve the perturbation of the bacterial cell metabolism
and the intracellular bacterial infection and proliferation.!'!%!2°

Literature studies report that AgNPs can act in a synergistic way with their stabilizing agent and
dispersing matrix by enhancing the inhibitory effect of traditional antimicrobial agents.'?!
Curcumin is a very promising molecule thanks to all its beneficial properties and it may be an
excellent capping agent for the production of metallic nanoparticles, in particular antimicrobial
silver nanoparticles.'?? In this way, it is desired to exploit synergistic effect between the metallic
core of the nanoparticles and the organic coating to develop stronger antimicrobial properties
and also to reduce the susceptibility of the curcumin in unfavorable environments. In this
perspective an eco-friendly and easily scalable synthesis of AgNPs was developed exploiting
curcumin as reducing and chelating agent.

Curcumin (Cur) capped silver nanoparticles (AgCur) were synthesized using the curcumin as
reducing and capping agent. The curcumin molecule, reported in Figure 23, is recognized in
literature to be a natural derived antimicrobial and antioxidant agent, also it has been investigated

as antitumoral.'?

Figure 23 — Curcumin molecular structure.

Curcumin molecule undergoes keto-enol tautomerism, enolic form is favored in organic solvents

while the keto form is favored in water.!>* The limit structures are reported in Figure 24.'%°
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Keto-enol form

H,CO

HO

H,CO

HO

Diketone form

Figure 24 — Limit structures of the curcumin keto-enol tautomerism.

Design of experiment — The use of curcumin in the green synthesis of antimicrobial AgNPs is
being investigated looking for a synergistic effect between the organic molecule and inorganic
silver in terms of antibacterial and antiviral activity.'?® Curcumin is an orange powder hardly
soluble in water, it is better soluble in basic water where it confers a red coloration to the solution.
Once the silver is added the suspension turns immediately to brown, optical evidence of AgNPs
formation. Throughout a DoE, the bidimensional space created by Cur/Ag and NaOH/Ag molar
ratios has been explored. The 5 syntheses reported in the graph in Figure 25 were designed to
determine the best composition in terms of colloidal stability and antimicrobial properties. The

tested compositions are reported in black in the graph, while the optimized one is represented in
red.
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Figure 25 — Design of experiment assessed to optimize the reagent molar ratios (Cur/Ag and NaOH/Ag) of the AgNPs synthesis
performed using curcumin as capping agent. In red is reported the starting composition used as reference (AgCur), in black the

composition of the other samples.

Table 14 reports reagents molar ratios of the tested synthesis compositions.

Table 14— Curcumin-capped silver nanoparticles composition and reagent molar ratios.

Sample Cur/Ag molar ratio NaOH/Ag molar ratio
AgCur 0.17 1.41

AgCur A 0.08 0.70

AgCur B 0.34 1.41

AgCur C 0.34 2.80

AgCur D 0.08 2.80

Further investigations have been carried out, hydroalcoholic mixture in different water-ethanol
ratios was used as reaction environment to favor the difficult solubilization of curcumin in water,
and additional capping agents were tested such as polyvinylpyrrolidone or casein hydrolysate, in
particular casein micelles can form a fluorescent complex with curcumin which could be useful

to track the NPs during the application and characterization.'?’

UV-Vis spectroscopy — UV-Vis analysis was carried out on the curcumin capped silver
nanoparticles looking for the surface plasmon resonance (SPR) peak typical of AgNPs in the

400-420 nm range. As reported in Figure 26, there are some compositions selected thanks to the
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DoE that show better results in terms of SPR phenomenon, in particular AgCur, AgCur Cas,
AgCur B, and AgCur_C, while there is a very low intensity peak for AgCur D, and a flat line
for AgCur_ A. The reduced amount of curcumin in these last two samples leads toward a more
complicated reduction of the silver precursor and an unstable product characterized by coarse
aggregates and fast precipitations of micro- and macroscopic matter. In this case, it is also
interesting to observe the UV-Vis spectra of the blanks, in fact, curcumin water solutions are
typically orange, which turns to red once the sodium hydroxide is added. Depending on the
relative content of curcumin and sodium hydroxide, different absorption profiles are obtained as
reported in Figure 27. They are all characterized by 1 or 2 peaks in the visible region and an
increasing absorption moving toward the UV range. Curcuminoids are characterized by two main
absorption peaks, at = 425 nm corresponding to the enol-form and at = 360 nm corresponding to
the keto-form. In polar solvents like methanol only enol-form is observed, while in water an
equilibrium between the two species is established.!?312%130131 The curcumin spectrum is not
found in the silver-based samples, indicating a predominance of the SPR signal and a

modification of the interaction with light if compared to the free curcumin solution.
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Figure 26 — UV-Vis absorption spectra comparison of the synthesized AgCur samples: AgCur, AgCur A, AgCur B, AgCur C,
AgCur D, and AgCur_Cas. AgCur, AgCur_C and AgCur D compositions present the typical SPR absorption peak of AgNPs with
maximum absorption in the wavelength range of 401-409 nm. No absorption was recorded for AgCur A, while a red-shift was
observed for AgCur B (417 nm) and AgCur Cas (424 nm).
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Figure 27 — UV-Vis absorption spectra comparison of the curcumin-based blanks: Cur, Cur A, Cur B, Cur_C, Cur_D, and

Cur_Cas. The samples presented curcuminoids two main absorption peaks: enol-form at~ 425 nm and keto-form at = 360 nm.

Table 15— UV-Vis absorption peaks of curcumin-capped AgNPs and their blanks.

Sample UV-Vis absorption Amax (nm)
AgCur 409
AgCur A n.d.
AgCur B 417
AgCur C 403
AgCur D 401
AgCur Cas 424
Cur 419, 351, <250
Cur A 343, 261
Cur B 343,277
Cur C 413, 345, <250
Cur D 345, <250
Cur_Cas 406, 355, 269

Considering AgCur as the reference composition, a red-shift was observed for AgCur B and

AgCur_Cas. In the case of the casein containing composition it may be this variation influencing
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the maximum absorption, while in the case of AgCur_C it may be due to the increased curcumin

content. In Table 15 are reported the maximum absorption peaks of all the samples analyzed.

Silver quantification by ICP-OES — The quantitative information regarding the silver
concentration and precursor conversion were obtained by ICP-OES analysis. The samples were
acidic digested for the analysis, for the quantification of the unreacted silver cations they were
previously filtered by centrifugation. The results reported in Table 16 point out an average
slightly higher concentration respect to the theoretical 5000 mg-L"!, this may be due to the fact
that the reaction is conducted in temperature and even working with reflux some water
evaporated during the process. More interesting is the quantitative conversion obtained for most
of the synthesis (> 99.6 %), except AgCur Cas where the casein may interfere with the reaction,
and AgCur_ A where the combination of reduced Cur/Ag and NaOH/Ag molar ratios lead to a
limited conversion and an unstable coarse product. Based on these preliminary results, the
formulation containing the lowest amount of curcumin (AgCur A and AgCur D) were discarded
due to conversion and stability problems, and AgCur_Cas represent an alternative that may be
interesting only in the case the fluorescent properties of the curcumin-casein complex can be

exploited.

Table 16 — Total silver concentration and Ag"* conversion of curcumin-capped silver nanoparticles, determined by ICP-OES.

Sample Total Ag concentration Ag* conversion
(mg-LT) (o)

AgCur 6582 + 384 99.6 +£0.2
AgCur A 6017 £219 72+ 1
AgCur B 5778 £424 99.89 £ 0.02
AgCur C 5832 +£279 99.98 +£0.01
AgCur D 6598 +£204 99.98 £ 0.01
AgCur Cas 6611 £378 96.2+0.2

Transmission electron microscopy — TEM was used for the morphological study of the curcumin
capped silver nanoparticles. The reference composition AgCur images are reported in Figure 28.
HAADF-STEM images show crystalline AgNPs with size ranging from 5 to 37 nm. They are
well dispersed on the support carbon film. These images were used for statistical size analysis
measuring the major and minor axis of each particle. SAED diffraction pattern and the relative

rotational average reveal that all rings can be indexed as silver lattice planes.

59



Chapter 3 — Design of safe and sustainable synthesis of antimicrobial silver nanoparticles

Figure 28 — a) HAADF-STEM image of AgCur used for the particles size statistical analysis showing particles size ranging from
5-37 nm. b) SAED image of AgCur showing the diffraction pattern of crystalline metallic silver lattice planes.

The size of 513 NPs in different images were measured resulting in a long axis estimated mean
value 16.7 = 0.7 nm and a short axis 14.0 + 0.5 nm with a confidence interval of 99 %. From the
histograms reported in Figure 29 it is possible to argue that both the distributions are bi-modal.
Using graphical interpolation methods, it is possible to estimate that the smallest particles have
long axis 11 =2 nm and short axis 9 + 2 nm, while the larger particles have long axis 19 =2 nm

and short axis 16 £ 2 nm.
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Figure 29— Size distribution statistical analysis of the dimensions of the sample AgCur: a) major axis population distribution 16.7
+ 0.7 nm; b) minor axis population distribution 14.0 + 0.5 nm. The diameter measurements are reported with a confidence interval

0f 99%.

AgCur Cas HAADF-STEM images, reported in Figure 30, show crystalline AgNPs with size
ranging from 5 to 30 nm. They are well dispersed on the support carbon film. These images were

used for statistical size analysis.
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Figure 30 — a) and b) HAADF-STEM image of AgCur_Cas used for the particles size statistical analysis showing crystalline

particles with size ranging from 5-30 nm.

AgCur_ Cas NPs have elliptical shape and consequently the major and the minor axes of 334 NPs
were measured resulting in a long axis estimated average value of 16.2 = 0.6 nm and a short axis
of 13.6 = 0.6 nm with a confidence interval of 99 %. Both the statistical distributions reported in
Figure 31 are bimodal and it is possible to identify two groups of particles, the slightly less
populated smaller distribution, with the median value of the major and minor axis of 11 and 9

nm, and the larger distribution with median major and minor axis values of 18 and 15 nm.
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Figure 31 - Size distribution statistical analysis of the dimensions of the sample AgCur_Cas: a) long axis population distribution
16.2 £ 0.6 nm; b) short axis population distribution 13.6 + 0.6 nm. The diameter measurements are reported with a confidence
interval of 99%.

AgCur and AgCur Cas have demonstrated to have similar morphology and comparable
dimensions. From an indept analysis of the statistical distribution of the two bimodal populations,
AgCur results in having a slighly bigger NPs, about 1 nm, populating the larger group of Nps.

This may be due to the use of casein as additional capping agent limiting the growth of larger
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nanoparticles, but also the different conversion of the two syntheses (99.6 % AgCur and 96.2 %
AgCur_Cas) that could lead to a limited accretion of AgCur_Cas.

X-ray diffraction spectroscopy — AgCur and AgCur Cas XRD spectra, reported in Figure 32,
confirmed the formation of AgNPs showing the diffraction peaks of the face-centered cubic
structure of the metallic silver phase (JCPDS card No. 87-0717), at 20 38.1, 44.2, 64.4, and 77.4
° respectively representing (111), (200), (220), and (311) planes. AgCur shows also the presence
of NaNO3 as reaction coproduct formed by the sodium of NaOH and the nitrate anion of AgNO3,
represented by diffraction peaks at 20 29.3, 31.9, and 47.9 °. The crystallite size, calculated by
Scherrer’s equation using the main Ag diffraction peak (111), is 7.9 nm in the case of AgCur,
while it is smaller for AgCur Cas, 4.6 nm. Since from TEM images the two samples showed
comparable size with slightly smaller AgCur_Cas population, it is possible to assume that casein
push the synthesis towards smaller sized coherently scattering crystalline domains, obtaining

more likely polycrystalline nanoparticles, !0%:101:102.103
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Figure 32 — XRD spectra comparison of AgCur and AgCur_Cas. The samples show the typical face-centered cubic pattern of

metallic silver.

Hydrodynamic diameter — The colloidal properties of all the synthesized variants of curcumin
capped silver nanoparticles were analyzed. Curcumin is a relatively small molecule but due to
the reduced solubility in water tens to form large aggregates, as it is possible to see by the
hydrodynamic diameter reported in Table 17 for the blank samples Cur, Cur_A, Cur B, Cur C,

Cur_D, and Cur_Cas. In this case, curcumin capped AgNPs have smaller dimensions respect to
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the blanks, in fact the coordination of the organic shell on the surface of the AgNPs gives
hydrodynamic size of about 100 nm with a polydisperse population. AgCur A, characterized by
a reduced amount of curcumin, was already identified by the UV-Vis spectrum and the Ag
conversion as a problematic composition, it is confirmed also by DLS analysis, where
micrometric aggregates are detected in a highly polydisperse population. Casein seems to

contribute to generate a smaller coordination sphere surrounding AgNPs.

Table 17 — Average hydrodynamic diameter and polydispersity index determined by DLS of curcumin-capped AgNPs and their
blanks.

Sample Average hydrodynamic PDI
diameter (nm)
AgCur 106.5 £ 0.6 0.278 £ 0.006
AgCur A 2921 £ 475 1.000 + 0.000
AgCur B 93.0+0.8 0.390 + 0.008
AgCur C 455+0.4 0.437 + 0.004
AgCur D 86.6 0.9 0.502 £ 0.034
AgCur Cas 61+3 0.447 + 0.050
Cur 406 £ 159 0.820 £0.165
Cur A 1108 £ 464 0.810 £0.160
Cur B 406 = 126 0.472 £ 0.038
Cur C 248 + 45 0.471 +£0.053
Cur D 349 + 41 0.431+£0.023
Cur_Cas 3172+ 919 1.000 + 0.000

Zeta potential — ELS analysis underlines the negative charge attributed to these AgNPs from the
curcumin coating, as it is possible to see in Table 18. All the samples and the blanks demonstrate
elevated zeta potential absolute value, considering that above £30 mV the colloidal suspension
may be considered stable. Samples range from -37 to -57 mV and blanks from -28 to -55 mV.
This suggest a good electrostatic repulsion between nanoparticles, but it is observed a not
excellent stability during the long-term storing of these sample. A little sedimentation occurs,

this is due to the limited solubility of curcumin in water environment.
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Table 18— Zeta potential and pH of curcumin-capped AgNPs and their blanks.

Sample Zeta potential (mV) pH
AgCur -38.9+£0.3 9.00
AgCur A 37+1 5.44
AgCur B -47.0+0.8 7.13
AgCur C -53.6£0.7 10.60
AgCur D -56.9+0.9 11.18
AgCur Cas 40+ 1 8.30
Cur 28+ 1 10.60
Cur A S51+4 9.36
Cur B -55+2 9.45
Cur C -53+2 11.36
Cur D -37+4 11.64
Cur_Cas -49+5 9.91

The titration of the zeta potential as function of the pH helps in the determination of the pH range

of stability of the synthesized NPs, and so the pH interval where the products may be exploited.

As it is recorded for the zeta potential single points above, the titrations of different compositions

have similar behavior, except for AgCur A that shows less negative values of zeta potential in

the pH interval explored (data not reported). The general trend of the samples is similar to the

one of curcumin and casein alone, stable at neutral and basic pH, then the surface charge is

neutralized moving towards strongly acidic environments.
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3.2.3. Sodium surfactin-capped silver nanoparticles

Sodium surfactin, whose molecular structure is shown in Figure 33, is an amphiphilic cyclic
lipopeptide made of a hydrophilic oligopeptide ring and a hydrophobic fatty acid chain. The
peptide polar ring is constituted by the following amino acids: glutamic acid, leucine, valine, and
aspartic acid, chained as follows L-Glu, L-Leu, D-Leu, L-Val, L-Asp, D-Leu, and L-Leu.'*? The
hydrophobic phase, derived from the fatty acid, is typically an iso-dodecyl carbon chain. Sodium
surfactin chemical structure, Cs3HosN7NaOi3, is completed by a sodium atom, for a total

molecular weight of 1059.3 g-:mol! 133134
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Figure 33 — Sodium surfactin molecular structure.

Sodium surfactin, as suggested by the name of the compound, is a surfactant (surface-active-
agent). The amphiphilic structure allows to decrease the surface or interfacial tension between
two phases.'*> In the aqueous phase these compounds tend naturally to form aggregates
commonly named micelles. Micelles are constituted by an external layer where the hydrophilic
heads are in contacts with the water, and by an internal core where the hydrophobic tails are
confined. A schematic representation of a micelle is reported in Figure 34, but depending on the
surfactant chemical structure they can create micelles of different shape and size, such as
spherical, cylindrical, bilayer, and other arrangements. Other external important parameters
influencing the shape of micelles are pH, temperature, and salinity of the solution, together with

the concentration of surfactant.'3°
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Figure 34 — Typical micellar structure exposing the hydrophilic heads to the external aqueous environment and secluding the

hydrophobic tails in the internal core.

Each surfactant is characterized by its own critical micelle concentration which is the minimal
concentration of surfactant molecules dispersed in water to initiate the micelles formation. As
well as for the morphology of the micelles, the critical micelle concentration mostly depends on
the molecular structure of the surfactant and on the aqueous environment physical characteristics
such as pH, temperature, and salinity. In particular, sodium surfactin is an interesting surfactant
thanks to the low value of critical micelle concentration 9.4 uM, this is positive since it means
it’s able to create micellar structures already at low concentrations.!*’Also, it’s able to reduces
the water surface tension from 72 mN'm™ to 27 mN'm™, in a concentration of 20 uM.!?
Moreover, sodium surfactin it has been attributed antifungal, antimicrobial, antiviral,
antitumoral, and insecticidal.!* Biocidal activity mechanisms of the molecule are characterized
by a complex pattern, typically starting from the destabilization of the bilayer membrane stability
and perturbing the cellular integrity.'**!*! Sodium surfactin acts rapidly on the membrane
permeability, leading to the leakage of vesicle contents to the external medium, then it follows
the contribution to several intracellular biological processes.!*? Regarding the antiviral properties
of sodium surfactin, it is especially active against enveloped viruses, since it acts directly on the
lipid envelope structures of the pathogen. The amphiphilic structure is a key factor that
contributes to nonspecific detergent activity that disintegrate viruses. Sodium surfactin may
represent an efficient tool for virus inactivation and prevention against virus infection, #3144

Sodium surfactin belongs to a subclass of surfactants, namely biosurfactants, these molecules
can be synthesized by microorganisms as secondary metabolites with promising surfactant
properties. Biosurfactants are secreted in the extracellular periphery or attached to the cell
surface, their synthesis depends on environmental parameters such as pH, oxygen and nutrient
availability. Such substances have attracted attention for a variety of applications in different

industrial sectors due to their high structural diversity and beneficial properties, such as the
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production under controlled conditions, a wide spectrum of physical and chemical properties,
and additional benefits such as antimicrobial activity, presumably low toxicity and high
biodegradability.'** In particular, sodium surfactin is synthesized by the bacterial strain Bacillus
subtilis, which activates surviving strategies such as antibiotic production, sporulation, and
enzyme synthesis when found in nutrient deficiency. Among these enzymes, non-ribosomal
peptide synthases are responsible for the synthesis of the peptide ring that through lipo-initiation
process incorporates the lipid chain to obtain the amphiphilic structure of sodium surfactin.!4

Biological systems such as bacteria, fungi, and algae or other products such as plant extracts
have demonstrated their capabilities in the synthesis of nanoparticles.!*’>!4!4 The major
complication related to the implementation of these solutions is due to the slower reaction rate,
leading to very long reaction times between 24-120 h. This, combined to a more complex
nanoparticles separation hinder biosynthesis in gaining ground as a viable solution in the
industry.!>%!! Biosurfactants may be an interesting alternative to be used in the synthesis of
metallic nanoparticles (MeNPs), silver nanoparticles (AgNPs) are especially targeted in the
antimicrobial field. Biosurfactant molecules can act as capping and stabilizing agent for the
newly formed MeNPs. The presence of biosurfactant on the surface of the particles avoid their
excessive growth and potential aggregation and agglomerations processes that would lead to
colloidal instability and sedimentation. Whether the interaction between the organic stabilizer
and the metal particle is possible and to what degree depends on the nature of the biosurfactant
(ionic, non-ionic, polymeric...) and the particle. These syntheses represent an easier alternative
to other biological systems driven synthesis. In addition, biosurfactant capped silver
nanoparticles have been reported in literature to show promising antimicrobial and cytotoxic
properties, highlighting a synergistic effect that leads to a better antimicrobial activity respect to

nanoparticles and biosurfactants alone.'>?

Design of experiment — Sodium surfactin is used as capping agent in the green synthesis of silver
nanoparticles pursuing a synergistic effect able to enhance the antimicrobial properties of the
product. The synthesis is performed at room temperature in aqueous environment, in this way
the energy consumption is minimized and the use of harmful organic solvents is avoided.

The most important parameters for this synthesis process were identified as the reagents molar
ratios, respectively sodium surfactin and sodium hydroxide related to silver, Sur/Ag and
NaOH/Ag. Thanks to a DoE these two variables were deeply explored, the resulting points in
the bidimensional space confined by the axes Sur/Ag and NaOH/Ag are represented in the graph
in Figure 35.
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Figure 35 — Design of experiment assessed to optimize the reagent molar ratios (Sur/Ag and NaOH/Ag) of the AgNPs synthesis
performed using sodium surfactin as capping agent. In red is reported the most promising composition (AgSur_05), in black the

composition of the other samples.

A total of 15 synthesis conditions were tested, excluding 6 synthesis where less or non-relevant
parameters were tested 9 points are reported in Figure 35, it is reported in red the most promising
composition labeled AgSur 05. The composition of the cited synthesis is reported in the

following Table 19:

Table 19— Sodium surfactin-capped silver nanoparticles composition and reagent molar ratios.

Sample Sur/Ag molar ratio NaOH/Ag molar ratio
AgSur 03 0.2 0.7
AgSur 04 0.4 0.7
AgSur 05 0.4 1.4
AgSur 06 0.2 1.4
AgSur 07 0.8 1.4
AgSur 08 0.8 0.7
AgSur 09 0.4 2.8
AgSur 10 0.8 2.8
AgSur 15 1.2 0.7
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Other non-reported synthesis implied the addition of a secondary capping agent like
polyvinylpyrrolidone (PVP), working at 70 °C whit microwave heating, or using a different

silver concentration. These parameters showed no benefits for the synthetic process.

UV-Vis spectroscopy — Sodium surfactin capped silver nanoparticles exhibits a different UV-
Vis absorption spectrum respect to the classic AgNPs, the sample’s spectra are represented in
Figure 36. The surface plasmon resonance peak is not centered at 400-420 nm, but it is observed
a blu-shift towards UV region, with a maximum at about 320-330 nm. This may be caused by
the synthesis of very small nanoparticles or by the presence of other species different than the

only Ag’.
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Figure 36— UV-Vis absorption spectra comparison of the synthesized AgSur samples: AgSur 03, AgSur 04, AgSur 05, AgSur 06,
AgSur 06, AgSur 07, and AgSur 08. All the AgSur compositions did not present the typical SPR absorption peak of AgNPs
centered at 400-420 nm. A blue-shifi phenomenon occurred shifting the peak towards 320-330 nm.

The UV-Vis absorption of sodium surfactin is reported in the graph in Figure 37, where the
surfactant has been analyzed in different conditions, as powder, water suspension, and as blank
replicating the conditions of the syntheses. The trend is similar for all the conditions testes, no
absorption is observed in the visible and near UV range, but an important absorption is registered
at wavelength < 250 nm. Maximum absorption peaks at 210-220 nm correspond with surfactin

typical peptide bond absorption.'>* Furthermore, some emission phenomena happen in the range
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270-320 nm for the powder sample. Theoretically there should not be interferences generated

from sodium surfactin in the AgSur samples UV-Vis absorption spectra.
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Figure 37 — Sodium surfactin blanks Sur 04 and Sur_05, sodium surfactin 1% solution, and sodium surfactin powder UV-Vis

absorption spectra comparison. Relevant absorption at wavelength < 250 nm.

Table 20— Total silver concentration and Ag* conversion of sodium surfactin-capped AgNPs, determined by ICP-OES.

Total Ag concentration Ag" conversion

(mg-L") (%)
AgSur 03 5269 + 28 98.60 = 0.02
AgSur 04 5232 +£42 99.04 +0.02
AgSur 05 5317 +37 99.98 £ 0.01
AgSur 06 5268 +£27 99.98 £0.01
AgSur 07 5397 £29 99.98 £ 0.01
AgSur 08 5276 + 26 99.24 +0.02
AgSur 09 3131+ 16 99.98 £ 0.01
AgSur 10 5698 + 33 99.92 +£0.01
AgSur 15 4528 + 41 99.93 +0.03

Silver quantification by ICP-OES — The quantification of the total silver and the conversion of

the silver cation performed by ICP-OES reports silver concentration aligned with the theoretical
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value of 5000 mg-L! and always a quantitative (6 samples with conversion > 99.9 %) or nearly

quantitative (3 samples with conversion > 98.5 %). Results are explicated in Table 20.

Transmission electron microscopy — TEM investigations were focused on the most promising
samples, namely AgSur 04 and AgSur 05, these first discrimination was based on the stability
of the samples. AgSur 04 and AgSur 05 were selected because they showed no precipitation
after a week stored at 4 °C in dark conditions. They share the same Sur/Ag molar ratio, 0.4 which
is an intermediate value of the DoE, lower ratios lead to unstable suspension and for higher load,
sodium surfactin gives aggregation and poorer results in the synthesis. AgSur 04 and AgSur 05
differ for the NaOH/Ag molar ratio, they have the two lowest amounts of NaOH, ratio 0.7
AgSur 04 and 1.4 AgSur 05. AgSur 04 HAADF-STEM images, reported in Figure 38, reveal
crystalline AgNPs with very small particle size, ranging from 1 to 4 nm. They are well dispersed
on the support carbon film. These images were used for statistical size analysis measuring the
major and minor axis of each particle. SAED diffraction pattern and the relative rotational
average show that all rings can be indexed as silver lattice planes. The sharp spots are produced
by the larger particle or agglomerates, while the diffuse rings are due to the NPs having size

ranging from 1-2 nm.

Figure 38—a) HAADF-STEM image of AgSur_04 used for the particles size statistical analysis showing particles size ranging from
1-4 nm. b) SAED image of AgCur showing the diffraction pattern of crystalline metallic silver lattice planes.

Together with small NPs, HAADF-STEM images represented in Figure 39, report larger
agglomerates with sizes in the range from 20 to 150 nm. These images were used for statistical

size analysis measuring the long and short axis of each agglomerate.
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Figure 39— a) and b) HAADF-STEM images of AgSur_04 agglomerates used for the size statistical analysis showing aggregates

size ranging from 20-150 nm.
f 100+ ]
150+ a) | '_ b)
100+
4 Z 50
501
0-EENEINEINITINGSY. oy 0 . : Dl
1 2 3 4 5 6 7 1 2 3
Major Axis (nm) Minor Axis (nm)

Figure 40 — Size distribution statistical analysis of the dimensions of the sample AgSur 04: a) major axis population distribution
1.9+0.2 nm; b) minor axis population distribution 1.2 £0.2 nm. The diameter measurements are reported with a confidence interval

0f 99%

The size of 515 small NPs in different images was measured, the statistical distribution is
reported in Figure 40, the long axis estimated mean value is 1.9 + 0.2 nm and short axis 1.2 +
0.2 nm with a confidence interval of 99 %. The size of 74 agglomerates in different images was
measured and the long axis estimated mean value is 45 = 10 nm and short axis 34 = 8 nm with a
confidence interval of 99 %.

Similar morphology was observed for AgSur 05 whose HAADF-STEM images, reported in
Figure 41, show small and crystalline AgNPs with size ranging from 0.5 to 3 nm. They are well
dispersed on the support carbon film. These images were used for statistical size analysis
measuring the major and minor axis of each particle. SAED diffraction pattern and the relative
rotational average in Figure 41 reveal that all rings can be indexed as silver lattice planes. The
sharp spots are produced by the larger particle or agglomerates, while the diffuse rings are due

to the NPs having size ranging from 1-2 nm.
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Figure 41—a) HAADF-STEM image of AgSur_05 used for the particles size statistical analysis showing particles size ranging from
0.5-3 nm. b) SAED image of AgCur showing the diffraction pattern of crystalline metallic silver lattice planes.

AgSur 05 HAADF-STEM images in Figure 42 represent the larger agglomerates with size
ranging from 20 to 150 nm. These images were used for statistical size analysis measuring the

long and short axis of each particle.

Figure 42— a) and b) HAADF-STEM images of AgSur 05 agglomerates used for the size statistical analysis showing aggregates
size ranging from 20-150 nm.
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Figure 43 — Size distribution statistical analysis of the dimensions of the sample AgSur 05: a) major axis population distribution
1.4+0.2 nm; b) minor axis population distribution 1.0+ 0.2 nm. The diameter measurements are reported with a confidence interval

0f 99%.

The size of 137 small NPs in different images were measured and the long axis estimated mean
value 1.4 + 0.2 nm, and the short axis 1.0 = 0.2 nm, with a confidence interval of 99% (Figure

43).
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Figure 44 — Size distribution statistical analysis of the aggregates observed for the sample AgSur 05: a) major axis population
distribution 37 + 6 nm; b) minor axis population distribution 29 + 5 nm. The diameter measurements are reported with a confidence

interval of 99%.

The size of 150 agglomerates in different images were measured resulting in a long axis
estimated mean value of 37 = 6 nm and a short axis 29 + 5 nm with a 99% confidence interval

(Figure 44).

X-ray diffraction spectroscopy — XRD spectra revealed a more complicated situation respect the
desired metallic AgNPs composition. As it is possible to see in Figure 45, AgSur 04 and
AgSur 05 exhibit several other peaks beside the FCC silver pattern. The predominant undesired
byproducts obtained were identified mostly as carbonate phases: silver carbonate and silver
sodium carbonate. Sodium nitrate was also present as a reaction coproduct generated by sodium

from sodium hydroxide and the nitrate counterion of the silver nitrate precursor. Sodium
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surfactin powder was analyzed and the characteristic amorphous wide band centered about 20 °
was detected. These results reveal that even if the conversion of the silver precursor is
quantitative, the yield in silver nanoparticles is compromised by byproducts formation for these

syntheses.
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Figure 45 — XRD spectra comparison of sodium surfactin powder, AgSur 04, and AgSur 05. Sodium surfactin shows the
amorphous diffraction band, while the AgNPs-containing samples show the typical face-centered cubic pattern of metallic silver

coupled with silver carbonate phases.

Hydrodynamic diameter — The DLS technique revealed an average hydrodynamic diameter
mostly comprised in the range 120-150 nm, with a PDI suggesting relatively monodisperse
populations, as reported in Table 21. There are not particular trends to highlight, with the
exception of the samples AgSur 09 and AgSur 10 where the higher amount of NaOH (molar
ratio NaOH/Ag 2.8) used leads to larger hydrodynamic diameters, higher PDI, and the
precipitation of the unstable product. It may be due to an excessive growth of the AgNPs or to
coagulation phenomenon. On the other side, also AgSur 15 exhibit a hydrodynamic diameter
larger than the rest of the samples, and the peculiarity of this synthesis is the highest load of
sodium surfactin (Sur/Ag molar ratio 1.2), probably leading to a larger organic shell surrounding
the NPs. The blanks of the two most promising samples, Sur_04 and Sur_05, show large particles
probably generated by micellar and supra-micellar structures of sodium surfactin in basic

environment, with a larger sized population for AgSur 05.
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Table 21 — Average hydrodynamic diameter and polydispersity index of sodium surfactin-capped AgNPs and their blanks.

Sample Average hydrodynamic PDI
diameter (nm)
AgSur 03 140.3 +0.7 0.173 £0.009
AgSur 04 140+ 4 0.238 +£0.023
AgSur 05 145.9+0.8 0.150 + 0.006
AgSur 06 131.7+£0.6 0.118 £0.012
AgSur 07 121.8+0.7 0.130 £0.008
AgSur 08 152.0+0.7 0.133+£0.02
AgSur 09 840 £+ 100 0.688 £0.128
AgSur 10 810+ 25 0.526 £ 0.068
AgSur 15 207+4 0.251 £0.019
Sur 04 1156 +£285 0.734 £ 0.065
Sur 05 4031 £ 2222 0.338 £ 0.042

The population distribution in terms of hydrodynamic diameter, represented in Figure 46,
confirms what discussed, most of the samples have a nearly superimposable monodisperse and
monomodal distribution eventually with some larger aggregates. AgSur 15 shows a slightly
larger population, while AgSur 09 and AgSur 10 have a completely different behavior in terms

of both average size and distribution.
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Figure 46 — Hydrodynamic diameter population distribution determined by DLS analysis of the samples: AgSur 03, AgSur 04,
AgSur 05, AgSur 06, AgSur 07, AgSur 08, AgSur_09, AgSur_10, and AgSur 15.

Zeta potential — Sodium surfactin as capping agent is able to confer strong negative charge to
the nanoparticles, the zeta potential measurements reported in Table 22, highlight extremely
stable suspension thanks to zeta potential values in the range from -40 to -48 mV. This
demonstrate how the sodium surfactin can stabilize the colloidal suspensions thanks to the
electrostatic repulsion.

Another information gathered from the titration of the zeta potential as a function of the pH, is
related to the sodium surfactin coverage of the nanoparticles. In fact, along all the pH intervals
studied in Figure 47, the two selected samples, AgSur 04 and AgSur 08 have similar behavior
to the sodium surfactin alone. Confirming the creation of a surface layer on the Ag core fulfilling
capping and stabilizing agent requirements and purposes. The isoelectric point resulted to be =

2.9 for AgSur 04, and = 1.8 for AgSur 08 and the sodium surfactin dispersed in Milli-Q water.
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Table 22 — Zeta potential and pH of sodium surfactin-capped AgNPs, their blanks, and sodium surfactin solution.

Sample Zeta potential pH
AgSur 03 40+ 1 9.38
AgSur 04 47+3 8.86
AgSur 05 -46.9+0.3 9.60
AgSur 06 -44.0+ 0.4 9.97
AgSur 07 46 £ 1 9.77
AgSur 08 48 £ 1 8.84
AgSur 09 47 +2 9.75
AgSur 10 -45.8 £ 0.7 10.33
AgSur 15 -48.3+£0.9 8.52
Sur_04 -15+4 10.32
Sur 05 3542 10.94
Sodium surfactin -38+6 5.90
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Figure 47 — Zeta potential titrations as function of the pH of the samples AgSur 04, AgSur 08, and sodium surfactin.
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3.2.4. Antimicrobial activity of the designer silver nanoparticles

The antimicrobial tests were carried out by external laboratories either as project partners or
subcontractors, in particular, antibacterial tests were performed by certified laboratories of CNR-
STIIMA (Biella, Italy) and Chimicambiente (Vicenza, Italy), while antiviral tests were assessed
by Universita degli Studi di Milano La Statale (Milano, Italy).

The several design variants of the three differently coated types of AgNPs were studied in term
of antibacterial activity against Escherichia coli Gram-negative and Staphylococcus aureus
Gram-positive bacteria, and in terms of antiviral activity against SARS-CoV-2 representing
enveloped viruses and BK-polyomavirus representing non-enveloped ones. In this way it was
possible to perform a detailed screening of the performance of the various samples produced,

ranking the most promising materials for future field applications.
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Antibacterial activity — Antibacterial tests were carried out in compliance with UNI EN

1040:2005 standardized method “Quantitative suspension test for the evaluation of basic

bactericidal activity of chemical disinfectants and antiseptics” against Escherichia coli (ATCC

10536) and Staphylococcus aureus (ATCC 6538). For AgHEC and AgCur variants, the AgNPs

concentration range 10-0.1 mg-L! was studied, then the most promising samples were tested at

higher concentration, 50 mg-L!. In Table 23 are reported AgHEC results and in Table 24 the

ones related to AgCur samples.

Table 23 — Antibacterial activity results against E. coli and S. aureus of AGHEC samples and their blanks. The results are expressed

as logarithmic bacterial reduction as function of the silver concentration (mg-L™).

Sample Escherichia coli Staphylococcus aureus
10mgL!  1mgL' 05mgL' 01mgL' | 10mgl' 1mgl' 05mgLl' 0.1 mgL"
AgHEC 5.5 2.8 1.19 <0.3 <03 <03 0.62 <03 <03 <03
AgHEC 64 1.4 2.23 0.68 0.48 <0.3 4.86 3.56 1.51 <03
AgHEC 6.4 3.7 1.35 0.56 <03 <03 0.60 <03 <03 <03
AgHEC 2.8 1.4 1.15 <03 <03 <03 1.65 <03 <03 <03
AgHEC 2.8 2.8 1.82 0.47 <03 <03 0.43 <03 <03 <03
AgHEC 2.8 3.7 1.85 0.51 <03 <03 1.48 <03 <03 <03
HEC 5.5 2.8 1.43 0.90 0.70 <03 | <03 <03 <03 <03
HEC 64 1.4 1.55 0.98 0.69 <03 | <03 <03 <03 <03
HEC 6.4 3.7 1.39 0.85 0.60 <03 | <03 <03 <03 <03
HEC 28 1.4 1.39 <0.3 <03 <03 | <03 <03 <03 <03
HEC 2.8 2.8 1.65 0.61 <03 <03 | <03 <03 <03 <03
HEC 2.8 3.7 1.75 1.11 0.80 <03 1.08 0.41 <03 <03

Table 24 — Antibacterial activity results against E. coli and S. aureus of AgCur samples and their blanks. The results are expressed

as logarithmic bacterial reduction as function of the silver concentration (mg-L”).

Sample Escherichia coli Staphylococcus aureus
10mgL' 1mgL' 05mgL' 0.ImgL' | 10mgL' 1mgL' 05mgL' 0.1mgL’
AgCur 2.38 0.59 <03 <03 4.56 <03 <03 <03
AgCur_Cas 3.11 0.59 <03 <03 4.48 0.65 <03 <03
Cur 0.36 <03 <03 <03 0.38 <03 <03 <03
Cur_Cas <03 <03 <03 <03 0.36 <03 <03 <03
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The tests carried out against E. coli and S. aureus identified AgHEC 6.4 1.4, AgCur, and
AgCur Cas as the most active antibacterial AgNPs compositions. In fact, at Ag concentration of
10 mg-L™!, they exhibited respectively a logarithmic reduction of 2.23, 2.38, and 3.11 against E.
coli,and 4.86, 4.56, and 4.48 against S. aureus (logarithmic reduction: 1 log =90%, 2 log =99%,
3 log =99.9%...). To better evaluate these samples, they were tested at higher concentration, 50
mg-L!, results are reported in Table 25. It is noteworthy, that S. aureus resulted more susceptible
to the selected AgNPs, but on the other side, hydroxyethyl cellulose based blanks exhibit a
relevant activity against E. coli. One of the main differences between Gram-negative bacteria
like E. coli and Gram-positive bacteria like S. aureus stems from the thickness of the
peptidoglycan layer in the cell wall. Gram-negative bacteria have a thinner layer included
between an inner and an outer cell membrane, resulting in a higher susceptibility of E. coli with
respect to the positively charged quaternary ammonium functionalities of hydroxyethyl cellulose
biopolymer. On the other side, Gram-positive bacteria have a thicker peptidoglycan layer, but
typically they result more receptive to agents targeting the cell wall, like antibiotics, and in this
case for S. aureus could be AgNPs and Ag" ions, and this is due to the missing outer

membrane.'>*

Table 25 — Antibacterial activity results at higher silver concentration (50 mg-L*) of AGHEC 6.4_1.4, AgCur, and AgCur Cas

against E. coli and S. aureus. The results are expressed as logarithmic bacterial reduction.

Sample Escherichia coli Staphylococcus aureus
50 mg-L! 50 mg-L!
AgHEC 64 1.4 >5.45 4.64
AgCur 4.66 4.44
AgCur Cas 5.02 4.80

Results related to higher concentrated tests reported in Table 25 highlight an excellent
antibacterial activity of the selected variants. Comparable logarithmic reduction values were
obtained against S. aureus, while against E. coli AgHEC 6.4 1.4 stands as the most active
composition. In these conditions, at a concentration of 50 mg-L"!, it reached the higher detectable
value for the test with a logarithmic reduction greater than 5.45.

The antibacterial results collected were transposed to graphs in Figure 48 representing the
activity against E. coli of AGHEC 5.5 2.8, AgHEC 6.4 1.4, AgCur, and AgCur Cas, and in
Figure 49 the same samples against S. aureus. The initial AgHEC 5.5 2.8 composition is less

active respect to the subsequently developed variants that exhibit similar concentration-
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dependent behaviors. In particular, AGHEC 6.4 1.4 resulted to be strongly active against Gram-

positive bacteria, here represented by S. aureus, even at low concentrations, 0.5 and 1 mg-L™.

Escherichia coli

3 /
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Figure 48 — Antibacterial activity of AgHEC 5.5 2.8, AGHEC 6.4 1.4, AgCur, and AgCur_Cas against E. coli. The results are

expressed as logarithmic bacterial reduction as function of the silver concentration (mg-L™).
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Figure 49 — Antibacterial activity of AGHEC 5.5 2.8, AgHEC 6.4 1.4, AgCur, and AgCur Cas against S. aureus. The results are

expressed as logarithmic bacterial reduction as function of the silver concentration (mg-L™).

The last variant analyzed is AgSur 04, these sodium surfactin capped silver nanoparticles
revealed very small TEM size, with estimated long axis mean value of 1.9 + 0.2 nm and short
axis 1.2 £ 0.2 nm. This particle size is very promising for the antimicrobial applications.

Antibacterial results, reported in Table 26, show a concertation dependent behavior against S.
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aureus with excellent bacterial reduction of 3.15 log already at 10 mg-L™!, and an activity above
the detection limit against E. coli for all the concentration range explored, 100-10 mg-L™!. These
AgNPs are an interesting option for the antimicrobial application, thanks to S. aureus reduction
comparable with the other selected variants, and an exceptional activity against E. coli. In this
case, the blank constituted by the sodium surfactin basic solution is not particularly active against

S. aureus.

Table 26 — Antibacterial activity of AgSur_04 and its blank against E. coli and S. aureus. The results are expressed as logarithmic

bacterial reduction as function of the silver concentration (mg-L™).

Sample Escherichia coli Staphylococcus aureus
100mgL! 50mgL!  10mgL' | 100mgLl!' 50mgLl!  10mgL"
AgSur 04 >5.53 >5.53 >5.53 >5.49 4.01 3.15
Sur 04 n.d. n.d. n.d. 0.39 0.10 0.02
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Antiviral activity — The antiviral testing activity has been performed by the Universita degli Studi

di Milano La Statale (UNIMI). The results here reported were collected within the @CNR

research project SanoSIL.

Cytotoxicity assay of AgCur on Vero E6 cells — Cell cytotoxicity was evaluated by monitoring
the effect of AgNPs and their blanks on Vero E6 cells. Cell viability was measured by MTT
assay. The percentage of viable cells was calculated using untreated cells as control (100%

viability) using the formula reported in Equation 2.5

(Sample absorbance — Cell free sample blank)

1 .
Mean media control absorbance 00 Equation 2

The 50% cytotoxic concentration (CCso) causing 50% reduction of Vero E6 cells viability with
respect to untreated control cells are reported in Table 27. From these in-vitro assay AgCur
resulted to have minimal cytotoxic effects with an outstanding 50 % cytotoxic concentration of
629.7 mg-L"!, if compared with other drugs used for the treatment of malaria and investigated in
the application against SARS-CoV-2, such as chloroquine which has a CCsp of 30.5 mg-L™!, this

is a very promising result for human applications.!3%!%

Table 27— 50% cytotoxic concentration (CCsy) of AgCur and its blank.

Sample CCso (mg-L1)
AgCur 629.7
AgCur-based nanoforms
Cur blank > 2500

Evaluation of the antiviral activity against SARS-CoV-2 Omicron BA.2 variant of AgCur by
RT-qPCR — Vero E6 cells were infected with SARS-CoV-2 Omicron BA.2 variant, SARS-CoV-
2 was selected to represent the class of enveloped viruses, and also because of his relevance in
the latest years. The quantification of SARS-CoV-2 copy numbers in cell supernatant was
evaluated via specific real time quantitative polymerase chain reaction (RT-qPCR) of the N1
gene. The ICso value was extrapolated as the concentration inducing a 50% inhibition of viral
replication. The antiviral activity was evaluated for AgNPs and their blanks. AgCur showed the
ability to suppress SARS-CoV-2 replication, with a dose-dependent activity, as reported in
Figure 50, AgCur ICso was 8.3 mg-L™!. A nearly quantitative viral replication inhibition (0.09%)

was registered for an AgCur concentration of 50 mg-L.
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Figure 50— Antiviral activity of AgCur and its blank Cur against SARS-CoV-2 BA.2 variant. The results are expressed as percentage

of the viral replication as function of the silver concentration (mg-L”).

The selectivity index (SI) calculated as the ratio between CCso and ICso represents an important
non-dimensional parameter to evaluated the safe and effective dose range for bioactive
compounds. A higher SI value indicates a larger concentration window for safe in-vivo viral
infections treatments. During drugs screening a SI value of 10 is a requirement for further
development of the product.!®® AgCur demonstrated outstanding SI with a value of 75.9. In
Figure 51 are superimposed the cytotoxicity and antiviral results of AgCur. Chloroquine, tested
as positive control against SARS-CoV-2 had a SI of 8.5. While the curcumin alone, without
AgNPs demonstrated very low cytotoxicity (CCso > 2500 mg-L™") but also a reduced antiviral
activity (ICso 50-100 mg-L™!) resulting in a SI > 25.

Curcumin is the primary polyphenolic compound found in turmeric and it has garnered
considerable interest due to its various and biological properties, including antioxidant,
antimicrobial, and anti-inflammatory effects.!® In particular, the antioxidant and anti-
inflammatory characteristics of curcumin could potentially reduce the cytotoxicity of curcumin-
capped AgNPs. While its intrinsic antiviral activity could establish synergistic effects enhancing

the antiviral action of silver nanophases.
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Figure 51— Cytotoxicity on Vero E6 cells and viral activity against SARS-CoV-2 BA.2 variant of AgCur. The results are expressed
as % of Vero E6 cells growth and SARS-CoV-2 BA.2 replication as function of the silver concentration (mg-L”). The graph
represents the mean of 3 different experiments in triplicate. The viral load data were normalized versus untreated infected controls.
The curves fitting was obtained by non-linear regression analysis using a four-parameter logistic method (sofiware
GraphPadPrism 6). The CCsy causing 50% reduction of Vero E6 cells viability with respect to untreated control cells was

determined using Gene5 sofiware, while the ICsy value was extrapolated as the concentration that induced 50% inhibition of viral

replication.

Evaluation of virucide activity against SARS-CoV-2 Omicron BA.2 variant of AgCur by
plaque assay — The virucide activity against SARS-CoV-2 Omicron BA.2 variant was
determined by plaque assay to confirm AgCur antiviral properties, Table 28. A quantitative viral

suppression was obtained at a silver concentration of 75 mg-L!. For the second AgCur batch

tested it was obtained a 50 mg-L.

Table 28 — Virucide activity against SARS-CoV-2 Omicron BA.2 of AgCur and its blank, determined by plaque assay.

Mean PFU-mL!
(% of SARS-CoV-2 infectivity compared to untreated infected cells)
Sample
Untreated
6.5 mg-L’ 25 mg-L’! 50 mg-L! 100 mg-L™!
infected cells
AgCur 67.25 52.25 18.25 2.00 0.00
(100.00%) (78.07%) (27.14%) (2.97%) (0.00%)
Cur 67.25 52.50 51.00 50.25 26.25
(100.00%) (78.06%) (75.83%) (74.72%) (39.03%)
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Evaluation of the antiviral activity against SARS-CoV-2 Omicron BA.2 variant of Argotone
drug — Argotone is a silver containing drug recognized by the Italian Medicines Agency
(Agenzia Italiana del Farmaco AIFA) used for its antiseptic and nasal decongestant actions.
Argotone active ingredients are silver proteinate (1 %wt) and ephedrine chloro-hydrate (0.9
%wt), other ingredients are water, sodium chloride and sodium thiosulphate.!*® Argotone has
been used as commercial benchmark comparison for the antiviral tests against SARS-CoV-2
Omicron BA.2 variant.

The cytotoxicity evaluated by MTT assay resulted in a CCso of 9.3 mg-L'!. The antiviral activity
against SARS-CoV-2 BA.2 was evaluated by RT-qPCR, the results are reported in Figure 52
and the ICso was 1.80 mg-L!. The virucidal activity was evaluated by plaque assay confirmed
the results of the antiviral assay, the results are reported in Figure 52. The selectivity index
calculated for Argotone resulted 5.2, the value is significantly lower than the one obtained by
AgCur SI 75.9. This comparison confirmed the promising properties of AgCur against SARS-
CoV-2 Omicron BA.2 variant.
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Figure 52 — Antiviral and virucidal activity against SARS-CoV-2 BA.2 variant of Argotone drug. The results are expressed as viral

replication percentage as function of the drug concentration (mg-L™).

Evaluation of the antiviral activity against SARS-CoV-2 original variant of AgNPs by RT-
qPCR — SARS-CoV-2 original variant was successfully isolated from a nasal swab.
AgHEC 5.5 2.8, AgHEC 2.8 2.8, AgCur, and AgCur_Cas antiviral activity results obtained
by RT-qPCR are reported in the graph in Figure 53 expressed as mean % of SARS-CoV-2

replication compared to the infected untreated cells.
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Figure 53— Antiviral activity against SARS-CoV-2 original variant of AGHEC 5.5 2.8, AgHEC 2.8 2.8, AgCur, and AgCur Cas.
The results are expressed as percentage of the viral replication as function of the silver concentration. The inhibition of SARS-CoV-
2 replication was obtained in-vitro using the pre-treated virus with AgNPs to infect the cells. The results were obtained employing

SARS-CoV-2 NI gene RT-gPCR on RNA isolated from the supernatants of treated infected cells.

Table 29 — Inhibition concentration of SARS-CoV-2 (ICsy), cytotoxic concentration on Vero E6 cells (CCsy), and selectivity index

(S) of cellulose, curcumin, and sodium surfactin-capped AgNPs and their blanks.

Sample ICso CCso SI
(mg-L) (mg-L)

AgHEC 5.5 2.8 12.4 275.5 222
AgHEC-based

HEC 5.5 2.8 blank n.d. >200 n.d.
nanoforms

AgHEC 2.8 2.8 >300 191.1 <0.6

AgCur 66.3 629.7 9.5
AgCur-based

Cur blank 50-100 >2500 >250
nanoforms

AgCur Cas 109 > 300 n.d.

AgSur 04 n.d. 4.05 n.d.
AgSur-based

Sur 04 n.d. > 200 n.d.
nanoforms

AgSur 05 n.d. 2.34 n.d.
Reference drug ~ Chloroquine 3.6 30.5 8.5

The antiviral activity expressed as ICso, the cytotoxicity expressed as CCso and the selectivity

index SI of the studied samples (AgHEC 5.5 2.8, AgHEC 2.8 2.8, AgCur, and AgCur Cas)
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against SARS-CoV-2, are summarized in Table 29, together with the chloroquine information to
be used as comparison.

Comparing the AgCur antiviral results against SARS-CoV-2 original variant (ICso 66.3 mg-L™")
with the previous test against SARS-CoV-2 Omicron BA.2 variant (ICso 8.3 mg-L!), AgCur
demonstrated a better antiviral activity against the Omicron variant which is the one still
circulating and concerning the World Health Organization.'®!

Based on RT-qPCR virus replication data it was possible to rank the tested AgNPs against SARS-
CoV-2 original variant based on their ICso, the concentration inhibiting 50% of the viral
replication: AgHEC 5.5 2.8 (ICso 12.4 mg-L"), AgCur (ICso 66.3 mg-L™"), AgCur Cas (ICso
109 mg- L"), and AgHEC 2.8 2.8 (ICso > 300 mg-L™).

Hydroxyethyl cellulose-capped AgHEC 5.5 2.8 sample had higher activity against SARS-CoV-
2 original variant (ICso 12.4 mg-L!") respect to the curcumin compositions AgCur (ICsp 66.3
mg-L!) and AgCur Cas (ICso 109 mg-L™).

The reduced cytotoxicity of the curcumin coating improved the safety profile largely increasing
the CCso respect to the cellulose-coated samples. The most relevant physicochemical difference
between the two capping agents is the zeta potential, which is positive for cellulose-capped
AgNPs and negative for curcumin-capped AgNPs. It is recognized in literature that positive
charged nanoparticles can better interact with the negative charged cells’ phospholipidic
membrane favouring their uptake by the biological milieu and subsequently demonstrating
higher cytotoxicity than anionic nanoparticles. %163

Both AgCur and AgHEC 5.5 2.8 offer a better selectivity index respect to chloroquine,
demonstrating their viability in the treatment of SARS-CoV-2. Curcumin-based NPs offer a safer
approach with their minimal cytotoxic effects, hydroxyethyl cellulose based NPs have higher
activity requiring a lesser dose. Both of these paths lead to an improvement in the selectivity
index of the sample.

It was not possible to test the antiviral activity of sodium surfactin-capped nanoparticles because
of the high cytotoxicity against the model Vero E6 cells (CCso 2-4 mg-L!). Even if these
nanoparticles exhibit negative charge as well as curcumin-coated AgNPs, they are characterized
by important cytotoxicity effects probably due to the biosurfactant effect of sodium surfactin
promoting the cell membrane lysis.

Since AgSur variants were very active against bacteria, these materials may be studied in
application involving limited or better no kind of human exposure, avoiding accidental release

in the environment.
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AgNPs activity against non-enveloped virus: BK polyomavirus — AgCur, AgCur Cas, and
AgHEC 5.5 2.8 were tested against BK polyomavirus. No activity was observed at the different
AgNPs concentrations tested, BK polyomavirus replication was always > 100% (data not
shown). An antiviral mechanism hyphtesis was proposed with AgNPs exerting their activity
against the viral envelope, that is not present in the BK polyomavirus, but it is a component of

the SARS-CoV-2 virion.

Hypothesis on the AgNPs antiviral activity mechanism — The genome of SARS-CoV-2, a
protein enveloped virus, produces structural, nonstructural, and accessory proteins, all of which
are crucial for the virus’s replication process. As represented in Figure 54, the primary targets
for antiviral action are the spike protein, the 3C-like protease (3CLpro), the papain-like cysteine

protease (PLpro), and the RNA-dependent RNA polymerase (RdRp).!64165:166.167

Main antiviral targets

Spike protein SARS-CoV-2 cell entry

3C-like protease (3CLpro)
SARS-CoV-2 protease
Papain-like cysteine protease (PLpro)

RNA-dependent RNA polymerase (RdRp) ]» SARS-CoV-2 genome replication and transcription

Figure 54— Scheme representing the main antiviral targets to prevent and cure SARS-CoV-2 infections.

The antiviral activity of AgNPs was assessed by two opposite testing procedures:
- Pre-inoculum. First the virus is incubated with AgNPs at room temperature, then it is
used to infect the cells.
- Post-inoculum. Firs the cells are infected by the virus, incubated at 37 °C, and
subsequently treated by AgNPs.
The two testing procedures are schematized in Figure 55, where it is possible to see how they
were used to assess the antiviral activity of AgNPs against SARS-CoV-2. AgNPs exhibited
antiviral activity only if tested following the pre-inoculum methodology, otherwise chloroquine
and other antiviral drugs were effective following the post-inoculum procedure. AgNPs different
behavior observed between the two testing methodology suggests an interaction of AgNPs with
the protein viral envelope of SARS-CoV-2, inhibiting its attachment to cells’ receptors,

preventing virus cell entry.
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Figure 55 — Testing methods implemented to study the antiviral mechanism of AgNPs against SARS-CoV-2. Testing method 1: pre-

inoculum procedure where the virus is incubated with AgNPs before the cells’ infection. Testing method 2: post-inoculum procedure

where the AgNPs treatment is performed on the infected cells. Only the testing method 1 demonstrated good antiviral activity

favoring the hypothesis of an inhibition action performed by AgNPs against SARS-CoV-2 cells’ infection.

AgNPs tested against BK polyomavirus, a non-enveloped virus, didn’t exhibit any antiviral

properties for both testing methods, as schematized in Figure 56. This result further supports the

theory that the action mechanism of AgNPs is dependent on their interaction with the protein

envelope of the virus (spike protein).
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Testing method 1 o
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No activity for AgNPs
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Figure 56 — Testing methods implemented to study the antiviral mechanism of AgNPs against BK polyomavirus. Testing method 1.

pre-inoculum procedure where the virus is incubated with AgNPs before the cells’ infection. Testing method 2: post-inoculum

procedure where the AgNPs treatment is performed on the infected cells. AgNPs demonstrated no antiviral activity against BK

polyomavirus which lacks of an externa protein envelope, favoring the hypothesis that the antiviral mechanism of AgNPs involves

an interaction with the viral envelope inhibiting the attachment to cells’ receptors.

Conclusions — The antiviral results can be summarized as follow:
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The antiviral tests against SARS-CoV-2 Omicron BA.2 variant demonstrated different
AgNPs mechanisms of action against bacteria (AgHEC 6.4 1.4 was the best performing
sample) and viruses. In fact, AgCur showed excellent antiviral performance coupled with
an outstanding selectivity index (SI 75.9), associated to a large safe and effective dose
window, if compared to chloroquine drug used as positive control (SI 8.5).

AgCur demonstrated to be the lowest cytotoxic silver nanoform tested and the most active
one against SARS-CoV-2 Omicron BA.2 variant, resulting a very promising option for
antiviral applications. The excellent antiviral activity and low cytotoxicity of this
compound is probably due to the antiviral and antioxidant properties of curcumin,
establishing synergistic effects with AgNPs.

The antiviral testing procedure adopted and the different results collected for enveloped
and non-enveloped viruses suggested an interaction of AgNPs with protein envelope of
the viruses, in particular for SARS-CoV-2 it is the spike protein. In this way the

interaction with the cell receptors is inhibited preventing the infection.
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The test performed on SARS-CoV-2 original variant allowed the activity comparison
between different AgNPs samples. In this case, AgCur demonstrated reduced activity
compared to the Omicron BA.2 variant with a selectivity index of 9.5, while better

performances were recorded for AgHEC 5.5 2.8 with a selectivity index of 22.2.
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3.2.5. Dissolution of AGHEC in relevant media
Human and environmental exposure are fundamental parameters to be considered during a
material safety profile assessment. To determine possible real exposure scenario for human

toxicity and environmental eco-toxicity studies, different dissolution tests were assessed.'¢®

Human exposure — To perform a toxicity study it is important to know reliable exposure doses
and which silver compounds are present. Materials and in particular nanomaterials, may undergo
transformation processes once they enter the human body. Thanks to in vitro acellular dissolution
assays it is possible to study these processes using simulated biological fluid, and then better
understand and eventually predict the in vivo behavior. This kind of tests allow to estimate the
bio-persistence and bio-availability of the nanomaterial, helping the study of its distribution
within the organism, its potential acute and long-term toxicity, and also the pathogenicity.'®
Several protocols have been published to simulate different in vivo scenarios. AgHEC 5.5 2.8
was selected as sample for dissolution tests, it underwent two different protocols:

- Synthetic sweat (sodium chloride 0.5 %wt, lactic acid 0.1 %wt, and urea 0.1 %wt water
solution regulated to pH 4.5 with 1 M ammonium hydroxide), 1 and 24 hours exposure
at 32 °C, testing Ag 10 and 50 mg-L"!. The fluid has been identified to simulate the
dissolution into human sweat, relevant for dermal exposure studies.

-  DMEM (Dulbecco’s Modified Eagle Medium) loaded with a 10 %wt FBS (fetal bovine
serum), 1 and 24 hours exposure at 37 °C, testing Ag 10 and 50 mg-L!. The fluid
represents a frequently used cell media and has been identified to simulate the biological
environment and better support the in-vitro toxicological experiments.

After the dissolution tests, AgNPs were filtered away by ultracentrifugation (cut-off 10 kDa) and
dissolved Ag" ions were quantified analyzing by ICP-OES the filtered medium after the acidic
digestion. Results are expressed as percentage of Ag" released respect to the starting AgNPs
amount.

In Table 30 are reported synthetic sweat results and in Table 31 DMEM+FBS results. In general,
it was observed limited dissolution for both protocols, slightly higher in synthetic sweat. It is
really interesting to note that there was no proportionality in the Ag" concentration detected by
ICP-OES and the starting Ag concentration, but rather there was an inverse proportionality with
the dissolution ratio and the starting concentration. This means that moving from a starting Ag
concentration of 10 mg-L! to 50 mg-L!, the Ag" concentration detected was similar, but the
calculated dissolution rate as Ag'/Agi results to be about one fifth. It is possible to assume that

it is due to a sort of saturation of the media, limiting the silver dissolution. This suggest that the
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instauration of equilibria may play a relevant role in real field scenarios. Furthermore, over time
moving from 1 hour to 24 hours, it was observed a reduced dissolution rate, this is
counterintuitive and may be due to aggregation phenomenon.

Other supplementary information is reported in Table 30 and Table 31, such as the hydrodynamic
diameter, the zeta potential and the pH of tested samples. In particular, synthetic sweat
composition and acidic pH lead towards positively slightly positively charged particles with
larger detected hydrodynamic diameter. It is the opposite for DMEM+FBS, where the biological
environmental and basic pH lead to slightly negative particles with smaller hydrodynamic
diameters.

In conclusion, AGHEC 5.5 2.8 resulted stable to the tested dissolution protocols.

Table 30— AgHEC 5.5 2.8 dissolution test in synthetic sweat.

AgHEC 5.5 2.8 dissolution test in synthetic sweat

Ag*/Agtot Time Ag initial conc. Size Zeta potential pH
(Y0) () (mg-L™) (nm) (mV)
6.2 1 10 176 4.8 4.5
43 24 10 253 0.6 4.5
0.9 1 50 266 0.7 4.8
0.6 24 50 267 0.4 4.9

Table 31 - AgHEC 5.5 2.8 dissolution test in synthetic DMEM+FBS.
AgHEC 5.5 2.8 dissolution test in DMEM+FBS

Ag/Agtot Time Ag initial conc. Size Zeta potential pH
(Y0) (h) (mg-L™) (nm) (mV)
0.8 1 10 45.6 -4.0 8.4
0.7 24 10 93 -2.0 8.7
0.2 1 50 70 -1.9 8.4
0.2 24 50 68.4 -1.7 8.7

To study the respiratory exposure after the possible inhalation of these nanophases, two other
simulating fluids were tested. The most relevant were selected as: simulated lung lining fluid
(LLF) which covers the respiratory tract, and phagolysosomal simulated fluid (PSF) which
represent the uptake of alveolar macrophages. It is important to consider that lungs are not static

systems, ions liberated from nanomaterials are usually transported elsewhere. So, in a static
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system it is possible to encounter saturation problems that are not typically present in real in vivo
scenarios, beside that they have shown good predictivity.'”
These dissolution assays were assessed following the ISO/TR19057:2017(E) guidelines. The
PSF  media was prepared according to a literature procedure, omitting
alkylbenzyldimethylammonium chloride as potential interferent, Table 32.!”! The LLF media
preparing procedure is described in the ISO document and different literature study, Table
33.172173 Briefly, the protocol adopted for both media is:
- Erlenmeyer flask containing 100 mL of biological fluid and an Ag initial concentration
of 1 mg-L"!. The samples are placed in an orbital shaker at 37 °C and 180 rpm, after 5
minutes of equilibration, the sampling starts by selecting as time points 0, 1, 24, and 48
hours.
At time points 4 mL aliquots were taken for ICP-MS quantification of Ag, total silver was
determined by acidic digesting the aliquot, while the dissolved fraction was assessed by
previously filtering the aliquots by ultracentrifugation (40 min, 4000 rpm, 20 °C, and 3kDa).

Silver dissolution data were associated with DLS, ELS, and pH measurements.

Table 32 — Simulated lung lining fluid composition.
Lung lining fluid (pH 7.4)

Component Concentration (mg-L™")
MgCl2-6H.0 212
NaCl 6415
CaCl2-2H20 255
NaxSO4 79
Na;HPO4 148
NaHCO3 2703
C4HsNaxOgs2H>0 (sodium tartrate dihydrate) 180
HOC(COONa)(CH2COONa),:2H>0 (trisodium citrate dihydrate) 180
C3HsNaOs (sodium lactate) 175
C3H3NaO; (sodium pyruvate) 172
NH>CH>COOH (glycine) 118
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Table 33 — Phagolysosomal simulated fluid composition.

Phagolysosomal simulated fluid (pH 4.5)

Component Concentration (mg-L™)
NaCl 6650
Na;HPO4 142
NaxSO4 71
CaCl2H20 29
NH2CH2COOH (glycine) 405
CsHs04K (potassium hydrogen phthalate) 4085

Three samples were selected for this study: AgHEC 5.5 2.8, considered as reference starting
material, and AgHEC 6.4 1.4 and AgCur, two different variants subsequently developed. The
results collected are summarized in the following graphs. In Figure 57 is reported the evolution
of pH as function of time, in Figure 58 the zeta potential, in Figure 59 the hydrodynamic
diameter, in Figure 60 the polydispersity index, and finally in Figure 61 the dissolution rate.
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Figure 57 — 48 hours pH monitoring of AGHEC 6.4 1.4, AgHEC 5.5 2.8, and AgCur dispersed in phagolysosomal simulated
fluid (PSF) and simulated lung lining fluid (LLF).

The pHs imposed by the simulating media are preserved for the whole duration of the
experiments, Figure 57. PSF is about 4.6 and LLF about 8.1, they are slightly higher than the
theoretical ones (4.5 for PSF and 7.4 for LLF), probably due to the presence of the silver

nanoparticles, which are basic colloidal suspension.
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Figure 58 — 48 hours zeta potential monitoring of AGHEC 6.4 1.4, AgHEC 5.5 2.8, and AgCur dispersed in phagolysosomal
simulated fluid (PSF) and simulated lung lining fluid (LLF).

The zeta potential gives indirect information regarding the colloidal stability of the nanoparticles,
in fact higher zeta potential absolute values represent stronger electrostatic repulsion. In general,
absolute zeta potential values above £30 mV are defined enough to grant electrostatic stability
to the suspension.!”* This parameter is strongly affected by the pH since it depends by the ions
and counterions surrounding the particle shell. In general, the absolute values of the samples in
these simulated media is not high enough to ensure good electrostatic stability, in particular for
AgHEC 5.5 2.8 and AgHEC 6.4 1.4 with values close to 0 mV, Figure 58. Their zeta potential
remains more or less constant during the 48 hours test. On the other side, AgCur shows a
significative decrease of zeta potential already at 24 hours, this may imply an increasing
instability over time, and a possible deterioration of the curcumin coating surrounding the
nanoparticles. Most of the cellular membranes are usually negatively charged, so the zeta
potential can play an important role in the membrane permeation and typically positively charged

particles demonstrate higher toxicity levels associated with the membrane disruption.!'”
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Figure 59 — 48 hours hydrodynamic diameter monitoring of AgHEC 6.4 1.4, AgHEC 5.5 2.8, and AgCur dispersed in
phagolysosomal simulated fluid (PSF) and simulated lung lining fluid (LLF).

The hydrodynamic diameter trend represents an unstable condition for the samples in both
biological simulated environments, Figure 59. In fact, it is possible to observe relevant
aggregation phenomena leading to coarse micrometric aggregates. PSF seems to accentuate this
phenomenon leading to larger aggregates for all samples. The differences between PSF and LLF
are more visible for quaternary hydroxyethyl cellulose capped samples AgHEC 5.5 2.8 and
AgHEC 6.4 1.4, while the 48 hours hydrodynamic diameter of AgCur is similar in the two

media.
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Figure 60 — 48 hours polydispersity index (PDI) monitoring of AGHEC 6.4 1.4, AgHEC 5.5 2.8, and AgCur dispersed in
phagolysosomal simulated fluid (PSF) and simulated lung lining fluid (LLF).
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The polydispersity index results reported in Figure 60 are according to the hydrodynamic
diameter. Already at 24 hours the populations show high polydispersity level, confirming
uncontrolled aggregation phenomena. As well as the hydrodynamic diameter, PSF is affecting

in a stronger way HEC-based samples, while AgCur reveal an opposite trend.
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Figure 61 — 48 hours silver dissolution rate monitoring of AgHEC 6.4 1.4, AgHEC 5.5 2.8, and AgCur dispersed in: a)
phagolysosomal simulated fluid (PSF) and b) simulated lung lining fluid (LLF).

For what concerns the dissolution rate of these nanomaterials, results reported in Figure 61
highlight important differences between the two tested media, PSF and LLF. In the PSF case,
there aren’t relevant differences among AgNPs variants tested at 1 and 24 hours. At 48 hours
there is a distinguished behavior of HEC coated particles, the dissolution rate drops significantly
from =~ 21% at 24 hours to = 15%. At 48 hours, strong aggregation phenomena occurred for HEC
coated samples in PSF, as confirmed by DLS analysis, the hydrodynamic diameter reaches
values larger than 10 pm, so it is likely to observe precipitation and sedimentation, reducing this
way the silver cations available for the dissolution. The LLF case is different, first it is possible
to see a lesser dissolution rate for all samples, then the 3 materials exhibit different Ag
dissolutions. AgHEC 6.4 1.4 shows larger Ag" release with a 17-18% dissolution, it is followed
by AgHEC 5.5 2.8 with an increasing release during the 48 hours from 7% to about 11%, an
then AgCur results to be more stable in this environment thanks to the more negative zeta
potential with a progressive release of about 4% at 1 hour till 11% at 48 hours. Based on these
results it is possible to classify tested materials as quickly dissolving nanomaterials.

These tests were operated at low silver concentration, 1 mg-L™!, because working at higher

concentrations would have accentuated the main problem of static dissolution assays, the
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saturation of the solution that would lead to and underestimation of the material solubility.
Recently, some FEuropean funded project such as Gov4Nano (Meeting the need of
nanotechnology) and PATROLS (Physiologically Anchored Tools for Realistic nanOmaterialL
hazard aSsessment) worked this topic, stressing creating and improving guidelines for the
dissolution test of nanomaterials in biological fluids.!”®!”” They also remarked the importance
of the study and characterization of agglomeration and dispersion phenomenon affecting

dissolution assays.

Environmental exposure — To perform eco-toxicity studies it is fundamental to know silver
concentrations and forms. As well as for human exposure dissolution tests, two protocols were
tested on AgHEC 5.5 2.8:
- Soil media, exposure time 1, 5, 28, and 56 days, under static conditions at 20 °C. AgNPs
were tested at 10, 100, and 1000 mg-L.
- ISO media, exposure time 1, 5, 28, and 56 days, under static conditions at 20 °C. AgNPs
were tested at 10, 100, and 1000 mg-L™.
After the dissolution tests, AgNPs were filtered away by ultracentrifugation (cut-off 10 kDa) and
dissolved Ag" ions were quantified analyzing by ICP-OES the filtered medium after the acidic
digestion. Results are expressed as concentration of Ag"* released as function of time.
Results obtained with Soil media are reported in the graph in Figure 62, while the ones with ISO
media in the graph in Figure 63. These tests demonstrated the high stability of AgHEC 5.5 2.8
in these environments, in fact the Ag" dissolved concentration is very limited in both scenarios.
Even strongly increasing the starting silver concentration (1000 mg-L™"), there aren’t relevant
dissolution behaviors, the Ag+ concentration remains largely below 0.7 mg-L"! for all the
samples, and in ISO media even below 0.05 mg-L™!. These results represent important stability
of AgHEC 5.5 2.8 in these simulated environments, probably shifting the main problem of the
accidental release of these nanophases in the environment from the dissolution of silver ions to

the potential accumulation of silver nanoparticles.
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Figure 62— 56 days silver dissolution rate monitoring of AHEC 5.5 2.8 dispersed in soil media at three concentrations: 10, 100,
and 100 ppm.
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Figure 63— 56 days silver dissolution rate monitoring of AGHEC 5.5 2.8 dispersed in ISO media at three concentrations: 10, 100,
and 100 ppm.
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3.2.6. Additional physical and chemical properties of synthesized silver nanoparticles

In a point of view of an improvement of the technology readiness level (TRL) of these materials,
which could be represented by the implementation in a device or a large-scale application of the
products, some secondary importance physical properties of the colloidal suspension were

studied, which are usually ignored at laboratory scale research.

Density — The density of the synthesized colloidal suspension was determined by weighting a
known volume. In general, it was possible to state with good approximation that the density of
the sample prepared is close to water density 0.998 g-mL™! at 20 °C.!”® The concentrated sol (=
0.5 %wt in Ag) measured density at = 20 °C resulted to be 1.014 g'mL' for AgHEC 5.5 2.8,
1.020 gmL! for AgHEC 6.4 1.4, and 0.990 g'mL! for AgCur. A similar situation is observed
for the samples diluted 1:100 in volume. In this case the density is even closer to the one of the
Milli-Q water which resulted to be experimentally 1.000 g-mL. It resulted to be 1.006 g'mL"!
for AgHEC 5.5 2.8, 1.008 g'mL"! for AgHEC 2.8 1.4, 1.008 gmL"! for AgHEC 2.8 2.8,
1.006 gmL™" for AgCur, and 1.012 g'mL™"! for AgCur_Cas. It has been established that the
difference in samples density with respect to water density can be considered negligible.
Therefore, it has been approximated to 1.000 grmL™ in the calculation for dilutions,

characterizations and tests carried out.

Surface tension — The surface tension of AgGHEC 5.5 2.8 sample at different concentrations
was studied thanks to a DSA30S (Kriiss) optical tensiometer using the pendant drop method.
The average parameters of the measurements are here reported: temperature 27.2 °C, drop
volume 25 uL, B factor 0.6, and average area 43 mm?. The results reported in Table 34 show a

concentration dependent behavior, the surface tension increases with the dilution of the sample.

Table 34— Surface tension measurements of AGHEC 5.5 2.8 at different silver concentrations.

Sample Concentration (% wt) Surface tension (mN-m™)
AgHEC 55 2.8 0.5 63.8+£0.3
AgHEC 5.5 2.8 0.125 62.9+0.3
AgHEC 5.5 2.8 0.1 653+£0.2
AgHEC 5.5 2.8 0.01 66.8 £0.3
AgHEC 5.5 2.8 0.005 66 £ 1
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AgHEC_5.5 2.8 has alower surface tension respect to water, 72.8 mN-m™! at 20°C.!” The higher
the dilution is, the closer the surface tension of AgGHEC 5.5 2.8 is to the one of water. The
synthesis influences several parameters that can interfere with this property, the pH, the presence
of dissolved ions, and dispersed nanoparticles, together with the quaternized hydroxyethyl

cellulose biopolymer. This slight variation can affect wetting and capillarity.

Viscosity — AgHEC 5.5 2.8 and AgHEC 6.4 1.4 were selected for a viscosity study.
Quaternized hydroxyethyl cellulose based nanoparticles demonstrated a relevant increase in
viscosity during the synthesis, in particular composition with higher biopolymer content showed
the highest viscosity, as for example AgHEC 6.4 1.4. On the other hand, AgCur and AgSur
nanoparticles presented lower viscosity, closer to the one of water, so they weren’t considered
for this analysis. Freshly synthesized AgHEC 5.5 2.8 and AgHEC 6.4 1.4 viscosity temporal
evolution was monitored with a rotational rheometer C-VOR 120 (Bohlin Instruments), working
at 25 °C and with a shear rate of 0.1 s™'. The monitoring started before the 48 hours aging included
in the synthesis process, from 0 to 8 hours the viscosity was measured every 1.5 hours, then for
the first 3 days it was measured once per day. Finally, the last points were measured after a long

term storing in dark conditions at 4 °C, up to 22 months. Results are reported in Figure 64.
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Figure 64— Viscosity of the samples AGHEC 5.5 2.8 and AgHEC 6.4_1.4 at a silver concentration of 5000 mg-L™. Time evolution
of the viscosity afier the synthesis: a) 0-8 hours; b) 0-72 hours; c) 0-22 months.

It was possible to observe a viscosity decreasing trend overtime. AgHEC 6.4 1.4, the
composition with higher amount of capping agent (HEC), showed higher viscosity and a slower
reduction. Immediately after the synthesis, AGHEC 5.5 2.8 has a viscosity of 997 Pa-s, that
decreases to 97 Pa-s after 8 hours, it reaches 1 Pa‘s after 3 days, no relevant variations are
observed after one week, and finally decreases to 0.2 Pa-s after 22 months. AgHEC 6.4 1.4
starts from 1986 Pas, it drops to 968 Pa-s within 8 hours, to 79 Pa-s after 3 days, and finally to
2 Pa-s after 2 months. Even after the aging period the sample’s viscosity was several order of

magnitude higher respects to the viscosity of water which is 8.9-10 Pa-s at 25 °C and 1 atm.!*°
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The viscosity of the samples diluted 1:100 in weight was also measured. This information may
be interesting for the physicochemical characterization assessed on the diluted suspension and
also for the application of these material which occurs in a diluted form and not with the
concentrated suspension. The viscosity of 1:100 diluted AgHEC 5.5 2.8 is 1.82-107 Pa‘s and
1.93:10 Pa's for AgHEC 6.4 1.4. Even at this dilution it is about the double of water’s
viscosity.

The strong increase in viscosity obtained during the synthesis of hydroxyethyl cellulose capped
silver nanoparticles may have some implications in the synthesis itself. Immediately after the
addition of the last reagent, namely the sodium hydroxide solution, the sample turn from whitish
to dark brown and the viscosity increase enormously. The high viscosity can influence the kinetic
of the process slowing the diffusion of silver cation, in fact 48 hours aging are required for
reaction completeness. Also, higher viscosity composition such as AgHE 6.4 1.4 may favors
the development of smaller sized nanoparticles acting on the nucleation-growth rates
equilibrium. Furthermore, in a more applicative way of thinking, the viscosity may influence the
thickness of an eventual coating to be deposited, the production of a spray through a nozzle, and
other experimental parameters. So, it is important to consider this property of the material and

also to evaluate possible dilution factor to reach the requirements for the desire application.
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3.3. Conclusions

In this chapter were described the synthesis of antimicrobial silver nanoparticles performed by
implementing the Safe and Sustainable by Design guidelines to produce effective materials
minimizing the impact on human and environmental health. Three different capping agents were
used, obtaining three main classes of silver nanoparticles:

- Quaternized hydroxyethyl cellulose is a biopolymer obtained by addition of positively

charged quaternary ammonium functionalities on the main hydroxyethyl cellulose chain.
It is a bioderived molecule with intrinsic antimicrobial properties, that grants both
electrostatic and steric stabilization to the colloidal nanoparticles.

- Curcumin it is a natural derived organic molecule extracted from Curcuma longa that
possesses several intrinsic beneficial properties, like antimicrobial activity and
therapeutic effects. It is a negatively charged molecule that can be used as a capping agent
for negatively charged silver nanoparticles.

- Sodium surfactin is a biosurfactant produced by bacterial metabolism, it possesses the

typical properties of surfactant, and the micellar structures generated by its dispersion in
water can be used as microreactors. The structure is a cyclic lipopeptide, it is negatively
charged and possesses sodium as a counterion. The surfactant activity can enhance the
antimicrobial activity of silver nanoparticles helping the pathogens’ membrane lysis.
For each class a design of experiment was developed considering the main variables impacting
the physicochemical and functional properties of the final product. A full set of variants was
produced and characterized finding correlations between composition, physicochemical
properties, and antimicrobial activity.
HEC capped AgNPs possess positive zeta potential, while Cur- and Sur-capped AgNPs are
characterized by negative zeta potential. This allows to study of different interaction with cells
and pathogens, also confers different stability and durability of the product. TEM images
revealed spheroidal nanoparticles with average size comprised in the range 12-18 nm for AGHEC
and AgCur variants, while smaller sized distribution was obtained for AgSur where the average
diameter is 1-2 nm, for AgSur it was also observed a larger population constituted by aggregates
of size 29-45 nm. Smaller particles exhibit higher activities thanks to the higher surface/volume
ratio, this is helpful as antimicrobial agent as well as in catalysis or other applications. Sodium
surfactin capped AgNPs have a smaller size, but XRD measurements revealed a non-quantitative
selectivity towards metallic silver phase, in fact silver carbonate phases were identified as

undesired byproducts. So, even if the exploitation of sodium surfactin micelles as template agent
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for the synthesis of AgNPs may be a promising solution for the production ultra-small particles,
the reaction condition should be further optimized to increase the selectivity of the process. On
the other side, excellent results were obtained using hydroxyethyl cellulose and curcumin.
Once the full set of variants was produced and characterized at colloidal level (UV-Vis
absorption, hydrodynamic diameter, PDI, zeta potential, Ag concentration and conversion by
ICP-OES, TEM, and XRD), a reduced roster of sample was selected for the antimicrobial study.
The selection was based on the most promising physicochemical properties and stability of the
colloidal suspensions. For HEC, AgHEC 6.4 1.4 and AgHEC 5.5 2.8 demonstrated smaller
sized TEM average diameter, as well as quantitative conversion of silver precursor, they
displayed long-term stability and shelf-life. For Cur, AgCur and AgCur_ Cas resulted to be the
most stable and reproducible samples, with comparable TEM size with HEC capped AgNPs.
Finally, for Sur, AgSur 04 and AgSur 05 were the most stable suspensions with smaller
hydrodynamic diameter, so they were chosen for the antimicrobial tests.

The antimicrobial tests were divided in:

- Antibacterial tests, E. coli was studied as representative of Gram-negative bacteria and

S. aureus for Gram-positive.

- Antiviral tests, SARS-CoV-2 was used as model for enveloped viruses and BK

polyomavirus for the non-enveloped.

From the antibacterial tests AGHEC 6.4 1.4, AgCur and AgSur 04 emerged as the most active
variants against both Gram-negative and Gram-positive bacteria. S. aureus demonstrated higher
susceptibility towards AGHEC 6.4 1.4 and AgCur, while E. coli toward AgSur 04. In this case,
the different coating and composition reflected into a different antibacterial activity. The samples
showed concentration dependent behavior reaching excellent activity (up to 2-5 log bacterial
reduction) at 10 mg-L!.

Antiviral tests highlighted an important information related to the possible antiviral mechanism
of action of AgNPs. In fact, all the tested samples showed good activity against SARS-CoV-2
but no activity was registered against BK polyomavirus. This led to the assumption that these
AgNPs interact with the viral envelope to display their antiviral activity. It was not possible to
test AgSur samples due to their high cytotoxicity. HEC and Cur based composition showed
promising antiviral activity with a concentration dependent behavior, reaching 1Cso values
comparable to chloroquine a commercial drug (AgHEC 5.5 2.8 ICso=12.4, AgCur ICs0 = 66.3,
and chloroquine ICso = 3.6). AgHEC demonstrated higher activity at low concentration respect
to AgCur, but the minimal cytotoxic effects of AgCur allows a wider concentration range for a

safe and effective use (AgHEC 5.5 2.8 CCso = 275.5, AgCur CCso = 629.7, and chloroquine
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CCso =30.5), represented by greater selectivity indexes respect to chloroquine (AgHEC 5.5 2.8
SI=22.2, AgCur SI = 10.4, and chloroquine SI = 8.5).

Summarizing it is possible to say that three different capping agents were exploited for the
development of Safe and Sustainable by Design synthesis of antimicrobial silver nanoparticles.
Each capping agents leaded to specific physicochemical and functional properties that may be
useful in different application fields. For example, negatively charge curcumin capped silver
nanoparticles may be implemented in antimicrobial agents for direct human contact because of
the negligible cytotoxicity, while other variants such as sodium surfactin capped silver
nanoparticles may find application for the preparation of antimicrobial surfaces or materials that
does not imply human exposure, finally quaternized hydroxyethyl cellulose capped silver
nanoparticles have an external positively charged biopolymeric layer that may favor interaction

with different substrates and exhibit different interaction with the biological environment.
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3.4. Experimental section

Hereafter are reported the experimental procedures for the synthesis of the studied silver
nanoparticles. Specifically, hydroxyethyl cellulose capped silver nanoparticles, curcumin capped
silver nanoparticles and sodium surfactin capped silver nanoparticles.

Syntheses are followed by the main techniques, instrumentations, and parameters adopted for
the physicochemical characterization of the colloidal suspension obtained.

Finally, are reported the antimicrobial, both antibacterial and antiviral, tests used for the

evaluation of the activity of the samples.
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3.4.1. Synthesis of hydroxyethyl cellulose capped silver nanoparticles

The AgNPs synthesis starts from silver nitrate (CAS Number 7761-88-8) from Sigma-Aldrich
(Product Number 209139, purity > 99.0 %) as silver precursor. First, quaternized hydroxyethyl
cellulose (CAS Number 68610-92-4, SoftCAT Polymer SL-30 from The Dow Chemical
Company) is dispersed in Milli-Q water (electrical resistivity > 18.2 MQ-cm at 25 °C and a total
organic carbon, TOC, value below 5 ppb) by mechanical stirring, 300 rpm, at room temperature
(25 °C). Subsequently, 0.2 M AgNOs3 solution is mixed to the polymer suspension by mechanical
stirring, 300 rpm. Finally, to activate the reduction reaction of silver ions to metallic silver, | M
NaOH solution is added to the batch mechanically stirred, 300 rpm. Sodium hydroxide (CAS
Number 1310-73-2) anhydrous pellets purchased from Sigma-Aldrich (Product Number S5881,
purity > 98 %) was used as basic initiator of the reaction. Immediately after the NaOH addition
the suspension color change from off-white to brown and the viscosity increases noticeably, the
stirring speed is increased to 500 rpm for 5 minutes. After that, the product is aged by storing it
in dark conditions at room temperature for 48 hours promoting the total silver conversion and
the gel reorganization into a lower viscosity highly concentrated suspension (5000 mg-L™!). The
synthesis is finished and the product can be stored at 4 °C in dark conditions up to 1 year.

A typical synthesis of HEC coated AgNPs (AgHEC) is conducted at room temperature
processing 500 mL of sample to obtain a theoretical final concentration of silver of 0.5 %wt.
With this purpose, 24.51 g of HEC are dispersed in 305 mL of Milli-Q water, first 125 mL of
0.2 M AgNOs, and then 70 mL of 1 M NaOH are added to the suspension.
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3.4.2. Synthesis of curcumin capped silver nanoparticles

AgCur syntheses were executed using silver nitrate (CAS Number 7761-88-8) from Sigma-
Aldrich (Product Number 209139, purity > 99.0 %) as silver precursor, sodium hydroxide (CAS
Number 1310-73-2) from Sigma-Aldrich (Product Number S5881, purity > 98 %) as basic
initiator of the reaction, and curcumin (CAS Number 458-37-7) from Sigma-Aldrich (Product
Number C1386, purity > 65 %) as reducing and capping agent. The synthesis is performed at 70
°C thanks to microwave heating (Microsynth Plus, Milestone) with reflux.!®!

A typical synthesis of AgCur involves a volume of 170 mL with a theoretical silver concentration
of 0.5 %wt. 0.5511 g of curcumin are dissolved in 150 mL of 0.089 M NaOH solution. Within
the microwave oven, the reaction mix, kept under magnetic stirring, is heated up to 70 °C with a
heating ramp of 5 minutes and a maximum power of 300 W. Once the set point temperature is
reached, 20 mL of 0.44 M AgNOs are added and the reaction mix is stirred at 70 °C for 2 minutes
with a maximum power of 150 W. The reaction is quenched in an ice bath and the product can
be stored at 4 °C in dark conditions for up to 6 months.

Further investigations have been carried out, hydroalcoholic mixture in different water-ethanol
(ethanol CAS Number 64-17-5 from Sigma Aldrich Product Number 32221-M, purity > 99.8 %)
ratios were used as reaction environment to favor the difficult solubilization of curcumin in
water, and additional capping agent were tested such as polyvinylpyrrolidone (CAS Number
9003-39-8 from Sigma-Aldrich Product Number 234257, average molecular weight = 29000) or
casein hydrolysate (CAS Number 91079-40-2 from Sigma-Aldrich Product Number 22090), in
particular casein micelles can form fluorescent complex with curcumin which could be useful to

track the NPs during the application and characterization.
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3.4.3. Synthesis of sodium surfactin capped silver nanoparticles

The synthesis of sodium surfactin capped silver nanoparticles (AgSur) was carried out using
(CAS Number 7761-88-8) from Sigma-Aldrich (Product Number 209139, purity > 99.0 %) as
silver precursor, sodium hydroxide (CAS Number 1310-73-2) from Sigma-Aldrich (Product
Number S5881, purity > 98 %) as basic initiator of the reaction, and sodium surfactin was
provided by Ambrosial.ab, a research spinoff of the University of Ferrara, (white to off-white
powder, purity > 99.0 %) as capping agent. The syntheses were performed at room temperature,
under magnetic stirring, and using Milli-Q water as reaction environment.

A typical synthesis of AgSur involves a volume of 30 mL with a theoretical silver concentration
of 0.5 %wt. 0.6 g of sodium surfactin are dispersed in 25.95 mL of Milli-Q water under magnetic
stirring (300 rpm). Subsequently 1.05 mL of 1 M NaOH are added. Finally, 3 mL of 0.5 M
AgNO:s solution are added to the reaction mixture, the suspension immediately changes color
from transparent to brown, revealing the formation of AgNPs. The batch is stirred for 10 minutes,
then the reaction is finished and the product can be stored in dark conditions at 4 °C for up to 3

months.
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3.4.4. Physicochemical characterization of silver nanoparticles
The most important colloidal parameter monitored for the samples synthesized are:
hydrodynamic diameter, zeta potential, pH, UV-Vis adsorption, silver total and ionic form

concentrations, crystalline structure and size by XRD, and particle size by TEM.

Hydrodynamic diameter — The measurement of the hydrodynamic diameter was performed by
through dynamic light scattering (DLS) technique. DLS is based on the scattering of a
monochromatic and coherent light source, laser, that invest a colloidal suspension. It is a non-
destructive and non-invasive technique based on the assumption that the speed of each particle
subject to random Brownian motion is correlated to their dimensions. Smaller particles move
faster and bigger particles are slower. The instrument considers the diameter of the whole kinetic
unit in motion, including the particles, eventual species adsorbed on the surface such as
stabilizing agents, and the surrounding coordination sphere. The electrical double layer
surrounding the particles is susceptible to the ionic strength of the media, a high conductivity
induces a shrinkage of the double layer which reflects to a smaller hydrodynamic diameter and
vice versa.

The theoretical fundaments of the technique are temporal correlation functions, where the
correlation decays over time due to the particles motion. The correlation decrease exponentially
until there is no correlation at all between the starting and final state. As said, smaller particles
move faster and the correlation decays faster, vice versa for larger particles. Since the instrument
analyze the diffusion of the particles, it is possible to calculate the hydrodynamic diameter (¢n)
from the Stokes-Einstein equation, Equation 3, using the translational diffusion coefficient (D)

measured, knowing the Boltzmann’s constant (k), temperature (T), and the viscosity (1)).!%?

k-T

= m Equation 3

®n

The used instrument was the Zetasizer Nano ZSP (Malvern Panalytical) equipped with MPT-2
multipurpose titrator and vacuum degasser accessories. The instrument operates with an incident
laser characterized by a wavelength of 633 nm and it detects the back-scattered radiation at a
working angle of 173 °, in this way multiple scattering problems are avoided or limited. The
range of detection moves from 0.4 nm to 10 pm. Analysis were conducted at 25 °C, in aqueous
media, water viscosity 0.8872 cP, and refractive index 1.330. The parameter adopted for silver

nanoparticles are: refractive index 1.520 and absorption coefficient 0.1.
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The typical sample was diluted 1:100 by weight in Milli-Q water, starting from the reaction
product which is a concentrated suspension of silver nanoparticles =~ 0.5 %wt in silver that
correspond to = 5000 mg-L"!, obtaining a final concentration in silver of = 50 mg-L™".

Hydrodynamic diameter average value and distribution profile were assessed, together with the
polydispersity index (PDI). PDI ranges from 0-1 values where 0 corresponds to a perfectly
uniform and monodispersed sample and 1 to a highly polydisperse sample. General

polydispersity ranges are reported in the Table 35.'%

Table 35— Pobydispersity index range correspondence with the pob/dispersity classification.

Polydispersity index range Polydispersity classification
<0.2 Monodisperse
0.2-0.6 Moderate polydispersity
>0.6 High polydispersity

Zeta potential — The zeta potential is the electrical potential measured at the slipping plane of
the electrical double layer surrounding particles in colloidal suspensions. It represents the
electrical potential at the interface between the ions and molecules attached to the surface and
the mobile fluid. Zeta potential is an important indicator of the colloidal stability, the higher is
its absolute value the stronger is the electrostatic repulsion between particles leading to a better
stability. In the following Table 36 are reported the typical stability labels associated with the

zeta potential values.'3*

Table 36 — Zeta potential ranges correspondence to the electrostatic stabilization of the colloidal suspension.

Zeta potential range (mV) Stability behavior
Oto+5 Rapid coagulation or flocculation
+ 10 to + 30 Incipient stability
+ 30 to £ 40 Moderate stability
+40 to + 60 Good stability
>+ 60 Excellent stability

Zeta potential is measured via electrophoretic light scattering (ELS), the working principles are
the same as for the dynamic light scattering, but in this case particles motion is due to the
application of an electric field instead of being the random Brownian motion. Electrophoretic

mobility (Ue) is monitored similarly to the diffusion coefficient for DLS, then, thanks to the
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Henry equation, reported as Equation 4, it is correlated to the zeta potential (Z), the dielectric

constant (g), the viscosity (1), and the Henry function (fka]).'%3

Ue = Lf[ka] Equation 4

3
The used instrument was the Zetasizer Nano ZSP (Malvern Panalytical) equipped with MPT-2
multipurpose titrator and vacuum degasser accessories. The instrument operates with an incident
laser characterized by a wavelength of 633 nm and it detects the back-scattered radiation at a
working angle of 173 °, in this way multiple scattering problems are avoided or limited. Analysis
were conducted at 25 °C, in aqueous media, water viscosity 0.8872 cP, refractive index 1.330,
and dielectric constant 78.5. The parameter adopted for silver nanoparticles are: refractive index
1.520 and absorption coefficient 0.1. For flka] Smoluchowski model was adopted.
The typical sample was diluted 1:100 by weight in Milli-Q water, starting from the reaction
product which is a concentrated suspension of silver nanoparticles =~ 0.5 %wt in silver that
correspond to = 5000 mg-L"!, obtaining a final concentration in silver of = 50 mg-L"!. Thanks to
the automatic titrator it was possible to perform zeta potential titration as pH function, to assess
the stability of colloidal samples at different pH and to identify the isoelectric point (IEP) which
is the pH value that correspond to zeta potential 0.00 mV and the maximum of instability of the
system. Titration required about 10 mL of sample diluted =~ 50 mg-L"!' and were performed using
0.1 M and 0.01 M HCI for acidic titrations or 0.1 M and 0.01 M NaOH for basic titrations. The
pH was constantly monitored with the instrument’s pH-meter MV 114-SC SEN 0106.

UV-Vis spectroscopy — To analyze the typical absorption peak of silver nanoparticles in the
visible region around 400 nm, a Lambda 750 spectrophotometer (PerkinElmer) was used. Silver
nanoparticles absorb in visible due to surface plasmon resonance (SPR) phenomenon, variation
in size and morphology may influence the shape and maximum of the absorption peak.

UV-Vis spectroscopy was used after syntheses to verify whether silver nanoparticles were
obtained or not. To avoid detector saturation, reaction products = 0.5 %wt in silver were diluted
from 1:100 to 1:800 by weight in Milli-Q water. Absorbance measures were conducted in a

wavelength range explored of 250-800 nm, with a measuring step of 1 nm.

Nanoparticle and ionic silver fractions quantification by ICP-OES — Inductively coupled

plasma — optical emission spectroscopy (ICP-OES) was used for the quantification of the
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concentration of silver in the post-reaction products. The instrument, Agilent 5100 ICP-OES
with mounted the autosampler Agilent SPS 3 (Agilent Technologies), uses argon plasma
powered by a 27 MHz radio frequency generator, reaching temperature up to 6000-10000 °C.
Working at high temperature, elements present in the samples have enough energy to reach
exited states, when electrons drop back to the ground state a specific wavelength energy emission
occurs. Each element has its own characteristic spectrum collected by as spectrometer in the
range 170-800 nm, in the case of silver the wavelength analyzed are: 224.641, 241.318, 328.068,
and 338.289 nm. The last two wavelength reported, 328 and 338 nm, are the strongest signal for
silver and are the most reliable since they are easier to be recognized from the background or
interferences. To assess a quantitative analysis, a calibration curve is required, a typical
calibration curve for silver is prepared starting from the certified reference material ICP standard
1000 mg-L!' Ag in 2 %wt HNO3 (CPAchem) and diluted to 100, 10, 1, and 0.1 mg-L™. The
internal calibration verification (ICV) is prepared at the same concentration as the samples to be
analyzed, usually 5 mg-L!, starting from the certified reference material multielement standard
solution 5 for ICP (Sigma-Aldrich) 10 mg-L! Agin 10 %wt HNO3 matrix. Blank, not containing
the analyte, ICV, and the calibration curve are prepared using the same matrix as the sample and
the same digestion protocol. For the silver quantification, samples were diluted 1:1000 by weight
reaching a concentration of about 5 mg-L"!, then they were acidic digested adding a 10 %v/v of
> 65 %wt HNOs3 (Sigma-Aldrich) and a 10 %v/v of 30 %wt H,O- (Sigma-Aldrich), for example
to a 10 mL volume of sample were added 1 mL of HNO3 and 1 mL of H>0O;. Sodium surfactin
capped silver nanoparticles (AgSur) require a specific digestion protocol, a microwave-assisted
acidic digestion was used of these samples. 0.5 mL of sample were treated with 2 mL of > 65
%wt HNOs3 (Sigma-Aldrich) and a 1 mL of 30 %wt H>O; (Sigma-Aldrich) and then placed in
the microwave digestion platform Multiwave 5000 (Anton Paar) to undergo the following
temperature profile, also reported in the graph in Figure 65: starting from room temperature it
takes 5 minutes to reach 120 °C, samples stays at 120 °C for 2 minutes, then during a 10 minutes
ramp they reach 210 °C, finally there is an isotherm segment at 210 °C for 15 minutes, after that

the samples are cooled at room temperature.
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Figure 65 — Microwave thermal profile of the microwave-assisted acidic digestion of sodium surfactin-capped nanoparticles as

pretreatment of the ICP-OES analysis.

Total silver concentration was assessed on the samples diluted 1:1000 by weight. The silver ionic
fraction was determined removing AgNPs by filtration. Samples diluted 1:100 by weight were
filtered by Amicon Ultra-15 centrifugal filter (Millipore) with a filtering membrane of
regenerated cellulose and a 10 kDa molecular weight cut-off (MWCO) also labeled as nominal
molecular weight limit (NMWL). The filtration is performed via centrifugation 4500 rpm, 45
minutes, and 20 °C using a Centrisart G-16C (Sartorius). AgNPs are retained by the filtering
membrane, while the aqueous media and dissolved silver ions pass through, filtered aliquot were

digested as previously described before being analyzed by ICP-OES.

Crystalline structure and size by XRD spectroscopy — The instrument used for the determination
of the x-ray diffraction (XRD) pattern of the nanoparticles synthesized is the D8 ADVANCE
(Bruker) operating in 20 mode and using a copper target (Cu Ka, A =0.15406 nm). The selected
working conditions are 10-80 ° 20 range, acquiring the signal every 0.02 ° step, and acquisition
time of 0.5 seconds. The phase recognition qualitative analysis is based on the Bragg’s law,
which is reported in Equation 5, it correlates the distance d between successive lattice planes of
the sample, the wavelength of the incident radiation A comparable to atomic spacings in the
lattice, the glancing angle 6 where the reflection is possible, and the diffraction order n which is
a positive natural number. The diffraction pattern is the result of the collection of the intensity

of the scattered radiation as function of the scattered angle.'8¢

n-A=2-d-sinf Equation 5

118



Chapter 3 — Design of safe and sustainable synthesis of antimicrobial silver nanoparticles

The estimation of the crystallite size from the XRD spectrum was performed applying Scherrer’s
equation, reported as Equation 6. In Scherrer’s equation, 1 is the average size of the crystallite
which may be smaller or equal to the particle size, K is a shape factor, usually it assumes value
of about 0.9 for spheroidal particles, A is the wavelength of the incident x-rays, B represent the

full width at half maximum (FWHM) of the analyzed peak, and 0 is the Bragg angle.'®’

_ K-2
T_B-cose

Equation 6

To analyze the colloidal suspensions, a thin and homogeneous layer of silver nanoparticles was
deposited by drop-casting on a glass substrate. Depending on the viscosity of the sample,
concentrated = 5000 mg-L™! or diluted = 500 mg-L"! suspension were deposited. Droplets were
dried in oven at 70 °C, if the coating was not thick or homogenous enough, the drop-casting

process was repeated 2-5 times.

Particle size by TEM — Morphological evaluation and particle size determination were assessed
by transmission electron microscopy (TEM) using a Tecnai F20 (FEI) microscope operating at
200 keV. The instrument is equipped with an energy dispersive x-ray spectroscopy (EDX) micro-
analysis and the scanning transmission electron microscopy (STEM) accessories. The TEM
images were taken in phase contrast mode, high-resolution transmission electron microscopy
(HRTEM), and selected area electron diffraction (SAED). STEM pictures were recorded using
a high angle annular dark field (HAADF) detector.

The sample preparation involves a solution dilution 1:100 in volume in Milli-Q water and
sonication for 10 minutes, then the sample is deposited on a holey carbon film supported copper

grid. The preparation was then dried at 80 °C.
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3.4.5. Functional characterization of silver nanoparticles

Antibacterial tests in sol phase — Sol phase antibacterial tests were carried out by the certified

laboratory Chimicambiente (Vicenza, Italy) in compliance with UNI EN 1040:2005 standardized
method “Quantitative suspension test for the evaluation of basic bactericidal activity of chemical
disinfectants and antiseptics” against Escherichia coli (ATCC 10536) and Staphylococcus
aureus (ATCC 6538). Incubation temperature 37 °C, test temperature 20 + 1 °C, and contact
time 24 hours. For these samples, 4 dilutions were considered in the concentration range 10-0.05
mg-L!. The most effective samples were explored at 50 mg-L™! as well. Each result is the average
of three independent measurements. Blanks solutions were considered as comparison. Results

were expressed as logarithmic bacterial viability reduction.
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Antiviral tests in sol phase — The antiviral tests on silver nanoparticles and their blanks were

performed by the Universita degli Studi di Milano La Statale.

SARS-CoV-2 was isolated from 500 pul of a COVIDI19 patient’s nasal-pharyngeal swab, added
to Vero E6 cells at 80% confluence. The inoculum was removed after a 3 hours incubation at 37
°C with 5% CO; and the cells were incubated at 37 °C, 5% CO., for 72 hours, when cytopathic
effects (CPE) were evident. The quantification of viral replication numbers in the cell
supernatant was evaluated via SARS-CoV-2 specific quantitative real-time polymerase chain
reaction RT-qPCR.!% The SARS-CoV-2 titer was determined by plaque assay, using dilution
factors ranging from 10! to 10°. The sequencing of the complete genome was performed and
submitted to Gen Bank. The virus was used at a multiplicity of infection (MOI) of 0.05 in

subsequent experiments.

Vero E6 cells SARS-CoV-2 infection — Vero E6 cells were seeded into 96-well plates at a density
of 1.3-:10* cells-well! and were incubated for 24 hours at 37 °C and 5% CO,. Cells were then
infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.05 (1000 PFU-well!) and
incubated for 2 hours at 37 °C and 5% CO,. Virus inoculum was removed and infected the cells

were incubated in a medium for 48 hours at 37 °C and 5% CO:x.

Vero E6 cells BK polyomavirus infection — The cells were infected using 10® virions
corresponding to 4-10° virus DNA copies'mL! (calculated by means of RT-PCR) of BK
polyomavirus archetype (WW) strain stock, purchased at ATCC® (VR-837). The day before the
infection, 1.3-10* cells were plated in a six well plate. On day 0, the cells (which reached 70%
confluence) were washed twice with Dulbecco’s phosphate-buffered saline w/o calcium and
magnesium (DPBS; Euroclone, Italy). Then the virus stock, diluted with specific serum-free
culture medium, was added to the flask. The cells were held at 37 °C for 90 minutes. Then, the
inoculum was removed, the cells were washed with DPBS to eliminate the unbound virus, and

the complete medium was added and the infection lasted 72 hours, at 37 °C and 5% COa.

Vero E6 cells infected by virus previously treated by AgNPs — To verify the mechanism of
antiviral activity of the compounds: The virus, at a MOI of 0.05, was incubated for 1 h in
presence of different concentrations of AgNPs suspensions, and then added to the cell monolayer
for 2 hours at 37 °C and 5% COa». After the removal of the virus inoculum, a complete medium
was added to the cells, that were incubated for 48 hours at 37 °C and 5% CO,. The test was

performed in triplicate.
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Evaluation of the antiviral and virucidal activity of AgNPs suspensions — The quantification
of the viral copy numbers in the cell supernatant was evaluated via specific quantitative real-
time polymerase chain reaction RT-qPCR, targeting the N1 SARS-CoV-2 gene, or the VP1 BK
polyomavirus gene after the isolation of RNA for SARS-CoV-2 or DNA for BK polyomavirus
from the cell supernatants.'®® Results were expressed as the percentage of viral replication,
compared to the infected untreated cells (100%). The virucidal activity of AgNPs suspensions
was evaluated by Plaque Reduction Assay. Vero E6 cells were seeded in six-well plates (400.000
cells-well™!) for 24 hours at 37°C. Viral particles were treated with different concentration of
AgNPs for 1h, and then added to the wells for 2 hours at 37°C. After removal of virus inoculum,
the cells were overlaid with 0.3% agarose dissolved in cell medium at 37°C for 48 hours. Cells
were fixed with 4% formaldehyde solution, and following the overlay medium removal, were
stained with methylene blue to visualize plaques in the confluent cell monolayer. The plaques
were counted and the results were reported as PFU-mL"! and as percentage of virus replication,

compared to untreated infected cells.

Evaluation of cytotoxic concentration (CCsy), inhibition concentration (ICsq) and selectivity
index (S1) of selected AgNPs — For the cytotoxicity assay, cells were seeded into 96-well plates
at concentration of 1-10* cells-well'. After 24 hours of incubation, the cells were treated with
serial 2-fold dilutions of AgNPs suspensions in duplicate. After incubation for 48 hours at 37 °C
and 5% CO», cell viability was measured by MTT assay. The percentage of viable cells was
calculated using untreated cells as control (100% viability) using the formula reported in

Equation 7.1%

(Sample absorbance — Cell free sample blank)

100  Equation 7
Mean media control absorbance quation

The morphological changes of Vero E6 cells were also observed by light microscopy. The 50%
cytotoxic concentration (CCso) causing 50% reduction of Vero E6 cells viability with respect to
untreated control cells was determined using Gene5 software. The 50% antiviral activity (ICso)
causing 50% reduction of SARS-CoV-2 replication with respect to untreated control infected
cells was determined using Gene5 software. The Selectivity Index was calculated as CCso-ICso!

ratio.
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4.1. Antimicrobial nano-enabled products implementing silver nanoparticles
The recent outbreak of the SARS-CoV-2 pandemic has attracted the attention of the academic
and scientific world. In fact, the latest years an important increase in the number of studies in the
field of fighting and prevention of pathogens infection has been registered.!8!°%1°! Several
strategies have been proposed over the years to address this issue, among various antibacterial
and antiviral strategies, nanotechnology demonstrated to have the capability to be an important
pillar in this research field.'”? Several emerging nanoparticles have been reported to exhibit
excellent efficacy against bacteria and viruses. In particular, silver nanoparticles are the most
studied for this application.!>"-!3

The main obstacle impeding the large-scale implementation of silver nanoparticles and
nanomaterials in general as antimicrobial remedy is the difficult safety and sustainability
assessment of these materials.!”® For this reason, the first phase of this work was focused on the
development of safe and sustainable by design syntheses of silver nanoparticles. The colloidal
suspensions obtained have been widely characterized and tested in terms of antimicrobial

properties. The next step in the life cycle involves the implementation of the developed AgNPs

variants into nano-enabled products exploitable in everyday life.

Safe and Sustainable by Design (SSbD)
synthesis of AgNPs

‘ SanoSIL

4 >
A National Grant
Progetti@CNR
Antimicrobial textiles Antimicrobial paper Antimicrobial polymeric films Antimicrobial freeze-dried
for gowns and facemasks for highly circulating documents for packaging products for nasal spray
=
- L // =

Figure 66 — Implementation of the Safe and Sustainable by Design (SSbD) synthesis of AgNPs into nano-enabled products. The
case studies proposed for the implementation of the antimicrobial AgNPs are: textiles for gowns and facemasks, paper for highly

circulating documents, polymeric films for packaging, and freeze-dried products for nasal spray.
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Nanophases manufacturing raises important questions related to their safety profile, inhalation,
dermal contact, as well as ingestion may all be possible workers exposure routes. Exposures
levels and limit thresholds have to be defined in order to establish the process safety, eventually
studying alternatives to mitigate the risks.!*>!°#1%% In this chapter dip-coating, spray-coating, and
roll-to-roll printing will be investigated as manufacturing processes to implement AgNPs into
antimicrobial nano-enabled products based on textiles and paper substrates. Also, biopolymeric
films and freeze-dried biopolymeric scaffolds will be used as embedding matrixes for the
nanophases. The nano-enabled products presented in this chapter are summarized in the scheme
in Figure 66.

The manufacturing process choices should be a compromise between the final product
performances and the safety profile. The nano-enabled products use phase stage is a key point to
study the human exposure and the environmental nanophases release. To better understand the
transformation of the AgNPs and their fate, dissolution studies and use phase simulation tests
are fundamental to determine the durability of the product as well as the risks for humans and
environment. Toxicity and ecotoxicity evaluations are based on the exposure levels and routes,
so these simulating tests are the base for the risk assessment. In this chapter, different tests were
applied based on the final product application, such as antimicrobial textiles washing cycles and
abrasion or antimicrobial paper washing, dissolution, and crumpling. Another key point in the
life cycle assessment is the end of life, considering the final disposal of the product and the
eventual accumulation of nanophases into the environment and forms of life, as well as the
dissolution of ions or the transformations occurring to the nanomaterial. A scheme of the life

cycle is reported in Figure 67, the highlighted phases will be explored in this chapter.

Raw materials Nanomaterials Nano-enabled products -
extraction manufacture manufacture Use phase End of life

Human exposure

Workers exposure .
P Environmental release

Figure 67 — Scheme of the life cycle stages of nanomaterials implementation into nano-enabled products. Focus on the

manufacturing and use phase stages.
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4.1.1. Antimicrobial textiles

Nanotechnology and nanosafety necessitate improvements in the evaluation of the risk-benefit
profile of nanoproducts and nanoprocesses. A full life cycle assessment is particularly required
for this kind of materials, because every life cycle step can strongly affect the safety and
sustainability of the product. Starting from the nanomaterial synthesis design options it is
possible to control the final product properties, affecting its functionality, durability, and human
and environmental exposure and risks. Synthesis design variables should be carefully selected to
develop the desired properties. The European Commission promoted Safe and Sustainable by
Design approaches within several European funded projects. These frameworks focus on the
design and re-design of nanophases to deliver safer and more sustainable products preserving,
and when it is possible, improving their activity. These projects’ goal is to define general Safe
and Sustainable by Design guidelines and regulations to help future manufacturer in the decision-
making process aimed at the development of new nanoproduct and nanoprocesses. To make
important steps in this direction, it is not only the synthesis step that should be considered, but
also the manufacturing of the nanomaterials into nano-enabled products, the use phase, and the
end of life. The manufacturing step is mostly focused on workers exposure in the working site,
inhalation and dermal exposure routes usually are the most investigated scenarios. At this stage
the design of the manufacturing process should consider the performance of the material as well
as the workers safety and the sustainability in terms of both environmental and economical
sustainability. The use phase is mostly targeted to the consumer exposure and the environmental
release. Minimizing the potential toxicity of the material and the acute toxicity concentration
exposure is the main objective. To reach this goal it is important to control the nano-enabled
product stability, nanomaterials release, and the toxicity profile of the released phases. Finally,
the difficulty in the recycling of these materials contributes to another hot topic regarding nano-
enabled products, their end of life. It is important to study the persistency and the transformations
of the nanomaterials.

The design of new product and processes or the re-design of already existing technologies is one
of the most promising solution in this field. Considering the whole product life cycle since the
very beginning of its design developing the safest and most sustainable variant could be the best
option for the nanomaterial’s world. To shift from iterative to predictive design it is fundamental
the help of informatic tools and artificial intelligence implementation. At the moment, several
European funded projects like ASINA are working in this direction. The implementation of

iterative-predictive hybrid case studies for the design of nanoproducts and nanoprocesses is
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being used for the construction of useful databases. The collected results will be implemented
into informatic platforms to help future nanomaterials designer in their decisions.

The activities here described, focused on the nanomaterials and nano-enabled products
development, are part of the European Project ASINA — Anticipating Safety Issues at the Design
Stage of NAno Product Development — within the European Program H2020-NMBP-TO-IND-
2018-2020, TOPIC: NMBP-15-2019: Safe by design, from science to regulation: metrics and

main sectors (RIA).

ASINA Project — The project has the ambition to promote consistent, applicable and
scientifically sound Safe-by-Design nano-practices, considering all nano-enabled products
design dimensions: functionality, production technologies, safety, environmental sustainability,
cost effectiveness and regulatory requirements, in line with research responsible innovation
policy. The expected impacts of the project are the implementation of Safe-by-design tools at an
early stage of nanomaterial development, improving workplaces quality minimizing risk level,
mitigate the exposure due to the release of NMs from products which should be monitored by
low-cost techniques, increased industrial competitiveness, and impact on human health,
environment, and regulations.*®

The project is structured in two value chains:

- Value chain 1 is focused on antimicrobial and depolluting coatings applied on two main
case studies: photocatalytic filters and illumination systems based on titanium dioxide
nanoparticles coating, and antimicrobial textiles based on silver nanoparticles coating.

- Value chain 2 studies nanostructured capsules delivering active phases in cosmetics, two

products of interest were identified in antiaging skin care cream and antibacterial hand

cream.
X Implementation
Synthesns. of nanophases into Use ph.ase End of life
of nanomaterials simulations
nano-enabled products Landfilling
Eco-friendly synthesis of Dermal contact

Laboratory scale dip-coating Incineration

Water release
Pilot plants sprav-coating

silver nanoparticles

Figure 68 — Scheme of the product life cycle stages studied within the European project ASINA.

This chapter describes the progress done in value chain 1 in the implementation of silver
nanoparticles as coating of antimicrobial textiles. Starting from the synthesis of the nanomaterial,

passing through its implementation into the nano-enabled product and finally studying the use
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phase of the product in terms of performances and silver release to simulate human exposure and
environmental impact. The main life cycle steps studied in the project are described in the

scheme in Figure 68.
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Antimicrobial textiles — The textile industry is one of the main fields that could benefit from the
recent advance in nanotechnology, in fact the global market projection for nano-enabled textiles
is to increase form 4.61 billion dollars in 2021 to 13.83 billion dollars in 2026.'°¢ In fact, textiles
are used for a large variety of applications such as clothes, furniture, bio-medical equipment, and
water filtration '?7:198:199.200201 Antimicrobial property of silver nanoparticles is of the most
appreciated features of functional textiles, especially in the medical field where antimicrobial
medical coats or equipment may play a relevant role, and also in the sportive outfit reducing
bacterial and fungal infection, preventing unpleasant odors, and maybe saving some water and
energy for washing.?%? This makes silver nanoparticles coated textile an excellent case study for
the development of industrial safe and sustainable by design nano-practices. There are several
ways to incorporate AgNPs into textiles, different fabric substrates to implement, and differently
synthesized AgNPs. All of these factors influence the stability of the coating, the silver release
during the lifespan of the product, also various use phase and disposal scenarios should be taken
into consideration for a detailed evaluation of human and environmental exposure.’”> The
exposure scenarios are present at all life cycle phases of the product, including initial synthesis,
manufacturing, usage phase and disposal.?** Life cycle assessment (LCA) methods are required
to determine the potential risks of AgNPs and nano-enabled textiles related to human and
environmental health, and their sustainability.?*

It has been demonstrated that some physicochemical properties of AgNPs play an important role
in the antimicrobial activity of the product, for example the size of the nanoparticle is crucial,
but also the shape, surface charge and chemistry, an eventual coating or capping agent, the
agglomeration degree, and dissolution rate.?®® AgNPs most active fraction is the one with
diameter less than 10 nm.?"” In fact, the surface/volume aspect ratio is one of the main controlling
factor of the dissolution rate of NPs, Ag" ion released can easily interact with bacterial membrane
disrupting the cell wall, and this may be considered one of the main antimicrobial mechanisms
of silver.?% Also the direct contact between bacterial cell and AgNPs may cause the membrane

disruption leading to cellular contents leaks and cell death.?"
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Results and discussion

Synthesis of silver nanoparticles — Considering the importance of the properties of silver
nanoparticles and the role played by the capping agent, the project started studying the synthesis
of the nanomaterial. Quaternized hydroxyethyl cellulose and curcumin were selected as capping
agents for the desired AgNPs. The synthesis, physicochemical characterization, and functional
tests of these materials are described in Chapter 3. The design of experiment built for both
AgHEC and AgCur, resulted in a composition optimization process that led to the selection of
AgHEC 5.5 2.8 and AgHEC 6.4 1.4 variants for hydroxyethyl cellulose, and AgCur for
curcumin capped nanoparticles. AGHEC 5.5 2.8 and AgCur are what were defined the standard
composition respectively for the two capping agent, AgQHEC 5.5 2.8 may be considered a
starting and reference point for all the consideration, AGHEC 6.4 1.4 is the composition that
exhibited the highest antimicrobial activity, while AgCur is an alternative composition that show
very different properties: extremely low cytotoxicity, negative surface charge (opposite respect
the positively charged HEC based variants), and smaller hydrodynamic diameter. The set of
AgNPs variants of interest is defined as AgHEC 5.5 2.8, AgHEC 6.4 1.4, and AgCur, the
syntheses produce about 5000 mg-L! silver concentrated suspension, that where properly diluted
for the coating application at about 1000 mg-L' and 500 mg-L"!. These three solutions were

implemented in the production of antimicrobial textiles.

Implementation of AgNPs into nano-enabled products — The substrate of interest is medical
grade polyester fabric, which could represent a real application of the nano-enabled product in
the medical field. The production process passed through laboratory scale test exploiting dip-
coating technique for the coating deposition, subsequently it was up-scaled to pilot-plants
facilities where spray-coating was the best solution for to increase the productivity. The silver
load deposited on the samples was assessed by ICP-OES analysis, the antibacterial activity of
the nano-enabled products was tested, and simulation of the use phase were performed thanks to
specific test to reproduce the silver release and the human exposure, after these aging tests the
durability of the coating was monitored evaluating once again the Ag content and the
antibacterial activity. In order to assess a complete comparison of the different solution tested
identifying benefits and problematics related to the 3 AgNPs variants, dip-coating and spray-
coating, and the activation with plasma, the ICP-OES and antimicrobial tests performed on fresh
and aged samples will be reported and compared based on their categories. Substrate plasma
treatment was tested to activate the textile surface to improve AgNPs adhesion, theoretically

achieving a higher silver load and a better washing fastness.
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Laboratory scale dip-coating — In Table 37 are reported the samples produced by dip-coating,
the deposition conditions and the total silver load assessed by ICP-OES expressed as milligram
of silver per gram of fabric. From these first results emerged a correlation between the silver
concentration of the deposited suspension and the silver load on the fabric. The blank shows a
non-relevant silver content, 2 to 3 orders of magnitude lower than the coated samples. The most
interesting information is the affinity of the different variant for the polyester substrate and the
influence of the plasma on this parameter.”! Without plasma activation, AgCur exhibits the
highest silver load, followed by the HEC-capped nanoparticles, with AgHEC 5.5 2.8 showing
a little higher silver load compared to AgHEC 6.4 1.4. Comparing the plasma-treated
substrates, the silver load results leveled among the three samples. HEC-based NPs load results
unaffected by the plasma, while a detrimental effect manifests for AgCur, reducing the silver
deposited, this is particularly evident with the 1000 mg-L™! suspensions. In general, it is possible
to state that AgCur shows better affinity for the substrate, the plasma activation has demonstrated

no benefits, and higher Ag sol concentration leads to higher Ag load in the coating.

Table 37— AgNPs dip-coated textiles, sample preparation conditions, and silver load assessed by ICP-OES.

Dip-coating Ag sol concentration Plasma Ag coating load
AgNPs variant (mg-L) activation (mg-g™)
Blank 0 No 0.001 £ n.d.
AgCur 500 No 0.50 +0.02
AgHEC 64 14 500 No 0.330 +0.008
AgHEC 5.5 2.8 500 No 0.39 £0.04
AgCur 500 Yes 0.4+0.1
AgHEC 64 1.4 500 Yes 0.37+0.03
AgHEC 5.5 2.8 500 Yes 04+0.1
AgCur 1000 No 14+0.2
AgHEC 64 14 1000 No 0.622 + 0.002
AgHEC 5.5 2.8 1000 No 0.79 £ 0.06
AgCur 1000 Yes 0.7+£0.3
AgHEC 64 14 1000 Yes 0.66 £ 0.05
AgHEC 5.5 2.8 1000 Yes 0.7+0.2
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Use phase simulation on dip-coated samples, washing tests — To simulate the use phase of these
materials, the prepared samples underwent washing machine and soft abrasion test. In this way,
the environmental impact of the silver release in the washing water was evaluated together with
the human dermal contact exposure. Briefly, the washing test aims to evaluate the silver released
from textiles in the washing water, simulating the use phase of the coated polyester NEPs. The
results collected from the washing test are summarized in the following graphs, where it is
possible to see in Figure 69 the silver release of washing cycle 1, in Figure 71 washing cycle 5,
and in Figure 72 washing cycle 10. The samples are labeled using the NPs composition (AgCur,
AgHEC 5.5 2.8, or AgHEC 6.4 1.4), followed by the concentration of the silver suspension
used for the dip-coating (500 or 1000 mg-L™!), and the letter “P” in the case of plasma activated

substrates.
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Figure 69 — Concentration of the silver released after the first washing cycle of the medical-grade polyester textiles dip-coated by
AgCur, AGHEC 6.4 _1.4,0r AgHEC 5.5 2.8 at a silver concentration of 500 or 1000 mg L, studying the effect of the activation of
the fabric substrate thanks to a plasma pre-treatment (P).

The ICP-MS detected concentrations of silver released by the fabrics after washing cycle 1 are
reported in the graph in Figure 69, where it is possible to see that for all the conditions, 500 or
1000 mg-L™!, the sample AgHEC 5.5 2.8 is the one exhibiting the highest release. It is followed
by AgHEC 6.4 1.4, while AgCur shows higher washing fastness with the lower release
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detected. This confirms the greater affinity of AgCur for the medical grade polyester used as
substrate, in fact, it is the composition that gives the highest silver load by dip-coating and the
one that demonstrates better washing fastness. Both the composition derived from the standard
product AgHEC 5.5 2.8 reveal better behavior with respect to the starting point. This means
that the optimization of the composition thanks to the DoE, leading to AgHEC 6.4 1.4, and the
substitution of HEC as a capping agent with curcumin improved the applicability of the coating
for the desired application in the production of antimicrobial textiles.

For the antimicrobial textile case study, the washing resistance is a key parameter to evaluate the
durability and reusability of the nano-enabled products. Several factors contribute to improve
NPs attachment to the textile, such as the textile-AgNPs interaction mostly determined by the
capping agent, the stability of the AgNPs and the dissolution resulting in Ag" cation release, and
the interaction of the detergent or washing environment with AgNPs, moreover binder additives
may be implemented to improve the attachment. In this specific case, it is possible that the higher
amount of capping agent in AGHEC 6.4 1.4 compared to AgHEC 5.5 2.8 increases the AgNPs
stability reducing the dissolution induced by the washing test. In the case of AgCur, there may
be different phenomena favoring the washing fastness of this sample. Curcumin used as capping
agent confers negative zeta potential to AgNPs, it is the opposite for HEC-coated samples, this
could lead to a better grafting on the textile fibers constituted by medical grade polyester.
Furthermore, as reported in Table 38, the detergent used during the washing tests create a
negatively charged environment which is less likely to interact with negative AgCur
nanoparticles. The different contributes result into an overall better washing fastness of the
AgCur-coated textiles,?!!:212:213.214

For what concerns the plasma activation, there aren’t clear trends that allow to establish its
advantages on the washing fastness. At low Ag concentration (500 mg-L™!) the plasma activation
seems to help the grafting of AgHEC 6.4 1.4 and AgHEC 5.5 2.8, reducing the silver release,
and the opposite for AgCur. At higher concentrations (1000 mg-L') there aren’t relevant
differences for AgHEC 6.4 1.4 and AgHEC 5.5 2.8, while improving the attachment of
AgCur. However, these considerations may be not particularly relevant and resulting from
experimental fluctuations.

The washing waters collected after the washing cycle 1 were analyzed to check the
physicochemical properties of the AgNPs released. Table 38 highlights that these results are
strongly affected by the presence of detergent in the solutions, in fact, the zeta potential of the
samples results always negative, even for quaternized hydroxyethyl cellulose capped AgNPs,

usually positively charged. The average resulting charge detected by the instrument is more
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negative for AgCur and the blank respect to AgHEC variants, this is due to the intrinsic HEC
charge. Moreover, some textile microfibers were detected, this affects the hydrodynamic
diameter and polydispersity measurements. HEC based compositions preserve more their
original behavior while curcumin shows larger particles and incremented polydispersity,
comparable values with the blank. This difference, observed for washing 1, may be justified by
because both HEC based AgNPs show higher silver release, liberating more NPs that can be
detected by the instrument. While the slower silver release promoted by AgCur leads to a

behavior similar to the blank.

Table 38— Colloidal characterization of the washing water of blank, AGHEC 5.5 2.8, AGHEC 6.4 1.4, and AgCur after the first
washing cycle: zeta potential, hydrodynamic diameter and polydispersity index.

Sample Zeta potential Hydrodynamic PDI
(mV) diameter (nm)
Blank -43+3 1902 + 818 0.841 +£0.276
AgHEC 5.5 2.8 -23£5 199 + 238 0.378 £0.174
AgHEC 64 14 24 +3 646 + 970 0.594 + 0.402
AgCur -45+3 1836 1514 0.827 +0.166

The microfibers generated during the washing cycles were collected by filtration on paper filter

(= 20 um) to be further investigated, such as for cytotoxicity tests. SEM images of the fibers

isolated from AgHEC 5.5 2.8 are reported in Figure 70.

Figure 70— SEM images of the fibers collected in the washing waters of the first washing cycle of the sample AGHEC 5.5 2.8. a)

panoramic image of the microfibers collected; b) detailed view of the microfiber surface.
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Figure 71 — Concentration of the silver released after the fifth washing cycle of the medical-grade polyester textiles dip-coated by
AgCur, AGHEC 6.4 1.4, or AgHEC 5.5 2.8 at a silver concentration of 500 or 1000 mg-L”, studying the effect of the activation of
the fabric substrate thanks to a plasma pre-treatment (P).

After 5 washing cycles, Figure 71, the silver release is reduced by one order of magnitude,
because the weakly attached nanoparticles were removed during the first washing and the total
load remaining on the substrate is lesser. In this case the trend is reversed respect washing 1, in
fact, this time is AgCur the samples with higher release and AgHEC 5.5 2.8 the lesser released.
This is likely to happen because AgCur is the sample with the highest load of silver, starting with
a higher amount and having released less during the first washings, the opposite happens for
AgHEC 5.5 2.8.
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Figure 72 — Concentration of the silver released after the tenth washing cycle of the medical-grade polyester textiles dip-coated by
AgCur, AGHEC 6.4 1.4, or AgHEC 5.5 2.8 at a silver concentration of 500 or 1000 mg-L”, studying the effect of the activation of
the fabric substrate thanks to a plasma pre-treatment (P).

Washing cycle 10 silver release represented in graph in Figure 72, highlights another reduction
of one order of magnitude. The limited amount of silver grafted on the fabric is the strongest
attached, leading to lower release rate. In these samples the differences between 500 and 1000
mg-L! can be better appreciated. AgCur coated fabrics were not analyzed after washing 10.

Summarizing, AgCur gives a more durable coating with a slower silver release rate,
AgHEC 5.5 2.8 is the variant with the worst washing fastness. Plasma-treated samples didn’t’
show impressive benefits. The higher silver load granted by dip-coating with 1000 mg-L! Ag

concentrated suspension grants better washing resistance.

Use phase simulation on dip-coated samples, soft abrasion test — ICP-MS results on the
standard cotton textiles used for the textile-skin dermal contact simulation represent the silver
released by soft abrasion test and were normalized for the exposed surface of the substrate. The
tip diameter of 16 mm corresponds to a tip surface of about 2 cm?, that is scans the sample for a
length of 10 cm. With good approximation it is possible to consider a fabric-scanned surface of
18 cm?. The Ag concentration detected by ICP-OES expressed in micrograms of silver per liter

of solution (ppb) was normalized for the scanned surface (18 cm?), resulting in a final value of
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silver concentration released per fabric surface area (ppb-cm). Samples are labeled the same
way as for washing tests, results are reported in Figure 73 and Figure 74 respectively for dip-

coating Ag concentrations 500 and 1000 mg-L™!.

Dip-coating Ag concentration 500 mg-L-!
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Figure 73 — Soft abrasion test results of the textiles dip-coated by AgCur, AgHEC 6.4 1.4, and AgHEC 5.5 2.8 at a silver
concentration of 500 mg-L”, evaluating the effect of the pre-treatment by plasma activation (P) on the pristine material and after
washing cycle 1, 5 and 10. The amount of silver released by the coated textiles during the abrasion test is reported as silver

concentration released normalized by the textile surface scanned (ppb-cni®).
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Dip-coating Ag concentration 1000 mg-L-!

10
9
8
‘\.'E 7
3]
'& 6
&
= 5
.8
E 4
I 3
Q
5 2
Q
en
< 1. I i
0 = - -
Q Q
\ NS N\ QQ% QQ% QQ%
Q& / 4 °o / \Q b‘\Q \Q
¥ o> 5 O N Vw7
¢ ¢’ v o 527
& N3 (Y (Y
S S & &
S &
v v

® Washing cycle 0  ® Washing cycle 1 Washing cycle 5 Washing cycle 10

Figure 74 — Soft abrasion test results of the textiles dip-coated by AgCur, AgHEC 6.4 14, and AgHEC 5.5 2.8 at a silver
concentration of 1000 mg-L”, evaluating the effect of the pre-treatment by plasma activation (P) on the pristine material and after
washing cycle 1, 5 and 10. The amount of silver released by the coated textiles during the abrasion test is reported as silver

concentration released normalized by the textile surface scanned (ppb-cm).

As it is possible to see comparing the graphs in Figure 73 and Figure 74, a higher Ag
concentration employed during the dip-coating determines a higher Ag load in the coating, and
subsequently is translated into a higher release during the dermal contact simulation. This means
that is necessary to find the most active and less cytotoxic formulation, in order to reduce the
required amount of AgNPs in the antimicrobial coating. In this way the human exposure and the
environmental release are minimized. The graphs highlight a strong effect of the washing cycles
on the soft abrasion test, washing away the coating reduce the amount of silver available for the
human exposure, in fact moving from 0 to 10 washing cycles there is a huge difference in silver
released. As it is possible to see, HEC based formulation release most of the silver during the
first washing cycle, while AgCur has a more gradual behavior with a more durable coating and
most likely also a more durable antimicrobial activity. As for previous tests, the plasma treatment

seems to not influence the attachment of AgNPs.

155



Chapter 4 — Production of nano-enabled products implementing antimicrobial silver nanoparticles on different
substrates

Pilot plant spray-coating — During the second spray-coating campaign, several conditions were
tested for each silver variant (AgHEC 5.5 2.8, AgHEC 6.4 1.4, and AgCur), all the samples

were coated applying a 1000 mg-L! suspension, in Table 39 are reported the process parameters.

Table 39 — Spray-coating parameters set-up for the different sample prepared (4, B, C, C plasma, D, and E): spray flow rate,

conveyor belt speed, and plasma activation.

Code Spray flow rate Conveyor belt speed Plasma activation
(mL-min") (m'min-')
A 60 6 No
B 80 6 No
C 60 4 No
C plasma 60 4 Yes
D 80 4 No
E 60 2 No

The total silver amount loaded by spray-coating on the fabrics was assessed by ICP-OES and it
is expressed as milligrams of silver per gram of textile in Table 40. Moving from treatment
labeled as A towards E, a faster flow rate and slower conveyor belt speed involve an increasing
silver load. The plasma activation does not determine any relevant changes in silver load for all
three variants applied. These values were used to estimate the Ag dose applied in the antibacterial

tests, and to calculate the silver released percentage during the washing simulations.
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Table 40— Silver load on spray-coated samples by AgCur, AGHEC 6.4 _1.4, and AGHEC 5.5 2.8, assessed by ICP-OES.

Spray-coated sample Ag coating load (mg-g™)

Blank n.d.
AgCur A 0.057 £ 0.002
AgCur B 0.10+0.01
AgCur C 0.10+£0.01
AgCur C plasma 0.08 £0.01
AgCur D 0.131 £0.002
AgCur E 0.151 £ 0.001
AgHEC 64 14 A 0.08 £0.01
AgHEC 64 14 B 0.084 + 0.003
AgHEC 64 1.4 C 0.106 + 0.003
AgHEC 6.4 1.4 C plasma 0.103 +0.006
AgHEC 64 1.4 D 0.125 +0.006
AgHEC 64 14 E 0.18 £0.03
AgHEC 55 28 A 0.052 +0.002
AgHEC 5.5 2.8 B 0.08 £0.01
AgHEC 55 28 C 0.09 +£0.05
AgHEC 5.5 2.8 C plasma 0.10+0.02
AgHEC 55 28 D 0.11 £0.02
AgHEC 55 2.8 E 0.244 + 0.002

Use phase simulation on spray-coated samples: washing tests — In the following Figure 75, are
reported the results obtained by the washing simulation of 1 washing cycle. The applied protocol
led to a silver release in the range of 0.1-4 mg-L', in particular, curcumin-capped silver
nanoparticles confirm a better washing fastness compared to the cellulose-capped counterpart.
In fact, AgCur Ag release is lower for all the spray-coating tested conditions. For the standard
HEC variant AGHEC 5.5 2.8, only 3 deposition conditions (C, C_plasma, and D) were tested,
and on average they showed the highest release. These first results on spray-coating samples
seem to confirm what was observed previously for dip-coated ones. AgCur has the better
washing fastness, followed by AgHEC 6.4 1.4, and the worst performance is exhibited by
AgHEC 5.5 2.8. The plasma treatment does not provide any improvement, C and C_plasma

treatments reveal no relevant differences for the 3 variants. The increasing silver load from
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treatment A to E reflects into the same trend in terms of silver release during the washing

simulation, higher Ag load imply higher Ag release.
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Figure 75— Concentration of the silver released after the first washing cycle of the medical-grade polyester textiles spray-coated by
AgCur, AGHEC 6.4 _1.4, or AGHEC 5.5 2.8 at a silver concentration of 1000 mg-L" using different deposition conditions (4, B,
C, C plasma, D, and E), studying the effect of the activation of the fabric substrate thanks to a plasma pre-treatment (plasma).

The results corresponding to 5 washing cycles are reported in Figure 76, the trend correlating the
silver load and the silver release is confirmed, also the plasma activation is still unaffecting the
results. The variants ranking is inverted, in this case AgHEC 5.5 2.8 releases less Ag and AgCur
the greatest amount. This behavior was already observed for the dip-coated samples, AgCur
stronger attachment to the fabric determines better washing fastness and a gradual Ag release,
while the HEC based variants release most of the silver during the firsts washing cycles. In
general, the difference between the Ag released concentration detected is one order of magnitude

lower for washing 5 than washing 1.
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Figure 76 — Concentration of the silver released after the fifth washing cycle of the medical-grade polyester textiles spray-coated by
AgCur, AgHEC 6.4 1.4, or AGHEC 5.5 2.8 at a silver concentration of 1000 mg-L” using different deposition conditions (4, B,
C, C plasma, D, and E), studying the effect of the activation of the fabric substrate thanks to a plasma pre-treatment (plasma).

Another order of magnitude drop is observed in the Ag released concentration passing from
washing 5 to washing 10. Even after 10 washing cycles, Figure 77, AgCur shows significantly
higher Ag release respect to the HEC based variants, with a silver load-dependent behavior still
well observable. In conclusion, it is possible to state that the most promising solution for this
application is the AgCur variant based on the washing fastness, the most important information
will be provided by antimicrobial test. The plasma activation is ineffective for these samples,
and the initial silver load requires a balance between coating activity, resistance, and silver

release.
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Figure 77 — Concentration of the silver released after the tenth washing cycle of the medical-grade polyester textiles spray-coated
by AgCur, AGHEC 6.4 1.4, or AGHEC 5.5 2.8 at a silver concentration of 1000 mg-L" using different deposition conditions (4,
B, C, C plasma, D, and E), studying the effect of the activation of the fabric substrate thanks to a plasma pre-treatment (plasmay).

The silver released after washing cycle 1, 5, and 10 was compared with the initial silver load in
the coatings. The percentage released of the total silver was calculated and the results are

summarized in Table 41 and represented in the graphs in Figure 78.
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Table 41 — Silver release from AgCur, AGHEC 6.4 _1.4, and AgHEC 5.5 2.8 spray-coated textiles afier washing 1, 5, 10, and the

total cumulative value, assessed by ICP-MS.

Spray-coated sample Washing 1 Washing 5 Ag Washing Total Ag

Ag release release (%) 10 Ag release

(%) release (%)

(%)

AgCur A 43.46 5.57 0.72 49.76
AgCur B 37.63 5.74 0.84 4421
AgCur C 32.37 3.90 0.59 36.87
AgCur C plasma 41.13 5.68 0.90 47.71
AgCur D 35.15 4.48 0.94 40.56
AgCur E 33.75 5.89 1.40 41.05
AgHEC 6.4 14 A 55.07 1.27 0.29 56.63
AgHEC 64 14 B 75.33 2.77 0.50 78.60
AgHEC 6.4 14 C >100"  AgHEC 5.5 2.82.49 0.37 > 100"
AgHEC 6.4 1.4 C plasma  >100" 2.15 0.50 > 100"
AgHEC 6.4 1.4 D > 100" 2.46 0.32 > 100"
AgHEC 64 14 E 65.05 2.70 0.34 68.10
C > 100" 2.04 0.43 > 100"
AgHEC 5.5 2.8 C plasma  >100" 1.44 0.37 > 100"
AgHEC 5.5 2.8 D > 100" 2.63 0.51 > 100"

*Marked values resulted slightly higher than the theoretical 100 %, probably meaning that some inhomogeneties in

the coating led to analyzed differently Ag loaded pieces of fabrics for the total Ag load repsect to the washing tests

AgCur variant confirmed its better washing resistance and gradual silver release during the
following washing cycles. About 35-40 % of starting silver is released during the first washing
cycle, 5 % during the fifth, and 1 % during the tenth. AgHEC 6.4 1.4 spray-coating conditions
A, B, and E revealed a higher release, 55-75 %, while for both AgHEC 6.4 1.4 and
AgHEC 5.5 2.8, treatments C, C_plasma, and D demonstrated an anomalous behavior, with a
nearly quantitative silver release during the first washing cycle, as if the coating was not strongly
attached to the fabric substrate. HEC-based NPs have lower release after washing 5, 1-2 %, and
even lower after washing 10, less than 0.5 %, confirming that most of the coating is detached

during the first washings.
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Figure 78 — Percentage of the silver released respect to the initial load on the textiles spray-coated by AgCur, AGHEC 6.4_1.4, or
AgHEC 5.5 2.8 with different spraying conditions (4, B, C, C_plasma, D, and E).

Figure 79 reports SEM images of AgCur D fabric after the first washing cycle. There aren’t
relevant damages on the textile, and it is possible to see deposited matter on the fibers. Even if

about 35% of the initial silver Ag was released, from EDX analysis it was possible to confirm
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the presence of silver, but the coating was less homogenous than the starting unwashed material,

in fact after washing cycle 1 there were some regions where it was more difficult to detect the

silver signal.
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Figure 79 — a) and b) SEM images of the spray-coated textiles by AgCur D afier the first washing cycle; ¢) EDX spectrum of the
AgCur D sample after the first washing cycle confirming the presence of silver as textile coating.

Use phase simulation on spray-coated samples, soft abrasion test — The dermal contact
simulation performed by soft abrasion test confirms the results of washing tests. In fact, by the
graphs represented in Figure 80, Figure 81, and Figure 82, repectively for AgCur,
AgHEC 6.4 1.4, and AgHEC 5.5 2.8, it is possible to correlate washing and abrasion tests
trends. The results are expressed as the concentration of silver released (ug-L™! or ppb) detected
by ICP-MS, normalized by the surface of fabric scanned during the test. The measurements were
performed on fresh coated samples, and after washing cycle 1, and 10. As for previous results,
the increasing initial silver load is also reflected in a higher release during abrasion, which also
implies a higher human exposure during the use phase. This trend can be clearly observed in

AgCur for all 3 sets of data, fresh, washing 1, and washing 10 (Figure 80), while for
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AgHEC 6.4 1.4 can be better appreciated only for the firsts 2 sets (Figure 81). AgHEC 5.5 2.8
has a reduced roster, so it is difficult to elaborate these kind of behaviors (Figure 82). As further
confirmation, AgCur has a gradual release behavior, granting a more durable antimicrobial effect
of the coating, while HEC capped AgNPs tend to be released faster during both the washing
cycles and also the abrasion tests. As it is possible to notice by comparing graphs in Figure 80
and Figure 81, the silver release during the abrasion on unwashed fabrics results about 50 %
higher for AgHEC 6.4 1.4 than for AgCur. So, AgCur not only shows improved washing
fastness but also abrasion resistance. This combination provides a more durable coating, and a

longer time-diluted human exposure since there is not a massive release in the first stages of the

use phase.
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Figure 80— Soft abrasion test results of the textiles spray-coated by AgCur at a silver concentration of 1000 mg-L”, evaluating the
different spray-coating conditions (4, B, C, C_plasma, D, and E) on the pristine material and after washing cycle 1 and 10. The
amount of silver released by the coated textiles during the abrasion test is reported as silver concentration released normalized by

the textile surface scanned (ppb-cm).
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Figure 81 — Soft abrasion test results of the textiles spray-coated by AGHEC 6.4_1.4 at a silver concentration of 1000 mg-L”,
evaluating the different spray-coating conditions (4, B, C, C_plasma, D, and E) on the pristine material and after washing cycle 1
and 10. The amount of silver released by the coated textiles during the abrasion test is reported as silver concentration released

normalized by the textile surface scanned (ppb-cnr®).
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Figure 82 — Soft abrasion test results of the textiles spray-coated by AgHEC 5.5 2.8 at a silver concentration of 1000 mg-L”,
evaluating the different spray-coating conditions (C, C_plasma, and D) on the pristine material and afier washing cycle 1 and 10.
The amount of silver released by the coated textiles during the abrasion test is reported as silver concentration released normalized

by the textile surface scanned (ppb-cn®).

Antibacterial test — The antimicrobial activity of the coated textiles was evaluated against E. coli

Gram-negative and S. aureus Gram-positive bacteria. To simulate the use phase, the antibacterial
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activity was assessed on pristine coated textile and after 1, 5, 10, and 15 washing cycles. In this
way it, is possible to determine if the silver amount remaining attached after washing the coated

fabric is enough to grant antimicrobial properties to the nano-enabled product.

AgHEC 5.5 2.8 against Escherichia coli
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Figure 83 — Antibacterial activity of AGHEC 5.5 2.8 Cand AgHEC 5.5 2.8 _C plasma spray-coated textiles against E. coli. The

tests were performed on the pristine materials and after washing cycle 1, 5, 10, and 15. Cross-marked results were not assessed.

The washing test results previously reported, demonstrated different behavior depending on the
capping agent. Curcumin based AgNPs give a gradual release over consecutive washing cycles,
while quaternized hydroxyethyl cellulose based AgNPs show larger release during the first
washing cycle. It is expected that these behaviors influence the antimicrobial properties of the
products. As reported in the graph in Figure 83, tests assessed on AgGHEC 5.5 2.8 against E.
coli, using two different deposition conditions (C and C_plasma), demonstrated different trends
depending on the plasma activation. In fact, the same deposition parameters were used to produce
the two samples, the only difference is related to a plasma activation of the textile substrate for
C plasma. The plasma highlighted a detrimental effect on the performances, both the samples
start with a 100 % bacterial reduction as pristine, but the plasma-activated counterpart
(AgHEC 5.5 2.8 C plamsa) demonstrates an important drop of performance already after the
first washing cycle, while the equivalent sample non-treated with plasma preserve excellent
antimicrobial properties even after 15 washing cycles, confirming a bacterial reduction over
90%. From these first results it is possible to state a detrimental effect of the plasma treatment

on the washing fastness of the antimicrobial coating.
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Figure 84 — Antibacterial activity of AGHEC 6.4 1.4 C, AgHEC 6.4 14 _C plasma, and AgHEC 6.4 1.4 E spray-coated
textiles against E. coli. The tests were performed on the pristine materials and after washing cycle 1, 5, and 10. Cross-marked results

were not assessed.

For AgHEC 6.4 1.4 three deposition conditions were tested, C and C_plasma were chosen for
the evaluate the effect of plasma activation on this variant, while the condition E is the one that
grants the higher silver load, the collected results are reported in Figure 84. AgHEC 6.4 1.4 has
demonstrated to be the most active AgNPs variant tested against pathogens, in these tests
exhibited for all the deposition conditions excellent antibacterial activity, with a quantitative
depletion of E. coli (100 % bacterial reduction), as pristine coating and after the first washing
cycle. After 5 washing cycles there is a slight decrease of performance with comparable results
for samples C and E, while the same way as for AgHEC 5.5 2.8, the sample that underwent
plasma activation (C_plasma) shows a faster deterioration of the coating, with consequent loss
of antimicrobial activity. After 10 washing cycles, treatment E, the one with the highest silver
load, preserves excellent antibacterial activity, while lower silver loaded sample C exhibits an
important decrease in performance. From these tests the counterproductive effect of the plasma
treatment is confirmed, and treatments with higher silver load grant more durable antimicrobial

coatings.
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Figure 85 — Antibacterial activity of AgCur C, AgCur C plasma, and AgCur_E spray-coated textiles against E. coli. The tests

were performed on the pristine materials and after washing cycle 1, 5, and 10. Cross-marked results were not assessed.

Samples treated the same way as AgHEC 6.4 1.4 were tested for AgCur (C, C_plasma, and E),
the results are reported in Figure 85. The same trends were observed, but in this case the activity
is slightly reduced already after the first washing cycle homogenously for the three deposition
conditions. Summarizing, the plasma treated sample (C_plasma) shows the worst performance
after 5 washing cycles and the treatment with the highest silver load (E) grants the most durable

coating in terms of antimicrobial properties.
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Figure 86 — Antibacterial activity of AGHEC 5.5 2.8 C spray-coated textile against S. aureus. The tests were performed on the

pristine materials and after washing cycle 1 and 5.
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Finally, the samples were tested against the Gram-positive S. aureus bacterium. All the pristine
samples tested demonstrated excellent antibacterial activity with a 100 % bacterial reduction for
AgHEC 5.5 2.8 C plasma, AgHEC 6.4 14 C plasma, AgHEC 6.4 14 E, AgCur C,
AgCur C plasma, and AgCur E, and 99.5 % bacterial reduction for AGHEC 6.4 1.4 C. The
sample AgHEC 5.5 2.8 C was selected for the study of the antibacterial activity after few
washing cycles, results are reported in Figure 86. As it is possible to see, there is a slight depletion
of performance, but after 5 washing cycles, it demonstrates still 88.3 % S. aureus reduction.
AgHEC 5.5 2.8 demonstrated to produce an antibacterial coating active against both Gram-
negative and Gram-positive bacteria with considerable washing fastness also with a lower silver
load (deposition condition C respect to E).

To summarize the results of these antibacterial tests, AGHEC 6.4 1.4 resulted as the most active
and durable coating when deposited with a high silver load (spray-coating condition E) even if
from the washing test it resulted in a large amount of silver released already from the first cycle.
Even AgCur exhibits excellent antibacterial activity and considerable washing fastness when
deposited with a high silver load. AgHEC 5.5 2.8 demonstrated good antibacterial properties

and durable coating already with a lower silver load (spray-coating condition C)
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Conclusions

The project aimed to the development of Safe-by-Design strategies, alternatives, and procedures
to be later translated into guidelines for future nanoproducts and nanoprocesses. The results here
described were focused on the antimicrobial textiles case study, where silver nanoparticles were
implemented in medical grade polyester fabrics. To achieve the goal different synthesis strategies
were applied, modifying reagents molar ratios to enhance the antimicrobial activity of the
product, or substituting the capping agent to confer different surface properties. In this
perspective, AgHEC 5.5 2.8 and AgHEC 6.4 1.4 quaternized hydroxyethyl cellulose-capped
silver nanoparticles, and AgCur curcumin-capped silver nanoparticles were studied as coating
for the antimicrobial textiles. AgNPs suspension physicochemical and functional properties
suggested AGHEC 6.4 1.4 as the most active solution associated with excellent performance of
AgCur together with a reduced cytotoxicity. Nanophases processing and implementation into
nano-enabled products passed through laboratory scale tests exploiting dip-coating technique, to
subsequently scale-up to pilot plants equipped with spray-coater machines. The experimental
conditions allowed to reach a higher silver load in the product obtained by dip-coating compared
to spray-coating. The performed tests highlighted AgCur as the most durable coating, exhibiting
the highest attachment to the fabric and the best washing fastness and abrasion resistance. While
HEC capped variants showed high Ag release already from the first washing cycle, AgCur
demonstrated a gradual release over repeated washing cycles. Higher silver load treatments
resulted in more durable coatings for both dip-coated and spray-coated samples, and the plasma
activation of the substrate before the coating production didn’t show any benefit. For what
concerns the antimicrobial coating similar trends were observed. All pristine samples pointed
out quantitative or nearly quantitative antibacterial activity against both Gram-negative and
Gram-positive bacteria. The plasma activation was detrimental to the antibacterial activity
assessed after the washing cycles, and treatments granting higher silver load ensured more
durable coatings. At high Ag load AgHEC 6.4 1.4 resulted as the most active and durable
coating. AgHEC 5.5 2.8 showed an excellent preservation of the antimicrobial properties after
washing already at medium Ag load treatments. AgCur, which is the variant promoting the best
grafting, washing fastness, and abrasion resistance, ensures excellent antibacterial activity but
compared to AGHEC 6.4 1.4 also has a higher performance loss after washing.

Based on the needs it is possible to select dip- or spray-coating, the former promoting higher
silver load and the latter more suitable for tailored large scale production. The tested design
alternatives promoted several improvements if compared to the starting AgNPs synthesis, in

terms of antimicrobial activity, cytotoxicity, or coating activity and durability.
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Experimental part: antimicrobial textiles

Dip-coating — Laboratory scale samples production started from the preparation of the substrate.
Medical grade polyester fabric was cut into 5-12 cm? rectangular pieces, then to favor the coating
gripping they were washed with Milli-Q water and soap by sonication for 20 minutes, then 3
times with only Milli-Q water and 5 minutes of ultrasound, finally they were rinsed 3 times with
Milli-Q water. Fabrics were dried at room temperature overnight before the coating deposition.
In order to improve the performance of the product and to favor the adhesion of AgNPs on the
fabric, samples number was duplicated and half of them was pre-treated with plasma activation
with a 200 W treatment for 2 minutes immediately before the dip-coating. The selected samples
were AgHEC 5.5 2.8, AgHEC 6.4 1.4, and AgCur, with the corresponding blank suspensions
HEC 5.5 2.8, HEC 6.4 1.4, and Cur. Two concentrations were tested, 1000 mg-L! and 500
mg-L! concentrated silver baths were used to dip of fabric to obtain different silver load on the
coating, and subsequently better antimicrobial properties and coating resistance and stability.
The coating deposition was obtained by 3 minutes immersion time and followed by the removal
of the exceeding suspension squeezing the samples with the help of two rollers. The dip-coating
was followed by a thermal treatment at 80 °C for 10 minutes to dry the fabric and consolidate
the coating. The entire process is schematized in Figure 87. The untreated washed fabric was

used as reference for the analysis.

Medical grade polyester
cut in 5-12 cm? pieces

i

Washing: Milli-Q water + soap and ultrasound 20
min, 3 times Milli-Q water and ultrasound 5 min
Rinsing: 3 times Milli-Q water
Drying: room temperature overnight

l

Half samples plasma
activated 200 W for 2 min

l

Dip-coating 3 min immersion,
1000 mg-L! or 500 mg-L!

l

Removal of the exceeding
liquid by squeezing

i

Thermal treatment
80 °C for 10 min

Figure 87 — Schematic procedure for the preparation of AgNPs dip-coated antimicrobial textiles.

171



Chapter 4 — Production of nano-enabled products implementing antimicrobial silver nanoparticles on different
substrates

Spray-coating — A first spray-coating campaign was carried out at pilot plants scale focused on
finding optimal spraying conditions and to correlate this information to the activity and durability
of the coating. In this case only AgHEC 5.5 2.8 and its blank HEC 5.5 2.8 were used as coating
agents at the two selected concentrations 1000 mg-L™!' and 500 mg-L!. About 2 m? fabrics could
be processed in continuous thanks to the productive line where automated rolls moved the
samples from the plasma pre-treatment surface activation, to the spraying chamber, and finally
through the oven for the final drying and consolidation of the coating at 80 °C. Rolls speed could
be regulated independently to select the duration of each step. For these samples the spray flow
rate was tested at 200 and 400 mL-min™!, to achieve different silver load and properties.

A second pilot plant spray-coating campaign was conducted in another pre-industrial plant
implementing all the three silver variants selected AgHEC 5.5 2.8, AgHEC 6.4 1.4, and
AgCur. In this case only the 1000 mg-L™! silver concentration was considered and a shorter 80
°C thermal treatment was used, for a better consolidation a second 80 °C for 10 minutes thermal
treatment is suggested for these samples. For each variant, 6 samples were produced varying the
spray flow rate (60 and 80 mL-min’"), the conveyor belt speed (2, 4, and 6 m'min’'), and just one
sample for each AgNPs composition was produced implementing the plasma activation. Both
smaller (21:30 cm?) and longer (tens of meter) fabrics were used for the production of nano-
enabled products.

During these field tests a worker exposure monitoring campaign were assessed evaluating the
particulate matter released during the whole days of experimental activities. The scheme of the

spray-coating process is represented in Figure 88.

Substrate size
depending on the test

Medical grade polyester

Selected samples
activated with plasma

l Several conditions

tested: spray flow rate

(mL-min™) and convey
belt speed (m-min’)

Spray-coating
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k.

Thermal treatment 80 °C
for 10 min

Figure 88 — Schematic procedure for the preparation of AgNPs spray-coated antimicrobial textiles.
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Washing tests — Tests were conducted following the “ISO 105-C06 (A1S) for color fastness to
domestic and commercial laundering (2010)” with a lab washing machine (Linitest Plus, Atlas
Electrical Device); 30 minutes, 40 °C, motor speed 40 = 1 rpm, stainless steel vessels (75 £ 5
mm diameter, 125 + 10 mm height, 550 + 50 mL)) and a washing solution of 4 = 0.01 g-L"! ECE
Color Fastness Test Detergent 77 in deionized water (pH 10) and ten stainless steel ball (@ = 0.6
cm) to simulate the mechanical energy applied by friction to the textiles. Five pieces of textile
were cut with an area of 40 cm? per piece and stacked in the vessel. A volume of 150 mL of
washing solution, preheated at 40 °C, was added to the vessel, together with the steel balls and
the textiles. After the washing process, the washing water was collected and the textiles were
rinsed one by one dipping them three times in 100 mL of deionized water. Once this step was
finished, the water was renewed to avoid the accumulation of silver. Finally, the textiles were
dried overnight at room temperature. To study the form and size of the NPs released, the washing
water was filtered from textile fibers (pore size 20 um) and stored for electron microscopy
characterization (TEM and SEM) and silver quantification by using ICP-MS. Tests were
conducted by repeating washing cycles 0 (untreated), 1, 5 and 10 times on the same pieces of

textile to evaluate the washing fastness.

Soft abrasion test — The soft abrasion test to simulate textile-skin contact was based on an
adaptation of “ISO 105 X12:2016 - Part X12: Colour fastness to rubbing”. The test was
performed using a crock meter (302-P, JBA). The equipment applies a low-energy wearing (9
N) on a 10 cm long surface by a cylindric tip (¢ = 16 mm) covered with a cotton tissue. 40 cm?
cut textiles used for washing cycles were attached by double face tape into the dedicated spot for
the rubbing. A cotton napkin was impregnated with 5 drops of a simulated sweat solution
buffered with ammonium hydroxide to pH 6.5, before covering the crock-meter tip. A total of
10 rubbing cycles (1 second-cycle!) were done, triplicates were performed to unwashed textiles
(0 cycles) and washed textiles after 1, 5 and 10 washing cycles. Characterization was performed
on the rubbered textiles (remaining NM concentration) and the cotton tissue (NM release

receiving compartment) using ICP-MS and SEM techniques.
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4.1.2. Antimicrobial paper

This chapter describes a tiered approach aimed at the implementation of active nanophases in
paper-based nano-enabled products (NEPs). In particular, antimicrobial silver nanoparticles
were used to produce antibacterial and antiviral coatings. First, a screening of the
physicochemical and antimicrobial properties of several AgNPs synthesis was assessed in order
to select the most promising alternatives. The selected variants were implemented as coating and
the obtained nano-enabled products were tested in terms of antimicrobial properties, coating
durability, aesthetical properties, and user safety. Subsequently, the scale-up of the process was
performed moving from laboratory scale dip-coating of small paper substrates towards pre-
industrial trials carried out by roll-to-roll printing incrementing the size of the samples and the

overall productivity of the process. A conceptual map of the project is represented in Figure 89.

Synthesis
of AgNPs

hd

P-chem and antimicrobial
screening of the colloidal variants

¥

Laboratory scale implementation
of AgNPs coating on paper based nano-enabled products

Scale-up
to pre-industrial sized plants

Figure 89 — Schematic concept map of the preparation of paper-based antimicrobial nano-enabled products.
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Colloidal level screening of the most promising solutions

The eco-friendly and easily scalable syntheses of silver nanoparticles based on quaternized
hydroxyethyl cellulose (AgHEC) and curcumin (AgCur), were implemented in the production
of antimicrobial paper. The scope is to apply an antimicrobial and durable nanocoating on paper-
based materials with high circulation rate to reduce the transmission of pathogens, like viruses

and bacteria.

Physicochemical characterization of sols — Both quaternized hydroxyethyl cellulose (HEC) and
curcumin (Cur) are benign regents with intrinsic antimicrobial properties that have been used as
reducing and stabilizing agents during the synthesis of AgNPs. A set of 12 variants, described in
Table 42, was selected as a starting point for the investigations. Each product was studied by
changing the main synthesis parameters: reagent molar ratios, reaction temperature, solvent
composition, or adding new components such as casein or chitosan.

These syntheses were deeply explored and their optimization is described in Chapter 3. Briefly,
widespread physicochemical characterization allowed to evaluate the quality of the prepared
suspensions. A key aspect to promote an optimal deposition is a good colloidal stability, for
quaternized hydroxyethyl cellulose capped nanoparticles the stability was granted only for molar
ratios HEC/Ag 2.8 or greater. AgHEC exhibited positive surface charge thanks to the quaternary
ammonium functionalities, while AgCur is negative, the two opposite charged particles offer the
possibility to investigate different biological interactions with pathogen. TEM analysis showed
spheroidal nanoparticles with average diameter in the range 10-20 nm. Based on the
physicochemical properties and the stability, some variants were selected for the antimicrobial

tests against both bacteria and viruses.
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Table 42 — Description of the set of 12 AgNPs variants proposed for this study.

Sample Ag concentration Description
(mg-LT)
AgHEC 5.5 2.8 5000 Quaternized hydroxyethyl cellulose AgNPs,
standard molar ratios: HEC/Ag 5.5, NaOH/Ag 2.8
AgHEC 1.4 2.8 5000 Quaternized hydroxyethyl cellulose AgNPs,
molar ratios HEC/Ag 1.4, NaOH/Ag 2.8
AgHEC 2.8 14 5000 Quaternized hydroxyethyl cellulose AgNPs,
molar ratios HEC/Ag 2.8, NaOH/Ag 1.4
AgHEC 2.8 2.8 5000 Quaternized hydroxyethyl cellulose AgNPs,
molar ratios HEC/Ag 2.8, NaOH/Ag 2.8
AgHEC 64 1.4 5000 Quaternized hydroxyethyl cellulose AgNPs,
molar ratios HEC/Ag 6.4, NaOH/Ag 1.4
AgHEC+Chit 1:1 2500 AgHEC 5.5 2.8 mixed with chitosan™ in weight
ratio 1:1
AgHEC+Chit 1:2 1700 AgHEC 5.5 2.8 mixed with chitosan” in weight
ratio 1:2
AgHEC+Chit 2:1 3300 AgHEC 5.5 2.8 mixed with chitosan™ in weight
ratio 2:1
AgCur 5000 Curcumin capped AgNPs
AgCur Cas 5000 Curcumin and casein capped AgNPs
AgCur EtOH 5000 Curcumin capped AgNPs synthesized in ethanol at
room temperature
AgCur EtOH 70 5000 Curcumin capped AgNPs synthesized in ethanol at

70 °C

*Chitosan (CAS Number 9012-76-4) Sigma-Aldrich (Product Number C3646), dispersed in a 1 %wt solution of

acetic acid (CAS Number 64-19-7) Sigma Aldrich (Product Number 695092)

Antimicrobial test in sol — Antibacterial and antiviral results together with the cytotoxicity of

the colloidal AgNPs suspensions are reported in Chapter 3.2.4. Briefly, AgHEC 6.4 1.4

emerged as the most active sample against both Gram-negative E. coli and Gram-positive S.

aureus bacteria, ensuring 99.99-99.999% bacterial reduction tested at 50 mg-L"!. AgCur as well

exhibited excellent antibacterial properties ensuring 99.99% bacterial reduction tested at 50

mg-L!. Moreover, AgCur demonstrated minimal in-vitro cytotoxic effects on Vero E6 cells with
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a CCso of 629.7 mg-L!. AgCur pointed out excellent antiviral activity against SARS-CoV-2

Omicron BA.2 variant resulting in an outstanding selectivity index of 75.9.
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Laboratory scale production of nano-enabled products by dip-coating

Based on physicochemical and functional results, a reduced set of 7 AgNPs variants was selected
for the implementation as antimicrobial coating. These 7 samples and their corresponding blank
solution (same composition but Ag 0 mg-L!) were deposited by dip-coating on paper substrates
simulating paper-based materials with high circulation rate at 3 different concentrations 1000,
500, and 100 mg-L"!. In a further selection step, only 5 variants were deposited at two dilutions,
100 and 50 mg-L™!, and the resulting products were tested in terms of antibacterial and antiviral
activity in order to find the minimum effective concentration. In parallel, physicochemical
characterizations were carried out on the same samples: colorimetric performance evaluation via
CIELAB parameters comparison before and after the coating deposition, coating homogeneity
by electron microscopy coupled with energy dispersive x-ray spectroscopy (FESEM-EDX), ICP-
OES quantification of the Ag deposited, and Ag" ion release from the coated substrates once
exposed to relevant simulating fluid for the use phase. A schematic illustration of the variant

selection process is reported in Figure 90.

AgHEC AgCur
1 variant 1 variant
AgHEC molar ratios AgHEC + chitosan AgCur Cas AgCur in EtOH
4 variants 4 variants 1 variant 2 variants

| 7 variants selected ‘

l

Dilution for coating deposition
P-chem sereening (1000, 500, and 100 mg-T.-1)
21 samples + 21 blanks

|

‘ 5 variants selected ‘

|

Dilution for coating deposition
Biological tests (100 and 50 mg-T.-1)
10 samples + 10 blanks

Figure 90— Schematic workflow describing the quaternized hydroxyethyl cellulose- and curcumin-based AgNPs variants selection

process for the dip-coating depositions.

During the first laboratory scale trials, the dip-coating technique was selected to deposit a thin

layer of nanoparticles on the substrates, freshly dip-coated samples are represented in Figure 91.
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Figure 91 — Image representing the dip-coating deposition of AgNPs on paper substrates at different silver concentrations.

Colorimetric evaluation — For a real application of this technology, it is important to evaluate
the quality of the coating in terms of homogeneity and aesthetical performance. A higher sample
concentration leads toward a stronger yellow coloration due to the typical yellow color of
AgNPs. A colorimetric evaluation was assessed by analyzing the CIELAB coordinates of the
untreated paper and the coated samples. CIELAB coordinates were applied to provide a solid
color descriptor involving 3 parameters: lightness, red-green color axis “a”, and yellow-blue axis
“b”. While AE is the calculated total color variation. Table 43 reports the colorimetric parameter
of the different paper-based samples produced at different concentrations.

As expected, the main colorimetric variation occurred along “b” axis, this parameter shifted
toward positive values due to the typical yellow color of AgNPs, smaller variations toward red
were detected for “a” axis and a negative delta was observed for the lightness “L”. By analyzing
AE values, the curcumin-based coatings determined smaller variations than hydroxyethyl
cellulose-based ones, despite the curcumin orange color. Decreasing the HEC load in samples
AgHEC 2.8 2.8 and AgHEC 2.8 1.4 provided a AE reduction. Casein was responsible of a
brownish shade in AgCur Cas samples, while AgHEC 2.8 1.4 turned grey, due to particles
coarsening and microscopic precipitation, consistent phenomenon with the redshifted UV-Vis
resonance band and with the reduced reaction yield. In general, higher diluted suspension (100
mg-L") led to a lower Ag load on the paper and so a limited color variation of the final product,

as it is possible to see in Figure 92.
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Table 43 — Colorimetric analysis results of the paper substrates coated with the selected AgNPs variants at 3 different

concentrations: 100, 500, and 1000 mg-L™. The results are reported as difference (4) respect to the untreated paper substrate.

100 mg-L-! samples AL Aa Ab AE
AgHEC 5.5 2.8 377 20.01 12.42 12.98
AgCur -2.89 0.48 7.74 8.28
AgCur Cas -3.55 1.30 8.00 8.85
AgHEC 2.8 2.8 -2.94 -0.57 11.00 11.40
AgHEC 2.8 1.4 334 20.16 5.20 6.18
AgCur EtOH -2.71 -0.10 8.70 9.11
AgCur EtOH 70 -2.82 -0.28 9.11 9.54

500 mg-L-! samples AL Aa Ab AE
AgHEC 5.5 2.8 1071 337 31.22 33.17
AgCur -10.81 5.28 20.87 24.09
AgCur Cas -9.30 4.61 13.42 16.96
AgHEC 2.8 2.8 -8.66 2.07 24.17 25.76
AgHEC 2.8 1.4 -14.78 0.50 12.10 19.11
AgCur EtOH -10.49 5.01 21.20 24.17
AgCur EtOH 70 -10.06 3.53 22.76 25.14

1000 mg-L! samples AL Aa Ab AE
AgHEC 5.5 2.8 -17.53 8.34 42.70 46.90
AgCur -17.23 9.51 23.84 30.91
AgCur Cas -14.74 6.93 14.32 21.69
AgHEC 2.8 2.8 -15.05 6.36 29.27 33.52
AgHEC 2.8 1.4 -24.59 5.15 21.31 32.94
AgCur_ EtOH -16.85 8.84 26.33 32.49
AgCur EtOH 70 -17.43 8.95 26.46 32.93
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Figure 92 — Paper substrates dip-coated by AgNPs at a concentration of 100, 500, or 1000 mg-L”. a) AGHEC 5.5 2.8; b)
AgHEC 2.8 2.8, ¢) AgHEC 2.8 1.4; d) AgCur; e) AgCur Cas; and f) AgCur EtOH.

This project aims to identify the most active AgNPs and optimal Ag content to achieve the best
compromise between color variation and antimicrobial activity. For this reason, latest steps
focused on 5 variants implemented the most diluted sol concentrations: 100 and 50 mg-L™!.

AgHEC+Chit samples were prepared to mitigate the yellow color determined by AgHEC
diluting the suspension with chitosan, which is a transparent biopolymer with intrinsic
antimicrobial properties. The final diluted Ag concentration is 50 mg-L!, the lowest tested. The
colorimetric values are reported in Table 44, there is a slight reduction in terms of AE, about 4
points, this may be a good result, but the information has to be combined with antibacterial and
antiviral results to understand if the coupling of chitosan with AgNPs brings the desired

advantages.

Table 44 — Colorimetric analysis results of the paper substrates coated with the AgNPs variants containing chitosan in different
weight ratio at a concentration of 50 mg-L™. The results are reported as difference (4) respect to the untreated paper substrate.

50 mg-L! samples AL Aa Ab AE
AgHEC+Chit 1:1 -3.13 1.47 8.56 9.23
AgHEC+Chit 1:2 -3.04 1.53 8.39 9.06
AgHEC+Chit 2:1 -3.42 1.44 8.09 8.90

Silver load quantification — The quantification of the silver deposited on the coated samples
have been performed by ICP-OES. To investigate the capabilities of different nanoparticles to
coat the paper substrate adopted, a set of AgHEC 5.5 2.8, AgHEC 2.8 2.8, and AgCur at
different concentrations was acidic digested, filtered, and then analyzed. Results are reported in

Table 45 as milligrams of Ag detected per gram of coated paper digested.
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Table 45 — Quantification of the silver load deposited on the paper substrates assessed by ICP-OES.

Sample Ag sol concentration Ag deposited (mg-g™)
(mg-L™)

Blank (untreated paper) 0 0.008 = 0.006
AgHEC 5.5 2.8 100 0.1143 £0.0001
AgHEC 5.5 2.8 500 0.0909 + 0.0004
AgHEC 5.5 2.8 1000 0.886 +0.009
AgHEC 2.8 2.8 1000 0.311 +0.002
AgCur 100 0.063 +0.003
AgCur 500 0.057 +0.002
AgCur 1000 0.043 +=0.003

The untreated paper confirms not to have silver, the detected value is comparable with the
associated error and close to the detection limit of the instrument. AgHEC 5.5 2.8 showed
comparable Ag load at the two lower concentrations (100 and 500 mg-L!), about 0.1 mg-g™'.
This behavior is in slight contrast with the colorimetric data which evidenced a more linear
correlation between the sol concentration and the coated paper color. Potentially, some deviation
may be due to sample manipulation during digestion and filtration steps. An important increase
in silver content is detected for AgHEC 5.5 2.8 1000 mg-L"' reaching about 0.9 mgg'.
AgHEC 2.8 2.8 applied at 1000 mg-L! determined a silver load about 0.3 mg-g!, lesser than
AgHEC 5.5 2.8 at the same concentration, probably because sample AgHEC 2.8 2.8 contains
a halved amount of cellulose, which may play a key role in the coating attachment mechanisms.
Apparently, AgCur coated samples highlighted a silver loading behavior not dependent on
AgCur sol concentration. All AgCur samples contained about 0.05 mg-g™!. For AgCur, as well
as for AgHEC 5.5 2.8, these data are not well aligned with the colorimetric values. Anyway,
data collected pointed out a general higher affinity of AgHEC than AgCur for the paper substrate,
condition probably stemmed from the presence of hydroxyethyl cellulose, acting as grafting

additive toward the paper for AGHEC samples.

Electron microscopy morphology and coating distribution evaluation — To investigate the
morphology and the distribution of the coatings, the samples were observed by field emission
electron microscope coupled with an energy dispersive x-ray probe (FESEM-EDX). The
identification of AgNPs by FESEM was very difficult due to the embedding in the organic
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capping agent and the deposition on the fibrous matrix, but the silver presence was confirmed
by EDX spectra. All the coated samples were analyzed but the ones coated with the highest
concentrated suspension (1000 mg-L!") gave more appreciable results, revealing the presence of
AgNPs covering the cellulose fibers. As example are reported the untreated paper substrate

(Figure 93), and the samples coated with AgHEC 5.5 2.8 500 mg-L"! (Figure 94 and Figure 95),
and AgCur 1000 mg-L™! (Figure 96).

Figure 93 — Uncoated paper substrates: a) and b) SEM images; ¢) EDX spectrum.
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Figure 95 — Sample coated by AgHEC 5.5 2.8 at a silver concentration of 500 mg-L™: a) SEM image; c) corvesponding EDX

silver distribution map.
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Figure 96 — Sample coated by AgCur at a silver concentration of 1000 mg-L": a) and b) SEM images; c) EDX spectrum.

Uncoated samples (Figure 93) highlighted the typical fibrous microstructure of cellulosic paper,
the EDX showed the presence of Au sputtered on the sample to increase its conductibility, Ti
was also observed, probably under TiO> form to enhance paper’s brightness. The samples coated
by AgHEC 5.5 2.8 500 mg-L"! (Figure 94) showed the presence of the coating on the fibers,
highlighted by some cracks on the surface, probably produced during the rapid water evaporation
occurred during the heating treatment of the hydroxyethyl cellulose matrix or by the electron
beam susceptibility of the hydroxyethyl cellulose embedding agent. The images collected at
higher magnifications evidenced the presence of well dispersed white dots covering the fibers
and consistent in size and shape with AgNPs. EDX spectra and maps (Figure 95) collected on
different areas of the sample confirmed the presence of Ag homogenously distributed on the
paper surface. The same situation was observed on AgCur 1000 mg-L™! coated sample (Figure

96).

Dissolution test — To collect some preliminary information regarding the safety of these
materials, the use phase was simulated thanks to silver dissolution tests. The selected substrate
is the sample coated by 500 mg-L"! AgHEC 5.5 2.8 and its blank (HEC without AgNPs). As
relevant medium for the user exposure assessment of these paper-based materials with high
circulation rate, synthetic sweat (32 °C) was selected and water (25 °C) was used as comparison

of interest. It is worth mentioning that the applied conditions were very severe, due to both the
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long exposure time and the synthetic sweat acidic pH (= 4.5). However, the results shown in
Table 46 reveal Ag release about 5 % of the starting load for both water and synthetic sweat
environment. This is a promising result proving a good adhesion of nanoparticles to the substrate
with a very limited release and reduced correlated risks for the user. The Ag released (mg-L") is
the value detected by the instrument, while the (%) is calculated on the starting mass of coated
paper tested and its correspondent Ag load. No meaningful release was detected for the blank,

while the two environment, Milli-Q water and synthetic sweat, gave similar results for

AgHEC 5.5 2.8.

Table 46 — Dissolution test in Milli-Q water and synthetic sweat. Assessment of the silver dissolved and released from the samples
by ICP-OES.

Sample Medium Ag released Ag released
(mg-L™) (%)
HEC 5.5 2.8 Milli-Q water 0.5:10° £ 1-10° n.d.
AgHEC 5.5 2.8 Milli-Q water 9:107 + 4107 5.6
HEC 5.5 2.8 Synthetic sweat 0 n.d.
AgHEC 5.5 2.8 Synthetic sweat 10-107 £ 3-107 4.5

Antiviral test on coated paper — Based on the physicochemical and antimicrobial properties of
the colloidal suspensions, and the additional characterization on these first nano-enabled
products obtained by laboratory scale dip-coating, attentions were focused on AgHEC 6.4 1.4
and AgCur since they are among the most antimicrobial formulations and promising solutions,
together with the standard AgHEC 5.5 2.8 composition and the composite with chitosan
AgHEC+Chit 1:2 and AgHEC+Chit 2:1. Despite the good antimicrobial properties, AgCur Cas
coating was excluded due to the strong brow color transferred to the product. 50 and 100 mg-L"
! were considered as reference concentration for the deposition with some concentrated test at
500 mg-L!. In the end, the best compromise between antimicrobial activity and aesthetical
properties is the coating obtained by the 100 mg-L™! suspensions.

All the antiviral tests on coatings were carried out by considering the untreated paper as
reference. The main difficult faced assessing the antiviral activity stemmed from the
identification of significant differences between treated and not treated samples. In fact, for long
contact times (1, 2, and 3 hours) treated and not treated samples gave comparable results,
probably due to the natural virus weakening under air exposure and adsorption on the paper

substrate, not properly calculated by the textile ISO procedure. At 1 hour it was observed an 89.2
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% virus inhibition for the untreated sample, and comparable values for the other samples:
AgHEC 5.5 2.8 88.0 %, AgHEC 6.4 1.4 92.9 %, AgCur 95.0 %, AgHEC+Chit 2:1 79.6 %,
and AgHEC+Chit 1:2 97.6 %. For this reason, the most promising samples were tested at shorter
contact times (15 and 30 minutes) which allowed the identification of differences between treated
and not treated samples. The data shown in Figure 97 point out relevant differences between not
treated and treated samples only for short contact times (< 60 minutes). AgHEC 5.5 2.8 (50
mg-L!) resulted the most effective at the shortest contact time, with a virus inhibition of 92-95%.
AgHEC 6.4 1.4 and AgCur (100 mg-L!) evidenced an effect at 30 minutes, with a good
inhibition percentage of 82-85%.
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Figure 97 — Antiviral activity against SARS-CoV-2 of the untreated paper substrate and AgHEC 5.5 2.8, AgHEC 6.4 1.4, and
AgCur dip-coated samples. The results are expressed as percentage of the viral replication inhibition as function of the exposure

time.

Antibacterial test on coated paper - From the antibacterial test in suspension AgHEC 6.4 1.4
and AgCur were the most interesting solutions. Moving from a suspension to a coating the NPs
activity may decrease due to the reduced mobility. The results, summarized in Table 47, reveal
that only AGHEC 6.4 1.4 deposited at 100 mg-L™! is able to reach an almost complete bacterial
depletion against both E. coli and S. aureus. Due to the limited mobility of NPs, the main
antimicrobial mechanism may be the Ag" ion release and probably AgHEC 6.4 1.4 is the most
active composition. In general, AgNPs have demonstrated to be more active against E. coli rather
than S. aureus, HEC based NPs show stronger antibacterial properties, and the coupling with

chitosan did not reveal any improvement.
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Table 47 — Antibacterial activity of the AgNPs dip-coated paper-based nano-enabled products against E. coli and S. aureus.

Sample Deposited Ag Bacterial reduction (%)
concentration

(mgL) E. coli S. aureus
Untreated 0 0 0
AgHEC 5.5 2.8 50 69+5 n.d.
AgHEC 5.5 2.8 100 78 + 15 n.d.
AgHEC 64 14 50 90 + 8 89+5
AgHEC 64 14 100 99.7+0.9 97.3+£0.7
AgCur 50 19+7 n.d.
AgCur 100 24 +£8 n.d.
AgHEC+Chit 2:1 100 61+6 n.d.
AgHEC+Chit 1:2 100 68 +7 n.d.

Stress test and use phase simulation — The coating durability is a key parameter for the
implementation of the technology in a real application. A full set of relevant aging treatment
protocols was considered, two tests were selected as most meaningful for the final application:
crumpling and washing machine. Other interesting treatments were the mechanical abrasion
from glass balls and the chemical resistance after NaClO attack. In this way, the manipulation
and the water/sweat resistance of these paper-based materials with high circulation rate was
studied, comparing the antimicrobial performance before and after the aging treatments.
AgHEC 6.4 1.4 and AgCur coating obtained from 100 mg-L"! suspensions were studied against

E. coli bacteria, and SARS-CoV-2 virus. Antibacterial results are summarized in Table 48.

Table 48— Evaluation of the coating durability and antibacterial activity against E. coli of the samples that underwent the stress test

(crumpling or washing machine).

Sample Deposited Ag E. coli reduction (%)
concentration
Crumpling Washing machine
(mg-LT)
Untreated 0 0 0
Untreated aged 0 0 0
AgHEC 64 1.4 100 99 64
AgCur 100 56 56

188



Chapter 4 — Production of nano-enabled products implementing antimicrobial silver nanoparticles on different
substrates

AgHEC 6.4 1.4 was confirmed the most active coating against bacteria, ensuring a complete .
coli depletion after crumpling treatment and a 64 % abatement after the more severe washing
machine test. AgCur highlighted an unexpected improved activity if compared with fresh
sample, probably due a not homogeneous distribution of nanomaterial or to a kind of activation
induced by the aging treatments. No antibacterial activity was observed for the untreated sample
before and after the aging tests.

Antiviral results evidenced an emphasized adsorption, observed on aged uncoated samples as
well for the aged coated ones. For these samples the relevant adsorption leads to a difficult
discrimination between adsorption and antiviral contributes, even at the shortest contact times,

as it is possible to see in the graphs in Figure 98.
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Figure 98 - Virucidal activity against SARS-CoV-2 of untreated pristine paper used as reference, untreated aged paper,
AgHEC 6.4 1.4, and AgCur aged samples. Four different aging procedure were tested: crumpling, washing machine, glass ball,
and NaClO. SARS-CoV-2 stock solution was applied on 2-2 cm? pieces of paper and recovered after the indicated exposure times.

The residual virus titer was assessed via limiting dilution assay. Results are reported as percentage viral inhibition.

Untreated samples showed only the natural viral inhibition due to air exposition, while untreated
aged samples demonstrated higher activity, comparable with AgHEC 6.4 1.4 and AgCur. In
general, coated samples showed higher activity respect to the untreated aged samples, even if the
differences were small. Still, it is difficult to discriminate between virus adsorption on the

substrate and the real antiviral effect.
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Scale-up to pre-industrial level roll-to-roll printing

The coating based on AgHEC 6.4 1.4 100 mg-L"' was the best candidate in terms of
antimicrobial activity, both antiviral and antibacterial, and durability, so it was selected for the
pre-industrial trials. 100 L of AgHEC 6.4 1.4 100 mg-L™!' were produced diluting 50 times 2 L
of the synthesis product AgHEC 6.4 1.4 5000 mg-L!. The typical laboratory scale synthesis
involves volumes ranging from 30-100 mL, for the scale-up 5 replicas of 500 mL synthesis were
produced. Each batch, as well as the final mixed product, was characterized to ensure the process
reproducibility at higher volumes. In fact, upscaling the synthetic process of nanomaterials could
imply some variations of the physicochemical features due to the establishment of new
nucleation/growth equilibria that can occur passing to larger synthesis volumes. The results
collected at this stage were consistent with the standard synthesis in terms of hydrodynamic
diameter, polydispersity index, zeta potential, pH, Ag concentration and conversion, XRD
spectrum and crystallite size, and UV-Vis absorption. These characterizations are widely
described in Chapter 3. If at laboratory scale viscosity may be a secondary parameter, moving to
industrial scale it can be a relevant information to allow the best working conditions. The starting
product is several orders of magnitude more viscous than water, but the diluted sample reach
viscosity values comparable with water, about 2:107 Pa-s diluted 100 times. Even at this dilution
it is about the double of water’s viscosity, but it caused no complications for the implementation
in the industrial plant.

For large scale production, the post-deposition thermal curing temperature it is a key parameter
for the energy consumption and feasibility of the entire process. 10 minutes thermal treatment at
90 or 120 °C were tested, 90 °C is the typical temperature adopted during the project, but a higher
temperature could ensure a better durability of the product. Colorimetric analysis was used to
discriminate the different effect of the curing temperature on the product. The untreated substrate
was used as reference and the AE color difference in the CIELAB color space was calculated.
No differences were detected for both the AgHEC 6.4 1.4 100 mg-L™! coated samples and the
blanks only coated with the capping agent, between paper cured at 90 or 120 °C, Figure 99. Since
the two treatments seems to give similar results, the lower temperature (90 °C) more cost-

effective one may be suggested for the scale-up.
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Figure 99 — Comparison of the thermal treatment temperatures (90 °C vs 120 °C) effects on AgHEC 6.4 _1.4 and its blank
HEC 6.4 14.

The coating did not induce any color and gloss changes in the sheets. This characteristic is of
paramount importance, since it demonstrates that the coating does not influence the visual
appearance of the product. However, the absence of measurable optical variations makes difficult
the inline control of the coating process. Tarnished sheets showed negligible traces of humidity,
therefore, no persistent waving on the paper or sticking was observed. These results were

confirmed by absence of issues in the stacking of the sheets.

Coating homogeneity evaluation by ICP-OES and colorimetric analysis — The coating load
was estimated weighting stacks of 20 sheets before the deposition and after the final curing.
Results suggested an estimated load of about 0.445 g-m?, this value takes into consideration all
the coating with the capping agent, not only the AgNPs, moreover this estimation may be
affected by the presence of some humidity. The precise quantification of Ag in the coating was
performed by ICP-OES. To determine the homogeneity of Ag distribution, the paper sheets were
divided in 5 columns and 8 rows, 5 points were selected, represented in black in Figure 100, to
cover center, sides and corners of the sheet. Reproducibility of the treatment was evaluated

analyzing several sheets.
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Figure 100 — Schematic representation of the division of the paper sheets coated by roll-to-roll printing. In black are highlighted
the pieces selected for the quantification of the silver load by ICP-OES and in grey the pieces selected for the colorimetric study.

In Table 49 are reported the average results on 4 different sheets classified in base of the position

on the sheet.

Table 49 — Assessment of the silver load on the roll-to-roll coated samples by ICP-OES. The silver concentration was evaluated in

different region of the paper sheet to evaluate the homogeneity of the coating.

Sample position Ag load Deviation from the
(ngaggpaper™) average (%o)
Al 0.75+0.09 3.6
C4 0.75 +0.05 3.6
E5 0.71 £0.09 -0.4
C8 0.71 £0.05 -0.4
E8 0.65+0.06 -6.4
Average 0.71 £0.04 0

The analyzed samples revealed a silver load ranging from 0.65 to 0.75 micrograms of Ag per
gram of coated paper. The little value of the standard deviation reflects a good reproducibility
among different sheets while the calculated deviation from the average reflects a trend where the
right side of the sheets results to have a lower silver load respect to the left side and the center
of the sheet. Variations largely less than 10 % still represent a good enough homogeneity in the

coating distribution for the desired application.
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The Ag load achieved by the industrial scale roll-to-roll technology (= 0.7 ug-g™) is strongly
lower, about 20-fold, than the amount applied at laboratory scale by dip-coating (= 20 ug-g™).
The antimicrobial performance will determine if a higher Ag concentration is needed to ensure
the roll-to-roll deposited coatings activity.

Concluding, the roll-to-roll technology ensures coating homogeneity within the surface of the
same sheet, and reproducibility among different sheets. The data suggested a smaller amount of
Ag in the right region of the samples.

A colorimetric analysis was performed on these products in the 3 positions represented in grey
in Figure 100, close to the samples analyzed by ICP-OES. An untreated sheet was used as
reference. The AE color variation calculated in the CIELAB space is negligible for all the
position and samples, with an average value ranging from 0.5 to 0.7. This result is aligned with

the little amount of silver detected by ICP-OES in the coating.
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Conclusions

12 variants of Ag-based nanosuspensions were prepared using ecofriendly and easily scalable
methods. The 5 most promising variants were selected based on physicochemical and
antimicrobial features. Sol-phase antibacterial tests highlighted the synergistic effect of HEC
coupled with AgNPs. AgHEC 6.4 1.4 exhibited the highest antibacterial activity. HEC- and
Cur-based AgNPs confirmed excellent antiviral activity against SARS-CoV-2 and an optimal
selectivity index ensuring a wide safe and efficient concentration range.

Paper substrates were coated through dip-coating deposition and thermally treated at 90°C for
10 minutes. The yellow color typical of AgNPs strongly affected the paper color at the highest
deposition concentration, as assessed by the colorimetric evaluation, therefore the identification
of the minimum antimicrobial concentration will play a key role to optimize the material.
FESEM-EDX analyses highlighted the presence of Ag on the surface, homogeneously
distributed on the cellulosic fibers. Using ICP-OES measurements Ag deposited on the substrates
was quantified and HEC seemed to favor the nanoparticles attachment on paper substrates.
AgHEC 6.4 1.4 and AgCur coatings ensured good antibacterial and antiviral activities
combined with an acceptable durability. The deposition of 100 mg-L™! AgNPs suspensions is the
optimal compromise between antimicrobial activity, durability and aesthetical features of the
products. During the pre-industrial trials AGHEC 6.4 1.4 coating was successfully upscaled
resulting in the preparation of 100 L at a concentration of 100 mg-L"! of AgNPs. The batch-to-
batch reproducibility was ensured by verifying the physicochemical properties of the upscaled
suspensions. The quantification of the Ag amount in the coating by means of ICP-OES
highlighted a very good reproducibility among the different sheets, however by sampling
different zones of a same paper sheets some trends were observed. Roll-to-roll technique
provided a drastically reduced amount Ag (= 0.7 ug-g') compared to the dip-coating (= 14 pg'g
1) promoting a detrimental effect on the antibacterial feature. Since the higher Ag load in the dip-
coating samples is aesthetically acceptable, it will be possible for future trials to increase the

concentration of the Ag suspension to enable higher Ag load by roll-to-roll application as well.
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Experimental part

In this section are described the testing protocols for the antimicrobial performance in sol and as
coating, characterization methods such as colorimetric, ICP-OES, and FESEM-EDX analysis,

and finally the experimental dip-coating and roll-to-roll-printing procedures.

Laboratory scale dip-coating — The dip-coater is a machine that allows the production of coating
by substrate immersion in the coating agent bath at controlled speed. The custom model created
by Aurel S.p.A. allows pre-industrial scale deposition, regulating immersion-withdraw speed
and the soaking time, granting excellent reproducibility. For the deposition of AgNPs on paper
substrates, experimental parameters were optimized as follows: dipping and withdrawing speed
2 mm-s’!, soaking time 5 s, and the successive thermal treatment is performed at 90 °C for 10
minutes in a static oven. 7 samples and their corresponding blank solution (same composition
but Ag 0 mg-L") were deposited by dip-coating on paper substrates simulating paper-based
materials with high circulation rate at 3 different concentrations 1000, 500, and 100 mg-L"!. In a

further selection step, only 5 variants were deposited at two dilutions, 100 and 50 mg-L"".

Pre-industrial scale roll-to-roll printing — For the pre-industrialization trial a specific roll-to-
roll printing machine was opportunely configured for printing water-based solutions. An 80 L
external reservoir has been prepared and two flexo-plates with a layout covering the whole paper
sheet were implemented in the printing unit. This trial involved the production of 4000 paper
sheets. Before starting, the cleaning routine of the machine was performed, first the instrument
was rinsed with a specific solvent, then washed 3-4 times with demineralized water, at the end
of the production campaign the machine was washed once again with demineralized water. To
startup the machine, configure sheet format, and printing parameters, 2500 blank sheets were
used, then 500 sheets were coated and weighted to determine the varnish load, which was about
1.0 g'm™. For the tests, 4000 sheets were varnished at a speed of 7000 sheets-h™!, the product was
first UV cured reaching a temperature of 35-45 °C, then moved to an oven for the thermal

treatment, 10 minutes at 90 °C.

Silver quantification — Inductively coupled plasma — optical emission spectroscopy (ICP-OES)
was used for the quantification of silver during different stage of the project. First, for the
determination of the concentration of colloidal suspensions to be applied as coating, then the
silver loaded as coating on paper substrates, finally for the dissolution test to quantify the

concertation of silver released. The analyses were conducted thanks to an Agilent 5100 ICP-OES
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with mounted the autosampler Agilent SPS 3 (Agilent Technologies). Before the analysis, the
suspensions (the starting colloidal suspension used for the coating production and also the
simulating fluid containing dissolved Ag" cations from the dissolution tests) were acidic digested
using > 65 %wt HNO;3 (Sigma-Aldrich) and 30 %wt H>O; (Sigma-Aldrich), while the
quantification of Ag on coated paper was assessed preparing the samples for the analysis by
microwave assisted acidic digestion treated with > 65 %wt HNO3 (Sigma-Aldrich) and 30 %wt
H>0O> (Sigma-Aldrich), not digested solid fibers were removed by filtration, alternatively the
selected paper pieces were weighted and cut into smaller parts, then soaked in a mixture of 2 mL

of 65 %wt HNO3, 2 mL of 30 %wt H2O», and 2 mL of Milli-Q water, 3 minutes per side.

Dissolution test - The samples were soaked in 5 mL of liquid medium for 3 hours in static
condition, then they were removed and the liquid phase was analyzed by ICP-OES to assess the
Ag release. The selected simulating fluid for the dissolution test are simulated sweat and Milli-

Q water, they were selected in order to mimic a real application of these nano-enabled products.

Electron microscopy FESEM-EDX — Field emission scanning electron microscopy (FESEM)
was used coupled with energy dispersive x-ray spectroscopy (EDX) to study the morphology
and the surface of the coated products, and also the silver distribution on the coating. FESEM
images allowed the morphological study of substrate and coating. EDX allowed the evaluation
of the silver distribution over the surface of the coating. The instrument used is ZEISS SIGMA,
Carl Zeiss Microscopy GmbH.

Colorimetric evaluation — CIELAB coordinates were used to provide a solid color descriptor of
the final coated product involving 3 parameters: “L” lightness ranging from 0 (black) to 100
(white), “a” redness-greenness of the color, positive values are red, negative values are green,
“b” yellowness-blueness of the color, positive values are yellow, negative values are blue. AL,
Aa, and Ab values provide a complete numerical descriptor of color differences between a sample
and a reference (white paper). The higher the value, the greater the difference in that dimension.
AE (total color difference) is calculated based on AL, Aa, and Ab and represents the distance
between two points, the sample and the reference, in the CIELAB space, AE calculation is

reported in Equation 8.2!°

AE = \/ (AL)? + (Aa)?+(Ab)? Equation 8
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Antibacterial test in sol — The antibacterial activity of the suspensions was tested in compliance
with EN 1040:2005 standardized method against Escherichia coli ATCC 10536 (Gram-negative)
and Staphylococcus aureus ATCC 6538 (Gram-positive) at different concentrations (50, 10, 1,
0.5 and 0.05 mg-L"), blank solutions (no AgNPs) were used as comparison to discriminate the

activity of AgNPs and the synergistic effect combined with the capping agent.

Antibacterial test on coated paper — The antibacterial activity was evaluated according to ASTM
E 2149-01 “Standard test method for determining the antimicrobial activity of immobilized
antimicrobial agents under dynamic contact conditions”. The method is designed to evaluate the
resistance of non-leaching antimicrobial treated specimens to the growth of microbes under
dynamic contact conditions. Escherichia coli ATCC 11229 as Gram-negative and
Staphylococcus aureus ATCC 6538 Gram-positive bacteria were studied. The antimicrobial
activity was expressed in % reduction of the organisms after contact with the test specimen

compared to the number of bacterial cells surviving after contact with the control.

Antiviral test in sol — The antiviral activity was assessed in the Ag concentration range 18.75-
300 mg-L! and then expressed as ICso, the dose causing 50 % reduction of the virus replication
with respect to the untreated control. SARS-CoV-2 and BK polyomavirus were studied
representing respectively non-enveloped and enveloped viruses. The viral replication inhibition
was studied with AgNPs pre-treated virus particles infecting target cells. The virus inhibition
was assessed by RT-qPCR employing SARS-CoV-2 N1 gene RT-qPCR on RNA isolated from
the supernatants of treated infected cells and by Plaque Reduction Assay, results are reported as

replication inhibition percentage respect the starting untreated sample.'®3

Antiviral test on coated paper — The antiviral results against SARS-CoV-2 of the nano-enabled

products were assessed by applying the testing method ISO 18184:2019 “Determination of

antiviral activity of textile products, which was properly adapted to paper substrates”.
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4.1.3. Antimicrobial polymeric films

Introduction — Polymeric films are generally defined as thin continuous polymer-based
materials with a thickness up to 200 um. They can be manufactured from various resins to
achieve the desired physical, optical, and functional properties. Usually they are prepared from
thermoplastic resins following lot of different methods, such as extrusion, coextrusion,
calendaring, skiving, casting, and coating.?'® Polymeric films find large use in lot of different
applications, in membrane separation science they can be used as selective filtration barrier for
liquid or gas by controlling the pore size, in the biomedical field they can be loaded with drugs
and used for transdermal delivery and wound healing, and more in general polymeric films are
widely applied in the packaging industry.?!72!8

Implementing antimicrobial and antioxidant properties in polymeric films may be particularly
interesting and convenient in some applications like the already cited biomedical bandages or in
the food packaging field, but in general reducing pathogens proliferation can be helpful in most
of their applications. In this perspective, the synthesized AgNPs were implemented in polymeric
films to exploit their antimicrobial properties.?!” The synthesis optimization is described in
Chapter 3. Curcumin-capped AgNPs (AgCur) and two variants of quaternized hydroxyethyl
cellulose-capped AgNPs (AgHEC 5.5 2.8 and AgHEC 6.4 1.4) were investigated as
antimicrobial additives to polymeric films. A cellulose biopolymeric film was selected as
substrate for the investigations, both water-based and solvent-based resins were loaded with
AgNPs and applied as surface coating, also a water-based adhesive was tested to produce a
double layer film (biopolymer-adhesive-biopolymer).

The antibacterial tests here reported were performed in collaboration with INRiM (National

Metrology Institute of Italy, Torino).
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Results and discussion — A first screening of the AgNPs variants was performed at colloidal

level to determine the most active compounds and the most suitable for the desired application.
The selected variants underwent a compatibility study with the water- and solvent-based resins
and the water-based adhesive, to determine the dispersibility of the particles in the working
environment. After that, the most performing configuration was investigated, to determine if
AgNPs antimicrobial activity can be better exploited if applied as direct coating or as internal
adhesive in a double-layer set-up. Finally, the antibacterial activity of the best solutions in terms
of AgNPs variant and film configuration was deeply studied. A scheme of the workflow is

represented in Figure 101.

AgNPs antibacterial
screening at colloidal level
AgCur
AgHEC 6.4_1.4
AgHEC 5.5 2.8

Dispersibility test:
AgNPs compatibility with resins and adhesive

Water
Ethyl acetate

Antibacterial test on films

Water-based resin coating
Solvent-based resin coating
Water-based adhesive bilayer

In-depth study of the antibacterial
activity of the best solutions

AgCur and AgHEC 6.4_1.4 water-based coating

Figure 101 — Schematic workflow of the production and characterization of antimicrobial polymeric films implementing AgNPs.

Antibacterial screening at colloidal level — Among several variants produced during the
optimization of AgNPs syntheses, few promising compositions were selected, based on their
antimicrobial activity, stability, and cytotoxicity. AgCur, AGHEC 6.4 1.4,and AgHEC 5.5 2.8
colloidal suspensions were tested against Listeria innocua, a Gram-positive bacterium. Results
reported in Figure 102, Figure 103, and Figure 104 show a dose dependent behavior for the 3

AgNPs tested, increasing Ag concentration the antibacterial effect against Listeria innocua is
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enhanced. In particular, it was identified 100 pg'mL"" as effective inhibitory concentration for
all the AgNPs variants, corresponding to an exponential increase of the antibacterial activity.
The 3 compositions demonstrated different activity at 100 pg-mL’, the most active is
AgHEC 6.4 1.4 with a logarithmic bacterial reduction of 5.00, followed by AgCur with 3.04,
and concluding with AGHEC 5.5 2.8 areduction of 1.1 log. In this way an activity ranking was
obtained, proposing AgHEC 6.4 1.4 as most active variant against Listeria innocua, also AgCur
exhibited excellent antibacterial activity with a 99.9 % reduction, while AgHEC 5.5 2.8

demonstrated to be less active.

L. innocua
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Figure 102 — Antibacterial activity against L. innocua of AgCur nanoparticles. Results are expressed as logarithmic bacterial

reduction induced by the selected silver concentrations.
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Figure 103 — Antibacterial activity against L. innocua of AgHEC 6.4_1.4 nanoparticles. Results are expressed as logarithmic

bacterial reduction induced by the selected silver concentrations.
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Figure 104 — Antibacterial activity against L. innocua of AgGHEC 5.5 2.8 nanoparticles. Results are expressed as logarithmic

bacterial reduction induced by the selected silver concentrations.

Since AgCur and AgHEC 6.4 1.4 demonstrated to be the most interesting solution, they were
tested against Escherichia coli as Gram-negative reference bacterium. As previously observed
in Chapter 3, AgNPs tends to be more active against Gram-negative bacteria, in fact against
Escherichia coli both AgCur (Figure 105) and AgHEC 6.4 1.4 (Figure 106) demonstrated
excellent bacterial reduction at low concentration, respectively 5.5 and 6.8 log. At high Ag

concentrations (> 100 pg-mL™") there aren’t appreciable differences between the two investigated

201



Chapter 4 — Production of nano-enabled products implementing antimicrobial silver nanoparticles on different
substrates

variants, but at low concentrations (< 50 pug'mL') AgHEC 6.4 1.4 has slightly stronger

antibacterial activity, confirming to be the most active variant against bacteria.
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Figure 105 — Antibacterial activity against E. coli of AgCur nanoparticles. Results are expressed as logarithmic bacterial reduction

induced by the selected silver concentrations.
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Figure 106 — Antibacterial activity against E. coli of AGHEC 6.4_1.4 nanoparticles. Results are expressed as logarithmic bacterial

reduction induced by the selected silver concentrations.

AgCur and AgHEC 6.4 1.4 were selected as AgNPs variants to be implemented as coating for

the polymeric film substrates.
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Antimicrobial polymeric films design — Cellulose biopolymeric films were used as substrate for
the deposition of the antimicrobial layer. Two different configurations were tested, a scheme of
the products is proposed in Figure 107:

- Surface coating antimicrobial layer: the surface coating was produced using either

ACTEGA “FoodSafe GOLD” (FSG) or “232” water-based resins or a solvent-based

resin. In this configuration, a direct contact between AgNPs and pathogens is promoted.

- Internal adhesive antimicrobial layer: the intermediate layer was produced using a water-

based adhesive placed in between two cellulose layers to study the indirect contact mode.
The idea of implementing the antimicrobial AgNPs into an internal adhesive layer derives from
the purpose to apply these materials in the food packaging field. To exploit the antimicrobial
properties of AgNPs in this specific application requires to comply with the strict European
Commission regulation regarding food contact materials.?*° The direct contact between food and
AgNPs may favor the diffusion and migration of AgNPs or Ag" into foods.??! To avoid this
phenomenon it is necessary the nanoparticles confinement into a multilayer system. During the
antibacterial tests an activity comparison will be assessed between the two configurations: direct

contact and indirect contact.

Surface coating Internal adhesive

Cellulose film

Coating layer Adhesive layer
Cellulose film Cellulose filin
Water-based resins: Solvent-based resin Water-based adhesive
- FSG
- 232

Figure 107 — Schematic representation of the two antimicrobial film configurations tested: surface coating and internal adhesive.
Water- and solvent-based resins were applied for the production of the surface coating layer, while the water-based adhesive was

used as internal adhesive layer between two cellulose films.

AgNPs dispersibility test into varnishes — The compatibility test was performed to determine

the dispersibility of AgNPs water-based colloidal suspension in the varnishes that will be used
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to produce the antimicrobial polymeric films. Tests were divided depending on the polarity of
the resin. AgNPs were dispersed into:

- Water-based resin (addressed to study the dispersibility into the water-based resin itself

and water-based adhesive).

- Solvent-based resin.

AgHEC 5.5 2.8 and AgCur were used for this preliminary and qualitative work because they
possess opposite zeta potential in water, positive for AGHEC 5.5 2.8 and negative for AgCur.
In general, it was observed a good miscibility of the silver nanophases in both environments. In
particular, perfect miscibility was obtained in water-based resin for AgHEC 5.5 2.8 and AgCur,
Figure 108. The yellow coloration is due to the presence of AgNPs.

2) || by [

i - . S

Figure 108 — Dispersibility test in the water-based resin. a) AGHEC 5.5 2.8; b) AgCur.

A good phase miscibility was obtained also for the solvent-based resin, Figure 109.
AgHEC 5.5 2.8 visibly interacts with the resin exhibiting a color variation from the typical

yellow-brown toward red.

Dot 2 [v) W
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Figure 109— Dispersibility test in the solvent-based resin a) AGHEC 5.5 2.8; b) AgCur.
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To have a homogeneous AgNPs distribution in the final polymeric film, it is important to have
a good dispersibility of the nanophase in the resin. This condition was fulfilled by both AgNPs
in both resins. It is important to process the Ag-doped resins immediately after the dispersion to

prevent any precipitation phenomena over time.

Antibacterial tests on polymeric film — The antibacterial tests on the biopolymeric films were
performed following the ISO 22196:2011 “Measurement of antibacterial activity on plastics and
other non-porous surfaces” against Escherichia coli, Staphylococcus aureus, and Listeria
innocua. The antibacterial activity against L. innocua was assessed together with the typical E.
coli and S. aureus bacteria, representing respectively the Gram-negative and Gram-positive
categories, because of Listeria spp. safety concerns related to potential contamination of food

contact materials and packaging.??%223-224225

Surface coating

Testing bacteria / Q

|
|

AgNPs containing

antimicrobial coating layer

Water-based resins:
- FSG
- 232

Cellulose film

Solvent-based resin

Internal adhesive

Testing bacteria / Q

|

|

Water-based adhesive

Cellulose film

AgNPs containing
antimicrobial adhesive layer

Cellulose film

Figure 110 — Schematic representation of the two antimicrobial film configurations tested: surface coating and internal adhesive.
Water- and solvent-based resins were applied for the production of the surface coating layer in this configuration there is a direct
contact between the silver containing layer and the bacteria. The water-based adhesive was used as internal adhesive layer between

two cellulose films, in this case there is an indirect contact between the silver containing layer and the bacteria.

AgNPs 0.5 %wt colloidal suspension was incorporated into the resin or adhesive at a
concentration of 30 %wt, reaching a final Ag concentration in the tested layer of 0.15 %wt

equivalent to 20 pg-cm?. AgNPs dispersion was good and a homogenous product was obtained.
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A scheme of the testing configurations is reported in Figure 110. In the case of surface coating a
direct contact between bacteria and the AgNPs containing layer is achieved, while an indirect
contact is tested in the internal adhesive layer configuration.

The first test was performed on AGHEC 6.4 1.4 dispersed in the solvent-based resin and in the
water-based adhesive against E. coli. Results reported in Figure 111 are compared with the blank
represented by the uncoated substrate. The two different configuration demonstrated very
different results, in fact, the direct contact between the silver loaded layer and the bacterium it is
necessary to exploit the antibacterial activity of AgNPs. The direct contact solvent-based coating
exhibits excellent activity with a 5.3 log E. coli reduction respect to its blank. While there are no
relevant differences between the activity of the water-based adhesive and its blank, in this case
the silver layer is included between the two external cellulose films, impeding the direct contact
with E. coli. From these results it is possible to assume that the direct contact between silver and
the targeted pathogen is extremely important for the exploitation of the antibacterial activity.
AgNPs recognized antibacterial mechanisms involves the nanoparticles adhesion and
penetration of the cell wall inducing the cells lysis and death, the formation of reactive oxygen
species (ROS), and the silver cations release which interfere with enzymes, proteins, and genetic
material.2%??7 In the indirect contact configuration, it is possible that the confinement of the
AgNPs within the two cellulose film suppresses the Ag” ions release and diffusion, and obstructs
the nanoparticles contact with the bacteria, it could also reduce ROS production and favoring
their quenching before the contact with bacteria, generally inhibiting the antibacterial activity.?*!
Controlled permeability films could be an interesting solutions to avoid the direct contact with
AgNPs, but this compromise could be not enough to match strict regulations such as in the food
packaging field.

During the following steps, the adhesive indirect contact configuration was abandoned focusing

only on the coating direct contact.
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Figure 111 — Antibacterial activity against E. coli of AGHEC 6.4_1.4 containing samples compared to the respective blanks
prepared using the same varnishes without the AgNPs. The results are reported as bacterial concentration (CFU-mL™) after the

contact with the samples prepared with solvent-based resin (direct contact) or water-based adhesive (indirect contact).

A second test was carried out against E. coli using AgGHEC 6.4 1.4 and AgCur dispersed in
water-based resins 232 and FSG, Figure 112. Both AgNPs showed excellent antibacterial
activity, which was even higher for AGHEC 6.4 1.4. Quantitative E. coli depletion was obtained
by AgHEC 6.4 1.4 in both resins, while AgCur grants quantitative reduction dispersed in FSG
and excellent reduction (4.3 log respect to the blank) in 232. It is interesting to compare the
different activity of the blanks, in fact FSG demonstrated some kind of antibacterial activity
itself, 1.3 log reduction respect to 232, indeed an antibacterial agent is present in FSG
formulation. The synergistic activity between FSG resin and AgNPs push the AgCur sample E.

coli reduction to completeness.
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Figure 112 — Antibacterial activity against E. coli of AGHEC 6.4_1.4 and AgCur containing samples compared to the respective
blanks prepared using the same varnishes without the AgNPs. The results are reported as bacterial concentration (CFU-mL") after
the contact with the samples prepared with water-based resins 232 and FSG (direct contact). Asterisks represent values below the

detection limit, approximated to 0.

To test the activity of these materials against Gram-positive bacteria, S. aureus and L. innocua
were selected. In Figure 113 is reported the activity of AgNPs water-based resin coatings against
S. aureus. The behavior is similar to E. coli, AGgHEC 6.4 1.4 confirms to be the most active
AgNPs variant leading to a quantitative reduction of S. aureus in both 232 and FSG film. FSG
demonstrates to have antibacterial activity itself also against Gram-positive bacteria, 2.9 log
bacterial reduction respect to 232.

Once dispersed into the resins, AgCur highlights a reduced activity against S. aureus, showing
0.5 log reduction in 232 and 1.1 log reduction in FSG (compared to their respective blanks).
This is peculiar, since AgCur pristine colloidal suspension had showed excellent results against
S. aureus reaching more than 4 log reduction (results reported in Chapter 3.2.4.). It is possible
that the immobilization into the cellulose coating influenced the availability of the AgNPs and

Ag" ions with more acute repercussions against Gram-positive bacteria.
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Figure 113 — Antibacterial activity against S. aureus of AGHEC 6.4_1.4 and AgCur containing samples compared to the respective
blanks prepared using the same varnishes without the AgNPs. The results are reported as bacterial concentration (CFU-mL") after
the contact with the samples prepared with water-based resins 232 and FSG (direct contact). Asterisks represent values below the

detection limit, approximated to 0.
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Figure 114 — Antibacterial activity against L. innocua of AgHEC 6.4 1.4 and AgCur containing samples compared to the
respective blanks prepared using the same varnishes without the AgNPs. The results are reported as bacterial concentration
(CFU-mL") after the contact with the samples prepared with water-based resins 232 and FSG (direct contact). Asterisks represent

values below the detection limit, approximated to (.
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L. innocua was tested as second Gram-positive bacterium, Figure 114, and also in this case
AgHEC 6.4 1.4 demonstrated higher antibacterial activity in both varnishes. FSG demonstrated
a certain degree of antibacterial activity, 0.4 log respect to 232. AgCur was non-active against L.

innocua.

E. coli, Gram-negative, demonstrated to be more affected by the presence of AgNPs respect the
two other Gram-positive bacteria, S. aureus and L. innocua. Since AgHEC 6.4 1.4 showed
higher antibacterial efficacy against all the bacteria tested, it was selected to be tested in lower
concentrations. The optimal configuration resulted to be a surface layer, so the coating with the
resins was selected for the successive studies, in particular it was selected the water-based

varnish 232, in order to avoid interferences generated by the intrinsic antimicrobial activity of

FSG.

In depth antibacterial study of the most effective configurations — From tests at 30 %wt load
of 0.5%wt AgNPs suspension, AGHEC 6.4 1.4 resulted to be the most active variant tested.
Furthermore, the direct contact activated mechanism required to exploit AgNPs antibacterial
activity forced the selection of a surface varnish. In particular, water-based resin ACTEGA 232
(named 232) was selected to avoid the interferences from the antibacterial properties of
ACTEGA FoodSafe GOLD (named FSG), and also to avoid the use of solvent for the solvent-
based varnish.

Once the experimental configuration was arranged, 232 water-based resin was loaded with
different concentration of AGHEC 6.4 1.4, ranging from 1 to 20 %wt, and then tested against

E. coli, S. aureus, and L. innocua Figure 115, Figure 116, and Figure 117 respectively.
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Figure 115 — Antibacterial activity against E. coli of AGHEC 6.4_1.4 containing water-based resin 232 films (direct contact),
compared to the blank prepared using the same varnish without the AgNPs. The results are reported as bacterial concentration
(CFUmL") as function of the load of 5 g-L AgNPs suspension in the antimicrobial layer. Asterisks represent values below the

detection limit, approximated to 0.
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Figure 116 — Antibacterial activity against S. aureus of AGHEC 6.4_1.4 containing water-based resin 232 films (direct contact),
compared to the blank prepared using the same varnish without the AgNPs. The results are reported as bacterial concentration
(CFUmL") as function of the load of 5 g-L”' AgNPs suspension in the antimicrobial layer. Asterisks represent values below the

detection limit, approximated to 0.
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Figure 117 — Antibacterial activity against L. innocua of AGHEC 6.4_1.4 containing water-based resin 232 films (direct contact),
compared to the blank prepared using the same varnish without the AgNPs. The results are reported as bacterial concentration

(CFUmL") as function of the load of 5 g-L" AgNPs suspension in the antimicrobial layer. Asterisks represent values below the

detection limit, approximated to 0.

All the tests were conducted in triplicate for each bacterial strain. As expected, a concentration
dependent behavior was identified. Increasing the silver load in the coating layer correspond to
an increase in the antibacterial activity of the sample. A 10 %wt AgNPs suspension load, which
corresponds to a 0.05%wt Ag concentration in the film and to a surface Ag concentration of 6.67
ng-cm?, was identified as the composition able to ensure at least 4 log bacterial reduction for
each stain. In particular, 4.6 log reduction against E. coli, 5.7 log reduction against S. aureus,
and 7.2 log reduction against L. innocua. AGQHEC 6.4 1.4 incorporated into 232 water-based
resin was more effective against Gram-positive bacteria.

Summarizing, direct contact coatings were identified as the best configuration for the production
of these polymeric films, AgHEC 6.4 1.4 demonstrated to be the strongest antibacterial AgNPs
variant, and finally a silver concentration of 0.05 %wt resulted enough to ensure at least 4

logarithmic bacterial growth reduction against each of the tested bacterial strains.
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Conclusions — The activities here described had as main goal the production of antimicrobial
polymeric films. The antimicrobial coating containing AgNPs was deposited as a surface layer
or as an intermediate layer acting as an adhesive between two neutral external films. Cellulose
biopolymer was used as a substrate for these depositions and water- or solvent-based varnish and
adhesive as a dispersive agent for the antibacterial silver nanoparticles.

A first screening of the antibacterial activity was carried out on the AgNPs suspension to identify
the most active compositions, AGHEC 6.4 1.4 and AgCur were taken into consideration for the
production of the film. Both of these particles demonstrated good dispersibility in the tested
varnish and excellent antibacterial activity.

From the antibacterial characterization of the coated films, it was possible to understand the
importance of the direct contact between the AgNPs loaded layer and the targeted pathogen, in
fact only the surface coating resulted to be active, while the internal adhesive does not promote
an antibacterial activity.

AgHEC 6.4 1.4 demonstrated the highest antibacterial activity against both Gram-negative and
Gram-positive bacteria. The in-depth concentration-dependent study identified a superficial Ag
concentration into the coating of 6.67 pg-cm? enough to ensure a bacterial reduction of 4
logarithms. In particular, 4.6 log reduction against E. coli, 5.7 log reduction against S. aureus,
and 7.2 log reduction against L. innocua. AGHEC 6.4 1.4 embedded into these nano-enabled
products pointed out higher activity against Gram-positive bacteria.

Concluding, it was possible to develop biopolymeric films embedding AgNPs with relevant
antimicrobial properties to a wide set of application fields such as packaging, food industry, and

biomedical sector.
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Experimental section

Antibacterial test at colloidal level — The antibacterial screening at colloidal level was conducted
against Listeria innocua. The activity was evaluated by monitoring the bacterial reduction by
studying the optical density at 600 nm for 24 hours after the inoculum. The negative control was
represented by the natural bacterial depletion. Dose dependent behavior was study in a silver
concentration range of 1-1000 ug'mL-!. Sol antibacterial properties against Escherichia coli were

evaluated in the silver concentration range 30-200 pg-mL.

Dispersion protocol — Typically, 1 gram of matrix (either the water-based or solvent-based resin)
was weighted into a glass test tube. Subsequently, about 0.2-0.3 g of 0.5 %wt AgNPs suspension
were dispersed in the matrix. Eventually the product was then diluted 1:1 with Milli-Q water in
the case of water-base resin or ethyl acetate in the case of solvent base resin. Finally, the

dispersion protocol was ultimate by 10 minutes ultrasound treatment.

Preparation of the coated antimicrobial polymeric films — Cellulose biopolymeric films were
used as substrate for the deposition of the antimicrobial layer containing AgNPs. Two different
configurations were implemented:

- Coating, where the AgNPs containing resin was deposited as surface coating on the
cellulose film to have a direct contact with the pathogens. Solvent-based resin ADCOTE
from Dow and water-based resins ACTEGA FoodSafe GOLD (named FSG) and
ACTEGA 232 (named 232) from ACTEGA were used for the coating production.

- Adhesive, the adhesive loaded with AgNPs was added between two cellulose layers
(cellulose-adhesiv-cellulose) to test the indirect contact with pathogens. SIMTACK
water-based adhesive from IAB was used for this study.

AgNPs 0.5 %wt colloidal suspension was incorporated into the resin or adhesive at a
concentration of 30 %wt, reaching a final Ag concentration in the tested layer of 0.15 %wt.
AgNPs dispersion was good and a homogenous product was obtained. Subsequently, 4 g of
product were deposited on a 300 cm? cellulose film, obtaining a silver surface concentration of
20 pg-cm?. Coated sheets were cut into 4 cm? pieces to be used for the antibacterial tests. Similar
procedure with different AgNPs colloidal suspension load was used for the preparation of the

samples for the concentration dependent study, in the rang 1-20 %wt.

Antibacterial test on coated polymeric films — The antibacterial activity was evaluated against

Escherichia coli (Gram-negative), Staphylococcus aureus (Gram-positive), and Listeria innocua

214



Chapter 4 — Production of nano-enabled products implementing antimicrobial silver nanoparticles on different
substrates

(Gram-positive). Tests were performed following the ISO 22196:2011 “Measurement of
antibacterial activity on plastics and other non-porous surfaces”, the cellulose films coated with
the various matrixes without AgNPs were used as reference blank. The first general screening
studying all the variables (AgHEC 6.4 1.4 and AgCur as AgNPs, as water-based resins FSG
and 232, as well as solvent-based resin SIMTACK, and water-based-adhesive as dispersing
matrix) was assessed preserving a constant Ag concentration 20 pg-cm? (corresponding to a 30
%wt AgNPs suspension load). The in-depth study of the most promising configuration
(AgHEC 6.4 1.4 dispersed in 232 water-based resin) was developed to find the optimal Ag
concentration, the AgNPs loading range explored varied in between 1-20 %wt. Specifically, 1,
2.5, 5,10, 13, 15, and 20% for E. coli, 1, 2.5, 5, 7.5, 10, 13, 15, and 20% for S. aureus, and 5,
7.5, 10, 15, and 20% for L. innocua.
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4.1.4. Spray freeze-dried powder and embedding into biopolymers

AgNPs produced demonstrated good stability, in particular HEC capped AgNPs showed
excellent stability for several months and up to two years shelf-life when stored at 4 °C in dark
conditions. The stability and the preservation of the antimicrobial properties are key points, so
preventing aggregation and sedimentation phenomena is a relevant topic for these materials.
Furthermore, the optimized syntheses allow the production of AgNPs at a relatively high
concentration, 0.5 %wt Ag, but still the large amount of water makes the transportation more
difficult.

To overcome these issues, two solutions based on the low temperature water removal were
proposed. The main target of this task it to enhance the stability, durability, and particularly the
shelf-life of the produced nanomaterials. To reach the desired goal, the lyophilization technique
was implemented for the low temperature water removal, in this way flocculation and
aggregation phenomena should be limited or avoided, and the thermolabile organic shell
surrounding AgNPs should be preserved.

Two solutions were proposed:

- Spray freeze drying of the colloidal suspension to obtain a micrometric lyophilized
AgNPs powder.

- Embedding AgNPs into biopolymers to create solid 3-dimensional structures that will be

subsequently lyophilized.
Both the solutions exploit lyophilization as final step to remove water, in this way no damages
are inflicted to NPs structures, agglomeration and sedimentation phenomena are not possible and
consequently the stability of the product should be extended minimizing his hindrance and

weight.
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Spray freeze-dried powder

The spray freeze drying technique is used for the conversion of liquid suspension, usually in
aqueous environment, into solid powders. The process is constituted by two steps, a first one of
granulation followed by a lyophilization stage. The granulation step is performed by the gas-
assisted spray or atomization of the concentrated feeding suspension into a liquid nitrogen bath
to instantaneously freeze the droplets. The frozen droplets are lyophilized and the solvent
sublimation allows the formation of highly porous dried granules.

The spray freeze-drying process is commonly used for the encapsulation of active phases such
are nanoparticles, drugs, or catalysts into a support matrix which could be either polymeric or
ceramic. Nonetheless it could be used to extent the durability of products and nanomaterials.
This process is suitable for nanometric and micrometric metals, ceramics, inorganic powders,
and organic materials. In the nanotechnology field it is usually applied in the production of
nanostructured micrometric granules, starting from a nanosuspension it is possible to obtain a
micrometric powder which preserves the nanostructure and the activity typical of nanophases.
This concept summarized as “from nano to micro” it is useful to improve the material handling
and safety profile, because of all the complications involved in the nanophases processing and
handling. The freeze-drying process must be concluded before the triple point of water is
reached, otherwise, water fusion would lead to a liquid phase that could compromise desired the
micro and nanostructure.??

Spray freeze drying technique was implemented in the AgNPs manufacturing to improve the
durability, stability and in general the shelf-life of the AgNPs. Once they are lyophilized,
aggregation phenomena and sedimentation are avoided, also the process working at low

temperature does not damage both the nanoparticles and the organic coating.

Powder production and characterization — AgHEC, AgCur, and AgSur underwent successfully
to the spray freeze drying process leading to product with different characteristic. The
biopolymer used as capping agent for AGHEC determines a brown sponge-like structure, with a
network created by the macromolecule’s entanglements. Differently, for AgCur and AgSur it
was possible to obtain a powder-like darker material.

AgHEC in powder form was applied in the European Project ASINA Value chain 2 for the
production of antimicrobial hand cream and antiaging skin care cream. As already mentioned in
Chapter 4.1.1., ASINA Project (Anticipating Safety Issues at the Design Stage of NAno Product
Development) aims to promote consistent, applicable and scientifically sound Safe-by-Design

nano-practices, considering all nano-enabled products design dimensions: functionality,
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production technologies, safety, environmental sustainability, cost effectiveness and regulatory
requirements, in line with research responsible innovation policy.*® The two project Value chains
may be summarized as follow:

- Value chain 1 is focused on antimicrobial and depolluting coatings applied on two main
case studies: photocatalytic filters and illumination systems based on titanium dioxide
nanoparticles coating, and antimicrobial textiles based on silver nanoparticles coating.

- Value chain 2 studies nanostructured capsules delivering active phases in cosmetics, two
products of interest were identified in antiaging skin care cream and antibacterial hand
cream.

So, spray freeze-dried AgHEC was the focus of a deeper investigation respect AgCur and AgSur.
AgHEC 5.5 2.8 was selected as variant object of study, characterizations were compared
between the sol phase, named AgHECs, and the powder phase, named AgHECp.?? The porous
sponge-like structure obtained for AgHECp gives a limited specific surface area, it was
determined by BET to be =~ 2 m*-g’!. Typically, nanostructured materials reach value greater of

1 to 3 order of magnitude, probably the biopolymeric capping agent limits these parameters.

Transmission electron microscopy — Phase contrast TEM on the powder revealed spheroidal
nanoparticles with size ranging from 5 to 50 nm and HRTEM images confirmed the presence of
silver crystalline twinned domains, Figure 118. In general, the morphology and crystallinity are
preserved if compared to the sol sample characterized in Chapter 3.2.1., but the HAADF-STEM
images used for the statistical size analysis revealed a slight increase in the average size of these
nanoparticles, Figure 119. The size of 168 NPs was measured in several images. The estimated
average diameter is 18.9 nm with a standard deviation of 10.1 nm. Therefore, with a confidence
interval of 99% the average diameter value is assumed 19 + 2 nm. AgHECs measures for long
and short axes were respectively 14.6 + 0.7 nm and 12.4 + 0.6 nm, the increase in the particle it
is probably due to the spray freeze drying process, which avoid AgNPs fusion and
recombination, but does not avoid completely aggregation phenomena. This trend was confirmed

by the hydrodynamic DLS measurements.
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Figure 118 — a) phase contrast TEM image of AgHECp showing particles size ranging from 5-50 nm; b) HRTEM image of
AgHECp showing crystalline nanoparticles formed by twinned domains.
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Figure 119 — a) HAADF-STEM images of AgHECp used for the particle size statistical analysis; b) size distribution statistical

analysis of the sample AgHECp, the estimated average diameter was 19 + 2 nm with a confidence interval of 99%.

X-ray diffraction spectroscopy — The results reported in Figure 120 for both AgHECs and
AgHECp show a typical XRD pattern of AgNPs, the main peaks detected can be indexed as a
face centered cubic (FCC) structure (JCPDS, file no. 4-0783). The patterns obtained show the
presence of diffraction peaks at 38, 44, 64 and 77°, corresponding respectively to (111), (200),
(220) and (311) Ag planes. The other peaks were identified as NaCl coproduct and AgCl
byproduct, the broad band at about 20 ° is typical for amorphous compounds, in this case
represented by the cellulose-based capping agent.

Crystallite size was determined using the Scherrer method on the main diffraction peak (111).
AgHEC:s has a crystallite size of 8.8 nm, and AgHECp of 9.1 nm. The two samples show similar

crystallite size, the powder has slightly larger domains, in agreement with TEM results.
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Figure 120 — XRD spectra comparison of AgHECs and AgHECp presenting the typical face-centered cubic pattern of metallic

silver and the diffraction band at 20 ° of the amorphous material represented by the biopolymer used as capping agent.

UV-Vis spectroscopy — The powder was re-suspended in Milli-Q water and the colloidal
characterization were repeated. UV-Vis absorption spectra reported in Figure 121 showed the
typical surface plasmon resonance peak of AgNPs. The maximum absorption falls at 397 nm for
AgHECp and at 410 nm for AgHECSs, typical wavelengths of spheroidal AgNPs with size 10-20
nm. The spray freeze-drying process induces a blue shift and also gives a sharper absorption

peak 94,95,96,97,98
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Figure 121 — UV-Vis absorption spectra comparison between AGHECs and AgHECp presenting the typical SPR absorption peak
of AgNPs with maximum absorption in the wavelength range of 397-410 nm.
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Hydrodynamic diameter, polydispersity, and zeta potential — As already shown by the TEM
images, the spray freeze drying process induces a limited increase of the NPs dimensions. This
trend is confirmed for the hydrodynamic diameter, AgHECp has a larger size (369 nm) than
AgHECs (286 nm). The polydispersity is also increased, while the zeta potential is positive for
both samples, = 15 mV. The electrostatic repulsion, combined with the steric hindrance,

contributes to the suspension stability. These results are summarized in Table 50.

Table 50 — Colloidal characterization of the sol (AgHECs) and powder (AgHECp) samples: hydrodynamic diameter and
polydispersity index assessed by DLS and zeta potential assessed by ELS.

Sample Average hydrodynamic diameter PDI Zeta potential
(nm) (mV)

AgHECs 286+ 5 0.323 +0.004 16.5+0.3

AgHECp 369 £ 41 0.49 +0.06 14.0+ 0.6

Conclusion — The spray freeze drying technique was implemented to improve the handleability
of the synthesize AgNPs and to extent their shelf-life. The physicochemical characterization of
the powder AgHECp demonstrated lesser variation respect to the sol AgHECs. In particular, a
limited increase in the particle size and subsequently in the crystallite size and hydrodynamic
diameter was observed. This may be due to the solvent removal and a minimal coalescence of
the particle during the spray or lyophilization processes. In general, the spray freeze drying may
be a valid solution to facilitate the storage and the processing of these nanophases, the main
disadvantage is related to the cost of the freeze-drying step, which is usually implemented for

high added value products, like in the pharmaceutical or nutraceutical fields.

Experimental part

Spray freeze drying — The equipment used for the spray freeze drying process is the PowderPro
lab-scale Granulator LS-2 coupled with the SRK Systemtechnik LYO GT2 freeze dryer. While
the colloidal suspension batch is kept under magnetic stirring, a peristaltic pump makes flow the
sample through a nozzle, fed together with a gas flow, typically nitrogen. The spray obtained by
the nozzle is produced within a magnetically stirred liquid nitrogen bath at -196 °C. Droplet are
instantly frozen and subsequently lyophilized, at the end of the process the water sublimation

allows the production of a porous dry powder.
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A typical spray freeze drying treatment of colloidal AgNPs suspension is performed under the
following condition: the AgNPs suspension is properly diluted (typically 5- or 10-fold dilution
for AgHEC because of its viscosity, while no dilution is required for AgCur and AgSur), the
peristaltic pump is set at 20-40 rpm (slower liquid flow rate allows the production of finer spray
and powder), the nitrogen pressure is 0.4 bar (higher gas pressure involves finer spray and
powder), the nozzle size is 100 pm. The lyophilization process is performed at -1 °C and 1.5

mbar for 48 hours.

Transmission electron microscopy — AgHECp was dispersed in isopropyl alcohol and sonicated
for 15 min. AgHECsS is sonicated for 15 min. The obtained suspensions are deposited on a
perforated carbon film supported by a gold grid. The preparation was then dried at 40 °C. TEM
analyses were performed with a FEI TECNAI F20 microscope operating at 200 keV. The
instrument is also equipped with a dispersion micro-analysis of energy (EDS) and the STEM
accessory. The TEM image were taken in the phase contrast mode and selected area electron
diffraction (SAED). STEM pictures were recorded using a High Angle Annular Dark Field
(HAADF) detectors: in this imaging mode the intensity I is proportional to Z!’t, where Z is the

mean atomic number and t is the thickness of the specimen.

X-ray diffraction spectroscopy — Few droplets of AgHECs 500 mg-L! suspension were deposited
on glass substrate and dried at 80 °C, the procedure was repeated in order to obtain a homogenous
layer. AgHECp was pressed into the sample holder. X-ray diffraction analyses were performed
with Bruker D8 Advance (Cu Ka 1.5406 A). Working conditions: 20 interval 10-80°, step 0.04°,
step time 0.5 s.

UV-Vis spectroscopy — AgHECs was diluted to 6 mg-L™! with Milli-Q. AgHECp was dispersed

in Milli-Q at the concentration of 6 mg-L™'. The instrument used is Perkin Elmer Lambda 750.

Hydrodynamic diameter, polydispersity, and zeta potential measurements — 50 mg-L"! AgHECs
suspension was prepared diluting the stock suspension in Milli-Q. AgHECp was dispersed in
Milli-Q, 100 mg-L! suspension. Hydrodynamic Light Scattering (DLS) and Electrophoretic
Light Scattering (ELS) measurement were performed with Zetasizer Nano ZSP, Malvern

Instrument.
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Embedding into biopolymers — The purpose of this work is to make active nanophases more

handleable designing a product that can immobilize them evenly within a macroscopic solid
matrix. The study was focused on biocompatible, renewable and low environmental impact
materials: chitosan and agarose are widely studied natural biopolymers. Agarose is obtained by
the purification of agar, a gelatinous substance extracted from red algae, chitosan is a cationic
polymer soluble at acidic pH obtained by deacetylation of chitin, derived from the exoskeleton
of crustaceans.??>?° Biopolymeric hydrogels are tridimensional structures constituted by
entangled and crosslinked polymeric chains, they possess important features like
biocompatibility, softness, and they can be easily shaped. The embedding of active nanophases
into these structures during the hydrogel formation improve NPs biocompatibility,
biodegradability, it is possible to better control the release of the active phase, making these
materials very interesting for human safety and environmental remediation applications.”

Freeze drying offers the possibility of drying biopolymers, transforming them into porous, solid,
light and stable matrices, able to accommodate nanophases inside them. The work has been
focused in the production of a gelatinous matrix that allows the storage of the AgNPs for water

treatment, products were subsequently freeze-dried to obtain a solid composite material. The

prepared nano-enabled products were evaluated in terms of antibacterial activity.

Results and discussion — The antibacterial tests were carried out by certified laboratories of
CNR-STIIMA (Biella, Italy).

From the antibacterial results reported in Table 51 it is possible to see that the chitosan without
AgNPs possesses a minimal antibacterial activity against E. coli (47.8% bacterial reduction),
while no activity was observed for agarose (0.0 % bacterial reduction). Chitosan it is known as
a natural antibacterial agent, thanks to its positive charge it can interact with the bacterial
membrane modifying its permeability leading to lysis, or it can interact with the genetic material
of the bacterium interfering with the protein synthesis.?’!

The antibacterial properties were enhanced by the crosslinking with glutaraldehyde, which is
historically used as chemical disinfectant thanks to its wide-ranging mechanism of action against
the bacterial cell wall, for this reason it is more effective against Gram-positive.?*? Crosslinked
products reaches 84.6% and 99.5% E. coli reduction, respectively for chitosan and agarose. Since
agarose itself didn’t show any antibacterial activity, it is possible that unreacted glutaraldehyde
has been partially released during the antibacterial test from the crosslinked product, determining

that high E. coli reduction value. Even if chitosan possesses antibacterial activity the

223



Chapter 4 — Production of nano-enabled products implementing antimicrobial silver nanoparticles on different
substrates

enhancement is lower than agarose, this is probably due to a better interaction of aldehydic
groups of glutaraldehyde with the ammine groups of chitosan, to form amide bridges.

Finally, AgNPs were embedded into biopolymeric scaffolds crosslinked with glutaraldehyde,
AgCur and AgSur 04 variants were tested, scaffolds loaded with curcumin or sodium surfactin
were considered as reference blanks. Excellent results were obtained against both E. coli and S.
aureus, in fact, in this configuration all the combinations of biopolymeric scaffold and AgNPs
granted 100% bacterial reduction. In this way it is difficult to discriminate the most effective
solution, but in general it is possible to observe the excellent antibacterial activity of these nano-
enabled products. The main consideration may be done regarding the scaffold stability, in this
case agarose-based scaffold resulted to be more stable and resistant, they were found unaltered
after the test (1 h and 190 rpm), while chitosan-based scaffolds were strongly damaged. For what
concerns the blanks, if their activity against E. coli was compared with crosslinked agarose
(99.5% reduction) and chitosan (84.6% reduction), it is possible to see how both curcumin and
sodium surfactin determine a lesser depletion of the activity of the chitosan-based materials and
leaves nearly unaltered the results of agarose-based samples. Furthermore, it was possible to

confirm the higher susceptibility of Gram-positive bacteria in presence of glutaraldehyde.

Table 51 — Antibacterial activity against E. coli and S. aureus of the biopolymeric scaffolds based on chitosan and agarose.

Sample Ag conc. E. coli S. aureus
(Yowt) reduction reduction
(“o) (“o)
Chitosan 0 47.8 /
Agarose 0 0 /
Chitosan-glutaraldehyde 0 84.6 /
Agarose-glutaraldehyde 0 99.5 /
Chitosan-glutaraldehyde-AgSur 1.11 100 100
Chitosan-glutaraldehyde-sodium surfactin 0 68.3 99.5
Agarose-glutaraldehyde-AgSur 1.11 100 100
Agarose-glutaraldehyde-sodium surfactin 0 100 100
Chitosan-glutaraldehyde-AgCur 1.21 100 100
Chitosan-glutaraldehyde-curcumin 0 81.1 99
Agarose-glutaraldehyde-AgCur 1.21 100 100
Agarose-glutaraldehyde-curcumin 0 100 100
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Conclusions — AgNPs play an important role in the final antibacterial activity of these
biopolymeric scaffolds, but a synergistic action between the biopolymer, the crosslinking agent
and the active phase was observed, leading to a quantitative abatement of bacteria in the
conditions tested. It was developed an antibacterial, stable, and resistant nano-enabled product,

able to treat both Gram-negative and Gram-positive bacteria in aqueous environment.

Experimental part

Biopolymeric scaffolds preparation — The development of these materials involves the use of a
biopolymeric matrix, a crosslinking agent to improve the mechanical properties and reduce the
solubility of the product, and an active phase such as antimicrobial AgNPs. Chitosan and agarose
were selected as embedding agents, glutaraldehyde as crosslinker, and AgCur and AgSur 04 as
AgNPs variants to be tested. To discriminate the contribute of each phase, different products
were prepared:

- Biopolymeric scaffolds, the typical procedure involves the dispersion of 1 g of

biopolymer into 49 mL of Milli-Q water or a 2 %wt acetic acid solution in the case of
chitosan, for a final biopolymer concentration of 2 %wt. The dispersion is performed
under magnetic stirring at 80 °C for at least 20 minutes. Once the polymer is well-
dispersed the suspension is casted into molds (Petri dish 3 cm diameter and 1 cm height)
and cooled at room temperature. Samples were then frozen and lyophilized for 48 h
obtaining the final product.

- Crosslinked biopolymeric scaffolds, 48.82 mL of Milli-Q water or 2 %wt acetic acid

solution in the case of chitosan under magnetic stirring were used to disperse 1 g of
biopolymer, with a final concentration of 2 %wt. The suspension is heated at 80 °C, 180
pL of glutaraldehyde 50 %wt are added under magnetic stirring and after for 20 minutes
the suspension is cooled at room temperature. Samples were then frozen and lyophilized
for 48 h obtaining the final crosslinked product.

- AgNPs embedded into crosslinked biopolymeric scaffolds, 46.32 mL of Milli-Q water or

2 %wt acetic acid solution in the case of chitosan under magnetic stirring were used to
disperse 1 g of biopolymer, with a final concentration of 2 %wt. 2.5 mL of AgNPs 0.5
%wt Ag concentrated suspension are added, then the mixture is heated up to 80 °C, 180
pL of glutaraldehyde 50 %wt are added under magnetic stirring and after for 20 minutes
the suspension is cooled at room temperature. Samples were then frozen and lyophilized

for 48 h obtaining the final crosslinked product.
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Antibacterial test — The biopolymeric scaffolds antimicrobial activity was evaluated according
to ASTM E2149-01 “Standard test method for determining the antimicrobial activity of
immobilized antimicrobial agents under dynamic contact conditions”. The method is designed
to evaluate the resistance of non-leaching antimicrobial treated specimens to the growth of
microbes under dynamic contact conditions. The applied bacteria are Escherichia coli ATCC
11229 (Gram-negative) and Staphylococcus aureus ATCC 6538 (Gram-positive). The incubated
test culture was diluted to give a concentration of 1.5-3.0x10° CFU-mL! (working dilution).
Each sample (scaffolds about 0.5 g) was transferred to flask containing 25 mL of the working
dilution. All flasks were shaken for 1 h at 190 rpm. After a series of dilutions, 1 mL of the
solution was plated in nutrient agar. The inoculated plates were incubated at 37 °C for 24 h and
surviving cells were counted. The antimicrobial activity was expressed as % reduction of the
organisms after contact with the test specimen compared to the number of bacterial cells
surviving after contact with the control. Each result is the average of three independent

measurements.
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4.3. Conclusions

Different case studies were used to explore antimicrobial silver nano-enabled products (NEPs).
The silver nanoparticles synthesized following safe and sustainable principles and guidelines
were implemented into a large variety of antimicrobial nano-enabled products: medical grade
polyester fabrics, paper-based materials with high circulation rate, varnished cellulose
biopolymeric films, biopolymeric scaffolds, and spray freeze-dried powder. The manufacturing
step of AgNPs implementation into NEPs was performed thanks to different techniques, such as
spray-coating, dip-coating, roll-to-roll printing, spray freeze drying, and hydrogel lyophilization.
Different NEPs and different manufacturing techniques were exploited to have an overview of
these AgNPs capabilities, and the products were evaluated in terms of antimicrobial efficacy and
durability.

In the antimicrobial textiles case study, it was observed how the AgNPs variant has a strong
influence on the washing fastness, in this particular case, the charge of the capping aged played
a fundamental role. Positive AgCur nanoparticles displayed better washing fastness
demonstrating a gradual silver release from the fabric. These products preserved excellent
antimicrobial activity even after several washing or abrasion cycles. Effectiveness and durability
combined makes AgCur coated textiles an interesting material for antimicrobial clothing. The
comparison between spray-coating and dip-coating highlighted an easier industrial
implementation for the spray technique, but the best results were obtained for a higher silver load
inducted by the dipping. Spray-coating involves also a possible inhalation exposure route that
must be considered, and safety containment measures must be implemented in the manufacturing
plant, such as suction hoods.

The antimicrobial paper case study pointed out another important point, the aesthetical impact
of the colored coating. For applications where the coloration is relevant, it must be considered
the typical yellow coloration of AgNPs, in this case a compromise was reached between the
antimicrobial and aesthetical properties of the NEP, selecting the minimal silver concentration
able to grant the desired antimicrobial activity. AGHEC 6.4 1.4 was demonstrated to be the most
active variant and it was selected for the scale-up to industrial roll-to-roll printing plant. Here a
large-scale production with a lower Ag concentration was implemented. A homogenous coating
was produced, and the Ag concentration-dependent antimicrobial activity was confirmed.

From the polymeric film case study emerged other important topics. First, the contact mode
between AgNPs and pathogens, a direct contact is required to exploit the antimicrobial

properties. Second, the dispersibility and the stability of the nanophase in the coating agent, in
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this case solvent- and water-based resins were used, and AgNPs variants exhibited different
affinity for the varnishes. AGHEC 6.4 1.4 confirmed to be the most active variant and a
superficial Ag concentration in the coating of 6.67 png-cm? was enough to ensure at least 4
logarithms of bacterial reduction against E. coli, S. aureus, and L. innocua.

Embedding AgNPs into crosslinked biopolymers revealed synergistic effects among AgNPs,
biopolymeric matrix, and the crosslinking agent. The spray freeze-drying process is confirmed
to be an interesting technique to increase the handleability and stability of high added value
active phases or products.

The case study importance lies in the possibility of studying various life cycle steps, starting
from the synthesis of the nanomaterial, moving to the manufacturing where the workers’
exposure may be considered, to the use phase where the performances, human exposure and
environmental release are key points, and finally the end of life. Real implementation problems
are taken into consideration, and project results can be easily exploited by industries and

regulatory frameworks.
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5.1. Introduction

One of the main targets in the industrial chemical field is to substitute oil-based processes with
new routes employing biomass-derived renewable feedstock to produce desired chemical
building block molecules. An example may be 5-hydroxymethyl furfural (HMF), an abundant
biomass-derived molecule that could be conveniently converted in 2,5-furandicarboxylic acid
(FDCA), via catalytic oxidation route. Then FDCA can be polymerized into polyethylene furan
dicarboxylate (PEF), the resulting polymer has similar properties as polyethylene terephthalate
(PET) commonly used for plastics production such as water bottles. FDCA as well as other
biomass-derived platform molecule could be an extremely important advancement in the
progressive substitution of fossil fuels.?3*?** The first step of conversion of HMF into FDCA still
requires further optimization to be industrially competitive. This reaction can be carried out by
expensive noble metal catalysts, promising results were achieved in the last years, but still further
improvements are required.

In catalysis, the development of new, more efficient, and selective catalysts is becoming
increasingly important aiming at the reduction of the environmental impact of various productive
processes. In this scenario, nanostructured materials plays a fundamental role due to the high
surface/volume aspect ratio that makes them particularly reactive and suitable to be applied in
catalysis.?** The study of the size, electronic structure, and surface properties of nanoparticles is
fundamental for the determination of catalytic activity and selectivity.?*> The preparation method
implemented, the reagents used, the presence of stabilizers, as well as other parameters, influence
the physicochemical properties of the product and therefore also the catalytic properties.?*®
Furthermore, to promote new sustainable processes, it is necessary to favor nanomaterials

synthetic processes involving a limited impact on human and environmental health.

Nanoparticles in catalysis — Nanoparticles play a very important role in today’s chemistry, and
in particular in catalysis.”*’ In fact, the peculiar physicochemical properties of these materials
made them a fundamental subject of study and research in the scientific community.
Nanoparticles and nanomaterials in general, have a much larger surface/volume ratio than their
common bulk form, creating more active sites and more accessible.”** Furthermore, the
nanometric structure provides the material with peculiar electronic properties different from the
classical massive form. Fundamental aspects of the study of nanoparticles are: the method of
preparation, the dimensions, and eventually the support used in heterogeneous catalysis. The

method of preparation can affect the chemical and physical structure of nanoparticles, whether
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or not it encourages the formation of different species that can generate substantial changes to
catalytical behavior. In heterogenous catalysis, the use of a support is essential, not only to
facilitate the catalyst separation process from the reaction mixture, but also because the support
itself can selectively provide particular physicochemical properties. However, the size and the
surface/volume aspect ratio are the most important properties for catalysts. Many properties
depend on the surface such as solubility, reactivity, melting point, electronic structure, and
stability.?*® The atoms on the surface of the catalysts are the ones active during catalytic
reactions. Due to less coordination and more free bonds on the surface, the outermost atoms act
as active sites for reactions. For this purpose, research for the synthesis of metallic nanoparticles
is based on the attempt to develop different methodologies for the formation of small

nanoparticles.

Sustainable methods for catalyst preparation — In the early 1990s, interest in the environment
and the sustainability of processes led to the enunciation of the twelve principles of Green
Chemistry by Paul Anastas and John Warner.?** The principles for sustainable chemistry have
several purposes: to safeguard the environment by paying special attention to raw materials used
in processes, respond in an alternative way to energy demand and safeguard the health of works
by using non-hazardous substances or at least reduce their use. In agreement with R. A. Sheldon,
principles of sustainable chemistry aim at a more functional use of resources to avoid excessive
formation of waste, reduce the energetic impact of processes and increase production from
renewable substances by breaking away from dependence on oil. Catalysis has also begun to
play a key role in this. Thanks to reactions using catalysts, the use of reagents is reduced,
selectivity toward desired products is increased and waste and reaction by-products are reduced.
Today, green or low environmental impact chemical processes are still difficult to apply on an
industrial level, both because of the cost associated with the new instrumentation required for
such processes, and because most of the green reagents are still very expensive. Sustainable
processes are those in which the principles of Green Chemistry are followed in all levels of
production, and every single step is programmed based on them. For this purpose, catalysis is
essential, but also catalyst synthesis plays an important role. The synthesis of metal nanoparticles
catalysts is usually carried out into organic solvents, which have a higher cost of disposal and a
stronger impact on environmental pollution, to solve this problem, new synthetic routes have
been developed using water as a solvent. For the synthesis of metallic nanoparticles in an
aqueous environment it is necessary to consider the non-chelating nature of the solvent. This

nature prevents the solvent from being able to act, even in a small part, as steric stabilizer of
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nanoparticles and for this reason it is necessary to use of protective capping agent. Even for the
choice of the reducing agent it is necessary to apply the principles of sustainable chemistry and
for this reason many syntheses use glucose as a reducing agent, during the reduction of the metal
precursor, glucose is partially oxidized forming gluconate, which is able to coordinate the metal

and to act as a stabilizer of the freshly synthesized nanoparticles.

Aim of the work — The safe and sustainable approach described in previous chapters for the
synthesis of silver nanoparticles exploited into nano-enabled products for antimicrobial
purposes, may be extended to a large variety of nanomaterials, composite materials, and
advanced materials. For example, the need to safeguard the environment has led to an important
development of catalytic processes, aimed at maximizing the efficiency of the reactions
involved, with particular attention to the aspects of sustainability and environmental impact.
Metal nanoparticles, known for their excellent catalytic properties, play a key role in the field of
heterogeneous catalysis.?** The preparation of metallic nanoparticles, to be used as catalysts,
should focus on innovative methods with low environmental impact. In order to trigger
synergistic effects and achieve better performing catalysts, research has increasingly focused on
the study of bimetallic or multicomponent nanoparticles. In this contest, the production of bi-
metallic alternatives to expensive platinum-based catalyst may help in the development of
industrially affordable technologies for the biomass valorization exploiting synergistic effects of
gold-platinum alloy and core-shell structures.

The purpose of this work is to develop gold-platinum bi-metallic nanoparticles applicable as
catalysts, through a microwave-assisted synthesis with reduced environmental impact, able to
promote the formation of nanophases in aqueous solvent, and exploiting glucose as reducing
agent. The use of microwave as heating system has been selected because it ensures a uniform
heating, without important temperature gradients. Aiming to provide bi-metallic nanoparticles
in suspension maximizing reaction yield and understanding how process parameter influence the
reduction reaction, and the nucleation and growth phenomena, the main synthesis variables were
extensively explored. After a precise physicochemical characterization of the materials, optimal
synthesis conditions were identified. In order to promote the formation of gold-platinum bi-
metallic structures, the miscibility range of the two elements was investigated, moreover two
different procedures were optimized aiming to obtain an alloy or a core-shell nanostructure
where the core is constituted by gold and the external shell by platinum. The purpose of preparing
bi-metallic catalysts lies in the possibility of obtaining positive synergistic effects, in terms of

catalytic activity, with respect to the individual components. These synergistic effects should be
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promoted by the precise combination of the two elements in the same nanostructure. The samples
prepared according to the optimized processes were tested in the model hydrogenation reaction
of reduction of 4-nitrophenol to 4-aminophenol. This model reaction was used to evaluate and
compare the catalytic activity of different samples, correlating performances to composition and
synthetic procedure. In this way it was possible to identify positive or negative synergistic effects

triggered by the interactions of gold and platinum nanophases.
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5.2. Results and discussion

In this chapter are reported the results regarding the green synthesis of noble metals mono- and
bi-metallic nanoparticles based on gold and platinum. The main purpose of this work is to
develop the synthesis of noble metals nanoparticles with relevant catalytic activity, via
sustainable chemistry routes. In particular, avoiding the use of toxic reagents, and harmful
organic solvents, optimizing highly selective syntheses, minimizing the wastes, and using
efficient energy sources such as microwave heating.

A wide-ranging physicochemical characterization of the products was carried out to optimize the
synthesis conditions and develop the most active composition for these materials. The catalytic
activity was studied in the model reaction of reduction of 4-nitrophenol to 4-aminophenol.

The design of the materials started from the synthesis of gold nanoparticles (AuNPs) and
platinum nanoparticles (PtNPs), then it moved towards gold-platinum nanoparticles (AuPtNPs)
as alloy (AuPtNPs-a) or core-shell (AuPtNPs-cs) structures.

A schematic workflow of the catalyst optimization process is represented in Figure 122.

Mono-metallic NPs synthesis optimization
P-chem characterizations

|
. .

AuNPs , PtNPs

| |
.

Bi-metallic NPs synthesis optimization
P-chem characterizations

' !
Alloy Core-shell
AuPtNPs-a AuPtNPs-cs
' !
Catalytic tests

Reduction of 4-nitrophenol

Figure 122 — Schematic workflow of the preparation and characterization of mono- and bi-metallic nanoparticles based on Au an

Pt with applications in catalysis.
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5.2.1. Synthesis of gold nanoparticles

Synthesis — The microwave assisted synthesis of gold nanoparticles was performed using
glucose as a reducing agent and polyvinylpyrrolidone (PVP) as capping agent. Both reagents are
well known in literature for their application in the synthesis of metal and metal-oxide
nanoparticles, they were selected because of their safety profile, in fact bot glucose and PVP are
approved for food applications, the first one is common sugar while PVP can be used as food
additive labeled as E1201.24%2*! The synthesis starts from HAuCls as a precursor, and the gold
reduction is activated in a basic environment thanks to NaOH. The reaction is conducted at 90
°C for 10 minutes exploiting fast and homogeneous microwave heating. The final theoretical
concentration of gold is 1000 mg-L™!. The selected molar ratios are: glucose/Au 2, NaOH/Au 8,
and PVP/Au 2.75 (PVP molar ratio is calculated based on the monomer).

Colloidal physicochemical characterization — Following this standardized procedure for the
synthesis of AuNPs it was possible to obtain reproducible results. The colloidal parameters of

the typical synthesis of AuNPs are reported in Table 52.

Table 52 — Summary of the colloidal physicochemical properties of AulNPs.

Sample Hydrodynamic PDI Zeta pH Au Au
diameter potential conversion concentration
(nm) (mV) (%) (mg-L™)
AuNPs 24+ 1 0.22+0.01 -14+1 7 100 1000

As shown in Table 52, the synthesis process provides AuNPs with a controlled size, small
hydrodynamic diameter 24 nm, and a good monodispersed population (PDI 0.22). The particles
are negatively charged at the natural pH of 7, the zeta potential is -14 mV which is not a very
high absolute value for the electrostatic stabilization of the colloid, but the PVP helps with the
steric stabilization, in fact the particles stored at 4 °C in dark conditions does not show any
precipitate even after week. The reaction is quantitative, no Au" cations were detected in the

filtered samples.
UV-Vis spectroscopy — The samples produced had the typical red coloration of small-sized

AuNPs and the related surface plasmon resonance absorption band was detected via UV-Vis

spectroscopy. The spectrum, reported in Figure 123, shows the maximum absorption peak at 529
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nm, another absorption band in the UV region is observed, this is due to the organic material

surrounding the NPs.

1.4
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\S] N o)} e} —_ \S]
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Figure 123 — UV-Vis spectroscopy of AuNPs presenting SPR maximum absorption at 529 nm.

X-ray diffraction spectroscopy — The XRD pattern of AuNPs is reported in Figure 124, the
formation of metallic Au is confirmed by the presence of the peak at 38.2 °, representative of the
main reflection (111) of the face-centered cubic crystalline structure, it also possible to
appreciate the peak of the face (200) at 44.4 °. The broad shape of these peaks is due to the short-
range order available in nanometric structures. The sharp peak at 31.7 ° most likely represents
the main NaCl refraction, the face (200) due to the formation of NaCl as reaction co-product,
from the counterions of HAuCls and NaOH used during the synthesis, also the small peak at 45.5
° can be attributed to NaCl face (220).
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Figure 124 — XRD spectrum of AuNPs presenting the characteristic peaks of Au face-centered cubic crystalline structure and the

diffraction peaks of sodium chloride obtained as reaction co-product.

Applying the Scherrer’s equation to the (111) reflection of AuNPs it was possible to estimate the

crystallite size of the nanoparticles of about 4 nm.
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5.2.2. Synthesis of platinum nanoparticles

The synthesis of PtNPs starting from H,PtCls followed the same principles and methodologies
as AuNPs, but Pt was found more difficult to be reduced. In fact, if we consider the standard
electrode potential, reported in the following Equation 9 for Au and in Equation 10 and Equation
11 for Pt, it is possible to understand that the chloroplatinic acid (Pt*") requires a 2-step reduction
process to reach the metallic state that pass through a stable intermediate state (Pt*"), with a

higher total standard electrode potential respect to the reduction of chloroauric acid.?*?

Au:  [AuCl]™ + 3e™ & Augy +4C10 093V Equation 9

Pt: [PtClg)>~ +2e~ o [PtCl)*>~ +2Cl~ 0.726V Equation 10
[PtCL]*~ + 2e™ & Pty +4Cl~  0.758V Equation 11

Replicating the same conditions as for the synthesis of AuNPs, no or few metallic Pt was
obtained, the reaction solution remained transparent. To overcome this issue, longer reaction
time (30 minutes) and higher temperature (95 °C) were implemented, in this way the result was

a dark grey/brown stable suspension of PtNPs.

Design of experiment — To optimize the process, several syntheses were prepared varying the
key reagent molar ratios. The content of PVP, used as capping agent, was preserved in a molar
ratio PVP/Pt of 2.75, while the reducing sugar (glucose) molar ratio was explored in a range
Glugose/Pt between 2-5, and the second parameter modified was the molar ratio NaOH/Pt

studied in the interval 16-40. The composition explored are reported in the graph in Figure 125.
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Figure 125 — Design of experiment assessed to optimize the reagent molar ratios (glucose/Pt and NaOH/P) of the PtNPs synthesis
performed using PVP as capping agent.

Colloidal physicochemical characterization — After an in-depth physicochemical
characterization of the colloidal properties of all the syntheses prepared, the most promising
composition was identified. It was found no correlation between the hydrodynamic diameter and
the glucose/Pt molar ratio, in fact both monomodal and bimodal distributions were observed for
each molar ratio tested from 2 to 5. The hydrodynamic diameter seems to be more influenced by
the NaOH/Pt ratio, since the basic condition induced by NaOH activate the reduction reaction
and have a relevant role in the nucleation rate of NPs. The smallest hydrodynamic diameters
were observed for the intermediate NaOH/Pt ratios, like 24 and 32, in a range of 20-80 nm. The
zeta potential is negative, due to the presence of gluconate, from glucose oxidation, that can be
adsorbed on the NPs surface. Most of the synthesis showed zeta potential included in the range
between -25 and -30 mV, an absolute value high enough to grant a good level of electrostatic
repulsion, that combined to the steric hindrance from the PVP generate a stable colloidal
suspension. The main limiting factor was the conversion of the platinum salt to metallic
platinum. Even the strongest conditions applied led to a maximum of 74 % of conversion.
Willing to choose the most promising solution, two constrains were set: maximize the conversion
of chloroplatinic acid to increase the efficiency and sustainability of the process and minimize
the hydrodynamic diameter to select smaller nanoparticles which are also likely to be more active
in catalysis. Two syntheses respected these requirements, the last decision was based on the
diameter population distribution, one was monomodal and the other bimodal. The monomodal

distributed sample was selected to have a more homogeneous population of PtNPs, the
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composition is represented by the following molar ratios: glucose/Pt 3, NaOH/Pt 24, and PVP/Pt
2.75. The main properties of this sample are reported in Table 53.

Table 53 — Summary of the colloidal physicochemical properties of PINPs.

Sample Hydrodynamic Zeta pH Pt Pt
diameter potential conversion concentration
(nm) (mV) (%) (mg-LT)
PtNPs 72 £35 27+1 10.2 61 100

The syntheses were performed at a total Pt concentration of 100 mg-L™!, since the conversion is
not quantitative this must be considered in the post-washing dilution. In general, the
hydrodynamic diameters registered for PtNPs were larger than AuNPs, and the zeta potential

more negative.

X-ray diffraction spectroscopy — The selected composition was analyzed by XRD to verify the
formation of the metallic platinum phase. The spectrum is reported in Figure 126, where it is
possible to observe the presence of metallic Pt with the main peak at 39.8 ° related to the face
(111) of the face-centered cubic crystallin structure, and the face (200) at 46.2 °. These broad
peaks are typical of nanophases, due to the short-range order impose by the size of the
nanoparticles. On the other hand, sharper peaks are observed at 31.7 and 45.5 ° representing

respectively face (200) and (220) of NaCl formed as reaction co-product.
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Figure 126 — XRD spectrum of PtNPs presenting the characteristic peaks of Pt face-centered cubic crystalline structure and the

diffraction peaks of sodium chloride obtained as reaction co-product.

The crystallite size of these PtNPs was estimated applying Scherrer’s equation to the main peak
(111), and the resulting size is about 9 nm. Both the hydrodynamic diameter and the crystallite
size of PtNPs are more than double the ones of AuNPs. This may be due to the stronger
conditions required for the synthesis, and in particular the longer reaction time, that favor also

the growth of the nanoparticles.

Synthesis optimization — The synthesis was repeated at a higher concentration, 250 mg-L™! in Pt.
Increasing the concentration a reduction of the colloidal stability was observed, due to an
increase in the attractive forces of Van del Waals within the system, consistently with the DLVO
theory.!”> At this concentration, longer reaction times were taken into consideration to push the
Pt conversion toward completeness. At 90 minutes no improvement in the Pt conversion was
observed. After 420 minutes at 95 °C, a relevant enhancement was reached with a platinum
conversion of 83 %. With the time it is also observed an increase in terms of hydrodynamic
diameter, but no variation of crystallite size. This may be due to the fact that aggregation
phenomena are favored respect to the growth of the crystal seeds. In the following Table 54 are
resumed the information collected during these tests at higher platinum concentration (250 mg-L-

1) and longer reaction time (30, 90, and 420 minutes).
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Table 54 — Summary of the physicochemical properties of AuNPs, study of the influence of the reaction time.

Sample Reaction @Qhydro 1 @hydro 2 Zeta pH Ptconv. Crystallite
time (nm) (nm) potential (%) size (nm)
(min) (mYV)

PtNPs 30 31+8 101 +£10 -19+1 10.9 62 7

PtNPs 90 24+ 6 114 +24 20+ 1 10.7 60 5

PtNPs 420 59+8 124 + 12 22+2 10.1 83 6
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5.2.3. Synthesis of gold-platinum nanoparticles: alloy and core-shell structures

Bi-metallic_synthesis optimization — To synthesize bi-metallic AuPtNPs the idea was to

implement the same experimental conditions as for PtNPs since platinum is the hardest to
convert. So, the first step of optimization of the parameters started working at 95 °C for 30
minutes, the molar ratio between the two metals Pt/Au was 1, and PVP/metals 2.75, while
NaOH/metals and glucose/metals were the variables to study. In this first screening a 50:50
composition Pt:Au was selected to study the phenomenon involved in the synthesis of bi-metallic
nanoparticles, the selected procedure was the one to synthesize the alloy structure (AuPtNPs-a).
The total metal concentration selected is 500 mg-L™!, which represents 250 mg-L! Au and 250
mg-L! Pt.

Design of experiment — The compositions explored at this optimization stage are summarized
in the graph in Figure 127. These points were selected based on the mono-metallic nanoparticles

results, focusing on the most promising molar ratios.
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Figure 127 — Design of experiment assessed to optimize the reagent molar ratios (glucose/metals and NaOH/metals) of the bi-

metallic AuPtNPs synthesis performed using PVP as capping agent.

Different molar ratios tested showed little influence on both hydrodynamic diameter ranging
from 39 to 56 nm, and zeta potential included in between -13 and -18 mV. The same for the
crystallite size (4-5 nm), and the gold conversion is always quantitative (100 %). The major
influences were observed on the pH ranging from 4.0 to 11.2, and platinum conversion from 11
to 98 %. As expected, the lowest content of NaOH represented by the molar ratio NaOH/metals
2 leads to more acidic pH (4.0-6.5) compared to the highest NaOH/metals amount of 3 where
the pH is basic (10.1-11.2). The most important information gathered by this set of samples is
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the one related to the Pt conversion, which ranges from 11 to 57 % in NaOH/metals ratios 16
and 24, while once this ratio is lowered to 8§ it is possible to reach nearly quantitative platinum
conversion (96 and 98 %). The co-presence of gold helps the reduction of platinum especially
with a lower amount of NaOH. At this high platinum concertation (Pt/Au molar ratio 1) it is
likely to create segregated phases, and gold may act as heterogenous seed for the nucleation of

metallic platinum in different conditions compared to the optimize PtNPs synthesis.

Colloidal physicochemical characterization — The most promising composition was identified
in the one with the highest conversion of platinum (98 %), represented by the molar ratios
NaOH/metals 8 and glucose/metals 2. The main properties of the material are reported in Table

55.

Table 55 - Summary of the colloidal physicochemical properties of AuPtNPs.

Sample Qhydro Zeta potential pH Au conv. Pt conv.  Crystallite
(nm) (mYV) (%) (%) size (nm)
AuPtNPs 45+5 -13+1 6.5 100 98 4

X-ray diffraction spectroscopy — From the XRD spectrum reported in Figure 128, it is not
possible to observe well distinguished characteristic peaks of both face-centered cubic structures
of Au (38.2 and 44.4 °) and Pt (39.8 and 46.2 °). Instead it is possible to observe two broad bands
between 37 and 42 ° for (111) face and between 43 and 47 ° for (200) face. Since Au and Pt cell
parameters are similar, it may be due to the superimposition of the respective peaks of Au and
Pt or to the formation of the alloy mixed phase, combined with the typical broadening of the
nanophases. Also, are present the characteristic sharp peaks of NaCl at 31.7 °C (200) and 45.5 °
(220).
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Figure 128 — XRD spectrum of AuPtNPs presenting a broader band in correspondence of the characteristic peaks of Au and Pt

face-centered cubic crystalline structures, coupled with the diffraction peaks of sodium chloride obtained as reaction co-product.

UV-Vis spectroscopy — It was not possible to identify the characteristic surface plasmon
resonance absorption peak of AuNPs. This is probably justified by the presence of PtNPs that
cause a background absorption on all the visible range due to the dark grey/brown coloration.?*?
In the spectrum reported in Figure 129, a little change of slope in the curve may be observed

about 525 nm where the gold absorption should occur.
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Figure 129 — UV-Vis spectroscopy of AuPtNPs presenting a background absorption in the visible range probably due to the
presence of platinum masking the SPR absorption of AuNPs.

252



Chapter 5 — Green synthesis of noble metals-based nanoparticles for catalytic applications

Synthesis optimization — Once glucose/metals and NaOH/metals molar ratios were optimized,
Pt/Au ratio was studied. First, the starting ratio of 1 was moved toward an excess of platinum
(Pt/Au 2) or gold (Pt/Au 0.5), results are summarized in Table 56. No relevant variations of
physicochemical properties are observed, what is highlighted by these results is the fact that
operating in an excess of gold (Pt/Au 0.5) leads to a reduction in the platinum conversion (85 %
respect to the previously registered 98 % for Pt/Au 1). Even if gold has been demonstrated to
favor the conversion of platinum acting as seed for nucleation, a large excess in the composition

results as a detrimental factor.

Table 56 - Summary of the colloidal physicochemical properties of AuPtNPs, study of the influence of the metals’ molar ratio.

Sample Pt/Au Qhydro Zeta pH Auconv. Ptconv. Crystallite
molar (nm) potential (%) (%) size (nm)
ratio (mV)
AuPtNPs 1 45+£5 -13+1 6.5 100 98 4
AuPtNPs 0.5 51+11 -11£1 7,0 100 85 5
AuPtNPs 2 45+ 8 -12+1 5,9 100 99 4

Even if gold and platinum have the same face centered cubic crystalline structure and similar
lattice parameters and atomic radius, they do not show perfect miscibility in metallic form at low
temperature. The miscibility diagram is reported in Figure 130.>** Since the goal is to produce
both an alloy and a core-shell structure, to avoid the formation of undesired segregated phases
during the synthesis procedure at 95 °C, it has been decided to work with a platinum content
included in 2.5-10 %wt range. In this way, it should be possible to obtain a homogenously
distributed bi-metallic phase following the alloy synthesis procedure, and a thin layer of platinum

covering the gold core following the core-shell method.
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Figure 130— Gold-platinum miscibility phase diagram.

Gold platinum alloy nanoparticles (AuPtNPs-a) — The synthesis of the AuPt alloy followed the

previously optimized procedure, the selected Pt contents are 10, 7.5, 5, and 2.5 %wt and they
were respectively labeled as: AugoPtio-a (90 %wt of Au and 10 %wt of Pt), AugzsPt7s-a (92.5
%wt of Au and 7.5 %wt of Pt), AuosPts-a (95 %wt of Au and 5 %wt of Pt), and Aug7.sPty5-a
(97.5 %wt of Au and 2.5%wt of Pt). The resulting information related to this set of samples are
gathered together with the AuNPs results in Table 57.

Colloidal physicochemical characterization — In the compositional range 90-100 % of gold, it
is observed an increase in the hydrodynamic diameter moving from 90 to 100 %, finding a
maximum value at 95 %, to drop to the value of AuNPs. On the other side, no relevant trends
were observed for the zeta potential, pH, and crystallite size. In general, samples prepared in the
miscibility range present a more negative zeta potential, representative of a better colloidal
stability. Gold conversion is always 100 %, while the platinum conversion moves between 46
and 60 %. As demonstrated by the first compositional test, moving the molar ratio in favor of

gold helps in the formation of the alloy but at the same time reduces the conversion of platinum.
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Table 57 - Summary of the physicochemical properties of alloy structures of AuPtNPs with different platinum content, compared to
the pristine PtNPs and AuNPs.

Sample Qhydro Zeta potential  pH Au conv. Pt conv. Crystallite
(nm) (mV) (%) (%) size (nm)

PtNPs 72 £ 35 27+1 10.2 n.d. 61 9
AugoPtio-a  34+£13 23+7 7.5 100 54 5
AugrsPt7s-a 45+ 15 27+4 7.2 100 57 5
AugsPts-a 5116 -19+4 7.4 100 60 6
Aug7sPtrs-a 30+ 10 -34+5 7.4 100 46 5
AuNPs 28 +2 -10+£1 7 100 n.d. 5

X-ray diffraction spectroscopy — As previously reported is not possible to distinguish the
diffraction peaks of Au and Pt in these bi-metallic samples, due to similar lattice, close maximum
and the alloy formation. Furthermore, the reduced platinum content respect to gold can’t be
appreciated. In fact, spectra represented in Figure 131 show broad peaks corresponding to Au
planes (111) at 38.2 © and (200) at 44.4 °, covering also the same faces of Pt (111) at 39.8 © and

(200) 46.2 °. NaCl sharp peaks are always well recognizable in these samples at 31.7 °C (200)
and 45.5 © (220).
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Figure 131 — XRD spectra of AuPtNPs-a samples. In the graph are compared: PtNPs, Au90Pt10-a, Au92.5Pt7.5-a, Au95Pt5-a,
Au97.5Pt2.5-a, and AuNPs.

UV-Vis spectroscopy — Since the main component is Au, it is possible to observe the surface
plasmon resonance absorption peak in every one of these samples. An important background
from Pt is registered, also it was possible to observe the shift of the maximum absorption toward
Au reducing the content of platinum in the alloy. Recorded spectra are reported in Figure 132

and maximum absorption are summarized in Table 58.
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Figure 132 — UV-Vis absorption spectra of AuPtNPs-a samples. In the graph are compared: PINPs, Au90Pt10-a, Au92.5Pt7.5-a,
Au95Pt5-a, Au97.5Pt2.5-a, and AuNPs. The increasing platinum content reduce the intensity of the SPR AuNPs peak.

Table 58 — UV-Vis maximum absorption peaks of the alloy structures of AuPtNPs with different platinum content, compared to the
pristine PtNPs and AuNPs.

Sample Amax (nm)
PtNPs n.d.
AugoPtio-a 510
Aug sPt7 5-a 508
AugsPts-a 513
Aug7 5Pty 5-a 517
AuNPs 529

Synthesis optimization — Since the long reaction time, 30 minutes, may lean toward undesired
growth of the nanoparticles and aggregation phenomenon, the reaction time was reduced to 10
minutes as for the synthesis of pure AuNPs. By the comparison of the two set of samples,
AugoPtio-a, AugysPt7s5-a, AugsPts-a, and Aug7sPtys-a, synthesized either in 30 or 10 minutes,
there were no particular differences in the size of the respective samples, both in terms of
hydrodynamic diameter and crystallite size. 10 minutes synthesis showed lower platinum
conversion, on average about 10 % conversion points less respect to 30 minutes synthesis,
furthermore the zeta potential was less negative, on average about 10 mV difference was

detected. So, the reaction time was not a key variable in the range 10 to 30 minutes for the
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synthesis of these bi-metallic alloy, but working at 30 minutes allowed to reach higher platinum

conversions and have more stable colloids, without excessive growth or aggregation processes.

Transmission electron microscopy — Auy; sPt> s-a was selected for TEM analysis.

Figure 133 — HAADF-STEM image of Au; Pt s-a used for the particle size statistical analysis. The nanoparticles size ranges from
2.5-22 nm.

HAADF-STEM images of Aug7.sPtas-a are reported in Figure 133. The nanoparticles are
crystalline and the size ranges from 2.5 to 22 nm. They are well dispersed on the support carbon
film. These images were used for statistical size analysis measuring the major and minor axis of
each particle. The size of 316 NPs in different images were measured, long axis estimated mean
value is 6.0 nm with a standard deviation of 3.1 nm. Therefore, with a confidence interval of 99
% the average value is 6.0 = 0.5 nm. The short axis estimated mean value is 5.2 nm with a
standard deviation of 2.5 nm. Therefore, with a confidence interval of 99 % the average value is

5.2 +£0.4 nm.
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Figure 134 — a) HRTEM image of Auoz5Pt>5-a showing crystallin nanoparticles and don’t display a core-shell aspect; b) EDX
spectrum of AugzsPt> s-a confirming the presence of platinum in the NPs.

The high-resolution transmission (HRTEM) images of Aug75Pt2s-a represented in Figure 134

show crystalline nanoparticles and don’t display a core-shell aspect. The presence of platinum is

confirmed by EDS analysis reported in Figure 134.
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Gold platinum_core-shell nanoparticles (AuPtNPs-cs) — A two-step experimental procedure

was adopted for the synthesis of the core-shell structure. The alloy was obtained by working with
a mixture of gold and platinum precursors, while the core-shell needs first to synthesize AuNPs
by the optimized method, then the product washed by reaction co- and by-products is used as
seed for the synthesis of Pt, following its own 30 minutes optimized procedure, that will grow
as a shell surrounding the AuNPs. To have a direct comparison between alloy and core-shell
structures, the same weight content of the two metals were used: AugoPtio-cs, Aug 5Pty s-cs,

AugsPts-cs, and Aug7sPta 5-cs.

Colloidal physicochemical characterization — The physicochemical properties of the core-shell

samples are reported in Table 59.

Table 59 — Summary of the physicochemical properties of the core-shell structures of AuPtNPs with different platinum content,
compared to the pristine PEINPs and AuNPs. Synthesis duration 30 minutes.

Sample Qhydro Zeta potential pH  Au conv. Pt conv. Crystallite
(nm) (mV) (%) (%) size (nm)

PtNPs 72 £ 35 27+ 1 10.2 n.d. 61 9
AugoPtjo-cs 41+ 14 2443 6.4 100 100 6
AugysPt7s-cs 65 +2 24 £ 1 7.2 100 100 6
AugsPts-cs 62+1 -29+ 10 7.8 100 100 6
Aug7sPtrs-cs 43 +3 -26+3 7.1 100 100 6
AuNPs 28+2 -10+1 7 100 n.d. 5

The most important information in Table 59 is for sure the platinum conversion that is
quantitative for all the core-shell syntheses. To use already synthesized AuNPs as nucleation
seed for the platinum shell is very effective and allows to obtain a 100 % conversion of Pt.
Another interesting trend is the one observed in the hydrodynamic diameter, the highest value
corresponds to PtNPs and the lowest one to AuNPs. Reducing the platinum content, the
hydrodynamic diameter of AuPtNPs-cs decreases, supporting the trend towards smaller AuNPs
size and also representing a smaller thickness of the external platinum shell. An outlier value is
reported for the highest amount of platinum AugoPti0-cs, where some segregated platinum phase
may be formed. The zeta potential of the core-shell samples corresponds to the one of PtNPs,

confirming a similar surface chemistry and so the desired formation of the platinum shell. The
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same assumption may be formulated looking at the crystallite size, where all the core-shell

structures demonstrated a growth to 6 nm respect the starting 5 nm if AuNPs.

X-ray diffraction spectroscopy — From XRD spectra recorded in Figure 135 it is not possible to
observe the clear presence of the platinum in the core-shell samples. The only observation is
regarding the broadening of the Au peaks. This may be due to the little amount of platinum or to

the formation of an alloy in the external shell, surrounding the Au core.
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Figure 135 — XRD spectra of AuPtNPs-cs samples. In the graph are compared: PtNPs, Au90Pt10-cs, Au92.5Pt7.5-cs, Au95Pt5-
cs, Au97.5P12.5-cs, and AuNPs.

UV-Vis spectroscopy — From the spectra represented in Figure 136 it is possible to recognize

AuNPs typical absorption peak. Also, an increasing blue-shift with the platinum content was

observed, maximum absorption wavelengths are reported in Table 60.
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Figure 136 — UV-Vis absorption spectra of AuPtNPs-cs samples. In the graph are compared: PtNPs, Au90Pt10-cs, Au92.5Pt7.5-
cs, Au95Pt5-cs, Au97.5Pt2.5-cs, and AuNPs. The increasing platinum content reduce the intensity of the SPR AuNPs peak.

Table 60— UV-Vis maximum absorption peaks of the core-shell structures of AuPtNPs with different platinum content, compared
to the pristine PtNPs and AuNPs.

Sample Amax (nm)
PtNPs n.d.
AugoPtio-a 512
Aug sPt7 5-a 517
AugsPts-a 520
Aug7 5Pty s-a 522
AuNPs 529

Synthesis optimization — Differently from what observed for alloys, the core-shell structures
benefit from the reduction of the reaction time for the synthesis of the external platinum shell.
Alloys required a total reaction time of 30 minutes, the core-shell synthesis is split into two
consecutive reactions, the first one for the Au core optimized on 10 minutes, and the second one
for the platinum shell where the Pt optimized synthesis suggested 30 minutes. The synthesis time
for the Pt shell was reduced to 10 minutes, the physicochemical properties of these samples are
reported in Table 61. Platinum conversion was preserved quantitatively, only the highest amount
of Pt (10 %wt) stopped close to quantitative conversion (98 %). The crystallite size is similar or
slightly smaller to the corresponding 30 minutes samples, and the zeta potential is nearly

unchanged confirming once again the formation of the platinum shell. The main improvement is
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related to the hydrodynamic diameter, which is smaller stopping the synthesis after 10 minutes.
As shown in the graph in Figure 137, the size of the colloidal kinetic unit is always smaller in

the case of 10 minutes synthesis for all the compositional range explored.

Table 61 — Summary of the physicochemical properties of the core-shell structures of AuPtNPs with different platinum content,
compared to the pristine PINPs and AuNPs. Optimization of the synthesis duration: 10 minutes.

Sample Qhydro Zeta potential pH  Au conv. Pt conv. Crystallite
(nm) (mV) (%) (%) size (nm)
PtNPs 72 £ 35 27+1 10.2 n.d. 61 9
AugoPtjo-cs 33+£1 24 +5 6.7 100 98 5
AugysPt7s-cs 43+ 1 21+4 6.4 100 100 6
AugsPts-cs 40+ 1 24+3 6.4 100 100 6
Aug7sPtrs-cs  35+2 21 +1 6.3 100 100 5
AuNPs 28 +2 -10£1 7 100 n.d. 5
65
E 60
g
855
£
S 50
o
§ 45
g 40
3
=35
30
2.5 5 7.5
Pt (%wt)

—— AuPtNPs-cs 30 min

—— AuPtNPs-cs 10 min

Figure 137 — AuPtNPs-cs synthesis optimization: assessment of the influence of the platinum content in the core-shell structures on

the hydrodynamic diameter. The analyses were performed on samples produced by 30 and 10 minutes reaction time.

No relevant changes were detected in the XRD and UV-Vis spectra.

In conclusion, it is possible to reduce the reaction time for the platinum shell, minimizing energy

and time consumption, preserving the Pt conversion, and obtaining also smaller hydrodynamic

diameter.
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Transmission electron microscopy — Aus,.sPt; s-cs was selected for TEM analysis.

Figure 138 — HAADF-STEM image of Auy; sPt; 5-cs used for the particle size statistical analysis. The nanoparticles size ranges from
2-22 nm.

HAADF-STEM images of AugsPt7s-cs are represented in Figure 138. The nanoparticles are
crystalline and the size ranges from 2 to 22 nm. They are well dispersed on the support carbon
film. These images were used for statistical size analysis measuring the major and minor axis of
each particle. The size of 360 NPs in different images were measured and the long axis estimated
mean value is 7.2 nm with a standard deviation of 2.8 nm. Therefore, with a confidence interval
of 99 % the average value is 7.2 + 0.4 nm. The short axis estimated mean value is 6.1 nm with a
standard deviation of 2.3 nm. Therefore, with a confidence interval of 99 % the value is 6.1 +

0.4 nm.

Figure 139 —a) HRTEM image of Aug, sPt; s-cs showing crystallin nanoparticles displaying a core-shell aspect; b) EDX spectrum

of Auoz sPt75-cs confirming the presence of platinum in the NPs.
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Auoy sPt7s5-cs high-resolution transmission (HRTEM) images reported in Figure 139 exhibit
crystalline nanoparticles and display a core-shell aspect. The smallest particle probably has a
gold core. This statement is based on interplanar spacing measurements. The presence of

platinum is also confirmed by EDS analysis, as shown in Figure 139.
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5.2.4. Catalytic activity in the reduction of 4-nitrophenol

The model reaction of reduction of 4-nitrophenol to 4-aminophenol was selected to study the
catalytic activity of the synthesized mono- and bi-metallic nanoparticles. The scheme of the
reaction is represented in Figure 140, where it is possible to see how the nitrophenolate ion is the
active species that interact with the catalyst and the hydrogenation to amino phenolate ion is

carried out thanks to the hydrogen released by the borohydride.
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Figure 140 — Reaction mechanism of the catalytic activated reduction of nitrophenol to aminophenol assisted by sodium

borohydride.

The tests were carried out at room temperature and pressure, in a water environment, and with
an excess of sodium borohydride, allowing the approximation to a pseudo-first-order reaction
respect to 4-nitrophenol. 4-nitrophenol absorbs at 317 nm, but in presence of NaBH4 forms the
nitrophenolate ion and undergoes a red-shift to 400 nm, associated to a yellow coloration. The
advancement of the reaction has been monitored by spectrophotometry, analyzing the depletion
of the reagent, since the reaction product is colorless. Creating a graph of In(ArAo™!) as a function
of time, where A: is the absorbance at time t and Ao the initial absorbance. This is a linearized
graph and the slope of the curve corresponds to the kinetic constant k of the reaction, the higher
the constant the more efficient is the catalyst. Some samples showed an induction time, in
literature it has been explained that it may be caused by: dissolved oxygen, diffusion/adsorption
of the reagent to the catalyst surface, surface oxidation of the catalyst, phenolate ion formation,

or steric hindrance of the catalytic sites due to the capping agent.?*
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Catalytic test on mono-metallic AuNPs and PtNPs suspensions — First tests were carried out
on AuNPs and PtNPs to discriminate whether the mono-metallic nanoparticles were more or less
active in the catalysis of the model reaction. It is worth to mention that the reaction does not
occur without the catalyst.

As an example, is reported in Figure 141 the graph of the UV-Vis spectra registered for the
reaction carried out with PtNPs. The 4-nitrophenol (4-NP) peak at 400 nm is decreasing overtime

representing the advancement of the reaction.
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Figure 141 — UV-Vis spectroscopy applied for the monitoring of the 4-nitrophenol conversion during the reaction carried out with
PtNPs as catalyst.

As it is possible to see by both conversion and kinetic graph reported in Figure 142, platinum is
more efficient than gold in the catalysis of the studied reaction. This is due to the fact that Pt
does not present any induction time, the reaction starts immediately, while for gold about 294
seconds estimated induction time is observed. Pt has also a better kinetic constant respect to Au,
even considering only the post-induction time for gold. The kinetic constant calculated as slope
of the In(ArAo™') as function of time graph is 1.2:10 s”'for AuNPs and double for PtNPs 2.5-10°
2 sl Platinum has overall better performances than gold in this model reaction, this behavior
could be expected because platinum is largely applied in the catalysis of hydrogen involving

reactions, due to the affinity of Pt for hydrogen species, in this case produced by NaBHa.
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Figure 142 — 4-nitrophenol reduction reaction catalyzed by AuNPs or PtNPs. a) conversion graph as function of time; b) pseudo-
first-order kinetic linearized graph.

Catalytic test on AuPtNPs-a — Alloy bi-metallic nanoparticles have been tested to identify
composition-dependent trends. In Figure 143 are reported the temporal evolution of the
conversion and the kinetics of the alloy samples compared with the mono-metallic nanoparticles.
Alloys show a trending behavior as function of the platinum content, the higher is the amount of
platinum the shorter is the induction time, with the only exception of AgosPts-a that is nearly
superimposed to AuNPs. It is possible that some oxide generated on the surface of AgosPts-a

suppressed its performance.
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Figure 143 — 4-nitrophenol reduction reaction, AuPt alloy catalysts activity comparison: AuNPs, PtNPs, AugPti-a, Aug sPt;5-a,
AugsPts-a, and Aug; 5Pt s-a. a) conversion graph as function of time; b) pseudo-first-order kinetic linearized graph.

From the In(A¢-Ao!) as function of time graph reported in Figure 143, it is clear that all of the
alloy phases are subjected at an induction time as it is for AuNPs. Kinetic constants and induction
times are summarized in Table 62. If the induction time trend respects what it could be expected
by the compositions, it is not the same for the kinetic constant where the opposite trend is
observed, the lowest amount of platinum in Agy7sPt>s-a determines the highest kinetic constant
2.2:10% s! close to PtNPs 2.5:10% s!, AgosPts-a confirms to be out of trend both in terms of

induction time and kinetic constant 0.7-10 s°!, slower than AuNPs 1.2:102 5.

Table 62 — Catalytic performance of the alloy structures of AuPtNPs with different platinum content, compared to the pristine PEINPs

and AuNPs. Induction time and kinetic constant comparisons.

Sample Induction time (s) Kinetic constant (s)
PtNPs 0 2.5:107
AugoPtio-a 155 1.3:102
Aug, sPt7s-a 205 2.1-10
AugsPts-a 253 0.7-107
Aug7.5Ptr5-a 215 2.2:102
AuNPs 294 1.2:102
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Summarizing, it is not possible to avoid the alloys induction time, but synergistic effects enhance
the activity of samples with a low platinum content, highlighting outstanding performances of

the composition with the lowest amount of platinum, Age7sPt> s-a.

Catalytic test on AuPtNPs-cs — Subsequently, the optimized core-shell structures were tested in
the same model reaction. For the induction time of this set of samples, it is not possible to identify
a composition dependent trend. In fact, there are two groups, one with a behavior similar to
PtNPs and one to AuNPs, but this grouping is not related to the platinum content. As it possible
to observe in Figure 144, Aug, sPt7s-cs and Aug7sPts s-cs have short induction time and a faster
kinetic, like the platinum alone, while AugoPtio-cs and AugsPts-cs have even longer induction

time respect to gold alone, and a similar slope.
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Figure 144 — 4-nitrophenol reduction reaction, AuPt core-shell catalysts activity comparison: AuNPs, PtNPs, AugPt-cs,

Aug; sPty 5-cs, AugsPts-cs, and Aug; sPt: s-cs. a) conversion graph as function of time; b) pseudo-first-order kinetic linearized graph.

Focusing on the kinetic constant, the external platinum shell in this structure tends to level the
composition related differences. For the alloys, higher differences in kinetic constant and more
marked trend were observed. In this case the best performing sample is Aug.sPt7s-cs with a
kinetic constant of 2.5-10% s!, equal to PtNPs, Table 63. It is interesting to notice that the
composition with a platinum content of 5 %wt is the worst in terms of catalytic activity in both
structures, alloy and core-shell. It is possible that this weight ratio in the synthesis adopted favors

the formation of undesired segregated phases, or a passivating oxide surface layer.
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Table 63 — Catalytic performance of the corve-shell structures of AuPtNPs with different platinum content, compared to the pristine

PtNPs and AuNPs. Induction time and kinetic constant comparisons.

Sample Induction time (s) Kinetic constant (s)
P{NPs 0 2.5:107
AugoPtjo-cs 423 1.9-102
Augy sPt75-cs 85 2.5:102
AugsPts-cs 411 1.4-102
Aug75Pta5-cs 115 1.8:10
AuNPs 294 1.2:102

To have a final confirmation of the structures obtained and how they influence the activity of
these catalyst, physical blends of AuNPs and PtNPs in the same weight ratio of the samples were
tested in the model reaction. The physical blends are labeled as AuxPtx-b, where x is the element

weight percentage, the kinetic constants are compared in the graph in Figure 145.
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Figure 145 — Kinetic constant comparison of the tested compositions (AugoPt 19, Aug sPt7 s, AuosPts, and AugzsPt:s) in form of alloy,
core-shell and physical blend, compared to the pristine mono-metallic PtNPs and AuNPs.

Catalytic tests conclusions — In general, it is possible to say that core-shell structures work better
than alloys, as highlighted by comparing the kinetic constants and taking into consideration that
the induction time is always present in the alloy configuration. Furthermore, the composition
containing 5 %wt of platinum confirms to be the worst both for core-shells and alloys, in this
case the physical blend activity is comparable with the core-shell and even better than the alloy.
The highest platinum content 10 %wt, demonstrated to be probably in excess with respect to the
solubility limit for the alloy formation, probably generating segregated phases with an activity

comparable with the physical blend. On the other side, the lowest amount of Pt 2.5 %wt gave
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rise to the most active alloy phase, as if the platinum acted as doping agent for gold, enhancing
the activity reaching better kinetic constant than the same core-shell composition. Also, the 2.5
%wt content may be not enough to grant an active platinum shell.

The physical blend showed similar induction time to the alloy phase for all the samples, except
for AugsPts, where the physical blend induction time was shorter than bot alloy and core-shell,
confirming once again the problem of this composition.

In general, Aug5Pt75s and Aug7sPt2 s demonstrated to be the most interesting composition, due
to problems registered AugsPts and the excess of platinum in AugoPtio. Aug 5Pt75-cs showed the

same catalytic activity as PtNPs, and Aug7 5Ptz 5-a is the best alloy composition.
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5.3. Conclusions

The work described led to the optimization of eco-friendly synthetic processes of noble metal
nanoparticles for catalytic application. Microwave-assisted water-based synthesis was adopted
for all the sample produced, avoiding the use of harmful reagents or organic solvents.

First, mono-metallic AuNPs and PtNPs synthesis were optimized implementing different
parameters and precautions, since platinum synthesis requirements were stricter. A wide-ranging
physicochemical characterization supported this optimization process leading to the best
compromise between the energy and time-consuming parameters, and the desired properties of
the product. Subsequently, the alloy and core-shell bi-metallic structures were produced
developing ad hoc synthetic processes, one-pot synthesis in the case of alloy and two-step
synthesis for core-shell. It was observed how the presence of gold helped in the reduction process
of the platinum precursor, otherwise more temperature and time demanding. The achievement
of the two desired structures, alloy and core-shell, was confirmed by the surface chemistry of the
samples analyzed by zeta potential measurement, and by the lattice distances monitored by
transmission electron microscopy. The size of the bi-metallic nanoparticles produced is suitable
for catalytic applications, in fact, TEM statistical measurements revealed small diameter for both
structures, in particular in the range 5-6 nm for alloy and 5-7 nm for core-shell.

The samples demonstrated interesting catalytic activity in the model reaction of reduction of 4-
nitrophenol. Different behaviors and synergistic effects were observed for the bi-metallic
materials. Bi-metallic product had faster kinetic respect to the physical blend of AuNPs and
PtNPs in the same proportion, proof that the intimal interanion in a bi-metallic structure enhance
the catalytic activity of these noble metal nanoparticles. Furthermore, synergistic effects were
recorded, enhancing the performance of the material way higher respect to the simple weighted
average based on the composition. Platinum is very active in these hydrogenation reactions, and
it was possible to reach comparable results with both core-shell and alloy structures, considering
a maximum amount of platinum of 10 %wt. Outstanding results were obtained by the core-shell
sample AugzsPt7s-cs that grants the same kinetic constant of PtNPs. In general, core-shell
structures works better since they have platinum exposed on the surface of the NPs, but still,
excellent activity was reached by specific alloy structures were platinum acts as doping agent in
the gold lattice.

Usually, these materials are supported on an inorganic substrate, such as by impregnation of
titanium dioxide powder, to be tested in real application model reaction. An example in the

biomass valorization field is the multi-step reaction of oxidation of 5-hydroxymethyl furfural
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(HMF) to 2,5-furan dicarboxylic acid (FDCA). FDCA is a biomass-derived monomer that can
be polymerized to obtain polyethylene furan dicarboxylate (PEF), which is a product with similar
properties as polyethylene terephthalate (PET) commonly used for plastics production.?#%->47

In this case, the production of bi-metallic alternatives to expensive platinum-based catalyst may
help in the development of industrially affordable technologies for the biomass valorization

exploiting synergistic effects of gold-platinum alloy and core-shell structures.
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5.4. Experimental section

In this section synthesis procedures of mono- and bi-metallic nanoparticles will be described
together with the physicochemical characterization techniques adopted during the study, and the

catalytic test implemented to evaluate the activity of the products.
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5.4.1. Synthesis of noble metals nanoparticles
All the noble metals nanoparticles were obtained thanks to a microwave assisted synthesis, using

the microwave for synthesis Microsynth Plus (Milestone) with reflux. '8!

Gold nanoparticles (AuNPs) — The synthesis of AuNPs exploit uniform and homogeneous
microwave heating to reach the desired temperature of 90 °C for the reduction reaction of the
gold precursor to metallic nanoparticles.

From the typical synthesis of AuNPs adopted, 100 mL of 1000 mg-L"! Au are obtained. The
procedure involves the dissolution of 0.1815 g of glucose (CAS Number 50-99-7) from Sigma-
Aldrich (Product Number G7021, purity > 99.5 %) as reducing agent, and 0.1534 g of
polyvinylpyrrolidone (PVP) average My = 29000 (CAS Number 9003-39-8) from Sigma-
Aldrich (Product Number 234257) as capping agent, in 80 mL of Milli-Q water. 10 mL of 0.4 M
NaOH (CAS Number 1310-73-2) from Sigma-Aldrich (Product Number S5881, purity > 98 %)
are added to the reaction suspension to create a basic environment, then the batch is placed in
the microwave oven. The sample is kept under magnetic stirring for the whole synthesis time, a
heating ramp is set to reach 90 °C in 3 minutes with a maximum power provided by the
instrument of 350 W. When the temperature reaches 80 °C, 10 mL of 0.05 M HAuCls (CAS
Number 16903-35-8) from Sigma-Aldrich (Product Number 484385, 99.99 % trace metals basis,
30 %wt in dilute HCI) are added. Then, the temperature is maintained at 90 °C for 10 minutes
with a maximum power of 200 W. Finally, the reaction is quenched in an ice-bath and the product
was stored at 4 °C in dark conditions. The selected molar ratios are: glucose/Au 2, NaOH Au 8,

and PVP/Au 2.75.

Platinum nanoparticles (PtNPs) — As for AuNPs, the synthesis of PtNPs required microwave
heating, but the platinum is more difficult to be reduced so a higher temperature and a longer
duration of the synthesis were selected, 95 °C for 30 minutes.

The synthesis of PtNPs required an optimization of the molar ratios of the reagents, here are
reported the molar ratio of glucose and sodium hydroxide respect to platinum tested. NaOH/Pt:
16, 24, 32, and 40. Glucose/Pt: 2, 3, 4, and 5. The optimal molar ratios were identified as
NaOH/Pt 24 and glucose/Pt 3.

The optimized synthesis produces 100 mL of 100 mg-L™! Pt. 27.7 mg of glucose (CAS Number
50-99-7) from Sigma-Aldrich (Product Number G7021, purity > 99.5 %) as reducing agent, and
15.3 mg of polyvinylpyrrolidone (PVP) average My = 29000 (CAS Number 9003-39-8) from
Sigma-Aldrich (Product Number 234257) as capping agent, were dissolved in 87 mL of Milli-Q
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water. 3 mL of 0.4 M NaOH were added to the reaction mixture, then the batch was placed in
the microwave oven under magnetic stirring. A heating ramp from room temperature to 95 °C in
3 minutes was set with a maximum power of 350 W, then the temperature was kept constant at
95 °C for 30 minutes with a maximum power of 200 W. The platinum precursor was added when
the reaction mixture reached 85 °C, 10 mL of 5.1 mM H2PtCls (CAS Number 16941-12-1) from
Sigma-Aldrich (Product Number 262587, 8 %wt in water). The reaction was quenched with an

ice-bath, the product was stored at 4 °C in dark conditions.
Gold-platinum alloy nanoparticles (AuPtNPs-a) — To prepare the gold-platinum alloy phase it

was necessary to take into consideration the miscibility diagram of the two metals reported in

Figure 146.24
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Figure 146 — Gold-platinum miscibility phase diagram.

Since the synthesis is performed at about 100 °C, it is possible to assume from the slope of the
curve in the graph in Figure 146 that the miscibility gap is close to the 10 %wt of Pt load.
Knowing that, 4 composition with a decreasing content of Pt from 10 to 2.5 %wt were proposed:
AugoPtio (90 %wt of Au and 10 %wt of Pt), Aug sPt75 (92.5 %wt of Au and 7.5 %wt of Pt),
AugsPts (95 %wt of Au and 5 %wt of Pt), and Aug7.5Pt2s (97.5 %wt of Au and 2.5%wt of Pt).

The total metals concentration (Au+Pt) was fixed at 500 mg-L™!, the PVP/metals molar ratio is
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2.75 as for the mono-metallic synthesis, while for NaOH/metals were explored the molar ratios
8, 16, and 24, and for glucose/metals 2 and 3. The optimized composition involves the following
molar ratios: NaOH/metals 8, glucose/metals 2, and PVP/metals 2.75. Since the platinum is more
difficult to be reduced, the higher temperature (95 °C) was selected for the microwave heating,
and bot 30 minutes reaction times, later reduced to 10 minutes to avoid the undesired growth of
the particles size. The procedure adopted is the same as for the mono-metallic suspension, with
the hereabove mentioned compositions, and using as metals precursor a solution containing both

Au and Pt precursors in the proper ratio.

Gold-platinum core-shell nanoparticles (AuPtNPs-cs) — The core-shell structure was built by a
gold core and a platinum shell. The synthesis of the core was performed following wat cited in
“Gold nanoparticles (AuNPs)” paragraph, working with the optimized composition and a final
gold concentration of 500 mg-L!. The reaction product was washed by centrifugation at 20 °C
and 1500 rpm for 20 minutes using a Centrisart G-16C (Sartorius) centrifuge mounting an
Amicon Ultra-15 centrifugal filter (Millipore) with a filtering membrane of regenerated cellulose
and a 30 kDa molecular weight cut-off (MWCO) also labeled as nominal molecular weight limit
(NMWL). The washed AuNPs were properly diluted and then used as reaction environment for
the synthesis of PtNPs in order to act seed for the nucleation of the metallic platinum phase. In
this way a surrounding shell of Pt was generated around the Au core, and the bi-metallic core-
shell nanoparticles were obtained. The composition selected were the same as for the alloys:
AugoPtio (90 %wt of Au and 10 %wt of Pt), AugsPt7s (92.5 %wt of Au and 7.5 %wt of Pt),
AugsPts (95 %wt of Au and 5 %wt of Pt), and Aug7.5Pt2s (97.5 %wt of Au and 2.5%wt of Pt).
The synthesis of the Pt outer layer adopted the same parameters as the alloys AuPtNPs-a.
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5.4.2. Physicochemical characterization of noble metals nanoparticles

Mono- and bi-metallic colloidal suspensions were characterized in terms of hydrodynamic
diameter (DLS), zeta potential (ELS), surface plasmon resonance absorption (UV-Vis),
nanoparticle and ionic fraction concentrations (ICP-OES), crystalline phase (XRD), and size and
morphology (TEM) of nanoparticles. The instruments settings and the principle of the techniques

are described in the chapter “3.4.4. Physicochemical characterization of silver nanoparticles”.

Hydrodynamic diameter — The instrument used for the study of the hydrodynamic diameter and
the polydispersity index is the Zetasizer Nano ZSP (Malvern Panalytical) equipped with MPT-2
multipurpose titrator and vacuum degasser accessories. The analyses were performed on about

1 mL of 500 mg-L"! concentrated suspensions for all the samples.

Zeta potential — The instrument used for the study of the zeta potential is the Zetasizer Nano
ZSP (Malvern Panalytical) equipped with MPT-2 multipurpose titrator and vacuum degasser
accessories. The analyses were performed on about 1 mL of 500 mg-L™! concentrated suspensions

for all the samples.

UV-Vis spectroscopy — The study of the surface plasmon resonance absorption peaks of gold
and platinum nanophases was performed thank to a Lambda 750 spectrophotometer
(PerkinElmer). Position and shape of the SPR peak depend on the size, morphology, and
composition of the nanoparticles. Typically, AuNPs exhibit an absorption peak about 520 nm,
while PtNPs UV-Vis absorption spectrum is characterized by a broad band with maximum

absorption in the far UV region.?*3*%

Nanoparticle and ionic silver fractions quantification by ICP-OES — The instrument, Agilent
5100 ICP-OES with mounted the autosampler Agilent SPS 3 (Agilent Technologies) allowed the
quantification of Au and Pt, both in metallic nanoparticle and ionic form. The selected emission
lines of Au are: 191.896, 197.742, 208.207, and 267.594 nm. The selected emission lines of Pt
are: 203.646, 214.424, 217.468, and 265.945 nm. The calibration curve was prepared analyzing
standards at the following concentrations: 100, 10, 1, 0.1 and 0 mg-L"!. The standard solutions
are Au 1000 mg-L! in a matrix of 2 %wt HCl (CPAchem) and Pt mg-L"' 1000 in a matrix of 10
%wt HC1 (CPAchem). The internal calibration verification was assessed analyzing a solution of

Au or Pt prepared from the standards in a concentration included within the calibration curve.

279



Chapter 5 — Green synthesis of noble metals-based nanoparticles for catalytic applications

The quantification of total Au and Pt were assessed on samples diluted to a theoretical
concentration of 70 mg-L™!. The analysis of the ionic fraction was performed on filtered
suspensions, by Amicon Ultra-15 centrifugal filter (Millipore) with a filtering membrane of
regenerated cellulose and a 30 kDa molecular weight cut-off (MWCO) also labeled as nominal
molecular weight limit (NMWL). The filtration is performed via centrifugation 4500 rpm, 45
minutes, and 20 °C using a Centrisart G-16C (Sartorius). Mono- and bi-metallic nanoparticles
are retained by the filtering membrane, while the aqueous media and dissolved silver ions pass
through. All the samples and the standards were acidic digested before being analyzed, thanks
to a 10 %v/v of > 65 %wt HNO3 (Sigma-Aldrich) and a 10 %v/v of 30 %wt H>O> (Sigma-
Aldrich).

Crystalline structure and size by XRD spectroscopy - The instrument used for the determination
of the x-ray diffraction (XRD) pattern of the nanoparticles synthesized is the D8 ADVANCE
(Bruker) operating in 26 mode and using a copper target (Cu Ka, A = 0.15406 nm). The selected
working conditions are 10-80 ° 20 range, acquiring the signal every 0.02 ° 20 step, and
acquisition time of 0.5 seconds. To focus on the main diffraction peak of Au and Pt, some spectra
were acquired scanning 30-50 °© 20 range, taking points every 0.1 © 20 step, and acquisition time
of 10 s. Crystallite size was estimated using the Scherrer’s equation.

Samples were prepared by drop-casting the colloidal suspensions on a glass substrate and then

dried in an oven at 70 °C.

Particle size by TEM - Morphological evaluation and particle size determination were assessed
by transmission electron microscopy (TEM) using a Tecnai F20 (FEI) microscope operating at
200 keV. The instrument is equipped with an energy dispersive x-ray spectroscopy (EDX) micro-
analysis and the scanning transmission electron microscopy (STEM) accessories. The TEM
images were taken in phase contrast mode, high-resolution transmission electron microscopy
(HRTEM), and selected area electron diffraction (SAED). STEM pictures were recorded using
a high angle annular dark field (HAADF) detector.

The sample preparation involves a solution dilution 1:100 in volume in Milli-Q water and
sonication for 10 minutes, then the sample is deposited on a holey carbon film supported copper

grid. The preparation was then dried at 80 °C.
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5.4.3. Catalytic test: model reaction of reduction of 4-nitrophenol

The evaluation of the catalytic activity of the synthesized mono- and bi-metallic nanoparticles
was assessed thanks to the model reaction of reduction of 4-nitrophenol (4-NP) to 4-aminophenol
(4-AP). The reaction scheme is reported in Figure 147, and it requires two reagents: 4-
nitrophenol (CAS Number 100-02-7) from Sigma-Aldrich (Product Number 241326, purity > 99
%) as main reagent, sodium borohydride (CAS Number 16940-66-2) from Sigma-Aldrich
(Product Number 213462, purity 99 %) as hydrogen source for the reduction, and the catalyst
which is constituted by the synthesized AuNPs, PtNPs, AuPtNPs-a, or AuPtNPs-cs.

N02 NH2

Catalyst
+ NaBH,

OH OH

Figure 147 — Catalytic model reaction of reduction of 4-nitrophenol to 4-aminophenol assisted by sodium borohydride.

Same conditions were adopted for all the samples to compare properly the results. The reaction
was carried out using 5 mL of a 9-10° M weekly prepared solution of 4-NP, 1 mL of a 0.742 M
freshly prepared solution of NaBH4, and 10 mL of the catalyst colloidal suspension with a total
metals concentration of 1.1-10> M. Mono- and bi-metallic samples were washed from unreacted
reagents and reaction by-products and co-products, thanks to a filtration by centrifugation at 20
°C and 1500 rpm for 20 minutes using a Centrisart G-16C (Sartorius) centrifuge mounting an
Amicon Ultra-15 centrifugal filter (Millipore) with a filtering membrane of regenerated cellulose
and a 30 kDa molecular weight cut-off (MWCO). The NPs retained on the membrane of the filter
were suspended in Milli-Q water and diluted to the desired concentration for the catalytic test.

The reaction was performed at room temperature and pressure, under magnetic stirring. 4-NP
and NaBH4 were mixed under stirring for 10 minutes to favor the formation of the phenolate ion
which is the reactive species, the reduction reaction doesn’t occur without a catalyst.
Subsequently, the catalyst is added and immediately after that, the aliquot for UV-Vis monitoring
of the reaction evolution is taken. If the catalyst tends to form a non-active oxide surface layer,
the reaction order can be modified adding first the catalyst and the NaBH4 under stirring for 10
minutes, once the catalyst is activated the 4-NP can be added. Since this is not the case for these

water suspensions AuPtNPs, the standard method was adopted.
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Since the concentration of NaBHs is exceeding the stoichiometry, the reaction can be
approximated to a pseudo-first-order respect to the concentration of 4-NP. In this case the
reaction rate (v) only depends on the molar concentration of 4-NP ([4-NP]) and the kinetic

constant (k), the relation is reported in the Equation 12.

v =k - [4-NP] Equation 12

The reaction advancement is monitored by UV-Vis spectrophotometry, 4-NP has the maximum
absorption at 317 nm, that after the formation of the phenolate ion due to the addition of NaBH4
undergoes a red-shift toward 400 nm. So, the nitrophenolate ion ha a yellow coloration, and its
consumption to form the amine is monitored by the decreasing of the intensity of the absorption
in the visible region. The tests were conducted with a spectrophotometer Cary 3500 UV-Vis
(Agilent Technologies) acquiring spectra in the wavelength range 300-500 nm. The instrument
mounts a stirring system for the cuvettes allowing to perform the whole test with the same
aliquot. Stirring speed was set to 600 rpm to grant a homogeneous reaction environment and to
favor the removal of the gas bubbles formed. Spectra were registered every 15 seconds to study

the advancement of the reaction until its completeness.
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Functional materials for wastewater remediation

Part of the content of this chapter has been published as M. Blosi et. al. “Chlorella vulgaris meets TiO;
NPs: Effective sorbent/photocatalytic hybrid materials for water treatment application” Journal of
Environmental Management 304 (2022) 114187, and as Master’s Thesis of S. Amadori “Sviluppo ed
ingegnerizzazione di materiali compositi multifunzionali applicabili nell’abbattimento di microrganismi

patogeni e nel trattamento acque” 2023.



Chapter 6 — Functional materials for wastewater remediation

287



Chapter 6 — Functional materials for wastewater remediation

6.1. Introduction

The environmental problem related to the increasing pollution of hydric resources, caused by
both industrial and urban human activities, has highlighted the need to develop new technologies
and devices for water purification. Although, the composition of wastewaters varies depending
on the industrial or urban sector involved, the most common and impactful pollutants are usually
heavy metals and organic pollutants.?>® To remediate these types of effluents, it is necessary to
devise a product that is capable of reducing the content of heavy metals and at the same time of
organic compounds. Therefore, the goal is to study and develop a low environmental impact
multifunctional device optimizing adsorbing functionalities targeting the desired pollutants.
The adsorption of organic and inorganic pollutants by biopolymers is a fundamental aspect in
the field of water bioremediation because of the high degree of sustainability, circularity, and
biodegradability of biomass-derived materials.?*” This work aimed at increasing active phases’
handleability thanks to the immobilization into a biopolymer matrix that can facilitate their
exploitation. The study focused on biocompatible, renewable and environmentally friendly
materials using biopolymers derived from biomass such as chitosan, agarose, and k-carrageenan
and adsorbent materials of natural origin, like clays and hydrotalcites. The active phases were
first immobilized into biopolymeric hydrogels, then the composite materials were freeze-dried,
creating porous adsorbent structures, characterized by improved material handleability and

stability during use, storage, and transportation.
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6.1.1. Natural inorganic adsorbent materials

The increasing industrialization and growth rate of human population are endangering the
environment. Wastewaters are harmed by the presence of pollutants of extremely varied nature,
both organic and inorganic: heavy metals, colorants, pesticides, oils, microplastics, and many
other categories. Among various water treatment technologies, adsorption is considered one of
the most effective, thanks to its convenience, universal availability, and ease of use.?!

The use of natural clays-like materials is widely exploited in water purification treatments,
because of the low cost, high natural abundance, and the various helpful physicochemical
properties like the large specific surface area, the excellent ion exchange capability, and the

tendency to absorb water within their layered structures.?>?

Hydprotalcites — Layered double hydroxides (LDH), also known as hydrotalcite-like compounds,
are anionic clays that have attracted considerable attention in recent years due to the presence of
large interstitial spaces between their positively charged layers capable of hosting a significant
number of exchangeable anions. LDH general structure is reported in Equation 13, where M?*
and M>" are respectively bivalent (like Mg?*, Co?", Ni**, and Cu?") and trivalent (like AI**, Fe*",
and Ga®") cations, x value is included in between 0.20 and 0.33 and it represents the molar
fraction of M>*, and finally An- represents the interlayer anion (like CO3*, CI', NO3, and SO4*
). The structural positive charges are counterbalanced by the interlayer anions. The charge
density of the hydroxide layers is determined by the molar ratio M*/M3*, for synthetic
hydrotalcites this value can be modulated. The structure of these materials is based on the typical
hydroxides octahedral unit, by heating to about 450-500 °C the LDH can be converted into mixed
metal oxides (MMO). An important property of MMO is the so-called “memory effect”, calcined
anionic clays can restore their original layered structure after adsorption of anions. The high
anionic exchange capacity and large surface area of the LDH, their flexible interlayer region
accessible to various ionic and non-ionic compounds are promising features for the development

of performant contaminants adsorbent devices to treat aqueous system.?>?

X+ .
] *mH,0 Equation 13

[M;_**M,** (OH), (A™)x,,_

Bentonite — Bentonite is a natural clay, its structure is a phyllosilicate hydrate (Al203-Si0»-
4H>0). It can be found as clays smectite sediments containing a variety of swelling silicate and

others phases like illite, kaolinite, quartz cristobalite, dolomite, calcite, plagioclase. In bentonite
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structure, the isomorphic substitution of Si*" in the tetrahedral site with trivalent ions, and AI**
in the octahedral site with bivalent ions determines the negative charge of the structural layers.
To remove water pollutants, it is possible to exploit the electrostatic attraction and the formation
of surface complexes. For these reasons, bentonite is widely used in environmental protection,
for the detoxification of drinking water and the treatment of wastewater. Recently, a variety of
procedures have been proposed for the modification of natural clays and clay minerals, including
physical, chemical, and thermal treatments, in order to improve their adsorption capacity of

specific harmful classes of pollutants.?>*253
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6.1.2. Biopolymeric scaffolds

During the last decades, marine-derived biomacromolecules, such as alginates, chitin, agar,
carrageenan, and other bioderived molecules like cellulose and collagen, have been exploited as
highly low environmental impact efficient functional materials for water purification
treatments.”*° The variety of natural and modified molecular structures allows different
interaction and adsorption selectivity toward general or specific classes of compounds,
furthermore the gelling properties of these biopolymers may be exploited for the production of
hydrogel to embed active phases.?>® Hydrogels are tridimensional networks constituted by
polymeric chains entangled and crosslinked with a high degree of biocompatibility and
malleability. Working with these materials it is possible to produce bio-composites dispersing
active phases in the hydrogel structure, like adsorbing clays, to exploit synergistic effects of the

functionalized scaffold in the wastewater treatment.”>

Chitosan — Chitosan is a biopolymer obtained by the deacetylation of chitin extracted by
crustacean shells, usually considered as a waste. Chitosan is a natural derived cationic
polysaccharide soluble in water constituted by B-(1,4)-linked D-glucosamine (deacetylated unit)
and N-acetyl-D-glucosamine (acetylated unit). Hydroxyl and amine functionalities allow its
dispersion in acidic solutions, and also the interaction with organic and inorganic species via
electrostatic interaction, coordination, or hydrogen bonds. Chitosan can be considered an
ecological complexing agent due to its renewability, low cost, non-toxicity, hydrophilicity, and

biodegradability, furthermore, it possesses antibacterial properties.>’

Agarose — Agarose is a linear natural biopolymer extracted by the cell wall or red algae. It is a
polysaccharide and together with agaropectin is one of the main constituents of agar. Agarose is
biodegradable, biocompatible, and hydrophilic, in water it forms stable and reversible gel
structures. It is constituted by D-galactose and 3,6-anhydrous-L-galactose, bound alternating a.-
(1,3) and B-(1,4) glycoside bonds. Hydroxyl groups may be exploited for the pollutants

adsorption.**

Carrageenan — Carrageenan is a linear polysaccharide extracted by red algae, it is enriched with
sulphate functionalities and it may form polyanions structures. It is constituted by alternating 3-
linked B-D-galactopyranose (G-units) and 4-linked a-D-galactopyranose (D-units) or 4-linked

3,6-anhydro-a-D-galactopyranose (DA-units), this is the base disaccharide repeating unit.

291



Chapter 6 — Functional materials for wastewater remediation

Carrageenan is divided in three main products iota, kappa, and lambda, kappa is the most

interesting compound since it presents the most pronounced gelling properties.?*
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6.2. Results and discussion

Hydrotalcites and bentonite were used as active adsorbing phases for the functionalization of
biopolymeric hydrogels. Each material underwent physicochemical characterization and its
absorption properties were studied.

Two commercial hydrotalcite-like compounds were selected with different M?*/M>* molar ratio,
Pural standard magnesium-aluminum hydrotalcite with molar ratio 1.4 (LDH1.4) or 2 (LDH2).
Bentonite commercial sample was grinded and sifted 80 um, to obtain a fine and homogenous
white powder. In this way it was possible to better disperse bentonite in the hydrogels. Both
bentonite and hydrotalcites were characterized by XRD, BET, ELS, and in the absorption of
metal cations and organic colorants.

The biopolymers tested in the hydrogel formation were chitosan, agarose, and k-carrageenan
from Sigma-Aldrich. The first is a positively charge compound, the other bring negative charges
on their chain. Biopolymers white powders were dispersed in water and characterized by ELS,
after the hydrogel formation their swelling and dissolution were assessed and then they were
tested in the absorption of metal cations and organic colorants. The hydrogels were crosslinked
with glutaraldehyde to improve their mechanical properties, and these tests were repeated.
Finally, the active phases (bentonite and hydrotalcites) were embedded into biopolymers for the
production of adsorbent scaffolds for water remediation. A general concept map of the process

is schematized in Figure 148.

X-ray diffraction
Surface charge | Characterization of the Characterization of the gwfg;e Cha;gdg_ it
- . . . Welling ar ISSoLulion
Specific surface area active phases biopolymeric hydrogels | 4iorprion capacity
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Hydrotalcites K-carrageenan
Agarose
Hydrogels crosslinking

Glutaraldehyde

Production and
characterization of the
composite scaftolds

Swelling and dissolution
Adsorption capacity

A
Determination of the | S _
Adsorption capacity

most promising solution | s corprion kinetic

Figure 148 —Scheme of the concept map for the preparation of biopolymeric scaffolds embedding active phases for the wastewater

remediation.
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6.2.1. Hydrotalcite-like materials and natural clays

Hydrotalcites and bentonite powders were characterized by XRD and BET, then they were
dispersed in water and the zeta potential was studied to understand the interaction with charged
species, like metal cations or organic polar and ionic colorants. Finally, their adsorption capacity

and the kinetic of the adsorption process were studied.

X-ray diffraction spectroscopy — Bentonite XRD spectrum reported in Figure 149 reveals how

the clay is constituted by different mineral phases, mainly montmorillonite and quartz.

5 15 25 35 45 55 65 75
26 (%)

Bentonite

Figure 149— XRD spectrum of bentonite powder showing the presence of two main phases: montmorillonite (M) and quartz (Q).

Hydrotalcites LDH1.4 and LDH2 XRD spectra reported in Figure 150 demonstrate that the
M?*/M*" molar ratio differences do not affect the crystalline structure. The main diffraction peaks
a clearly observable for both samples, LDH2 sharper peaks correspond to more extended

crystalline domains.
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Figure 150 — XRD spectra of the studied hydrotalcites (LDHI.4 and LDH2) showing the typical layered double hydroxide
diffraction pattern.

Specific surface area — From BET analysis it was possible to observe significative differences

among the samples. Bentonite has a specific surface area one order of magnitude greater
compared to the hydrotalcites, reaching more than 100 m?-g’!, as it is possible to see in Table 64.
The higher surface area value is promising for the adsorption application, higher surface means
a greater number of active sites for the adsorption in the interlayer of clays and hydrotalcites.
This parameter influences also the swelling behavior of the material once dispersed in water.
The water adsorption and consequent swelling strongly affect the mechanical properties of the
material and the filtering properties. From these results bentonite should be more effective in the
wastewater remediation adsorption treatments. LDHs are usually applied after a thermal
treatment, to convert the hydroxide structure into an oxide, removing the interlayer counterions.

These samples after mechanical grinding usually presents high surface area values.

Table 64— Specific surface area of bentonite and hydrotalcites LDH2 and LDH1 .4, assessed by BET analysis.

Sample Specific surface area (m?-g!)
Bentonite 118
Hydrotalcite LDH2 54
Hydrotalcite LDH1.4 16

Isoelectric point — The desired application is the adsorption of water pollutants, so it is important

to study the behavior of these material once dispersed in water. In particular, the surface charge
of these compounds could play an important role in the adsorption properties. Together with Van
del Waals interaction, polar interaction and the ion exchange give fundamental contributes to the

adsorption mechanisms. For these reasons the zeta potential of the samples was studied as
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function of pH, to determine the isoelectric point (IEP), which is the pH that corresponds to
neutral zeta potential.

The samples dispersed in water have a starting pH of about 8-9, from the titration reported in
Figure 151 it is noticeable how the behavior of the two LDHs is nearly superimposable with an
IEP of 5.5 unit of pH. It was not possible to observe the IEP of bentonite (B), which is likely to
be at pH lower than 1, region acidic enough to favor also clays dissolution phenomena.

The pH it is an important parameter in the adsorption process, it influences the surface charge of
adsorbent materials and its functional groups ionization degree, as well as the solubility and the
ionic form of the targeted pollutants. Surface charge results positive at pH lower than the IEP
and vice versa. The most favorable conditions are represented by opposite charged adsorbent

and pollutant, maximizing these materials interaction thanks to electrostatic interaction and ion

exchange.

35
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Figure 151— Zeta potential titration as function of the pH of the active phases hydrotalcites (LDH2 and LDH1.4) and bentonite (B).

Adsorption tests — Wastewaters contaminated by colorant, pesticides, or antibiotics are usually

treated by conventional methods like membrane filtration, osmosis, oxidation, coagulation,
ozonation, ion exchange, or adsorption. Adsorption is appealing because of the easy large-scale
application, as well as for the general-purpose application.

In this study the cationic colorant rhodamine B (RhB), the anionic colorant methyl orange (MO),
and the cupric cation (Cu®") are used as simulated model pollutants to study the adsorption

capacity of clays and hydrotalcites, combined with a kinetic study of the process.
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Rhodamine B — Starting from the adsorption of rhodamine B, in Figure 152 it is possible to see
the adsorption capacity of the samples expressed as milligram of rhodamine B adsorbed per gram
of sample as function of time. Bentonite has a slightly better adsorption capacity respect to
LDHs, =~ 7 mg-g’!, this is probably due to the higher surface area. Moreover, bentonite structure
is characterized by negatively charged layers with positive counterions like Na* or Ca®" in the
interlayer. This opens the possibility to cation exchange, favoring the absorption of the positively
charged RhB molecule. The 5.59 pH of the suspension higher than the bentonite IEP (< 1)
generate a diffused negative charge on the clay structure, favoring the interactions with RhB. For
all the samples a stable equilibrium is reached within the first 5 minutes. Typically, the contact
time it is an important parameter regulating the adsorption processes. The adsorption increases
during time until the equilibrium is reached between the adsorption sites and the adsorbate
gradient of concentration. Bentonite reaches a nearly quantitative RhB removal = 99%, while

LDHs close to 88%, starting from a 7 mg-L™! RhB solution.
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Figure 152— Rhodamine b adsorption test. Adsorption capacity of bentonite (B) and hydrotalcites (LDH?2 and LDH1.4) as function
of the adsorption time.

Methyl orange — The opposite conditions occur in the adsorption of methyl orange, this is a
negatively charged molecule which better interact with positively charged surfaces. As it is
possible to see from the graph in Figure 153, hydrotalcites works better than bentonite, this is
due to the positively charged LDHs layer generated by the substitution of M?" with M>* cations
in the lattice. Anion exchange helps the adsorption of methyl orange on LDHs, in particular

LDH2 reaches important adsorption capacity values, ~ 40 mg-g"'. Characterization demonstrated
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a similar behavior for LDH2 and LDC1.4, the main difference lays in the surface area, LDH2
(54 m?-g!) has higher surface area respect LDH1.4 (16 m>-g™!), this strongly improve the methyl
orange adsorption. Even if bentonite has greater surface area (118 m?g'), the electrostatic
repulsions between the negative adsorbent and the negative adsorbate impede the process,
resulting with a negligible adsorption of methyl orange on bentonite. LDHs reach a stable
equilibrium within the first 5 minutes, while no activity was observed for bentonite with a = 2%
removal after 60 minutes. Tests started with a methyl orange concentration of 20 mg-L™!, LDH2

granted a = 90 % removal, while only = 13% for LDH1.4.
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Figure 153— Methyl orange adsorption test. Adsorption capacity of bentonite (B) and hydrotalcites (LDH2 and LDH1.4) as function
of the adsorption time.

Cu’* — The copper removal from a 10 mg-L™! Cu?" solution is reported in Figure 154. Since the
pH of the samples is higher than IEP, the negative charge on the adsorbent surface should favor
the copper cation removal. In fact, all the samples showed good activity, in particular bentonite
and LDH1.4 were the best performing samples reaching removal values respectively of 77% and
89% after 30 minutes. Bentonite is favored in the copper adsorption by the cation exchange
capabilities, it is surprising that LDH1.4 worked better than LDH2 even if it has a lower specific
surface area. Copper adsorption is slower respect to the colorants, the removal grew slowly with

time.
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Figure 154 — Cu?* adsorption test. Adsorption capacity of bentonite (B) and hydrotalcites (LDH2 and LDH1.4) as function of the
adsorption time.

Kinetics — The experiential data collected were fitted into a pseudo-second-order (PSO) kinetic
model. As representative result, it is reported in Figure 155 the linearized graph of the pseudo-
second-order model applied to rhodamine B adsorption. The theoretical model demonstrated
high compatibility with the experimental results, recording R? values close to 1. The linearized
form developed by Ho and McKay in 1999 was used, it is reported in Equation 14 where t is the
time, q; 1s the adsorption capacity at time t, ge is the adsorption capacity at the equilibrium, and

k is the kinetic constant,>6%26!

t— ! t+
dt Qe kqe?

Equation 14

From the kinetic results bentonite emerges as a faster absorbent of rhodamine B, this information
combined with the previous data regarding the adsorption capacity confirm the theoretical

prevision regarding the major affinity of bentonite for positively charged molecules.
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Figure 155 — Rhodamine b adsorption test. Linearized pseudo-second-order adsorption graph of bentonite (B) and hydrotalcites

(LDH? and LDH1.4).
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6.2.2. Biopolymers

The stability in water of the synthesized biopolymeric hydrogels was assessed evaluating the
swelling behavior and the dissolution in water. The samples constituted by chitosan, agarose, or
k-carrageenan were also tested in the adsorption of the model pollutants to determine if it is
possible to exploit biopolymers functional groups (hydroxyl and amine in chitosan, hydroxyl in
agarose, hydroxyl and sulfate in k-carrageenan) to develop synergistic effect with the active

phases that will be implemented in the scaffolds.

Isoelectric point — The determination of the isoelectric point (IEP), and the zeta potential trend

during a pH titration was performed by electrophoretic light scattering. The titration curves
reported in the graph in Figure 156 reveal a positive charge for chitosan characterized by the
presence of amine groups, a more neutral behavior for agarose which has only hydroxyl groups,
and negative zeta potential for k-carrageenan which possesses sulfate groups. The isoelectric
point of these materials was determined to be 5.82 for chitosan, and < 1 for k-carrageenan and <
2 for agarose. From this information, it is possible to assume that chitosan and k-carrageenan
will have opposite affinities for anions (higher for chitosan) and cations (higher for k-
carrageenan). Furthermore, chitosan is poorly soluble in water, it can be better dispersed in
diluted acetic acid solutions, working in acidic conditions its positive charge will be accentuated

(pKa=6.3).
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Figure 156 — Zeta potential titration as function of the pH of the biopolymers used as embedding matrices: chitosan, k-carrageenan,

and agarose.
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Swelling and dissolution tests — Biopolymeric hydrogels water resistance and durability were

tested assessing the swelling behavior and the dissolution in aqueous environment. These tests
were used to study the mechanical resistance of the hydrogel structure in a simulated working
environment. Higher swelling degrees represent an intimate contact between water and hydrogel
structure, favoring the interaction between the biopolymer functional groups and the pollutants
to be removed. The swelling was estimated as water absorbing capacity, grams of water absorbed
per gram of gel, while the dissolution was calculated on the dry mass loss during the test. Results
in Table 65 point out the sample with the higher absorbing capacity (77.5 g-g™!) and dissolution
(35.1%), representing the most promising adsorbent but also the structure that requires more
mechanical improvements, which will be provided by a crosslinking agent. On the opposite k-
carrageenan is the most stable sample with a 5.7% dissolution, but the less water-absorbing
material 20.3 g-g’!. The crosslinking action improves the stability of hydrogels reducing the
dissolution of chitosan (8.1%) and agarose (10.1%). The paid price for chitosan is the reduction
of water permeability, determining reduction in the water adsorption. The opposite action is
obtained for k-carrageenan, probably the sulfate groups and glutaraldehyde are not compatible,
reducing the stability of the hydrogel, leading to a higher dissolution (18.0%).

Based on these results the most promising composition are chitosan crosslinked with

glutaraldehyde, agarose crosslinked with glutaraldehyde, and k-carrageenan not crosslinked.

Table 65 — Swelling and dissolution test in water of the biopolymeric hydrogels pristine and crosslinked with glutaraldehyde.

Sample Water absorption Dissolution
(gH20°gger™) (“o)
Chitosan 717.5 35.1
K-carrageenan 20.3 5.7
Agarose 26.2 20.5
Chitosan + glutaraldehyde 26.4 8.1
K-carrageenan + glutaraldehyde 12.8 18.0
Agarose + glutaraldehyde 28.0 10.1

Adsorption_tests — Biopolymeric hydrogels that will be used as a matrix for the scaffolds

containing the active phases, were tested in the adsorption of rhodamine B (RhB), methyl orange
(MO), and Cu?®" replicating the condition used for bentonite and LDHs. Both the natural and
crosslinked hydrogels were tested. Here are reported the results of the most interesting

composition selected on the base of the swelling and dissolution tests, which are: chitosan
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crosslinked with glutaraldehyde (CG), agarose crosslinked with glutaraldehyde (AG), and k-

carrageenan not crosslinked (KG).

Rhodamine B — The selected hydrogels demonstrated to be nearly inert to rhodamine B
representing the negatively charged colorant class. As it is possible to see in the graph in Figure
157 the adsorption capacity is negligible. After 60 minutes adsorption the calculated rhodamine

B removal is about 1-3%.
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Figure 157 — Rhodamine b adsorption test. Adsorption capacity of agarose crosslinked with glutaraldehyde (AG), k-carrageenan
(K), and chitosan crosslinked with glutaraldehyde (CG) as function of the adsorption time.

Methyl orange — The adsorption of anionic colorants is represented by methyl orange, in this
case different efficacies are displayed by the tested samples, Figure 158. Glutaraldehyde
crosslinked chitosan (CG) was demonstrated to be the most active composition with an
absorption capacity of about 8 mg-g!, slowly reaching the adsorption equilibrium approximately
after 1 hour. The other two hydrogels, k-carrageenan (K) and glutaraldehyde crosslinked agarose
(AG), resulted completely saturated after 5 minutes, with a lower adsorption capacity of = 1
mg-g’!. Crosslinked chitosan removed =~ 95% of methyl orange, this is due to the favorable
interaction between the positively amine group at working pH and the anionic nature of methyl
orange. The other two samples gave significantly lower removal, crosslinked agarose = 12% and

k-carrageenan ~ 9%, demonstration less affinity for these class of pollutants.
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Figure 158 — Methyl orange adsorption test. Adsorption capacity of agarose crosslinked with glutaraldehyde (AG), k-carrageenan
(K), and chitosan crosslinked with glutaraldehyde (CG) as function of the adsorption time.

Cu’" — For what concerns the copper cation, representing the class of heavy metals, there are no
relevant differences in the behavior of the three hydrogels, Figure 159. The equilibrium was
quickly reached within 5 minutes, smaller improvements were registered during the whole
duration of the tests. The recorded adsorption is not either particularly good or bad, probably it

is determined by weak electrostatic interaction, reaching after 60 minutes a Cu?* removal of 51-

52%.
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Figure 159 — Cu?* adsorption test. Adsorption capacity of agarose crosslinked with glutaraldehyde (AG), k-carrageenan (K), and
chitosan crosslinked with glutaraldehyde (CG) as function of the adsorption time.

Kinetics — In this case, it was not possible to do any modelling with the rhodamine B data,

because of the inactivity of the samples against this pollutant. On the other hand, both methyl
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orange and Cu?" adsorption process well fitted the pseudo-second-order kinetic model. In Figure
160 is reported as example the graph of Cu?*, R? values confirms a good interpolation of the
linearized form equation. Slope and intercept were used for the kinetic constant calculations, the
kinetic constant is reported together with the equilibrium adsorption capacity and R? values in
Table 66, as previously mentioned analyzing the adsorption graph the three samples give similar
results. With k-carrageenan, the non-crosslinked structure, showing a slightly faster kinetic, and

crosslinked agarose a little better adoptions capacity, but these are lesser speculations.
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Figure 160 — Cu?" adsorption test. Linearized pseudo-second-order adsorption graph of agarose crosslinked with glutaraldehyde
(AG), k-carrageenan (K), and chitosan crosslinked with glutaraldehyde (CG).

Table 66 — Adsorption parameters of Cu?* on the selected biopolymer, extrapolated by the linearized pseudo-second-order graph:

coefficient of correlation (R%), equilibrium adsorption capacity (q.), and kinetic constant (k).

Sample R? qe (mg-g™) k (min-g'mg™)
Agarose + glutaraldehyde 0.9997 2.9 2.1-10"!
K-carrageenan 0.9997 2.7 3.7:107!
Chitosan + glutaraldehyde 0.9988 2.6 2.5-10"
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6.2.3. Embedding active phases into biopolymeric scaffolds

In literature biopolymers are implemented for the production of composites with natural clays
for the exploitation of their adsorbing properties.?®> With the purpose of studying possible
synergistic effects enhancing the adsorption capabilities, the tested active phases were embedded
into biopolymeric hydrogels. These composite structures were freeze-dried to improve their
handleability, obtaining solid tridimensional light products.

The activities of this phase were focused on the three selected matrixes chitosan and agarose
crosslinked with glutaraldehyde and k-carrageenan. They were used to contain bentonite and
hydrotalcites (LDH1.4 and LDH2) as adsorbent. A representative image of the full set of samples
produced is reported in Figure 161, where it is possible to see the typical adsorbent loaded
hydrogel casted into petri dish. As well as for the previous steps, swelling and dissolution tests
were used to estimate the stability of the materials, subsequently they were tested in simulated

pollutants removal (rhodamine B, methyl orange, and Cu?").

Figure 161 — Biopolymeric scaffolds made of agarose crosslinked with glutaraldehyde, k-carrageenan, and chitosan crosslinked
with glutaraldehyde embedding the selected active phases bentonite and hydrotalcites (LDH2 and LDH1.4).

Swelling and dissolution tests — As it is possible to see from the data in Table 67, the introduction

of inorganic material into the hydrogels structure involves modifications of the swelling
behavior. The presence of the inorganic powder dispersed in the biopolymeric network
determines a strengthening of the mechanical properties of the material, leading to a lesser
deformable lattice, and so implying a lesser water absorption. This reinforcement has

consequences also on the stability, where it is possible to observe a reduction of the dissolution.
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The only exception is represented by chitosan loaded with hydrotalcites, in this case it was

possible to observe macroscopic fragmentation of the gel.

Table 67 — Swelling and dissolution behavior in water. Comparison of the results of the three selected biopolymeric matrices
(agarose crosslinked with glutaraldehyde, k-carrageenan, and chitosan crosslinked with glutaraldehyde) embedding the active

adsorbent phases (bentonite and hydrotalcites).

Sample Water absorption Dissolution
(gH20°Zeer™) (%)
Agarose + glutaraldehyde 28.0 10.1
Agarose + glutaraldehyde + bentonite 12.76 10.97
Agarose + glutaraldehyde + LDH2 7.78 6.81
Agarose + glutaraldehyde + LDH1.4 14.96 6.95
K-carrageenan 18.1 15.4
K-carrageenan + bentonite 20.77 13.58
K-carrageenan + LDH2 13.48 9.34
K-carrageenan + LDHI .4 16.64 11.45
Chitosan + glutaraldehyde 26.4 8.1
Chitosan + glutaraldehyde + bentonite 17.82 8.19
Chitosan + glutaraldehyde + LDH2 15.80 29.12
Chitosan + glutaraldehyde + LDH1.4 14.40 27.71

Adsorption tests — The composite materials were tested in the absorption of methyl orange,

rhodamine B, and copper cations to evaluate the affinity for positively and negatively charged
organic molecules and heavy metal ions, both relevant species studied in the water remediation
field.

Methyl orange — Based on single components methyl orange removal, it is possible to predict
the activity of the composites.

Chitosan was the most active biopolymer with an adsorption capacity of = 8 mg-g"! while the
other hydrogels reached values close to 1 mg-g'. Bentonite resulted to be inert, excellent
adsorption was registered for LDH1.4 =~ 40 mg-g!' and only = 5 mg-g"! for LDH2. From these
data, the most promising solution should be crosslinked chitosan containing LDH1.4, but from
dissolution data, chitosan and hydrotalcites demonstrated to not be well compatible, in fact as it

is possible to see from results in Figure 162 chitosan alone displays the best adsorption capacity
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with a = 95% methyl orang removal. LDHs loaded chitosan fast reaches saturation at =~ 3 mg-g’!
(82-86% dye removal), while the bentonite (B) composite has a slower process reaching the

similar removal, close to =~ 4 mg-g"! (76% dye removal).

Methyl orange adsorption on chitosan-based hydrogels
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Figure 162 — Methyl orange adsorption test. Adsorption capacity as function of the adsorption time: chitosan-based hydrogels
crosslinked with glutaraldehyde (CG) embedding bentonite (B) or hydrotalcites (LDH2 or LDH1.4).

For the other two hydrogels, similar behavior is observed, both k-carrageenan (Figure 163) and
crosslinked agarose (Figure 164), quickly reached the saturation equilibrium at= 1.5 mg-g’!. The
addition of the inorganic phases is slow down the process limiting also the adsorbent capacity at
values < 1 mg-g’!, with the only exception of agarose coupled with LDH1.4 where the process is

slower but after 1-hour test demonstrated greater removal respect agarose alone.
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Methyl orange adsortpion on k-carrageenan-based hydrogels
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Figure 163 — Methyl orange adsorption test. Adsorption capacity as function of the adsorption time: k-carrageenan-based
hydrogels (K) embedding bentonite (B) or hydrotalcites (LDH?2 or LDH1.4).

Methyl orange adsorption on agarose-based hydrogels
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Figure 164 — Methyl orange adsorption test. Adsorption capacity as function of the adsorption time: agarose-based hydrogels
crosslinked with glutaraldehyde (AG) embedding bentonite (B) or hydrotalcites (LDH?2 or LDH1.4).

Rhodamine B — Regarding the adsorption of the cationic colorant rhodamine B, it was more
difficult to develop composite material with a good efficiency. This is mainly because the
biopolymeric matrices do not adsorb rhodamine at all. Even if the active phases had a good
adsorption capacity = 6-7 mg-g’!, the encapsulation within the hydrogel limit the contact with
the pollutant and the available active sites. This determines a negligible activity of the

hydrotalcite-loaded scaffolds, with a 0.05 mg-g!' adsorption capacity in the best-case scenario.
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Better properties were recorded for the bentonite (B) containing samples, Figure 165, in
particular embedded in crosslinked agarose (AG+B) reaching =~ 2.5 mg-g!, in this case there was
a relevant effect of the active phase doping reaching ~ 56% of dye removal. Lower values were

recorded for k-carrageenan (K+B) = 12% and crosslinked chitosan (CG+B) = 6%.
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Figure 165— Rhodamine b adsorption test. Adsorption capacity as function of the adsorption time: bentonite (B) containing samples
embedded into agarose crosslinked with glutaraldehyde (AG), k-carrageenan (K), or chitosan crosslinked with glutaraldehyde

(CG).

Cu’" — A minimal detrimental effect was observed in the absorption of the cupric cation
determined by the implementation of clays into the hydrogels. The three biopolymers had similar
activity ~2.5 mg-g!, while the active phases had the following adsorption capacity at 60 minutes:
bentonite 6 mg-g!, LDH1.4 5mg-g!, and LDH2 3 mg-g"'. The composite scaffold activity ranged
between 0.7-1.5 mg-g! in the case of agarose with the best results for the bentonite composite,
0.3-1.2 mg-g! for chitosan where the LDH2 composite is the most performing, and finally the
best scaffold resulted to be the one based on k-carrageenan, with adsorption capacity ranging
between 1.8-2.3 mg-g™!. K-carrageenan composites results are reported in Figure 166 and reveal
a gradual increase of the adsorption capacity until the instauration of the equilibrium only after

60 minutes, with a dye removal comprised between 54-62%.
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Cu?" adsorption on k-carrageenan scaffolds
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Figure 166 — Ci* adsorption test. Adsorption capacity as function of the adsorption time: k-carrageenan-based scaffolds (K)
embedding bentonite (B) or hydrotalcites (LDH1.4 or LDH?2).

Kinetics — The kinetic modeling of the composite materials resulted in being more difficult with
respect the various phases analyzed individually. This is probably due to the structural
interferences generated by the presence of an inorganic phase in the hydrogel network, together
with the combination of the action of the biopolymer and the active phase. As well as for the
previous kinetic studies, the pseudo-first-order model was not reliable and the pseudo-second-
order was used. For the abovementioned reasons the scaffolds coefficients of correlation result
to be lower respect to the previously reported data of clays and biopolymers. Nevertheless, the
process can be properly modeled as a pseudo-second-order kinetic. In Figure 167 it is reported
as an example the graph of crosslinked chitosan samples loaded with bentonite (CG+B), LDH2
(CG+LDH2), and LDH1.4 (LDH1.4) applied for the adsorption of methyl orange. Hydrotalcites
composites better fitted the linearized plot, while a lower correlation was found for bentonite

adsorption.
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Methyl orange adsorption on chitosan scaffolds
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Figure 167 — Methyl orange adsorption test. Linearized pseudo-second-order adsorption graph of chitosan crosslinked with
glutaraldehyde (CG) embedding bentonite (B) or hydrotalcites (LDH2 or LDH1.4).

The calculated kinetic constant and the equilibrium adsorption capacity are reported in Table 68.
The kinetic constant values reflect what it was observed in the adsorption capacity graph in
Figure 167. The hydrotalcites doping of the crosslinked chitosan hydrogel led to a faster
adsorption kinetic, reaching the equilibrium in the first 5 minutes of the test, while for bentonite
it reaches adsorption value close to the equilibrium after 60 minutes. Bentonite composite had
the slowest kinetic but the highest adsorption capacity, so for a fast methyl orange removal it is
better to apply hydrotalcites composites, while for large quantities removal the bentonite

composite is more promising.

Table 68 — Adsorption parameters of the methyl orange adsorption on chitosan-based scaffolds, extrapolated by the linearized

pseudo-second-order graph: coefficient of correlation (R%), equilibrium adsorption capacity (q.), and kinetic constant (k).

Sample R? qe (mg-g™) k (min-g-mg)
Chitosan + glutaraldehyde + bentonite 0.8734 10.2 1.3-107
Chitosan + glutaraldehyde + LDH2 0.9941 4.2 4.8-10
Chitosan + glutaraldehyde + LDH1.4 0.9974 3.2 1.1-10

Conclusions — The performances of the scaffolds tested in the adsorption of methyl orange
(MO), rhodamine B (RhB), and Cu?* are graphically summarized in the Table 69. The samples
are classified based on the adsorption capacity, labelling excellent performances for an

adsorption > 4.5 mg-g™!, good 4.4-2-5 mg-g’!, limited 2.4-0.5 mg-g™!, and bad < 0.5 mg-g"'. The
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implementation of the inorganic phase into biopolymers network not always improve the product
adsorption capacity. The general trend for the adsorption of methyl orange and copper can be
described as a loss of performance due to the introduction of clays and hydrotalcites. This could
be due to the stiffening of the lattice, limiting the swelling properties and the internal contact
with water and pollutants. Different behavior was registered for bentonite loaded scaffolds for
the adsorption of rhodamine B, in this case the ion exchange effect brought by the inorganic
phase helps the adsorption of the cationic colorant, which is otherwise negligible for the pure
biopolymers. Further optimization is required for these composite materials to pave the road of

a real-world application for the wastewater remediation.

Table 69 — Summary of the performance of the selected scaffold in the adsorption of methyl orange, rhodamine b, and Cu*".

Sample Methyl orange Rhodamine B Cu?

Agarose + Glutaraldehyde T X ™
Agarose + Glutaraldehyde + Bentonite X T )
Agarose + Glutaraldehyde + LDH1.4 0 X

Agarose + Glutaraldehyde + LDH2 T X )
Chitosan + Glutaraldehyde T X T
Chitosan + Glutaraldehyde + Bentonite N T X
Chitosan + Glutaraldehyde + LDH1.4 T X )
Chitosan + Glutaraldehyde + LDH2 ™ X )
K-carrageenan + Glutaraldehyde T X T
K-carrageenan + Glutaraldehyde + Bentonite 0 X )
K-carrageenan + Glutaraldehyde + LDH1.4 X X )
K-carrageenan + Glutaraldehyde + LDH2 0 X )

Labelling: excellent performances for an adsorption > 4.5 mg-g' (T17), good 4.4-2-5 mg-g’! (17), limited 2.4-0.5
mg-g”! (1), and bad < 0.5 mg-g”' (X).
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6.2.4. Semi-mobile prototype system for water treatment

Within SOS ACQUA project, funded by the Italian Ministry of Defence, the adsorbent materials
previously studied were tested into a semi-mobile prototype system for water treatment. the
purpose of the project is to develop a portable device that allows the removal and degradation of
water pollutant and meanwhile the production of hydrogen from water splitting. In this work the
focus is on the filtering unit, studied to remove heavy metals and organic pollutants.

The population involved in natural disasters, wars, or simply living in remote regions may suffer
the lack of drinking water, the implementation of efficient multifunctional filtering units into
exploitable devices may bring an important improvement of the quality of life in these extreme
conditions. The use of semi-mobile systems may be the perfect solution to gran logistic
sustainability, furthermore, the exploitation of efficient natural adsorbent material in the filtering
unit increases environmental and economical sustainability of the product.

Here are reported the results of the test in a continuous flow prototype, the filtering unit allows
the water recirculation until the desired pollutant removal is obtained, an image of the prototype
is reported in Figure 168. A peristaltic pump allows the flow of the polluted water through the
filtering unit, entering from the bottom and percolating once filtered, then the outcoming flow is

leaded by gravity force and can be either recollected or recirculated into the device.

‘ »

Filtering device

Figure 168 — Prototype of a semi-mobile continuous flow waterfiltering system.

The filtering unit is composed of the adsorbent materials previously studied. The adsorbents
micrometric powder obtained by spray freeze drying or simple granulation processes was

confined into filtering capsules using biodegradable and thermally sealable cellulose or a PET
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80 mesh net. This solution was used to produce the filtering unit for the desire water treatment

device and then tested in the continuous flow apparatus.

Results and discussion — A first screening of the adsorption capacity of Cu?" and Fe** from a

simulated polluted water in batch conditions was assessed. Several samples were tested, mostly
clays (montmorillonite, bentonite, kaolin, and several feldspars), hydrotalcites, activated carbon,
and microalgae (Chlorella vulgaris). The most promising adsorbents for this application were
selected: montmorillonite, bentonite, and C. vulgaris, these materials displayed a good affinity
for both M** and M*" metal cations.

The first test on the continuous flow apparatus was performed locating in the filtering unit two
filters constituted by a PET 80 mesh net, one filled with 10 g of bentonite granules and the other
with 10 g of montmorillonite granules. Granules were obtained by producing, crushing, and then
sifting (30 mesh) a tablet from the clays powder. 1 L of simulated wastewater (Cu?" 10 mg-L™!,
Fe’* 10 mg-L!, and methyl orange 50 mg-L'") under 600 rpm magnetic stirring was treated,
pumping speed 55 rpm that correspond to = 50 mL-min"!. Periodic aliquots were withdrawn and
methyl orange content was analyzed by UV-Vis, while metal cations concentration was assessed
by ICP-OES.

Heavy metals removal is reported in Figure 169, the adsorption is fast, after 30 minutes 70% of
the copper and 100% of the iron are removed. After 2 hours the concentration of both metals is
negligible. Similar results to free powder in batch tests are obtained with the major difference of
the time required for the quantitative abatement of the pollutants content, in that case these values
were obtained in few minutes. The change in the configuration and the form of the adsorbent
impact the kinetic of the process. Granules have a reduced surface area available respect to the
powder. To test the saturation of the adsorbents, after 180 minutes pollutants were refilled, Cu®*
3 mg-L!, Fe** 10 mg-L"!, and methyl orange 50 mg-L"!. As it is possible to see in the graph in
Figure 169 adsorbent filters were not saturated yet and similar 60 minutes removal were
obtained. In Figure 170 is reported the adsorption capacity calculated as total heavy metal
adsorbed or specific for iron and copper. The cumulated adsorbent capacity of montmorillonite
and bentonite against copper and iron results to be 1.9 mg-L"! after the first test and 3.1 mg-L™!

after the pollutants refill.
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Figure 169 — Heavy metals adsorption test. Copper and iron residual concentration during the adsorption test in the continuous
Sflow filtering system with recirculation of the filtered water. Afier 180 minutes the copper and iron were reintegrated in the

wastewater flow.

3.5

2.5

1.5

Adsorption capacity (mg-g™!)

0 60 120 180 240 300 360
Time (min)

—a—Cu —8—Fe Tot

Figure 170 — Heavy metals adsorption test. Adsorption capacity of copper, iron, and total metals during the adsorption test in the
continuous flow filtering system with recirculation of the filtered water. After 180 minutes the copper and iron were reintegrated in

the wastewater flow.

Similar considerations may be proposed for the removal of the anionic dye methyl orange (MO),
Figure 171. The instauration of the equilibrium at = 93% dye removal is slower respect using
free powders as adsorbing agents, = 2 hours are required. Even the colorant was refilled after

180 minutes, in this case the second phase was significantly slower, indicating a situation closer
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to the saturation respect the starting point, after additional 3 hours treatment the dye removal

reaches 81%. The slower kinetic requires longer exposure time to reach the new equilibrium.
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Figure 171 — Methyl orange adsorption test. Dye removal during the adsorption test in the continuous flow filtering system with

recirculation of the filtered water. After 180 minutes the methyl orange was reintegrated in the wastewater flow.

A new configuration was tested, of bentonite and hydrotalcite Pural MG70 in a weight ratio
70:30 were dried at 70 °C for 1 hour, then converted into a pellet using a 30 kg-cm™ linear press.
The capsules were grinded and the 400-500 um was isolated. Subsequently, 10 g granules were
inserted in 2 cellulose-based capsules, 5 g each, Figure 172.

Figure 172 — Cellulose-based capsule containing bentonite-hydrotalcite Pural MG70 (weight ratio 70:30) grinded pellets.
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These capsules were used as filtering unit in the continuous flow testing system. To evaluate the
reusability of the product and to separate the different pollutants adsorption, five different cycles
of the duration of 300 minutes each on the same capsules were tested:
1. 500 mL of 50 mg-L! methyl orange.
500 mL of 50 mg-L"! Cu*" and 50 mg-L! Fe*".

2

3. 500 mL of 50 mg-L! methyl orange.

4. 500 mL of 50 mg-L! Cu* and 50 mg-L! Fe**.

5. 500 mL dichlorodiphenyldichloroethylene (DDE) 1.051 mg-L™!.
Between on cycle and the following one, the capsule was rinsed with water and dried at 70 °C.
The other experimental conditions were preserved.
The collected results revealed that the first cycle involves the adsorption of 90% of the methyl
orange, aligned with previous data. During the second cycle 100% iron and 86% copper removal
were registered. The third cycle once again against methyl orange demonstrate even a higher
activity removing 98% of the dye. The fourth cycle shows a limited copper removal 64% and
100% for iron. Trivalent cations are adsorbed in a stronger way respect to bivalent cations due
to the higher charge density and consequent stronger electrostatic interactions and favorable ion
exchange. Finally, the fifth cycle is against DDE, the filtering unit resulted efficient even against
this pollutant representing the pesticides family, with a 90% removal. The sample tested revealed
excellent adsorption capacity and reusability potential. In fact, during all the cycles, the
equilibrium was established after = 60 minutes, with only a loss in the copper adsorption during
the repeated cycles, preserving the activity against the other pollutants.
After every adsorption cycle and its correlated rinsing and drying process, the capsules weight
was monitored to evaluate the sample loss due to eventual dissolution of the granules, images of
post treatment capsules are reported in Figure 173. The most important weight loss was
registered during the first cycle, where an average 14% loss occurred mostly due to the fine
powder remaining after the sifting, the successive cycles involved an average 6% weight loss
each. This imply a good stability of the material and a good confinement of the granules within
the cellulose films, but improvements could be made in this direction by using granulating agents

like polyethylene glycol (PEG).
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Figure 173 — Filtering cellulose-based capsules containing the adsorbent phase made of bentonite-hydrotalcites pellets after the
adsorption of methyl orange. Wet and dried capsules.

In general, the capsules developed resulted in a promising solution for the implementation of
natural adsorbent phases for the adsorption of wastewater pollutants. Further improvements are
due for the development of a semi-mobile prototype which will implement also antimicrobial
and hydrogen production features.

Hydrotalcites embedded into biopolymers were tested in the adsorption of methyl orange and
rhodamine B in the continuous flow plant. The results reported in Figure 174 confirmed a higher
affinity of these materials for the anionic dye methyl orange compared to the cationic counterpart
represented by rhodamine B. The overall process is slower than the same materials in a powder
form, this is due to the different interactions and diffusion processes required by an embedded
material. The adsorption equilibrium was reached after ~ 8 hours, and the equilibrium adsorption
capacity of these scaffolds resulted to be = 15 mg-g' against methyl orange and =~ 2 mg-g’!

against rhodamine B.
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Figure 174 — Methyl orange and rhodamine b adsorption on hydrotalcites embedded into biopolymers. Adsorption capacity as
function of the adsorption time.

The kinetic modeling fitted relatively well the pseudo-second-order equation, Figure 175.
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Figure 175 — Methyl orange and rhodamine b adsorption on hydrotalcites embedded into biopolymers. Linearized pseudo-second-
order adsorption graph.

It was possible to successfully implement the studied adsorbent phases into exploitable product
for the production of a filtering device for the treatment of wastewater. The prototype
demonstrated good adsorption capability against both heavy metals and organic pollutants. It
was possible to modulate the active phase depending on the target pollutant and different

embedding solution were proposed for the device development.
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The major improvements required regard the stability of the samples, and the time efficiency of
the filtration. This topic must me better studied before a possible scale-up of the treatment

devices.
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6.2.5. Microalgae coupled with photocatalytic nanomaterials

In high anthropogenic pressured region heavy metals are one of the most relevant pollutants, due
to their persistency they can be bioaccumulated passing through the food chain from the
environment to microorganisms and organisms till the human accumulation.?®® Clean water is
one the goals set by the United Nations in 2015.2%% The presence of persistent heavy metals in
water resources is an obstacle to this goal. In the recent years, bioremediation demonstrated to
be a valid alternative for the tertiary industrial wastewater treatment plants.>® The
implementation of algae and microalgae in this field represents a huge opportunity, because of
the strong affinity for metals algae can be efficiently exploited for the heavy metal biosorption.
Furthermore, abundance, availability, cost-effectiveness, and functional properties of these
compounds make them a promising solution to be applied in the wastewater remediation.?®
Chlorella vulgaris microalgae represent one interesting candidate for this role, in fact several
studies demonstrated it heavy metals biosorption capability, exploiting the functional groups
constituting the external layer of the cell wall.?66-267-268

On the other side, titanium dioxide is one of the most known photocatalytic materials, it the last
decades it has been widely studied, and its photoactivity has been enhanced to increase the
organic pollutants photodegradation efficiency. One of the proposed solutions involves the
production of a nanostructured composite based on silicon dioxide and titanium dioxide,
obtaining a boost of the photocatalytic activity of the raw material,?28-268.269:270

The successful coupling the inorganic photocatalytic phase with the bio-sorbent algal biomass
would lead to the production of a multifunctional hybrid material for wastewater treatment, able
to abate both organic pollutant and heavy metals content. In this work the spray freeze drying
technique was implemented for the production of hybrid nanostructured material constituted by
an inorganic matrix of silicon dioxide-titanium dioxide composite material functionalized with
C. vulgaris biomass. The obtained products were tested in the adsorption of Cu®" and the

photodegradation of rhodamine B.2%®

Results and discussion — First, bi-component samples were studied, C. vulgaris was used as

doping agent for TiO,. A wide range of C. vulgaris concentration was tested, from 0.01 to 9
%wt. These materials were characterized, from both physicochemical and functional
perspective, then best performing compositions were selected for the production of the tri-
component materials, using as inorganic matrix a TiO2-SiO> composite in a weight ratio 1:3.

Here is reported the study of the 0.06 %wt load of C. vulgaris, resulted to be the most promising
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material developed: TC-0.06 (titanium dioxide-C. vulgaris) and TSC-0.06 (titanium dioxide-

silicon dioxide-C. vulgaris).

Colloidal hetero-coagulation — Zeta potential titration as function of the pH were used to
determine the electric charge surrounding the algae cells and the inorganic phase nanoparticles.
In this way it was possible to predict if the hetero-coagulation of the two suspended phases is
possible. The results reported in Figure 176 revealed a negative charge in the whole range of pH
explored for C. vulgaris biomass, with an isoelectric point at = 1.4 unit of pH. The negative zeta
potential, close to -30 mV at pH 7 is due to the negatively charged functional groups on the cell
wall of the algae, they are also responsible for the adsorption of heavy metal cations. An opposite
behavior is registered for the titanium dioxide nanoparticles, the inorganic phase is positively
charged at acidic pH, with an isoelectric point at = 6.5. The opposite surface charge of the two
phases helps in the hetero-coagulation of the product. The hybrid sample TC-0.06 titration curve
is also reported, even if the biomass load is only 0.06 %wt it is possible to observe how impactful
it is to the zeta potential of the hybrid material. The trend is nearly superimposable to the one of

C. vulgaris, with an isoelectric point at 1.8 unit of pH.

40 -

30 -

10 -

Zeta potential (mV)

pH

—a—C. vulgaris —#—TiO2 TC-0.06

Figure 176 — Zeta potential titration as function of the pH of Chlorella vulgaris microalgae, titanium dioxide suspension, and the
hybrid sample TC-0.06.

Physicochemical characterization — The commercial TiO> nanopowder used had a specific
surface area of 46 m?g!. BET analysis was repeated on the spray freeze-dried granulated

powders, obtaining the following results: TiO2-SFD 63 m?-g™!, Si02-SFD 203 m?-g!, TiO,-SiO»-
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SFD 223 m?-g! (Table 70). Specific surface area is an extremely important parameter in
photodegradation processes, in fact, higher surface determines a higher photocatalytic activity
exposing a larger quantity of active sites for the production of reactive oxygen species (ROS).
The granulation and in particular the composite with silicon dioxide enormously increment the
specific surface area of titanium dioxide. Introducing micrometric sized unicellular biomass may
hinder part of the nanostructure reducing the available active sites for the photocatalysis. C.
vulgaris microalgae had an average diameter of 3.8 £ 0.1 um measured by optical microscopy,
but its minimal content in the hybrid material only marginally affected the BET results: TC-0.06
39 m?-g! and TSC-0.06 169 m?-g"! (Table 70). From the FESEM images reported in Figure 177
it is possible to see C. vulgaris cells embedded into the inorganic nanostructured matrix.
Granules obtained by spray freeze drying granulation are characterized by micrometric size in
the range 1-100 um, with the most populated fraction at 20-30 um, and a nanostructured skeleton.
The production of the composite material with silicon dioxide or the hybrid material with C.
vulgaris had a lesser influence on the band gap value of titanium dioxide, Table 70. In fact, for
TiO2 3.17 eV band gap value was registered while for the other sample a minimal increase was
registered, maximum till 3.21 eV. This confirming that eventual variation of the photocatalytic
activity, positive for silicon dioxide and negative for C. vulgaris, are not related to this parameter.

But are more likely to be determined by the different surface available for the ROS production.

Table 70 — Specific surface area and band gap of the tested samples. Comparison between the pristine inorganic phases and the

hybrid materials containing the C. vulgaris microalgae.

Sample Components Specific surface area Band gap
(m*g™) (eV)
TiO; TiO, 46 3.17
TiO,-SFD TiO, 63 /
Si0,-SFD Si0, 203 /
TiO,- Si0,-SFD Ti0,-Si0; 223 3.19
TC-0.06 TiO,-C. vulgaris 39 3.21
TSC-0.06 TiO»- Si0-C. vulgaris 169 3.21
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Figure 177 — FESEM images of a) TC-0.06 (titanium dioxide and C. vulgaris) and b) STC-0.06 (titanium dioxide, silicon dioxide,

and C. vulgaris) samples.

Adsorption tests — The samples were tested in the adsorption of Cu®* from a 10 mg-L! CuCl,
solution, results are summarized in Table 71. Raw materials adsorption capacity was first
assessed, from the results it was possible to determine that only C. vulgaris showed excellent
Cu*" adsorption capacity 103 mg-g’!, while the inorganic phases had negligible activity, TiO»
0.33 mg-g! and SiO, 0.32 mg-g!. The dispersion of the biomass on the inorganic structure
obtained in samples TC-0.06 and TSC-0.06 led to an important improvement of the adsorption
capacity even with a minimal load of algae (0.06 %wt). TC-0.06 reached a Cu®" adsorption of
3.00 mg-g! and TSC-0.06 2.86 mg-g'. The importance of this result is even more clear if the
adsorption values of the composite materials are compared with the theoretical adsorption
calculated based the weighted average of the adsorption of the constituting elements. TC-0.06
should be 0.39 mg-g! and TSC-0.06 0.38 mg-g’!, there is an improvement of one order of
magnitude determined by synergistic effects of dispersion C. vulgaris cells on the inorganic
matrix. Excluding the matrix contribute, the algae specific adsorption of composite materials is
estimated to be 4460 mg-g! for TC-0.06 and 4050 mg-g™!' for TSC-0.06, confirming the one order
of magnitude improvement respect to the simple suspension of algae cells 103 mg-g™'. Cells
dispersion on the inorganic substrate may play a crucial role in this synergy, exposing a larger
cell surface to the external environment it is possible to better exploit all the adsorbent

functionalities of the algae.
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Table 71 — Adsorption capacity of the pristine raw materials compared to the hybrid products. the results are expressed as
experimental adsorption capacity of the sample, theoretical adsorption capacity calculated on the basis of the sample composition,

and the calculated C. vulgaris specific contribution in the adsorption within the hybrid material.

Sample Components Adsorption Theoretical C. vulgaris

capacity adsorption adsorption
(mg-g) capacity (mg-g")  capacity (mg-g™)

C. vulgaris C. vulgaris 103 / /

Ti0O, TiO, 0.33 / /

Si0, Si0, 0.32 / /

TC-0.06 TiO,-C. vulgaris 3.00 0.39 4460

TSC-0.06 TiO»- Si0,-C. vulgaris 2.86 0.38 4050

Photocatalytic tests — Samples were tested in the photodegradation of rhodamine B (RhB), an
organic dye used as probe molecule. The kinetic of the process can be modeled as a pseudo-first-
order reaction. The photocatalytic activity comparison was performed on the base of kinetic
constant and conversion of the degradation process, monitored via UV-Vis spectroscopy
analyzing the maximum absorption of RhB at 554 nm, results are reported in Table 72. TiO2 P25
is a well-known photocatalyst, and the kinetic constant of its granulated powder was calculated
to be 8.70-10 min!, granting a 99% degradation during the 60 minutes test. As expected the
silicon dioxide-titanium dioxide composite enhanced the photocatalytic activity of the material
with a kinetic constant of 9.45-102 min™' and a quantitative conversion (100%) at 60 minutes.
As suspected, the introduction of algae cells on the photocatalyst surface is an obstacle for the
light irradiation and the production of reactive oxygen species, slowing down the
photodegradation process in the case of TC-0.06 with a kinetic constant of 2.44-102 min! and a
60 minutes conversion of 92%. It is different the case for the tri-component material TSC-0.06
where the boost granted by the composite inorganic matrix is enough to preserve an excellent

photocatalytic activity, kinetic constant 10.62:102 min! and a 100% 60 minutes conversion.
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Table 72 — Photocatalytic performance of the samples expressed as kinetic constant of the process and the rhodamine b degradation

after 60 minutes of irradiation.

Sample Components k102 Conversion at 60 min
(min™) (%)
Ti0, TiO, 8.70 99
Ti0,-8102 Ti0,-S102 9.45 100
TC-0.06 TiO02-C. vulgaris 2.44 92
TSC-0.06 TiO2- Si02-C. vulgaris 10.62 100

Conclusions — During this work it was possible to produce a novel hybrid material based on an
inorganic composite matrix of titanium dioxide and silicon dioxide mixed with Chlorella
vulgaris microalgae. The photocatalytic activity of the inorganic matrix was exploited for the
photodegradation of organic pollutants, while the algal biomass was used for the biosorption of
heavy metals. The materials were prepared via colloidal hetero-coagulation process exploiting
opposite charged surfaces for the auto-assembly of the hybrid phase. Subsequently, a granulated
powder was obtained by means of spray freeze drying process. The best performing sample TSC-
0.06 demonstrated excellent photocatalytic activity, better than TiO2 P25, and at the same time
a reliable adsorption capacity. The synergistic effect of dispersion of C. vulgaris on the inorganic
surface allowed the preservation of the photocatalytic activity, enhancing the specific algae
biosorption capacity of one order of magnitude. The possibility to exploit algal biomass and the
synergistic coupling of two wastewater remediation functionalities make this material an

interesting sustainable solution to be implemented in water treatment devices and plants.
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6.3. Conclusions

The increasing need of drinking water and the expansion of rural and industrial human activities
make it vital to improve the available wastewater treatments. The exploitation of natural and
renewable resources like biopolymers, clays, and microalgae it is one of the ways proposed to
reach these targets.

The study here reported aimed the development of material and devices exploitable in the water
remediation field. The production of stable, durable, and handleable composite materials was
studied in order to fight the water pollution related to heavy metals and organic pollutants.
Three gelling biopolymers were selected for the production of the scaffolds with different
functional groups available, namely chitosan (-OH, -NH>), agarose (-OH), and k-carrageenan (-
SO3%). These hydrogels were loaded with bentonite, a phyllosilicate with exchangeable cations
in the interlayer, or magnesium-aluminum hydrotalcites, in molar ratio M**/M*" 1.4 and 2, anion
exchange materials. Raw material and the final composite scaffolds were tested in the adsorption
of simulated pollutant: Cu** representing heavy metals, and rthodamine B and methyl orange
representing respectively positively and negatively charged organic pollutants. Bentonite and
hydrotalcites ion exchange properties were exploited together with the electrostatic interaction
generated by biopolymers functional groups for the pollutant’s removal. The experimental data
demonstrated that the introduction of an inorganic phase in the hydrogel increased the
mechanical stability reducing the water dissolution of the biopolymer, at the expenses of a
reduction in the adsorbent capacity. A more rigid structure resulted less permeable to water
limiting the adsorption activity.

Bentonite demonstrate a higher affinity for rhodamine B thanks to the cations exchange,
hydrotalcites for methyl orange due to the anion exchange. The most promising hydrogel
composition were selected based on their stability, which were chitosan crosslinked with
glutaraldehyde, k-carrageenan, and agarose crosslinked with glutaraldehyde. These biopolymers
were used as matrixes for the production of the scaffolds implementing the active phases. Tests
revealed how the improved handleability of the scaffolds pays the price in a limited adsorption
activity of the active phases, which are confined in the biopolymer networks. Finally, the
adsorption kinetics were successfully fitted into pseudo-second-order model.

Granulated adsorbent materials were successfully implemented as filtering unit into a semi-
mobile water treatment prototype. The results pointed out a good efficacy and reusability of these

products, resulting to be a promising solution in the wastewater remediation field.
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Furthermore, Chlorella vulgaris microalgae was coupled with titanium dioxide-silicon dioxide
inorganic matrix to exploit synergist effects generated by the dispersion of the algae cells on the
inorganic matrix. In this way it was possible to enhance the heavy metals biosorption ability of
C. vulgaris preserving an excellent photocatalytic activity of the inorganic matrix in the
degradation of organic pollutants.?6®

The different class of composite materials tested represent an interesting solution for the water
remediation treatments, but the technology must be improved to enhance the stability of the

composites and preserve the adsorption activity of the embedded phases, possibly establishing

synergistic effects in the scaffolds.
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6.4. Experimental part

Production of the biopolymeric scaffolds — Chitosan, agarose and k-carrageenan from Sigma-

Aldrich were used for the production of the scaffolds. Biopolymers’ raw material are three white

powders. The product development is based on three steps, each of which is represented by a

product: hydrogels, crosslinked hydrogels, biopolymeric scaffolds embedding the active phases.

The experimental procedure for their production is:

Hydrogel. A typical biopolymeric hydrogel is prepared by dispersing 1 g of the
biopolymer into 49 g of Milli-Q water (chitosan must be dispersed in 2 %wt acetic acid)
by magnetic stirring obtaining a concentration of 2 %wt, the product is heated up to 80
°C, this temperature is maintained for 20 minutes. Then the product is cast into the desired
molds, usually petri dish (3 cm diameter and 1 cm height), cooled at room temperature
observing an increment of viscosity. Subsequently, the product is frozen and finally
lyophilized for at least 48 hours.

Crosslinked hydrogel. Crosslinked products are obtained following a similar procedure

as hydrogels. Typically, 1 g of biopolymer is dispersed into 48.82 g of Milli-Q water
(chitosan must be dispersed in 2 %wt acetic acid) by magnetic stirring obtaining a
concentration of 2 %wt, the product is heated up to 80 °C, 180 pL of 50%wt
glutaraldehyde solution are added as crosslinker, the temperature is maintained for 20
minutes. Then the product is casted into the desired molds, usually petri dish (3 cm
diameter and 1 cm height), cooled at room temperature observing an increment of
viscosity. Subsequently, the product is frozen and finally lyophilized for at least 48 hours.

Biopolymeric scaffolds embedding the active phases. A typical scaffold is produced by

dispersing 1 g of biopolymer into 48.32 g of Milli-Q water (chitosan must be dispersed
in 2 %wt acetic acid) by magnetic stirring obtaining a concentration of 2 %wt. 0.5 g of
adsorbent active phase (either bentonite or hydrotalcites) are added to the suspension.
The product is heated up to 80 °C, when the crosslinking is required 180 pL of 50%wt
glutaraldehyde solution are added, the temperature is maintained for 20 minutes. Then
the product is casted into the desired molds, usually petri dish (3 cm diameter and 1 cm
height), cooled at room temperature observing an increment of viscosity. Subsequently,

the product is frozen and finally lyophilized for at least 48 hours.

Production_of the microalgae-titanium_dioxide composite — For this study titanium dioxide

nanopowder (Aeroxide®P25, Evonik) and silica nanosol (Ludox HS-40, Grace Davison) were
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used for the production of the inorganic porous matrix. Chlorella vulgaris microalgae (Micoperi
Blue Growth, Italy) was used as 0.18 g-L™!, directly frozen once extracted from the bioreactor.

- Colloidal hetero-coagulation — The typical colloidal hetero-coagulation process involves

the dripping of the inorganic suspension into the algae suspension. Typical parameters
are: total volume 100 mL and solid concentration 3 %wt. The algae weight fraction
respect to the inorganic phase explored ranged from 0.01 to 9 %wt, the best compromise
was found at 0.06 %wt. The inorganic phase was constituted by TiO> or TiO2-SiO; in
weight ratio 1:3. TiO2-SiO, was prepared by previously treating SiO, with a cation
exchange resin (Dowex 50 WX8 20-50, LennTech) to adjust the pH from 9.7 to 4, then
the oxides mix was treated by ball-milling for 24 hours. Finally, the suspension
containing both microalgae and the inorganic phase was gently mixed for 24 hours, then
granulated by spray freeze drying.

- Spray freeze drying — Highly porous micrometric granulated powders were produced

starting from nanosols by spray freeze drying using a lab-scale apparatus (Labscale
Granulator LS-2, Powder Pro). The suspension was atomized through a 100 pum nozzle
and nebulized into a stirred liquid nitrogen, the suspension flow is regulated by a
peristaltic pump, and the spray is assisted by nitrogen gas at 0.4 bar. Droplets are instantly
frozen and then freeze-dried thanks to LYO GT 2, SRK System Technik lyophilized
working at 0.15 mbar and a -1 C for 48 h.

Materials characterization — Here are reported the physicochemical characterization procedures

of the raw materials and products.

X-ray diffraction spectroscopy — Bentonite and hydrotalcites powders x-ray diffraction spectra
were collected with a Bruker D8 Advance (Cu Ko 1.5406 A). Working conditions: 20 interval
5-80°, step 0.04°, step time 0.5 s.

Specific surface area — The specific surface area was determined via nitrogen physisorption
using single point BET analysis method. For clays and hydrotalcites the instrument used is the
Thermo Scientific Surfer and o eliminated possible humidity residual, samples were thermally
pretreated at 100 °C for 2 hours in vacuum. In the case of the photocatalytic titanium dioxide
composites with C. vulgaris Sorpty 1750 CE instruments apparatus was used, pretreating

samples at 120 °C in vacuum for 2 hours.
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Zeta potential titration — The determination of the isoelectric point (IEP), the pH value that
correspond to 0 mV zeta potential, was assessed by electrophoretic light scattering analysis
thanks to the Zetasizer Nano ZSP (Malvern Panalytical) equipped with MPT-2 multipurpose
titrator and vacuum degasser accessories. The instrument operates with an incident laser
characterized by a wavelength of 633 nm and it detects the back-scattered radiation at a working
angle of 173 °, in this way multiple scattering problems are avoided or limited. Analyses were
conducted at 25 °C, in aqueous media. Thanks to the automatic titrator it was possible to perform
zeta potential titration as pH function, to identify the isoelectric point (IEP) and the zeta potential
behavior. Titration required about 10 mL of sample and were performed using 0.1 M and 0.01
M HCI for acidic titrations or 0.1 M and 0.01 M NaOH for basic titrations. Microalgae
composites were diluted at 0.1-0.5 g-L"!. The pH was constantly monitored with the instrument’s

pH-meter MV 114-SC SEN 0106.

Scanning electron microscopy — The morphological analysis of powders was assessed thanks to

Field Emission Scanning Electron Microscope, FESEM Carl Zeiss Sigma NTS.

Optical microscopy — Microalgae suspension was observed thanks to 3D digital optical

microscope (Hirox RH-2000) equipped with a high intensity LED lamp (5700K) and a

magnification range of 35-5000x. Particle mean diameter was calculated as average of at least

100 particles.
Band-gap — The band gap energy was derived from Tauc plot derived from reflectance spectra

collected in the 250-800 nm range by PerkinElmer Lambda 750 spectrophotometer. BaSO4 was

used as blank.

Functional tests — The efficacy of the materials was tested in the adsorption of simulated water

pollutants. Cu?" represents the class of heavy metals, while methyl orange and rhodamine B
colorants represent respectively negative and positive charged organic pollutants. The stability
and durability of the samples was tested simulating a real-application scenario in the wastewater
remediation field, the tests performed allowed the study of the swelling behavior and the

dissolution resistance.

Hydrogel swelling and dissolution tests — The swelling, or the volume gain of a solid due to the

absorption of a liquid, was evaluated by simple Milli-Q water immersion of the freeze-dried
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hydrogel. Higher swelling degree is an indirect information of a higher affinity for water, a
largely swelling sample is also likely to have better adsorption capacity due to a better interaction
of the targeted pollutants with the biopolymeric chains. The swelling behavior was estimated by
water adsorption. The sample is weighted before and after the immersion Milli-Q water for 1

hour. The water absorption is calculated by the equation reported in Equation 15.

. . Myet — Minitial .
Water absorption capacity = Equation 15
Mjnitial

The sample is frozen and then freeze-dried for at least 48 hours. Subsequently the final residual

mass is weighted and the dissolution degree is calculated as reported in Equation 16.

Mjnitial — Mfinal .

Dissolution (%) = 100 Equation 16

Mjpitial

Hydrogel adsorption tests — The selected simulated pollutants for the adsorption tests are Cu®*
as representative of the heavy metals, and methyl orang and rhodamine B colorants representing
organic pollutants.

- Cu?' adsorption. The test is performed at 25 °C. 200 mL of 10 mg-L!' Cu®" solution,

prepared from CuCl; salt from Sigma-Aldrich (99% purity), under magnetic stirring (400
rpm powders and 150 rpm hydrogel), are treated with the sample. 3 mL aliquots are taken
after 5, 10,15, 20, 30, 45, and 60 minutes. The copper quantification is performed by ICP-
OES (Agilent Technologies 5100 ICP-OES mounting an Agilent Tecnologies SPS 3
autosampler). The calibration curve is prepared from Cu ICP standard 1000 10 mg-L™!,
and it is constituted by the following points: 10, 1, 0.1, and 0.05 10 mg-L!. Both the
samples and the calibration curve are acidic digested before the analysis with a 10 %v/v
of 65 %wt HNO3 and 30%wt H2O>. Samples were analyzed in triplicates and the selected
copper emission lines are: 213.598, 223.009, 224.700, 324.754, and 327.395 nm.

- Rhodamine B. The test is performed at 25 °C. 170 mL of 7 mg-L"' rhodamine B solution,
prepared from rhodamine B powder from Sigma-Aldrich (95% purity), under magnetic
stirring (400 rpm powders and 150 rpm hydrogel), are treated with the sample. 3 mL
aliquots are taken after 5, 10,15, 20, 30, 45, and 60 minutes. Rhodamine B quantification
is performed by UV-Vis absorption spectroscopy analyzing the maximum absorption

peak at 554 nm using a Perkin Elmer Lambda 750 spectrophotometer.
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- Methyl orange. The test is performed at 25 °C. 100 mL of 20 mg-L' methyl orange
solution, prepared from methyl orange powder from Sigma-Aldrich (88% purity), under
magnetic stirring (400 rpm powders and 150 rpm hydrogel), are treated with the sample.
3 mL aliquots are taken after 5, 10,15, 20, 30, 45, and 60 minutes. Methyl orange
quantification is performed by UV-Vis absorption spectroscopy analyzing the maximum
absorption peak at 464 nm using a Perkin Elmer Lambda 750 spectrophotometer.

The calculation of the concentration of the colorants was performed applying the Lambert-Beer
law reported in Equation 17 were A is the absorption, € the molar absorption coefficient (mol

.L-cm™), b is the length of the optical path (cm), and C the analyte concentration (mol-L™).

A = ¢bC Equation 17

The kinetic of the studied adsorption processes can be modeled as pseudo-second-order. The
equation implemented is reported in Equation 18, where t is the time (min), q; is the absorption
capacity (mg-g) at time t, ge is the adsorption capacity at the equilibrium (mg-g), and k is the

kinetic constant of the process (min-g'mg™').

Equation 18

Equation 18 can be converted in a linearized graph plotting t-q;! as function of't, the best fit line
parameters slope (m) and intercept (b) can be used to calculate the kinetic constant of the process

k as m*b! and the equilibrium adsorption capacity qc as m™.%6!

Microalgae biosorption test — Cu** adsorption capacity test was performed using 2.5 g-L!

adsorbent to treat 10 mg-L"! solution of CuClo. The tests were performed under magnetic stirring
at 25 °C for 30 minutes working at pH 4.5. Cu** concentration was assessed by ICP-OES,
analyzing the non-adsorbed Cu®* separated by filtration with ultracentrifugation at 4500 rpm for
40 minutes with centrifugal filter units (Polyether sulfone, Amicon filter 10 KDa). The
calculation of the theoretical adsorption of the hybrid material was performed as weighted
average of the single constituting elements as reported in Equation 19. The calculation of the
specific adsorption capacity of the microalgae in the hybrid materials was calculated subtracting

the weighted contributes of the inorganic matrix using the invers formula of Equation 19.
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TiO, %wt
100 )
C.vulgaris %wt
100 )

Theoretical adsorption = (TiOZ adsorption -

(C. vulgaris adsorption -

—) Equation 19

(8102 adsorption - 100

Photocatalytic test -Rhodamine B (RhB) photocatalytic degradation tests were conducted at

room temperature, using 20 mg of photocatalyst to treat 200 mL of a 7 mg-L' RhB aqueous
solution. To establish the absorption/desorption equilibrium of RhB on the catalyst surface, the
sample was kept in the dark conditions for 30 minutes, it was verified to have a negligible effect
on the overall photocatalytic reaction. The suspension was magnetic stirred and UV irradiated
350 nm 50 W-m™ (Osram ULTRA-Vitalux lamp 300 W). RhB photolytic phenomena were not
registered without the catalyst. The photodegradation reaction progress was monitored at 5, 10,
15, 20, 30, 40, 50, and 60 minutes analyzing by UV-Vis spectroscopy (HachLange, DR 3900) at
554 nm, 3 mL 0.22 pm filtered aliquots, using distilled water as blank. The process could be
approximated to a pseudo-first-order reaction, Equation 20, where t is the time, Cy is the initial

concentration, C is the concentration at time t, and k the kinetic constant.

Co :
lnE =k-t Equation 20

According to the Lambert-Beer law, Equation 17, the concentration could be calculated by the
absorbance. The kinetic constant was determined as slope of the plot In(Co-C-1) versus time. The
conversion was calculated after 60 minutes using Equation 21, where Ao is the initial absorbance

and A is the absorbance at time t.

Ao — A
Ao

Conversion (%) = 100 Equation 21
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7.1. Final conclusions
In response to the European Green Deal action, the work here presented paves the way for the
implementation of the eco-design approach to develop new advanced materials applicable in the
field of clean technology for the protection of human health and the environment.
Three classes of advanced materials for different purposes have been successfully developed:

- Ag-based NPs with improved antimicrobial activity were explored for different

applications through their incorporation into a set of nano-enabled products (NEPs).
- Noble metal nano-catalysts for the biomass valorization.
- Composite materials for wastewater remediation coupling photocatalytic and adsorption

functionalities through inorganic nanophases embedded into natural-based biomasses.

Ag-based antimicrobial NPs

The principal results deal with the development of effective antimicrobial AgNPs through
different eco-friendly methods. Several design options were explored to achieve the expected
properties in the final NEPs. Water-based and low-temperature syntheses were developed
implementing natural- or bio-derived capping agents. Three capping agents were selected to
produce AgNPs and the Design of Experiment approach was implemented to select the optimal
synthesis conditions and cope with the expected key performance indicators (KPIs). The
workflow was advanced in agreement with the Safe and Sustainable by Design (SSbD)
perspective addressing relevant physicochemical and functional characterizations to different
life-cycle stages.

- Quaternized hydroxyethyl cellulose-capped AgNPs. From this synthesis, performed

exploiting a natural-derived biopolymer as capping agent, it was obtained the most active
variant AgHEC 6.4 1.4, able to fight effectively against Gram-negative and Gram-

positive bacteria as well as enveloped viruses.

- Curcumin-capped AgNPs. Thanks to its intrinsic biocompatibility and antioxidant
properties, curcumin exploited as a capping agent delivers low in-vitro cytotoxicity for
this class of AgNPs. The selectivity against SARS-CoV-2, calculated as the ratio between
the cytotoxic concentration and the viral inhibition concentration resulted to be excellent
and improved also if compared with other commercial products.

- Sodium surfactin-capped AgNPs. Sodium surfactin is a biomolecule obtained from

bacterial metabolism. Its application in the synthesis of AgNPs delivers a product with

outstanding antimicrobial activity, coupled with a high in-vitro cytotoxicity. This is
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probably due to the surfactant lysis of the external cell wall, but the high antimicrobial

activity could be explored for applications within the safe concentration window.
Thanks to the antiviral studies against SARS-CoV-2 and BK polyomavirus an antiviral
mechanism hypothesis was proposed. AgNPs antiviral mechanism involves the interaction of
nanoparticles with the viral envelope inhibiting the attachment to cell’s receptors. In fact, AgNPs
exhibited excellent activity against SARS-CoV-2, which is an enveloped virus, but no activity
was observed against BK polyomavirus, a non-enveloped virus. Furthermore, the antiviral action
is effective when the virus is incubated with AgNPs before the inoculum into the target cells,
inhibiting the virus from the attachment to cells receptor.
AgNPs were applied for the preparation of several NEPs, used as case studies such as
antimicrobial textiles, paper, and biopolymeric films and scaffolds. Different results were
observed depending on the capping agent allowing to define a structure-activity correlation and
provide some guidelines for the material designers. For instance, curcumin-capped AgNPs
coated textiles exhibited the best washing fastness and abrasion resistance in terms of silver
release, while the best antimicrobial properties were obtained with the quaternized hydroxyethyl

cellulose-capped AgNPs.

AuPt-based NPs for catalysis

Green chemistry principles, aligned with the SSbD approach, were applied to prepare AuPtNPs
for catalytic applications. These catalysts find a strong application potential in the biomass
valorization field, where the target is the production of chemical building blocks starting from
biomass wastes. The results highlighted for gold-platinum core-shell and alloy structures a
synergistic effect between the two noble metals improving the catalytic activity if compared with
pure gold and platinum isolated nanoparticles. The improvement gained in the catalytic
efficiency combined with the green approach of the synthesis pave the way for promising future
improvements in the circular economy route of biomass waste valorization into higher added-

value products.

Naturally-derived inorganic/biomass composite materials for wastewater remediation

Finally, naturally-derived materials and nanophases such as clays, hydrotalcites, and biopolymer
were applied for the production of scaffolds to be applied in the wastewater remediation field.
Clays and hydrotalcites layered structures and ion exchange capabilities were exploited for the
adsorption of heavy metals and organic pollutants. Subsequently, to improve their handleability

they were successfully embedded into biopolymeric renewable matrixes extracted from algae
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such as k-carrageenan, chitosan, and agarose. These materials were freeze-dried into a solid
scaffold and tested in the adsorption of simulated pollutants. The designed products effectively
removed the tested pollutants following a pseudo-second-order kinetics and demonstrating

tunable properties depending on the active phase and the embedding agents.

Final remarks

In conclusion, it was possible to apply different design strategies of a set of advanced materials
in alignment with the overall eco-design principles and consistent with the SSbD approach. The
exploitation of natural and bio-derived raw materials coupled with the no energy-intensive
processes, water-based environment, and the use of non-hazardous reagents allowed the
production of a variety of advanced materials and nano-enabled products with different fields of
application, ranging from antimicrobial products, catalysis, and wastewater remediation. For
each topic studied, it was possible to distill a set of guidelines. These guidelines assist in the
sustainable design or eco-design of novel advanced materials and nano-enabled products. They
aim to maximize or improve the risk/benefit profile with respect to the impact on humans and

the environment.
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