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Abstract
This research aims to develop and characterize antimicrobial polymer
biomaterials containing zinc oxide nanoparticles (ZnONPs) obtained using Ilex
paraguariensis (IP) leaf extract by green synthesis. The biomaterials were investigated
for biomedical device coating and tissue regeneration applications, considering that
infections are one of the major complications in this field. The biomaterials were
synthesized using the polyelectrolytes polyallylamine hydrochloride (PAH) and
polyacrylic acid (PAA) and characterized according to their morphology, composition,
and antimicrobial activity. The green synthesis of ZnONPs was optimized by evaluating
the influence of ethanolic and aqueous plant extract and the zinc source on the
morphological properties of the nanomaterial. Overall, ZnONPs exhibited hexagonal
crystalline structure while the size and shape varied depending on the extract and zinc
salt used. The most uniform and smallest ZnONPs were obtained using ethanolic
extract and zinc nitrate, being spherical in shape and with a diameter of ̴18nm. An
investigation of the mechanism route for the green synthesis indicated that the
formation of ZnONPs occurred due to the complexation of Zn(II) ions by antioxidants
compounds present in the IP extract and further thermal degradation of the
complexes. Cytotoxic analysis showed that L929 cell viability decreased in a dosedependent manner for all ZnONPs samples. However, the nanomaterial with reduced
size and uniform shape exhibited no cytotoxic effects up to a concentration of 10 μg
mL-1 and was chosen to be incorporated in the polymeric biomaterials. Gram-positive
bacteria were more vulnerable to the ZnONPs than Gram-negative, presenting a
minimum inhibitory concentration of 45 μg mL-1, while the Gram-negative bacteria
showed only 10% inhibition at the same concentration. The thin films were
characterized according to their morphology, ZnONPs content, and antimicrobial
activity. The film composition was found to be dependent on the PAH pH and the IP
concentration, where a more basic pH and lower IP extract concentration resulted in
higher adsorption of ZnONPs, following a linear mathematical model. The thin films
displayed no significant antimicrobial inhibition; however, many possibilities were
addressed for this outcome. Conversely, the electrospun fibres containing ZnONPs
presented a high antimicrobial activity against both S. aureus and E. coli bacteria
strains, which is related to a higher content of ZnONPs. Also, morphological analysis of
the fibre scaffold showed a three-dimensional structure formed by uniform fibres with
a 230 nm diameter that mimics the extracellular matrix of natural tissue. Thus, ZnONPs
were successfully synthesized using a green synthesis route and incorporated in two
different biomaterials. While further studies need to be performed for the
development of the thin film, the electrospun fibres showed promising properties for
wound dressing applications.
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Abbreviations
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ANOVA

Analysis of variance

AuNPs

Gold nanoparticles

CFU
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DLS
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Polyacrylic acid
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PBS
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PDDA

Polydiallydimethylammonium chloride

PEM
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SDD
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Zinc oxide nanoparticles
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Introduction

1.1

Introduction
Nanotechnology has achieved great importance in scientific research and its

applications are predicted to rise in the most varied fields of research and industries
[1–4]. Zinc oxide nanoparticles (ZnONPs) are a type of ceramic nanomaterial with
intrinsic properties with a wide range of applications, such as in photocatalysis, for
semiconductor composites, and antimicrobial purposes [5–8]. This nanomaterial can
be obtained through chemical, physical, or biological synthesis routes [9–10].
Nonetheless, the biological synthesis approach has come into focus as a solution
to obtain a more sustainable product since it substitutes hazardous solvents with
biological extracts from plants, bacteria, algae, and fungi. This process is called green
synthesis as it agrees with green chemistry principles [11]. A variety of plant extracts
have been used to synthesize metal and metal oxides nanoparticles with enhanced
properties [12–20]. The mechanism of the formation of nanoparticles through green
synthesis is yet to be understood. However, studies have concluded that antioxidant
compounds present in the plant, such as flavonoids and polyphenols, reduce or form
coordinated complexes with the targeted metal [21–23].
The green synthesis of ZnONPs has been reported using different biological
extracts [16–22–24–27]. For example, Gunalan et al. [28] used Aloe vera extract and
obtained ZnONPs with enhanced antibacterial effect in comparison to ZnONPs
synthesized by chemical method, while Shahriyari Rad et al. [29] confirmed the
antimicrobial activity of ZnONPs obtained using Menta pulegium L. leaves.

17

Chapter 1

In this project, Ilex paraguariensis (IP) leaves, commonly found in the south of
Brazil, Uruguay, and Argentina, was used in the green synthesis of the ZnONPs [30].
This plant has anxiolytic, antimicrobial, and anti-inflammatory properties, which have
been associated with the presence of a high concentration of antioxidant compounds,
which include chlorogenic acid, caffeic acid, and caffeine [31–33].
ZnONPs play an important role in the biomedical field, such as in the
development of novel cancer therapies and wound healing and tissue regeneration
scaffolds. For instance, this nanomaterial has been successfully employed in polymeric
matrices aiming for bone regeneration and faster wound healing by inducing early
mineralization and preventing infections [34–35].
Polymeric materials are widely used as biomaterials, as they have a variety of
mechanical and chemical properties, enabling their application in the most diverse
areas of medicine, such as tissue engineering, ophthalmology, dentistry, implants,
among others [36]. The incorporation of nanoparticles in such materials has enhanced
the performance of these biomaterials, like improving the antimicrobial activity, for
example.
In this work, we are using polyelectrolyte complexes of polyallylamine
hydrochloride (PAH) and polyacrylic acid (PAA) to produce thin films and electrospun
fibres loaded with zinc oxide nanoparticles obtained by a green synthesis approach
using plant extract to act as an antimicrobial biomaterial.

1.2

Research question
Considering the efforts towards a more sustainable world, this project was based

on the possibility of obtaining zinc oxide nanoparticles via a green synthesis route by a
18
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simple process with plant extract leaves, following the green chemistry principles. This
approach was chosen not only aiming at an environmentally friendly process but also
a product with lower cytotoxicity.
In addition, the ZnONPs are found to be important in the biomedical field,
considering their low cytotoxicity and their antimicrobial activity, including against
drug-resistant bacteria, showing promising properties for tissue regeneration and
infection prevention. Nonetheless, such applications require this nanomaterial to be
supported in a matrix as it is commonly employed in low concentrations, and also to
achieve a material with greater mechanical properties. Therefore, considering the
interesting characteristic of polymers, such as biocompatibility, flexibility, and
mechanical properties, the ZnONPs were loaded in polymer thin films and electrospun
fibers and evaluated in terms of their application as medical devices coating and tissue
regeneration scaffolds. In this sense, the development of this research project was
explored by addressing the following research questions:
I. Can zinc oxide nanoparticles be produced by green synthesis using plant extract
leaves and be employed in polymeric matrices for the development of
antimicrobial biomaterials?
(a) Can ZnONPs be obtained by green synthesis using Ilex paraguariensis leaves
extract?
(b) How the mechanism route of the green synthesis occurs?
(c) What are the cytotoxicity and antimicrobial activity of the green
synthesised zinc oxide nanoparticles?
(d) Is it possible to support the green synthesised ZnONPs in polyelectrolyte
matrices?
19
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(e) Can an antimicrobial thin film be obtained using a polyelectrolyte complex
with incorporated ZnONPs and Ilex paraguariensis extract for medical
devices coating?
(f) Can an antimicrobial polyelectrolyte electrospun fiber scaffold with
incorporated green synthesised ZnONPs be obtained for wound healing
purposes?

1.3

Proposed solution
The main objective of this project is to green synthesise and characterize zinc

oxide nanoparticles from Ilex paraguariensis leaves extract for potential application as
an antimicrobial biomaterial in polymeric matrices of polyallylamine hydrochloride and
polyacrylic acid.

Project aims
•

Synthesize zinc oxide nanoparticles via green route using Ilex
paraguariensis extract.

•

Characterize the zinc oxide nanoparticles obtained by the green synthesis
according to its physical-chemical properties and biocompatibility.

•

Evaluate and propose the reaction mechanism of the green synthesis.

•

Develop and characterize PAH and PAA thin films with incorporated zinc
oxide nanoparticles.

•

Develop and characterize electrospun PAA and PAH fibres scaffold loaded
with zinc oxide nanoparticles.
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•

Evaluate the antimicrobial activity and assess the application of the
developed biomaterials.

1.4

Significance
Sustainability has become a critical topic among researchers from a necessity for

environmental preservation and the production of less toxic materials. In this project,
a sustainable approach to obtain ZnONPs was addressed in an attempt to obtain an
important nanomaterial for different industries by a facile and greener synthesis, using
a plant that is easily found in Brazil and already cultivated on a large scale. In addition,
a careful analysis of the mechanism of formation of the nanoparticles by the green
route was assessed, which is essential to guide the development of the production of
such nanomaterials on an industrial scale.
Among different applications, ZnONPs have interesting properties as a
biomaterial. Synthetic biomaterials have been vastly investigated for different
biomedical applications such as wound healing adhesives, implant devices and drug
delivery systems. The effort on this field of study promoted the development of novel
medical treatments and therapies leading to a significantly enhancement on people’s
health and life expectancy.
Amid a variety of materials, nanoparticles play an important role on the
development of biomaterials due to their unique properties and small size. However,
they are usually supported by a polymeric structure to give stability and good
mechanical properties for handling low amounts of material.
In this work, green synthesised ZnONPs were incorporated into polyelectrolyte
thin films and electrospun fiber to obtain an antimicrobial biomaterial with structure
21
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and mechanical properties for medical device coatings and tissue regeneration
scaffolds. The ZnONPs polymeric composites developed in this project indicate
promising characteristics that could enhance a variety of medical procedures while
preventing infections and increasing cell proliferation, leading to an improvement in
medical procedures and human health.
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Literature review
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Literature review
2.1

Nanotechnology
The development of nanomaterials is still of great interest in the scientific and

technological area, given the possibility of manipulating its properties and the
emergence of new applications [37]. In general, materials with particles that have at
least one side between 1 and 100 nm are called nanomaterials [38]. Although interest
and growth in the area of nanotechnology began only at the end of the 20th century,
through the evolution of electronic microscopes, nanoparticles, both organic and
inorganic, have been present in human life since ancient times [39]. For example, the
Lycurgus Cup on display at the British Museum uses gold nanoparticles, providing a
color change to the glass, depending on the light it receives [37].
The properties of nanoparticles depend, mainly, on their size and morphology,
which are determined by the method used for their synthesis [10]. Researchers
observed that changing the shape and size of colloidal gold nanoparticles resulted in
different absorption bands in the visible spectrum, which can be observed with the
naked eye, by changing the color of the solution [40]. Also, due to their high surface
area and differentiated optical properties, resulting from the increase in free-electron
energy in semiconductor nanomaterials and the higher absorption in the UV-vis region,
nanoparticles have been showing greater efficiency in energy production in relation to
larger particles [41–42]
Evidencing the advances of nanotechnology, currently studies on the
development of nanomaterials approach a variety of areas. For example, nanoparticles
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are used to treat effluents [43], drug-release [44], solar cells [45], bactericidal materials
[64], among others.

2.2

Zinc oxide nanoparticles
Advances in the development of metal oxide nanoparticles have been the subject

of studies in recent years due to the versatility of these nanomaterials and their
interesting characteristics [46]. Among these oxides, zinc oxide nanoparticles (ZnONPs)
have gained attention as they have diversified properties, which amplifies their field of
applications in diverse areas of science [10]. Studies report that zinc oxide has
semiconducting properties, high refractive index, thermal stability, low cytotoxicity,
and bactericidal activity, among others. These properties can be manipulated and
improved with the introduction of nanotechnology, increasing the surface area of the
ZnO particles and modifying their morphology through the application of different
synthesis methodologies [10–47].
The most commonly found and stable ZnO crystal at room temperature is formed
by a hexagonal structure, called wurtzite (Figure 2.1), with three growth directions.
This structure is formed through the tetrahedral coordination of O2- and Zn2+ ions [10–
48–49]. Wang presents in his study that, by manipulating the combination of the
surface polarity of ZnO with the growth direction, it is possible to obtain different
morphologies, such as spirals, rings, and wires on a nanometre scale [49].
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Figure 2.1: Wurtzite structure and its growth direction [10].

The synthesis of ZnO nanoparticles can be performed by chemical, physical or
biological methods. Regarding the chemical method, techniques such as precipitation,
microemulsion, chemical reduction, sol-gel, and hydrothermal synthesis are used,
which may require high energy expenditure in some processes that operate at high
pressures and/or temperatures [10–50]. However, one of the most common
techniques for obtaining ZnONPs is the sol-gel synthesis, and was used primarily by
Spanhel and Anderson [51].
The sol-gel synthesis uses a zinc precursor (sulfates, chlorides, nitrates, among
others) and a chemical reagent to change the pH, precipitating the substance of
interest, which will be subjected to a thermal treatment in temperatures that can reach
up to 1000 °C [52–54]. Chemical stabilizers, such as citrates and polymers, can be
added to the process to control the size of the nanoparticles avoiding their
agglomeration [50–55]. In chemical synthesis, the concentration of each reagent can
considerably influence the size and shape of the particles obtained, which can vary
from just a few nanometers (5-10 nm) to particles of micrometric size [10–50].
Although less used than the chemical method, the synthesis of ZnONPs by
physical method uses vapor deposition [56], plasma [57], and ultrasonic irradiation
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[10] techniques and results in a high energy cost. Another methodology that has been
widely investigated in recent years uses a biological approach. Commonly known as
green synthesis, this method uses plants, fungi, bacteria, algae, among others, to
obtain nanoparticles [13–58].
The main reason for the development of biological methods is the reduction of
the environmental impact, since it does not use toxic chemical solvents. Also, this
method has the potential to decrease the cost and complexity of the synthesis,
increasing industrial interest [12]. The green synthesis is described in more detail in
section 2.3.
With the evolution of scientific research, numerous applications have been
developed for zinc oxide nanoparticles, in their pure form or composites. Due to their
photocatalytic activity, ZnONPs have been widely applied for the degradation of dyes
and drugs and has shown potential for clean energy produvcion through watter
splitting [8–59–61]. Also, these nanoparticles can be used as dopants or in alloys for
the development of sensors [62–63].
ZnO is also widely used in the rubber industry as a vulcanizing agent, a process
that alters the mechanical properties of rubbers. With the introduction of ZnO
nanoparticles, it is possible to increase the effectiveness of vulcanization and to reduce
its consumption in elastomeric formulations [64]. Another segment that ZnO has a
wide application is to produce sunscreens, due to its ability to absorb ultraviolet rays
while presenting low cytotoxicity [7].
Another important feature is the antimicrobial activity of ZnONPs. Several
studies report growth-inhibiting of bacteria, such as Escherichia coli and
Staphylococcus aureus, and fungi, such as Penicillium expansus [65]. In general, the
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mechanism of the bactericidal activity of ZnONPs can occur through the release of
reactive oxygen species (ROS), the release of Zn2+ ions, or just by the contact of
nanoparticles with the microorganism, altering bacterial metabolism, which can result
in rupture of the cell membrane and damage to DNA and cellular proteins, for example
[66]. Figure 2.2 presents an illustration of the possible mechanisms of antibacterial
activity of ZnONPs.

Figure 2.2: Antimicrobial mechanism of action of ZnONPs [66].

The formation of ROS from ZnONPs occurs due to their semiconduction property.
When these nanoparticles are irradiated, the valence electrons go to the conduction
band, creating a "hole" in the valence band (positive region) and presenting electrons
in the conduction band (negative region). Thus, when in contact with water molecules,
nanoparticles can separate the H2O molecule, through the valence band, into H+ ions
and the free radical ·OH-. On the other hand, when in contact with oxygen molecules,
ZnONPs, with the presence of free electrons in the valence band, form the superoxide

28

Chapter 2

radical (·O2-). Species derived from these ions then form ROS, such as hydrogen
peroxide (H2O2), which damages the cell membrane of microorganisms [10–66].
The toxicity of ZnONPs may also come from the release of Zn 2+ ions into the
growth medium of the bacteria, which are formed through the dissociation of the ZnO
molecules. These metal ions directly affect the metabolism of the bacteria and the
permeability of the cell wall, causing damage to the bacteria. Another mechanism of
formation is the direct contact of the nanoparticles with the microorganism, which can
penetrate the cell and/or break the cell membrane [10].
Due to their antimicrobial property, ZnONPs have been studied for application in
water treatment [66], food packaging [67], and fabrics [68], for example. Another
promising area for the application of ZnONPs is biomedicine, since these nanoparticles
have low cytotoxicity and high bactericidal power, with great potential to become a
lower cost option in some biomedical applications that use silver or gold nanoparticles
as antimicrobial agents [69–70]. The high antimicrobial activity and low cytotoxicity of
this nanomaterial can be explained due to the different structure and metabolism of
bacteria and human cells. For instance, the mechanism of action of antimicrobial
substances interferes directly in the bacteria cell membrane and affects their growth
and absorption of nutrients. Both bacteria and human cells react differently to these
substances as the cell membrane structure and composition and cell metabolism are
not related [66–71].
The production of composite materials containing ZnONPs for biomedical
application has also gained much attention. Studies report the production of
biocompatible thin films containing ZnONPs to make these composites bactericidal.
For example, Khalid et al. [72] produced cellulose films containing ZnONPs to treat
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burn injuries, preventing them from becoming infected. Also, Bakhsheshi-Rad et al.
[73] used ZnONPs to develop a film for coating orthopaedic implants, increasing
resistance to corrosion and infections.
The role of ZnONPs in the development of wound healing materials has also been
addressed. This fact is related not only to infection prevention due to their
antimicrobial activity but also because it can improve the tissue regeneration process
[74]. For example, several works report the improvement of angiogenesis and
fibroblast migration after using composites doped with ZnONPs, which are intrinsic
properties to enhance wound closure [74–77].
Studies also report the selective ability of ZnONPs to destroy cancer cells, while
not damaging healthy cells [69]. Akhtar et al. [78] stated, through their experiments,
that ZnONPs degraded three types of cancer cells while normal cells were not
damaged. This selectivity was correlated to the action of ROS in the metabolism of
cancer cells and to its high proliferation rate, which increases the production of ROS
that causes oxidative stress in high concentrations. Also, preliminary studies developed
in our research group have shown the cytotoxicity of ZnONPs in a colorectal cancer cell
line, indicating induced autophagy as a contributing mechanism to cytotoxic activity
[79]. Thus, it is evident that ZnONPs have the potential to treat cancers and tumors,
but further studies are needed to understand the mechanism of action of this
nanomaterial [80].
Therefore, the potential of using ZnO nanoparticles for the development of novel
composites in the biomedical area has been addressed, aiming to benefit a range of
medical treatments.
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Cytotoxicity mechanism of ZnONPs
Even though ZnONPs are considered to present low cytotoxicity, their effect on
human beings needs to be addressed when considering biomedical applications.
According to Taccola et al. [93], the mechanism of cytotoxicity of zinc nanoparticles
occurs through the release of reactive oxygen species (ROS), dissociation of these
nanoparticles forming Zn2+ ions, or by internalization through endocytosis.
The endocytosis of nanoparticles is the main mechanism of entry of these
substances in cells and has been studied both for the prevention of diseases and
cellular dysfunctions and for the development of new therapies. Nanoparticles in
general can penetrate cells through different mechanisms of endocytosis (Figure 2.3),
depending on their physical-chemical properties such as size, shape, and chemical
composition [81–83].
Endocytosis is a natural and vital process by which cells internalize substances or
particles, providing and regulating the entry of nutrients, the transduction of signals,
the composition of the plasma membrane, cell defence, among others [84]. This
process can occur through pinocytosis or phagocytosis. In general, pinocytosis is the
main route for entry of molecules suspended or dissolved in a fluid, creating an
endosome inside the cell. Phagocytosis, on the other hand, involves the cell's immune
system (macrophages, neutrophils, monocytes, among others), internalizing solid
particles and creating a phagosome [85].
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Figure 2.3: Nanoparticle internalization mechanism through endocytosis mechanism
(adapted from [81])

For the nanoparticles to be internalized in the cell through phagocytosis they
need to be recognized by opsonin - molecules that facilitate the phagocytosis process,
such as antibodies and proteins - and then activate the cell surface and internal
substances using a part of the plasma membrane, forming a phagosome with size
between 0.5-10 μm that will be absorbed by the lysosome. On the other hand, the
process of endocytosis of nanoparticles from micropinocytosis occurs through the
internalization of extracellular fluid in large vacuoles, through undulations of the
plasma membrane and without associated receptors, forming a macropinosome that
is absorbed by the lysosome [81–82–85].
Regarding the mechanism of endocytosis of ZnONPs, proteins present in the
cellular environment are adsorbed on the surface of the nanomaterial and bind to the
cell membrane receptor proteins, triggering the receptor-mediated phagocytosis or
pinocytosis process. Within the endosome or phagosome (pH 5
̴ .0), ZnONPs dissociate
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to form Zn2+ ions that end up being released and accumulated inside the cell, which
can trigger processes that lead to cell death [93,101].
The cytotoxicity of nanoparticles may also be related to the process of induced
cell autophagy. Autophagy is a process in which the cell degrades damaged or aged
cytoplasmic components, being essential for cell functioning and survival. Basically,
this process is performed by the autophagosome, which absorbs a portion of the
cytoplasm and merges with the lysosome, forming the autophagosome, responsible
for the degradation and recycling of the absorbed components [86]. However, induced
autophagy can cause cell death, due to the accumulation of autophagolysosomes
inside the cell and the accelerated degradation of proteins and cytoplasmic organelles
[87]. Studies report an increase in the autophagic process when cells are exposed to
ZnONPs in concentrations greater than around 10 μg mL-1, with this increase being
directly dependent on the concentration of nanoparticles in the cellular medium [79–
88].
The process of autophagy induced by nanoparticles begins with the
internalization of these nanomaterials, subsequently forming an autophagosome [89].
This internalization depends directly on the physicochemical properties of the
nanoparticles. Size is one of the most important factors, and the smaller the particle,
the more easily it will be absorbed by the cell since there is a greater area of contact
with the cell membrane due to the increase of surface area [82–90].
The morphology of nanoparticles can also affect cell internalization and,
according to Salatin et al., elongated particles are more likely to interact with the cell
membrane [82]. However, the mechanism of internalization of nanoparticles depends
on a set of factors and cannot be elucidated through physical-chemical properties only.
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2.3

Green synthesis of nanoparticles
The interest in synthesizing ZnONPs via biological methods has increased

considerably in the last decade. The development of this new approach and the
significant interest in it is mainly related to the absence of toxic chemicals or a high
amount of energy applied to the biological synthesis, which makes the process more
cost-effective and eco-friendly [10–12–50–72–91].
Many reports in the literature indicate that the biological synthesis of metallic
and metal oxides nanoparticles is more environmentally friendly than the conventional
chemical or physical methods used nowadays [12–91]. Therefore, these biological
methods have become more known as green synthesis. It was also given this term
because it goes in agreement with the twelve principles of the green chemistry, which
are shown in Figure 2.4 [11]. Nowadays, these principles are considered the
fundaments to guide the sustainable development and comprise instructions to
implement new chemical products, new synthesis, and new processes.

Figure 2.4: Green chemistry principles
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Briefly, the green chemistry principles are based on 1) atom economy, to
improve reaction efficiency, 2) energy efficiency, avoiding high energy consumption
process, 3) safer chemicals, to minimize the toxicity of processes and products, 4)
prevention, to minimize waste in every stage of the process, 5) renewable feedstocks,
using chemicals made of renewable sources, 6) design for degradation, design
biodegradable and non-toxic products, 7) less hazardous chemical synthesis, to design
safer synthesis routes, 8) reduce derivatives, avoid the use of derivatives such as
protectors or stabilizers, 9) pollution prevention, prevent the release of hazardous
substances, 10) safer solvents and auxiliaries, to use the least possible solvent or
chemical, 11) catalysis, use catalysis to improve processes like energy consumption or
efficiency and 12) accident prevention, to minimize the risks of accident. For instance,
the main advantages of biological synthesis are the employment of renewable sources,
safer solvents, and auxiliaries while producing safer chemicals.
The large-scale production of nanoparticles by green synthesis remains a
challenge, and these syntheses have been performed only at a laboratory scale.
However, it is likely that its industrial application will take place in the near future as
no robust equipment is necessary and significant advancements have been achieved
on understanding the biological extracts composition and their interaction with the
metal ions [12–69–91].
Essentially, green synthesis uses biological substrates such as plants, bacteria,
fungi, and algae to replace chemical solvents and stabilizers to decrease the toxicity of
both product and process [10–12]. In the case of ZnONPs synthesis, many different
biological substrates have been successfully applied to obtain this metal oxide. In
general, the biosynthesis of ZnONPs is a very straightforward process in which a zinc
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salt, such as zinc nitrate or zinc acetate, is added to a biological extract previously
prepared. After the reaction, this solution is submitted to a thermal treatment, and the
ZnO powder is obtained [10–69–92]. The mentioned process is illustrated in Figure 2.5.

Figure 2.5: Green synthesis of ZnONPs

Nonetheless, published works indicate different methodologies for the green
synthesis of ZnONPs. Table 2.1 summarizes several of the synthesis methods reported
in the literature to date. Despite the fact that a wide variety of biological substrates
with distinct composition have been applied for this purpose, the concentration of zinc
salts, pH variations, reaction time and temperature vary considerably, resulting in
particles with different sizes and morphologies.
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Table 2.1: Reported methodologies of the green synthesis of ZnONPs

Menta pulegium L. leaves (50 g
Moringa oleifera leaves (100 g L-1)

Nitrate (100 g
Nitrate (6 -206 g L-1)

NS
5

Reaction time and
temperature
3-4 h, 70 °C
5-10 min, 50-100 °C
48 h, 37 °C
48 h, 37 °C
10 min, 80 °C – 12h,
37 °C
30 min, 80 °C
30-90 min, 50 °C
NS, 37 °C
72 h, 28 °C
48 h, 32 °C
4-5 h, 150 °C
5 h, 150 °C
NS, 60 °C
3 h, Ta
3 h, Ta
3 h, Ta
10 min, NS
60 °C, NS
5-75 min, 20-100 °C
30 min, Ta
3 h, Ta
5 min, 80 °C or
microwave
NS
18 h, Ta

Oak fruit hull (jaft) (200 g L-1)

Acetate (33.4 g L-1)

NS

4 h, 60-80 °C

Zinc sourcea

pH

Sargassum murticum (20 g L-1)
C. peltata, H. Valencia and S. myriocystum (5 g L-1)
Acinetobacter schindleri culture (NS)
Bacillus licheniformis biomass (50 g L-1)

Acetate (0.4 g L-1)
Nitrate (0.07-0.7 g L-1)
Nitrate (0.9 g L-1)
Acetate (43.9 g L-1)

NS
5-10
NS
NS

Lactobacillus plantarum culture (NS)

Sulphate (17.9 g L-1)

6

Biological substrate
Algae

Bacteria

L-1)

Fungi

Plants

L-1)

Pseudomonas aureginosa (0.05 g
Serratia ureilytica culture (NS)
Staphylococcus aureus culture (NS)
Aspergillus fumigatus biomass (NS)
Aspergillus niger biomass (NS)
Aloe vera leaves (NS)
Aloe barbadensis miller leaves (50-500 g L-1)
Camelia sinensis leaves (NS)
Citrus aurantifolia peel (20 g L-1)
Citrus paradise peel (20 g L-1)
Citrus sinensis peel (20 g L-1)
Couroupita guianensis leaves (50 g L-1)
Costus woodsonii leaves (30-60 g L-1)
Eclipta alba leaves (100 g L-1)
Hibiscus subdariffa leaves (20 g L-1)
Lycopersicon sculentus peel (20 g L-1)

Nitrate (0.19 g
Acetate (3.7 g L-1)
Acetate ( 0.18 g L-1)
Nitrate (0.02 g L-1)
Nitrate (0.02 g L-1)
Nitrate (NS)
Nitrate (NS)
Nitrate (50 g L-1)
Nitrate (20 g L-1)
Nitrate (20 g L-1)
Nitrate (20 g L-1)
Acetate (5 g L-1)
Nitrate (100 g L-1)
Acetate (0.2-1.1 g L-1)
Acetate (14.3 g L-1)
Nitrate (20 g L-1)

NS
NS
NS
NS
6.2
NS
NS
NS
NS
NS
NS
NS
NS
4-8
NS
NS

Lycopersicon esculentum fruit (NS)

Nitrate (NS)

NS

L-1)

L-1)

Stevia leaves (72.4 g L-1)
Acetate (18.3 g L-1)
NS
NS, 80 °C
Peganum harmala seed (60 g L-1)
Nitrate (NS)
NS
1 h, NS
Punica granatum leaves (NS)
Nitrate (18.9 g L-1)
NS
3-4 h, 60 °C
a Concentrations were approximated to be reported with the same unit; NS: Not specified; T : Ambient temperature
a

4 h, 450 °C
Not applied
6 h, 60 °C
Not applied

Average
size (nm)
30-57
Varied
20-100
620

4 h, 40 °C

13

Spheres

NS, 70 °C
Not applied
Not applied
Not applied
Not applied
7-8 h, 80 °C
7-8 h, 80 °C
2 h, 400 °C
1 h, 60 °C
1 h, 60 °C
1 h, 60 °C
Overnight, 60 °C
2 h, 400 °C
Not applied
4 h, 30 -100 °C
1 h, 60 °C

35-80
170-600
10-50
3.8
61
25
25-55
8
11
19
12
NS
20-25
3-9
190-400
9

Spheres
Varied
Acicular
Spheres
Spheres
NS
Spheres
Spheres
Polyhedron
Polyhedron
Polyhedron
Nanoflakes
Varied
Spheres
Dumbbell
Polyhedron

4-5 h, NS

40-100

Spheres

2 h, 400 °C
1 h, 500 °C
6 h, 80 °C;
4 h, 500 °C
2 h, 600 °C
NS, 50 °C
3-4 h 400 °C

38-49
12-30

Spheres
Spheres and rods

34 nm

Spheres

50
40
10-30

Rectangular
Irregular
Spheres

Thermal treatment

Shape

Reference

Spheres
Varied
Spheres
Nanoflowers

[97]
[98]
[99]
[100]
[101]
[102]
[94]
[103]
[104]
[105]
[106]
[28]
[24]
[21]
[21]
[21]
[107]
[26]
[108]
[25]
[21]
[109]
[29]
[22]
[110]
[111]
[112]
[27]
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For instance, Bala et al. [25] observed that changing the temperature of the
thermal treatment resulted in different morphologies and size of the ZnONPs. The
thermal treatment at 30 °C showed irregular morphology and low crystallinity of the
particles. In contrast, the nanoparticles obtained with thermal treatment at 60 °C and
100 °C presented high crystallinity and agglomerates of nanoparticles in morphologies
such as cauliflower and dumbbell shape, respectively. These variations are probably
related to the fact that higher temperatures increase the nucleation rate of crystal
formation. In agreement, Parra and Haque [93] chemically synthesized ZnONPs. They
observed that the higher the temperature, the faster will be the crystal growth and
nucleation rate, which results in the agglomeration of nanoparticles and larger particle
sizes.
Another feature related to the agglomeration is that the interval of time of the
heat treatment may affect the formation of clusters. Dhadapani et al.[94] observed
that increasing the time of the thermal treatment conducted at 50 °C from 30 to 90
min, increased agglomerates and particle growth. These findings corroborate with the
results observed in different chemical synthesis process, where the increase of the
time of nucleation led to the formation of larger particles of ZnONPs [95–96].
Although the pH condition poses a notable influence on the synthesis of
inorganic nanoparticles, much of the available literature on the green synthesis of
ZnONPs does not consider or report the pH of the solutions of the biological extracts
used for obtaining this nanomaterial, as reported in Table 2.1 [21–24–25–28–100–
104–106–107]. Thus, considering that each biological substrate has different
compositions and pH values, the evaluation of the pH solutions would be of great
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interest to better understand the differences in physical-chemical properties of the
nanoparticles obtained through green synthesis.
Chinassamy et al. (2018) reported a further study on the green synthesis of
ZnONPs by evaluating the effect of biological extract and zinc salt concentration,
operating time and temperature, on the particle size and yield of the produced
nanoparticles. From this work, the authors stated that using the minimum
concentration of zinc precursor ( ̴65 g L- 1) and maximum temperature (200 °C) and
time (2 h) of reaction resulted in the highest yield. Furthermore, they concluded that
the concentration of zinc nitrate is the factor that influences mostly the particle size
among all the evaluated parameters.
Singh et al. [108] also reported the variation of the concentration of both plant
extract and zinc precursor, incubation time and temperature of reaction in a study of
the biosynthesis of ZnONPs using Eclipta alba leaves extract. The authors observed that
increasing zinc acetate concentration (1.0 to 5.0 mM), particle formation became more
uniform and smaller. Moreover, Singh et al. [108] state that these findings are in
agreement with the ZnO synthesis performed using Citrus aurantifolia in which the
increase of zinc acetate concentration enhanced the homogeneity of the particles and
reduced their size [119].
Furthermore, it was observed that there was a direct correlation between the
concentration of Eclipta alba extract and the intensity of the UV absorbance peaks
observed, indicating a superior formation of ZnONPs [108]. These features may be
related to a higher concentration of antioxidants, which are available during the
synthesis when the plant extract concentration is increased. These compounds most
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likely play an important role on the mechanism of formation of metal and metal oxides
nanoparticles obtained by green synthesis [10–22–108–120].
Moreover, Singh et al. [108] investigated the influence of the variation of the
temperature from 20 to 100 °C on the yield and size of ZnONPs. In their study, it was
concluded that the higher the temperature, the greater the yield of ZnONPs. However,
the increase of the temperature of reaction resulted in particles with a larger size,
which corroborates with a similar study of the properties of ZnO synthesized via solgel synthesis [121]. Related to the time of reaction, it seems that rapid synthesis
results in smaller particles, as the short reaction time will reduce the grain growth
[108].
Although it is well understood that changing the parameters of the green
synthesis will affect the physical-chemical properties of the ZnONPs, the mechanism
route of the formation of these nanoparticles remains unclear. Several studies propose
theoretical mechanistic routes for this biosynthesis [22–100–101–104]. Nonetheless,
the composition complexity of the biological substrates poses a challenge for analytical
evaluation and definition of the chemical reactions that take place during the green
synthesis.

Mechanism of formation of zinc oxide nanoparticles via green
synthesis
Although many studies indicate the effectiveness of the green synthesis for the
production of metal and metal oxides nanoparticles, this process has only been
demonstrated at a laboratory scale [12–58–69]. Hence, the determination of the
mechanism route of the formation of green synthesis is of great interest for
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establishing large-scale process. Thus, the recent advances found in the literature
related to the mechanism of formation of ZnONPs using different types of biological
substrates were summarized in this review.

2.3.1.1 Green synthesis using bacteria
The biosynthesis of metal and metal oxides nanoparticles using microbial culture
or biomass may occur in an extra or intracellular environment [100–103–122–124]. In
the case of the extracellular synthesis, studies suggest that the enzymes and proteins
produced and released by the microorganisms can reduce the metal ions and stabilize
the particles. Tripathi et al. [100] reported that ZnONPs can be stabilized by enzymes
secreted by bacteria cells (Bacillus licheniformis). In their study, zinc acetate and
sodium bicarbonate react to form Zn(OH)2, which is thermally degraded to form the
ZnO nuclei. The enzymes presented in the bacteria will then stabilize the ZnONPs to
avoid agglomeration and particle growth guaranteeing the nanoscale size of the metal
oxide.
In addition, the work developed by Selvajaran et al. [101] identifies that the
enzymes produced by the microorganisms are responsible for the ZnONPs formation.
However, authors state that the solution pH and the electrokinetic potential of the
bacteria may play a role in the synthesis route by reducing the metal ions and,
consequently, triggering the biosynthesis of the nanoparticles rather than forming
Zn(OH)2. The same concept was stated in a similar study using Staphylococcus aureus
to obtain ZnONPs via extracellular biosynthesis [103].
Further work reports the successful utilization of activated ammonia from
ureolytic bacteria (Serratia ureilytica) for ZnONPs production. The synthesis route
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proposed in this study for the formation of nanoparticles is based on the reaction of
zinc ions with the microorganism culture media, rich in ammonia producing Zn(OH) 2
and [Zn(NH3)4]2+. These substances are then submitted to thermal decomposition at
50 °C to obtain the crystalline ZnONPs powder [94].
Regarding the intracellular synthesis, the mechanism of formation definition can
be more challenging due to the complexity of the cell compositions and processes.
However, various studies believe that the cells internalize the metallic ions, which will
be reduced by the proteins and enzymes within the cell to form the nanoparticles
[125–127]. Klaus et al. [127], for example, used Pseudomonas stutzeri to obtain silver
nanoparticles with different shapes and identified their formation within the cell using
transmission electronic microscopy (TEM). A recent study observed the formation of
gold nanoparticles with sizes varying from 5-30 nm inside Lactobacillus kimchicus using
the same analysis [128]. Rajeshkumar et al. [129], on the other hand, compared both
intra and extracellular synthesis of silver nanoparticles and observed that it is more
difficult to regulate particle morphology, dispersion and size when synthesizing the
nanoparticles within the cells.
Similarly, it is also well known that microorganisms can internalize zinc (II) ions
[65–129–131]. Therefore, the intracellular biosynthesis of ZnONPs could be a plausible
mechanism route to obtain this nanomaterial. However, the literature indicates that
the extracellular formation is the most common route to produce ZnONPs using
bacteria cultures [94–99–101]. Figure 2.6 summarizes both extracellular and
intracellular mechanism of the biosynthesis of nanoparticles using bacteria, based on
the current literature. In contrast with the extracellular biosynthesis, the intracellular
route requires an additional process of cell lysis to release the nanoparticles from
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inside the microorganism [132]. Hence, this process becomes more time consuming
and expensive than the extracellular synthesis in which the metal ions are directly
reduced or chelated by the proteins and enzymes outside the cells.

Figure 2.6: Green synthesis of nanoparticles using bacteria cul tures

2.3.1.2 Green synthesis using fungi
The production of metal and metal oxides nanoparticles using fungal biomass or
culture has a similar mechanistic route as the one described for the green synthesis
using bacteria in Figure 2.6. Raliya et al. [104] successfully synthesized ZnONPs using
Aspergillus fumigatus cell culture. They suggested that the proteins and enzymes
secreted by this microorganism are responsible for the formation and encapsulation
of the nanomaterial. In addition, Kalpana et al. [105] also reported the extracellular
biosynthesis of ZnONPs using Aspergillus niger cell-free filtrate.
In comparison to the bacteria synthesis, it is believed that the fungus may have
superior potential for the green synthesis of nanoparticles since it can release higher
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concentrations of metabolites to the culture media than bacteria cells. Furthermore,
fungus cells seem to be more resistant to process conditions and variations such as
pressure, flow rate and stirring which enhance their potential use for large scale
synthesis [133–135].

2.3.1.3 Green synthesis using plants
Plants are the most common biological substrate used for the green synthesis of
nanoparticles with metallic ions [12–14]. This might be related to the fact that vegetal
substrates are believed to be more cost-effective, easy to process and less toxic than
microorganisms. Also, there is no exposure to health risks or concerns about safety
issues related to hazardous microorganisms during the process when using plantbased substrates. In addition, plant extracts can be obtained in a straight forward
manner by exposing the plant to a solvent, which is usually distilled water or ethanol
[136]. Different parts of the plant have been applied to this purpose such as leaves,
roots, seeds and fruits [22–24–28–112].
It is known that the plants have high concentrations of active compounds like
methylxanthines, phenolic acids, flavonoids and saponins [137–140]. These
compounds are more known as antioxidants as they can neutralize reactive oxygen
species (ROS) and free radicals and chelate metals [141]. Hence, it is concluded that
the antioxidants present in the plants are responsible for the green synthesis of metal
or metal oxides nanoparticles due to their capability to bioreduce or chelate metal ions
and to act as stabilizers of the produced nanoparticles [142–143].
Despite the knowledge of the phytochemical properties of the antioxidants,
plant extracts are constituted of an enormous variety of these active compounds in
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different concentrations [138–144–146]. This feature poses a problem to analytically
determine the exact amount of all molecules that are extracted from the plant.
Consequently, the definition of a precise mechanism route of the biosynthesis of metal
and metal oxide nanoparticles using vegetal substrates is still a challenge to be
surpassed.
Regarding the green synthesis of ZnONPs, published research suggest in theory
that the compounds present in the plant extract react with a zinc salt to reduce or to
form complexes with the metal [21–22–28–108–112]. Nava et al. [21] proposed a
mechanism route based on the chemical characteristics of the flavonoids, limonoids
and carotenoids that constitute the fruit peels used for obtaining the ZnONPs. In this
work, these antioxidants are believed to chelate the zinc ions and form metal
coordinated complexes that are further thermally treated to degrade the complex and
form zinc oxide with an average size of 9.7 nm.
Matinise et al. [22] established a similar mechanism where the antioxidants of
Moringa oleiferea leaves also chelate the zinc (II) ions which formed zinc oxide after a
calcination process. In this work, the plant extract and ZnONPs obtained with different
temperatures treatment (100 °C and 500 °C) were analyzed using Fourier transform
infrared spectroscopy (FTIR). The vegetal extract exhibited absorption bands typical of
bioactive compounds and the ZnO synthesized at 100 °C showed hydroxyl (–OH)
stretching bands that might be an indication of the formation of zinc complexes with
antioxidants during the synthesis. This result correlates with the findings of other
research groups, where FTIR absorption bands characteristic of bioactive compounds
were identified in the green synthesized ZnONPs [24–25–28–97–112].
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Conversely, when Eclipta alba leaves are utilized to produce ZnONPs, studies
have implied that zinc (II) ions are reduced by the plant active compounds to metallic
zinc rather than forming coordinated complex with them. After the bioreduction of
zinc, the metallic zinc reacts with dissolved oxygen present in the solution to form the
ZnO nuclei. It is also proposed that the plant compounds act as stabilizers preventing
agglomeration of particles and crystal growth [108]. Likewise, Sutradhar and Saha
(2017b) proposed the bioreduction of zinc (II) ions by ascorbic acid when using
Lycopersicon esculentum extract to obtain ZnONPs. Gupta et al. [147] biosynthesized
ZnONPs using plant extract and suggested that the metabolites that compose the
substrate are responsible for both the reduction of the metallic ions and particle
stabilization.
Figure 2.7 illustrates the possible mechanism routes described in the literature
for the green synthesis of ZnONPs using plant extracts, and some active compounds
are cited as examples of the substances frequently found in plants. Also, two different
mechanisms of ZnONPs formation are shown considering the ability of the active
compounds in chelating and reducing the zinc (II) ions, as previously discussed. In
addition, it is interesting to observe that, for metal oxide nanoparticles, the mechanism
route of metal complexation requires a thermal treatment to obtain the nanoparticles.
In contrast, the metal bioreduction produces the colloidal nanoparticle with the plant
extract without further treatment.
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Figure 2.7: Green synthesis of ZnONPS using plants extracts

2.3.1.4 Green synthesis using algae
Although algae are simple organisms, the phytochemical composition of algae
can be related to the composition of plant extracts. Active compounds containing
functional groups such as hydroxyl and carboxyl groups can be found in different
species of algae and their antioxidant activity has been reported [97–148–150]. In
addition, different studies identified the presence of such active compounds by FTIR
analysis in algae extracts when using them as substrates to green synthesize ZnONPs
[97–98–151].
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Therefore, the mechanism of formation of ZnONPs when using algae substrates
for the biological synthesis can be related to the mechanism of plants already
described and summarized in Figure 2.7, where active compounds such as polyphenols
and flavonoids act as reducing and stabilizer agents and/or chelating substances.

Properties of ZnONPs green synthesized
The main advantages of using a green route to obtain nanoparticles are the
environmentally friendly question, associated with the low cost and simple technique.
Nonetheless, the green synthesis of nanoparticles can also enhance the properties of
these nanomaterials due to the small size and shape obtained, and the specific
properties of the biological substrates used [12–15–152].
In the case of ZnONPs, the green synthesis route has been shown to improve
properties like antimicrobial activity [28], photocatalytic efficacy [153] and
biocompatibility [69]. Therefore, the green synthesized ZnONPs have great potential
to substitute conventional ZnONPs and to be applied on the development of
nanocomposites. For example, biosynthesized ZnONPs can be utilized in the
production of nanocomposites for anticancer and antimicrobial coatings in the
biomedical field and to improve the degradation of dyes, to name but two applications
[70–152–154–155].
Nanoparticles of similar metal oxides to ZnO were also obtained via biosynthesis.
For instance, SnO2 and CdO2 nanoparticles were successful obtained using plant extract
showing interesting properties, such as antimicrobial effect and potential to be applied
in solar cells [156–157]. Moreover, recent studies observed the potential of producing
binary composites based on ZnONPs using biological substrates. Rahmayeni et al.
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(2019) synthesized ZnO-CoFe2O4 using Nephelium lappaceum L. peel extract to
enhance the photocatalytic performance of ZnONPs. Honeycomb-like Ag-ZnO
nanocomposite was also obtained for photocatalytic purposes with Azadirachta indica
gum [159]. Likewise, Fuku et al. (2016) obtained ternary nanocomposites of CuO, Cu
and ZnO, using pomegranate peels to produce a nanoplatelet structured electrode.
Thus, the green synthesis has shown to be a promising alternative to easily obtain more
complexes nanostructures.
Numerous studies report the possibility of obtaining ZnONPs through a green
synthesis process using a variety of plants, fungus, bacteria and algae. Moreover, the
studies cited here indicate that these substrates act as reducing and stabilising agents
or as chelating substances despite its source. It is interesting to notice that besides the
difference between the compositions found in biological extracts, parameters such as
conditions of temperature, time of reaction, pH and concentrations, significantly alter
the final properties of the synthesized nanoparticles. Among these parameters and
according to the literature cited, the concentrations of both biological extract and zinc
source and the pH of the solution play a major role on the final properties of ZnONPs
obtained using green route.
Although the complexity of biological substrates still poses a challenge to
evaluate the green synthesis of nanoparticles, further investigations on the mechanism
of formation of the biological synthesis of ZnONPs are necessary to achieve a better
understanding of the chemical processes and reactions that occur during the synthesis.
It seems that with the designation of the mentioned mechanism, it will be possible to
control and optimize the green synthesis process, which is essential for the large-scale
production of ZnONPs. Hence, the rapidly advancing understanding of green synthesis
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described herein, indicate the enormous potential of ZnONPs for industrial production
using biological extracts in the near future.

2.4

Ilex paraguariensis
Yerba mate was firstly discovered by the indigenous in South America and was

scientifically identified in 1820 by the botanist August Saint-Hilaire as Ilex
paraguariensis, belonging to the Aquifolaceae family. This plant is widely used in the
southern region of South America to prepare a tea called “chimarrão” or “mate”,
depending on the region, which is done by the infusion of the leaves in hot or cold
water [161].
The habit of ingesting mate tea or “sacred leaf”, as the indigenous people called
it due to its stimulating activity, was cultivated by the Indians, who passed it on from
generation to generation and which ended up attracting the attention of the first
Spanish colonists who arrived in the region, and continued the tradition [162]. Figure
2.8 illustrates the Ilex paraguariensis tree.

Figure 2.8: a) Ilex paraguariensis tree b) Image magnified for visualization of the
leaves [161]
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With the increase in the consumption of chimarrão, yerba mate began to have
economic value. Today, Ilex paraguariensis plantations are important in the
agricultural sector in regions such as southern Brazil and part of Argentina, Uruguay
and Paraguay [163]. According to IBGE data, approximately 350 000 t of the herb were
produced only in Brazil in 2016 [164].
Yerba mate has been known since its discovery for its stimulating and
invigorating action [162]. With the advancement of science, researchers identified that
this resource was caused by the presence of methylxanthines, such as caffeine, one of
the main constituents of this plant [165]. Also, several studies on the chemical
composition of yerba mate and its benefits to human health have been performed in
recent decades [30].
Literature proposes that Ilex paraguariensis has neuroprotective and anxiolytic
properties [31], anti-inflammatory [32], antioxidants [30], helps to reduce obesity
[166], among others. In addition, Filip et al. [167] reported fungicidal activity of this
plant extract against Malassezia furfur, a fungus that causes damage to human skin.
In general, all the benefits above mentioned provided by Ilex paraguariensis to
human health come from the phenols, flavonoids, methylxanthines and saponins
present in this plant [30]. Table 2.2 shows the main chemical composition of Ilex
paraguariensis. However, the concentration of each chemical substance can vary
considerably according to the cultivation, climatic and soil conditions and extraction
method of the plant [168].
The antioxidant substances present in greater quantity in yerba mate are
chlorogenic acid, caffeic acid and rutin [169–170]. These compounds, together with
the other phenols and flavonoids that are present in yerba mate, are responsible for
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the high antioxidant property of this plant, which is already consolidated in the
literature [171–172].

Table 2.2: Main chemical composition of Ilex paraguariensis [30–33–169]

Group

Compound

Formula

Concentration
(mg g-1)

Chlorogenic acida

18.4 – 67.5

Caffeic acid

0.2 – 0.7

Ref.

[32–170–172]

Phenolic acids
[170–172]

Rutin

3.1 -12.4

[32–170–172]

Quercetin

1

[173]

Flavonoids

Methylxantines

Saponins

Caffeine

5.6 – 29.3

[32–171–172]

Theobromine

0.08 – 1.9

[171–174]

Theophyilline

NDc

[174]

Derivatives from
oleanolic acidb

2.4d

[175]

a

Chlorogenic acid have some isomers and derivatives with similar structural formula
R is the carbon radical that determines each type of saponin
c
Not detected
d
Expressed in terms of ursolic acid
b
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Thus, since Ilex paraguariensis has a high concentration of antioxidant
substances, it is evident the potential of this plant to be used in the synthesis of metal
nanoparticles and their oxides through a green chemistry approach. In this specific
work, yerba mate extract will be used for the green synthesis of zinc oxide
nanoparticles. To date, the use of yerba mate extract to produce zinc oxide
nanoparticles by green synthesis has not been observed in the literature.

2.5

Biocompatible materials
Although biomaterials have been used in medicine for a long time, studies on the

development of biocompatible materials have gained greater attention after World
War II, when doctors observed that soldiers who were injured by plastic materials did
not suffer serious illness or infection. After the 1950s, biomaterials began to be
extensively studied, mainly in the area of implants at first [176–177]. Nowadays, in
addition to implants [178], biomaterials are applied in several areas, such as contact
lenses [179], dental surgery [180], drug release [181], tissue regeneration [182], among
others.
In general, the term biocompatibility is defined as the ability of a material to be
inert to the human body without causing any damage to it for a determined period
[177]. However, with the advancement of technology and science, experts believe that
this statement must be redefined, as the requirements necessary for a material to be
applied to the human body vary according to its application and the reactions that can
occur in a specific area [176]. For Ratner [183], biocompatibility may be better defined
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as the ability of a material to create healing, reconstruction, and tissue integration at
a specific site of the human body.
The investment in the research of biocompatible materials has resulted in several
therapies and medical treatments, providing an important improvement in the quality
of life and also helping to increase the life expectancy of people [184]. Different types
of materials can be used in these treatments and therapies, such as metals, ceramics,
and polymers. However, polymeric materials and their composites are gaining more
visibility as biomaterials, as they have a variety of mechanical and chemical properties,
enabling their application in the most diverse areas of medicine, such as tissue
engineering, ophthalmology, dentistry, implants, among others [36].
Different polymers are considered to be biocompatible [185]. For instance,
polyethylene glycol (PEG) and polycaprolactone (PCL) can be used to release drugs,
since they are biodegradable [186]. On the other hand, composites containing
polymethylmethacrylate (PMMA) were developed for use as bone cement, due to its
high mechanical resistance [187]. Also, hydrogels of different polymers with at least
95% of light transmittance are used to produce contact lenses [188].
Thin films are another category of polymer material that is applied in the
biomedical field. These films become interesting as their properties can be significantly
changed to attend different requirements by modifying the combination of polymers
used for their production, thickness, and incorporation of other materials, such as
drugs or nanoparticles [189].
Polymer fibres scaffolds also play an important role in biomaterials development,
especially for tissue regeneration improvement. Such materials are considered an
excellent option for wound healing therapies, for example, as they provide a three54
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dimensional structure that mimics the extracellular matrix of natural skin tissue [190–
191].

2.6

Polyelectrolytes
Polyelectrolytes are polymers that have ionic or ionizable groups when in

solution. When different oppositely charged polyelectrolytes are in contact, the
formation of neutral polyelectrolyte complexes occurs through electrostatic
interactions [192]. Like all polymers, polyelectrolytes can be classified according to
their (1) origin, being natural or synthetic, (2) composition, called homopolymers when
formed by only one monomer, or copolymers, when formed by two or more
monomers, and (3) structure, being linear, branched or cross-linked [193].
Nonetheless, polyelectrolytes can also be classified according to their charge as
polycation (formation of positive ions in solution), polyanion (formation of negative
ions in solution), or polyanphoteros (formation of cationic and anionic groups
simultaneously). Another classification of polyelectrolytes divides them into polyacids
or polybasic. The determining characteristic of a polyacid is its ability to form a
polyanion when dissociated, whereas that of the polybasic is the formation of a
polycation [194]. The most common acid groups are carboxyl (-COOH) and sulfonic acid
(-SO3H) and the basic ones are amino groups (-NH2) [192].
A polyelectrolyte is considered strong when its charge density is independent of
the pH of the medium. Otherwise, a weak polyelectrolyte shows variations in the
charge density when subjected to different pH conditions [193–194]. The charge
density of polyacids and polybasic is related to the degree of ionization of the
polyelectrolyte, which represents the dissociation of a substance in solution. The
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greater the degree of ionization, the greater the formation of ions and, consequently,
the greater the charge density [194].
Strong polyelectrolytes are fully ionized in aqueous solution. Conversely, the
degree of ionization of weak polyelectrolytes depends on the balance of the reaction.
Equation (1) represents the equilibrium reaction for a weak acid HA, which can
dissociate to form an anion (conjugate base) and a hydronium ion [195].

+
𝐻𝐴(𝑎𝑞) + 𝐻2 𝑂(𝑙) ↔ 𝐻3 𝑂(𝑎𝑞)
+ 𝐴−
(𝑎𝑞)

(1)
The equilibrium constant Ka of the reaction at equilibrium state can be
determined using Equation (2), depending on the concentration of products and
reagents in the reaction equilibrium. This constant is usually expressed as its negative
cologarithm, called pKa (Equation (3)) [195]. When the pKa of a substance is equal to
the pH of the medium, the polyelectrolyte is 50% ionized. However, if the pH is
different from the pKa, the substance will have its balance shifted, presenting a higher
or lower degree of ionization [194].
[𝐻3 𝑂+ ] [𝐴− ]
𝐾𝑎 =
[𝐻𝐴]
(2)
𝑝𝐾𝑎 = −log 𝐾𝑎
(3)
In this work, poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) (PAH)
were used for the development of biomaterials. PAA and PAH are classified as weak
polyacid and weak polybasic, respectively, and their repetition units are shown in
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Figure 2.9. Despite that strong polyelectrolytes are fully charged at any pH condition,
the use of weak polyelectrolytes allows the manipulation of the charge density by
changing the pH of the medium, enabling the achievement of versatile properties and,
consequently, different applications, such as for the manufacture of sensors or the
release of drugs [196].

Figure 2.9: Repetition unit of PAA and PAH polyelectrolytes [194]

PAA forms a polyanion when the functional group -COOH ionizes to form the
carboxylate ion -COO-. The ionic form will predominate when the pH of the medium is
higher than the pKa, which varies between 5.5 and 6.5 for PAA under normal
temperature conditions (25 ° C). On the other hand, if the pH is below the pK a range,
the PAA will be found in the protonated form, that is, in the non-ionized form.
Furthermore, when submitted to a solution of pH equal to 10, the PAA will be fully
ionized, while it will be fully protonated at pH below 4 [194].
PAH has a pKa between 8.0 and 9.0, for solutions maintained at 25 ° C, and forms
the ion - NH3+ when ionized. This polybasic is in the most ionized form when exposed
to solutions with a pH below its pKa. At pH lower than 5.0, PAH is fully protonated,
while at pH greater than 11, this polybasic is found in a deprotonated form (-NH2)[194].
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2.7

Polymer thin films
In general, thin films have revolutionized several research areas, being used

mainly for surface treatment to improve properties such as resistance to corrosion and
abrasion, absorption, and permeability [197]. According to Web of Science, there has
been a considerable number of publications and citations of thin films since the 1990s,
which increased significantly since the year 2000. However, publications related to
polymeric thin films for biomedical applications have started to become more
significant since 2009 with a considerable increase since then, showing the potential
and importance of these thin films as a biomaterial.
Thin polymeric films can be used in the biomedical area as implant and catheter
coatings, preventing the formation of bacterial biofilms and, consequently, infections
to the patient [198–199], for drug release [200], through the incorporation of drugs
into the film, and for tissue engineering as they have versatile properties, such as
elasticity and mechanical resistance [201].
These thin films can be obtained using different methods. For example, plasma
polymerization is a complex method to obtain thin films as the monomers must be in
the gas phase or carried by a gas. Conversely, solvent casting methods, like spin coating
or dip coating are considered to be simpler, and require less energy consumption than
plasma, using a solid substrate and a liquid solution of the polymer [202].
Thin polyelectrolyte films containing multilayers can be obtained by combining
oppositely charged polyelectrolytes, forming nanometric layers of polycation and
polyanion, which are combined by electrostatic interactions [203]. One of the most
used techniques for obtaining these polyelectrolyte multilayer (PEM) thin films is the
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layer-by-layer method (LbL) by dip-coating, which is based on the deposition of
interleaved layers of a polycation and a polyanion [203–204].
This method is illustrated in Figure 2.10, in which (a) a substrate is immersed in
a solution containing one of the polyelectrolytes, which will be deposited on the
surface of that substrate. Then, (b) the substrate is immersed in a rinse solution to
remove excess polyelectrolyte that has not been fully adsorbed. After, (c) this
substrate containing the first layer of film is submerged in a solution containing a
polyelectrolyte with an opposite charge, forming a bilayer of the film. Finally, (d) the
substrate is immersed in another rinse solution to remove the non-adsorbed material.
This procedure is then repeated sequentially until the desired number of layers is
formed [203].

Figure 2.10: Deposition of thin films using the LbL process by dip coating. a)
Substrate is immersed in a po lyelectrolyte solution b) Subs trate is rinsed to remove
the excess of polyelectrolyte that did not adsorb c) Substrate containing the first layer
of the film is submerged in a solution of an opposite charged polyelectrolyte d)
Substrate is rinsed to remove excess of not adsorbed polyel ectrolyte [203].
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According to Choi and Rubner [194], the charge density of polyelectrolytes
changes the growth of the film and its thickness. When the polyelectrolytes are in a
more ionized state, the thickness of the layer will decrease as greater electrostatic
interaction between the layers takes place. However, any change in the charge density
in one of the polyelectrolytes can considerably increase the thickness of the film and,
consequently, its physical-chemical properties. Thus, the pH of polyelectrolyte
solutions is a determining factor for the synthesis of thin films.
In the biomedical field, thin films containing PAA and/or PAH in their composition
have the potential to be used in different applications, such as, for example, drug
release, bone tissue recovery, and antibacterial coatings [203]. For instance, Pallotta
et al. developed PAA/PAH thin films containing gold nanoparticles (AuNP) at pH 7.4
with 3 polyelectrolyte bilayers and observed the potential application of this material
as nanostructured medical devices [205].
Also, Pattabhi et al. [206] synthesized PAA and PAH films containing 29 and 30
layers at pH 7.4, being 29 with the last layer of PAH and 30 with the last layer of PAA.
They verified in this work that the synthesized films have biocompatibility and can be
used as a coating for implants. In addition, films containing PAA in the last layer
presented lower cytotoxicity. Oppositely, Sailer et al. [207] observed that using a
positive-charged polymer in the outer layer improved cell adhesion.
The number of bilayers of the polyelectrolyte film also influences the final
properties of the films. Despite altering the mechanical properties, as expected,
increasing the number of bilayers can alter the growth of cells on the surface of the
film and, consequently, its biocompatibility. According to Chien et al. [208], the
minimum number of bilayers necessary for a PAH/PAA film to fully cover the substrate
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are 4. However, with the increase of the bilayers, they observed a decrease in the
proliferation of osteoblast cells on the surface of the film, thus decreasing its
biocompatibility.
Similarly, Jaklenec et al. [209] evaluated the influence of the pH on cell
attachment in PAA/PAH films. The findings showed a consistent fibroblast cell
attachment when using PAA pH between 2.5 and 4.5 and PAH pH 5.5-9.0. However,
the highest cell adhesion was found in films built with pH 2.5 for both PAA and PAH
solutions. Conversely, a different study reported that using a combination of PAH pH
9.5 and PAA pH 3.0 resulted in a higher embryonic kidney cell attachment [207].
Although the mentioned studies have used different cell lines to assess the
cytotoxicity of PEM films, the biocompatibility of these films was found to be directly
associated and affected by the conditions used for film production, such as pH, number
of layers, and thickness.
Tristán et al. [210] have studied the interactions of polyelectrolyte multilayers
with proteins. According to the authors, the adsorption of glucose oxidase protein can
be tunned by varying the pH of the polyelectrolytes solution and is related to the
strength of electrostatic interaction between the PAA and PAH chains. This work
highlights the promising properties of PEM for drug-release and biosensors
applications.
Aiming for the improvement and the achievement of differentiated properties,
nanoparticles have been incorporated into thin polymeric films. In addition to the work
of Pallotta et al. [205], recent studies point to the use of silver nanoparticles to increase
the bactericidal potential of films and silica nanoparticles to improve the performance
of the film for drug release [211–212]. PAA/PAH thin films containing nanoparticles
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were also successfully prepared for hydrogen production and drug degradation, for
example, reporting new applications for PEM composite films [213–214].

2.8

Electrospun polymer fibres
A variety of techniques have been used to obtain polymer fibres. For instance,

wet spinning is a common method, where a polymer solution is injected using a
capillary tube into a chemical bath, precipitating the polymer through a chemical
reaction. A single fibre is then formed and continuously collected, according to the flow
rate of injection. Another common method is dry spinning, where a polymer solution
is extruded into hot air, which evaporates the solvent. Conversely, the melt spinning is
based on cooling molten extruded polymers. All these methods produce fibres with
microscale diameters ranging from 10 to 100 µm [215–216].
Polymer fibres with smaller diameters, varying from nano to microscale, can be
easily obtained using the electrospinning technique. This method is illustrated in Figure
2.11. Basically, a polymer solution is placed in a syringe-like vessel, where a high
voltage is applied to the capillary tube or needle. The polymer droplet at the end of
the tip becomes positively charged due to the power supply, forming a circular cone
shape, also known as the Taylor cone. Consequently, the tip of the cone experiences
an electrostatic repulsion, releasing a polymer jet at a controlled flow rate. Then, the
solvent starts to evaporate forming the polymer fibre, which spins in the direction of
the grounded collector (negatively charged) [215–217–218].
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Figure 2.11: Electrospinning method illustration [218]

Despite being a simple and low-cost technique, the diameter and morphology of
electrospun fibres can be modified by simply tunning the polymer solution viscosity
and concentration, solvent, power supply, needle size, and pressure applied to the
system. For example, polymer concentration directly affects the size and morphology
of the fibre. Studies report that low concentration forms a mixture of beads and fibres,
but uniform fibres can be achieved with the increase of this parameter. In addition, the
increase of concentration leads to a larger fibre diameter [219–220]. Polymer
concentration is also proportional to the viscosity of the solution. In extremely low
concentrations or viscosity, no continuous fibre is formed. However, in high viscous
solutions, no fibre is obtained, as the solution is not ejected from the needle. Figure
2.12 shows the photomicrographs of electrospun polyimide fibre in different
concentrations, evidencing the variation of its morphology and size [221].
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Figure 2.12: Photomicrographs of electrospun fibres produced with a
poly(vinylidene fluoride) concentration of a)16%, b) 20%, and c) 2 6% and d) the effect
on fibre diameter according to the polymer concentration [222]

The solvent to dissolve the polymer also plays an important role in the final
electrospun polymer fibre. Boas et al. [223] observed, for example, that a
concentration of 40% ethanol in water favoured the production of uniform
polyelectrolyte fibres, while no fibre was formed when using only water as solvent.
Conversely, electrospun polyvinyl alcohol (PVA) fibre dissolved in water results in highuniform fibres [224]. Thus, despite being a simple technique, the electrospinning
parameters must be carefully tuned to successfully achieve a uniform material.
Specific properties, like mechanical strength, hydrophobicity, biodegradability,
among others, can also be achieved by using a different range of polymers, from
synthetic to natural ones [215]. Regarding polyelectrolytes, they were reported to
improve fibre length consistency and its mechanical properties due to the electrostatic
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interaction of the charged polymer chains [223–225]. In addition, the combination of
polyelectrolyte and the electrospinning technique is expected to be not only an
alternative to the commonly LbL assembly used to obtain such complexes, as discussed
in section 2.7, but also to obtain a novel material by combining the polyelectrolyte
complexes and the electrospun fibre properties [226].
These features bring the electrospinning technique to applications in different
areas [227–228]. In the biomedical field, biodegradable and biocompatible polymers
are selected to produce electrospun scaffolds, and numerous studies report their
promising performance in drug delivery, cancer therapies, tissue engineering, among
others, as illustrated in Figure 2.13 [229–231]. In addition, electrospun fibres scaffolds
have unique characteristics for tissue engineering, as it forms a porous film with a
three-dimensional structure that mimics the natural extracellular matrix of tissues
[230].
Recently, the electrospinning technique has been successfully used for the
development of novel therapies for skin wound healing [191]. In general, electrospun
fibre scaffolds have good breathability, due to their porous structure, cell adhesion,
which is favoured by the similarity with natural skin tissue, and barrier properties
against pathogens. This last characteristic can be easily enhanced by the incorporation
of antimicrobial agents [232].
In fact, different substances can be incorporated into the electrospun fibre mats.
Usually, those substances are added to the polymer solution before the
electrospinning. However, if the substance affects the viscosity, homogeneity, or if
they are large and insoluble particles, they must be incorporated after the
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electrospinning process. In this case, the fibre is usually immersed in or sprayed with a
solution containing the substance of interest [191–231–233].

Figure 2.13: Biomedical applications of electr ospun fibres with emphasis on
wound healing [232]

For example, amoxicillin and hydroxyapatite have been incorporated into
poly(lactic-co-glycolic acid) (PLGA) to obtain antimicrobial scaffolds to avoid wound
infections [234]. Similarly, alternative substances to commonly used antimicrobial
drugs have also been incorporated into fibres, aiming not only to achieve an
antimicrobial scaffold but also to develop alternative solutions to drug-resistant
bacteria. Currently, metal and metal oxide nanoparticles and natural antimicrobial
substances extracted from plants have been incorporated in electrospun fibres with
this purpose [235–239].
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Methodology
This chapter describes the materials and methods used to synthesize and
characterize the biomaterials developed in this project and evaluate their potential for
biomedical applications.

3.1

Materials
The materials used to perform the green synthesis included zinc nitrate

hexahydrate (≥99.0%, Sigma-Aldrich), zinc acetate dihydrate (≥99.0%, Sigma-Aldrich)
and ethanol 99% (Dinâmica Química Contemporânea Ltda.). The Ilex paraguariensis
leaves were collected in the municipality of Caxias do Sul, RS, Brazil and identified at
the Natural Science Museum of University of Caxias do Sul (registration number
46.334). For the characterization of the leaves extract Folin Ciocalteau 2N (Dinâmica
Química Contemporânea Ltda), calcium carbonate P.A. (Dinâmica Química
Contemporânea Ltda.), Tris-hydrochloride (≥99.0%, Sigma-Aldrich) and 1,1-diphenyl2-picrylhydrazyl (DPPH, Sigma-Aldrich) were used.
Materials used to synthesize the fibres and the thin films include polyacrylic acid
25 % w/v solution (PAA, MW ~345,000, Polysciences) and polyallylamine hydrochloride
(PAH, MW ~17,500, Sigma Aldrich).
For the cellular tests the following materials were used: mouse fibroblast L929
cells, cell medium Dulbecco´s Modified Eagle’s Medium (DMEM, Sigma-Aldrich), fetal
bovine serum (FBS, Sigma-Aldrich), penicillin-streptomycin (P/S, Gibco-BRL), 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich), dimethyl
sulfoxide (DMSO, Sigma-Aldrich), GIEMSA staining (Sigma-Aldrich), rapamycin (Sigma68
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Aldrich), methanol (99.8%, Sigma-Aldrich), monoclonal anti-LC3A/B antibody (Cell
signaling – Autophagy kit), anti-mouse fluorescein isothiocyanate (FITC, Cell signaling
– Autophagy kit) and bovine serum albumin (BSA, Sigma-Aldrich).
The antimicrobial activity was performed using bacterial strains of
Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 35218. Bacteria cells
were cultured using Mueller Hinton broth (MHB, Lab M Limited) and resazurin sodium
salt (Sigma-Aldrich) was used to evaluate bacteria viability. Glutaraldehyde 50% w/v
solution (Alfa Aesar), phosphate buffer solution (PBS, Sigma Aldrich), and ethanol 99%
were used to prepare bacteria samples for microscopy analysis.

3.2

Green synthesis and characterization of zinc oxide nanoparticles

Ilex paraguariensis leaves extract preparation
The Ilex paraguariensis leaves were cleaned carefully with the following
sequence of rinses to remove impurity particles: tap water, 50% (v/v) ethanol/water
solution, and distilled water, respectively, at ambient temperature. At the end of this
procedure, the leaves were dried at 60 °C for 1.5 h and were ground in a knife mill
grinder in fine particles. The ground leaves were stored in an amber flask under
refrigeration (4 °C) for further use.
To obtain the plant extract, 100 g L-1 of the ground mate leaves were heated and
stirred with two different solvents: distilled water and a 50% (v/v) ethanol/water
solution. Three ranges of temperature and time of extraction were evaluated, from 25
to 100 °C and 10 to 30 min, respectively. The extract was then filtered and centrifuged
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for 20 min at 5000 rpm to remove particles of the medium and used on the same day
to avoid the degradation of the antioxidant substances.

Green synthesis of zinc oxide nanoparticles
Zinc salt (zinc nitrate or zinc acetate) in a Zn(II) concentration of 21.8 g L-1 was
added to 50 mL of the mate extract previously prepared. The solution was stirred for
1 h at room temperature and then heated for 4 h at 70 °C. After that, the mixture was
submitted to a hot air oven at 140 °C for 1 h, and finally calcinated at 400 °C for 1 h.
The resulting powder was collected for further characterization.
To evaluate the effect of the mate extract on the synthesis of ZnONPs, two
samples containing only zinc nitrate hexahydrate (named Nitrate) and zinc acetate
dihydrate (named Acetate) were calcinated under the same conditions used in the
green synthesis (400 °C, 1 h). Table 3.1 describes the samples synthesized and their
conditions. Only the sample prepared with zinc nitrate and ethanolic extract
(Nit_EtOHa) produced ZnONPs without the calcination process.

Table 3.1 Description of the ZnONPs samples synthesized

Sample
Nitrate
Nit_H2O
Nit_EtOH
NIt_EtOHa
Acetate
Act_H2O
Act_EtOH

Zinc source

Plant extract solvent
-

Zinc nitrate

Zinc acetate

H2O
50% (v/v) EtOH(aq)
50% (v/v) EtOH(aq)
H2O
50% (v/v) EtOH(aq)

Heat treatment
C
O+C
O+C
O
C
O+C
O+C

C: calcination; O: hot air oven
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Characterization of Ilex paraguariensis extract

3.2.3.1 Antioxidant activity
The antioxidant activity (AA) of the IP leaves extracts was evaluated through an
oxidation-reduction reaction of the free radical 1,1-diphenyl-2-picrylhydrazyl (DPPH),
following the method described by Yamaguchi et al. with slight modifications[240]. To
perform the analysis, 100 µL of the plant extract was added to 400 µL of
trishydrochloride 0.1 mol L-1 (pH 7.0) and 500 µL of a DPPH 0.5 mmol L-1 solution. The
control sample was prepared with the substitution of the plant extract by its solvent
(water or 50 % (v/v) ethanol/water solution). After 20 min of incubation in the absence
of light, the absorbance was measured in a UV-Vis spectrophotometer (Thermo
Scientific, model Evolution 60) at 517 nm. Results were expressed in percentual,
following Equation 4.

%𝐴𝐴 =

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑒𝑥𝑡𝑟𝑎𝑐𝑡
𝑥 100
𝐴𝑒𝑥𝑡𝑟𝑎𝑐𝑡
(4)

where,
AA = antioxidant activity (%);
Acontrol = control sample absorbance (arb. units);
Aextract = sample absorbance (arb. units).
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3.2.3.2 Total polyphenol content
The total polyphenolic content was determined following the procedure of
Singleton and Rossi with adaptations [241]. For this, 150 µL of the plant extract was
added to 750 µL of Folin-Ciocalteau 10% (v/v) reagent and 600 µL of calcium carbonate
7.5% (w/v). The mixture was slightly hand-shaken until homogeneous and incubated
at 55°C for 5 min. Then, at room temperature, the absorbance was measured in a UVVis spectrophotometer (Thermo Scientific, model Evolution 60) at 760 nm. Total
phenolic content was performed in triplicate and determined by comparison with a
standard curve of gallic acid (5, 25, 50, 75, and 100 μg mL-1) and expressed in terms of
micrograms of gallic acid per milliliter of plant extract (μgEAG mL-1).
The statistical significance among the samples was evaluated using variance
analysis (ANOVA) with Tukey test considering a confidence interval of 95%.

3.2.3.3 Determination of Ilex paraguariensis constituents by HPLC
The content of six main IP constituents was evaluated by high performance liquid
chromatography (HPLC, HP model 1100, column Lichrospher RP18 5 μm) equipped
with a UV detector operating at 272 nm and a quaternary pumping system. Prior to
the analysis, IP extracts were filtered through a membrane (Millipore, 0.45 μm). The
analysis in reverse phase mode was constituted of solvent A (Milli-Q water and 1% (v/v)
acetic acid) and solvent B (methanol). The mobile phase was pumped with 75% of
solvent A at 0.4 mL min-1 flux and the column was kept at 40 °C [171]. For the
quantitative evaluation, a standard calibration curve was obtained using standard
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solutions with a known concentration of the pure compounds (chlorogenic acid, caffeic
acid, theophylline, theobromine, rutin, and caffeine).

Design of the green synthesis mechanism

3.2.4.1 Cyclic voltammetry
ZnONPs synthesis mechanism was investigated through cyclic voltammetry using
a conventional three-electrode cell at room temperature and a potentiostat (Ivium
Technologies, model Compactstat.h) operating with a potential range from -1.7 to 0.0
V, scan rate of 50 mV s-1 and 1.0 mV step. Cyclic voltammograms were obtained with
a 3.0 mm glassy carbon working electrode, a platinum wire as a counter electrode, an
Ag/AgCl reference electrode, and KCl 0.1 mol L-1 as the electrolyte solution. The
concentration of Zn2+ ions and the plant extract was 0.1 mol L-1 and 50 g L-1,
respectively for all tests. The working electrode was polished with alumina powder and
cleaned with acetone in a 5 min ultrasonic bath prior to each analysis.
The cyclic voltammetry technique is based on the analysis of electrochemical
redox reactions, which generate an electric current due to the electron transfer that
occurs between the substances involved in the reaction [242]. Thus, to carry out this
experiment, a range of electric potential from -1.7 to 0 V was applied over the working
electrode of the electrochemical cell (Figure 3.1a), generating an electric current. Then,
when any electrochemical reaction occurs in this system, a change in this electric
current generated by the oxidation or reduction reaction is observed. The peak current
of the reduction or oxidation reaction for diffusional controlled process is given
according to the Rendles-Sevcik equation (Equation (5)), considering a temperature of
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25 °C [242]. Thus, voltammograms provide characteristic peaks of reduction and
oxidation for each element studied, as shown in Figure 3.1b.

𝑖𝑝 = 2.69x105 𝑛

1⁄
3⁄
1
2 𝐴𝐷 2 𝐶𝑜 𝑣 ⁄2
0

(5)
where,
ip = peak current (A);
n = number of electrons involved in the redox reaction;
A = electroactive area (cm2);
Do = diffusional coefficient (cm2 s-1);
Co= analyte concentration (mol cm-3);

a)

b)

Figure 3.1: a) electrochemical cell b) cyclic voltammogram [243]

Standard solutions of caffeine were reacted with the zinc precursors for
comparison with the green synthesis. It was used a concentration of 0.05 mol L -1 of
zinc salt and the concentration of the antioxidants were determined considering a 1:4
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molar ratio of Zn(II) to caffeine molecules. The first voltammetry cycle was runned in
a single cycle.

3.2.4.2 Fourier Transform Infrared Spectroscopy (FTIR)
The functional groups present in the substance resulted from the reaction of
caffeine and zinc acetate and pure caffeine were determined by FTIR spectroscopy
(Thermo Scientific, model Nicolet iS10) using KBr pellets. The spectra were obtained in
a range from 4000 to 400 cm- 1 with a resolution of 1.0 cm-1. Samples were vacuum
dried at 60 °C for 24 h prior to the analysis to remove any possible adsorbed water.

Characterization of zinc oxide nanoparticles green synthesized

3.2.5.1 X Ray Diffraction (XRD)
XRD patterns of the ZnONPs synthesized were obtained using a powder
diffractometer (Shimadzu, model XRD-6000) equipped with a Cu anode (Kα1 = 1,5406
Angstrom) in a range of 2θ from 20° to 80°, with an acquisition time of 5s. The
crystallite size was obtained using the Scherrer Equation [244] and with Match!
Software.

3.2.5.2 Field Emission Scanning Electron Microscopy (FESEM)
ZnONPs morphology was examined with a field emission scanning electron
microscope (TESCAN, model MIRA 3) equipped with an energy beam from 0.2 to 30
kV. All the samples were placed in an aluminum stub and were covered with a thin
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layer of gold by the sputtering method (Denton Vacuum, Desk V) for 30 s at 0.13 mbar
vacuum to perform the analysis.

3.2.5.3 Transmission Electron Microscopy (TEM)
The particle size of ZnONPs synthesized was investigated by the analysis of
images obtained in a transmission electron microscope (Jeol, model JEM 1200 EX II)
using a working voltage of 80 kV. The mean size of the particles was determined with
Image J software based on 15 readings within a single field of view[245].

3.2.5.4 Ultraviolet and visible spectroscopy (UV-vis)
The surface plasma resonance (SPR) and the energy band gap (Ebg ) of the green
synthesized ZnONPs were evaluated by UV– Vis spectroscopy in a wavelength range of
250–600 nm. ZnONPs were suspended in distilled water (200 mg L-1) and exposed to
an ultrasonic bath for 30 min. The band gap energy was obtained using the Equation
6:
𝐸𝑏𝑔 =

ℎ𝑐
λ𝑚𝑎𝑥
(6)

where,
h = Plank constant (6.63 × 10-34 J s);
c = velocity of light (2.99 × 10-8 m s-1);
λmax = maximum absorption wavelength
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3.2.5.5 Cell viability assay
Cellular cytotoxicity was evaluated by means of the MTT method. The L929 strain
of mouse fibroblasts was used according to the standard method described by ISO
10993-5 [246]. Cells were cultured in DMEM, supplemented with 10% (v/v) of FBS and
1% (v/v) of P/S. The cultures were maintained in a humid atmosphere at 37 °C with 5%
(v/v) CO2. The study was performed as cells reached 70–80% confluence. Briefly, cells
were seeded into the 96-well plates at a density of 5.0×104 cells mL-1. After 24 h, cells
were treated with different concentrations (1–80 μg mL-1) of the compounds and
incubated for 24 h. The compounds were solubilized in DMSO. Negative controls were
treated with the same amounts of 0.5% (v/v) DMSO solution.
The medium was removed and 1.0 mg mL-1 MTT dye in serum-free medium was
added to the wells. Plates were incubated at 37 °C for 2 h in a humidified controlled
atmosphere with 5% (v/v) CO2. Subsequently, the MTT solution was removed and the
obtained formazan violet product was dissolved in 100 µL DMSO for 30 min.
Absorbance was measured using a microplate reader (Molecular Devices -USA, model
Spectra Max 190) at 570 nm. All readings were compared with the negative control,
which represented 100% viability. The LC50 (concentration in µg mL-1 that inhibits cell
growth by 50%) was also calculated. Each experiment was performed in triplicate and
independently repeated at least four times.

3.2.5.6

Cellular morphological analysis

Mouse fibroblast cells (L929) were seeded into 24-well plates in similar
conditions to the cell viability analysis. After 24 h of treatment with different
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concentrations (1-25 µg mL- 1) of zinc oxide nanoparticles, the culture medium was
then removed and cells prepared for FESEM and optical microscopy analysis. To
perform the optical microscopy, the culture medium was removed after treatment,
and cells were dyed with Giemsa staining 1% (v/v). To perform FESEM analysis, after
removing the culture medium, cells were fixed with glutaraldehyde 2% (v/v) and
dehydrated with ethanol.

3.2.5.7

Indirect immunofluorescence analysis

L929 cells were seeded into 24-well plates containing coverslips. After 24 h
incubation, cells were treated with a range of different concentrations (5-15 μg mL-1)
of ZnONPs and incubated for 24h. Negative controls were treated with the same
amount of growth medium. Positive control received rapamycin (100 nmol L -1). Cells
were fixed with methanol at – 20 °C, blocked with 2% BSA for 1 h, and incubated with
the monoclonal anti-LC3A/B antibody (1:100 v/v) for 1h, followed by incubation with
secondary anti-mouse fluorescein isothiocyanate (FITC) (1:150 v/v) for 1h. The slides
were mounted with a coverslip and analyzed with a fluorescence light microscope
(Olympus, model BX43).

3.2.5.8 Antibacterial assay of zinc oxide nanoparticles
Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 25922 were
cultured and grown in an exponential phase in MHB medium at 37 °C. The viability of
bacterial cells when exposed to different concentrations of ZnONPs and the
electrospun fibre mats was analysed in a 96-well plate using the resazurin cell viability
assay. Resazurin indicates cell viability by changing from a blue to a pink colour upon
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chemical reduction resulting from aerobic respiration due to cell growth. Thus, the
reduction of the dye is proportional to the viable cells present in the solution and the
minimum inhibitory concentration is determined when no dye reduction occurs.
Overnight cultures of the two types of bacteria were diluted to a concentration
of approximately 1.0×104 colony-forming units per millilitre (CFU mL-1). An autoclaved
aqueous suspension of ZnO nanoparticles (10 mg mL-1) was diluted in MH broth in
different concentrations (from 15 to 100 µg mL-1). Then, 100 µL of different ZnONPs
suspension and 5 µL of the diluted bacteria were added to each well. Two controls
without nanoparticles were also included in each plate: a positive control (100 μL of
MH broth with 5 µL of the diluted bacteria) and, a negative control (only 100 μL of MH
broth). After overnight incubation at 37 °C, 15 µL of resazurin (0.15 mg mL-1) was added
to each well and mixed thoroughly for 2 h, and plates were then subjected to
absorbance measurement at 600nm. The test was performed in two individual
triplicates.

3.3

Thin films development
The thin films were developed on glass substrates which were carefully cleaned

prior to the deposition of polymer layers according to the following sequence: Extran
10 % v/v solution under sonication for 10 min, immersion on a NaOH 0.1 mol L-1
solution for 10 min, immersion in acetone/ethanol 1:1 solution and carefully rinsed
with dH2O water.
Aqueous solutions of PAH and PAA were prepared in distilled water in a
concentration of 0.05 mol L-1 regarding their monomer molecular weight. PAA solution
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was set to pH 4.0, while the pH of the PAH solution was varied. NaOH 0.01 mol L-1 and
HCl 0.01 mol L-1 solutions were used to adjust the pH.
The deposition of each layer was done using the dip-coating method in automatic
equipment (Nanostrata, Stracto Sequence VI) following the method developed by Faria
et al. with adaptations. First, the glass substrate was immersed in a PAH 0.05 M
aqueous solution for 15 min, then it was rinsed three times in distilled water (dH2O)
during 60s, 30 s, and 30 s, respectively. The second layer was then deposited by
submerging the substrate in a PAA 0.05 mol L-1 aqueous solution for 15 min and then,
rinsing in dH2O as previously mentioned. This procedure was repeated consecutively
until obtaining 21 layers and is illustrated in Figure 3.2.

Figure 3.2: LbL process to obtain the thin films

To improve the antimicrobial activity of the thin films, the green synthesized
ZnONPs were added in the polycation solution (PAA) while aqueous plant extract was
added in the polyanion solution (PAA). To obtain a homogeneous suspension of
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nanoparticles in the PAH solution, after the addition of ZnONPs the solution was
sonicated for 15 min and then stirred for 30 min. The aqueous plant extract was added
to the PAA solution and stirred for 30 min. A design of experiments was performed to
evaluate the influence and interaction of 1) the presence of Ilex paraguariensis, 2)
ZnONPs concentration, and 3) the pH solution of the polycation solution in the
structure and properties of the thin films.
The use of experimental design based on statistical criteria allows us to evaluate
the simultaneous influence, or interaction, between two or more independent
variables. In addition, through the determination of these interactions, it is possible to
optimize processes and build empirical models. The most well-known factorial design
is 2k, in which the number of factors (k, variables) is investigated at two levels (values),
low (-1) or high (+1). To carry out a complete factorial design, all possible combinations
of factor levels are tested. For example, for planning 22 (two levels and two factors) 4
experiments will be carried out [247].
However, a two-level factor implies that there is a linear correlation between the
factors and the response. Thus, to evaluate the curvature of the independent variables
and the response of the statistic model, a center point can be added to the design of
the experiment. The center point is determined as the middle value between the lower
and upper levels. This statistical model also allows replicating only the center point to
report the experimental error of the model, as replicating every sample might be
expensive and time-consuming [247].
In this work, a 23 design of experiment with a center point was performed, in
which the factors and levels are reported in Table 3.2 while a detailed list of the
samples prepared is presented in Table 3.3. All the experiments were performed in
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random order to minimize the experimental errors and the analysis was performed
using Statistica 64 software.

Table 3.2: Design of experiments for thin films production

Factors
PAH pH
ZnO (g L-1)
IP (g L-1)

-1

Levels
0

+1

5.5
1
0

7.0
2
25

8.5
3
50

Table 3.3: Thin films samples

Sample

PAH pH

ZnO (g L-1)

IP (g L-1)

TF1
TF2
TF3
TF4
TF5
TF6
TF7
TF8
TF9
TF10
TF11

5.5
8.5
5.5
8.5
5.5
8.5
5.5
8.5
7.0
7.0
7.0

1.0
1.0
3.0
3.0
1.0
1.0
3.0
3.0
2.0
2.0
2.0

0.0
0.0
0.0
0.0
50
50
50
50
25
25
25

Characterization of thin films

3.3.1.1 Dynamic light scattering (DLS)
The sizes of the ZnONPs agglomerates when varying their concentration and
solution pH were determined in an aqueous suspension of 5 mmol L −1 PAH by the DLS
technique in a 180° NANO-flex® Particle Metrix instrument with an acquisition time of
90s and considering a refractive index of 2.03. Each solution was sonicated for 15 min
before the analysis.
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3.3.1.2 Zinc quantification by inductively coupled plasma – optical emission
spectrometry (ICP-OES)
The amount of ZnONPs absorbed in the thin films was quantified by means of
zinc concentration using ICP-OES, according to Standard Methods EPA 3050b (1996)
[248]. The test was performed using a sample with 30 cm2 deposited in glass slide.

3.3.1.3 Antimicrobial activity
The viability of bacterial cells when exposed to the different thin films was
evaluated against Staphylococcus aureus ATCC 25923, which was cultured and grown
in an exponential phase in MH broth medium at 37 °C. For this, an overnight culture of
the bacteria was diluted to a concentration of approximately 1.0×104 colony forming
units per milliliter (CFU mL-1). Then, 0.5 cm2 of the different thin films was incubated
with 100 µL of MH broth and 5 µL of the diluted bacteria. Two controls without the
thin film were also included in each plate: a positive control (100 μL of MH broth with
5 µL of the diluted bacteria) and, a negative control (only 100 μL of MH broth). After
overnight incubation at 37 °C, the samples were serial diluted and 20 µL of the dilutions
were spread in MH agar plates and incubated at 37°C. In the following day, the bacteria
colonies were counted, and the results compared with the positive control.
For a faster evaluation, the antimicrobial activity of the thin films built with
additional layers (81 and 121 layers) was assessed using the resazurin methodology.
For this, after overnight incubation with the bacteria, 15 µL of resazurin (0.15 mg mL- 1)
was added to each well and mixed thoroughly for 2 h. The thin films were then
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removed from the solution and the plates were subjected to absorbance measurement
at 600nm.

3.3.1.4 Field emission scanning electronic microscopy (FESEM)
The morphology of the thin films was examined with a field emission scanning
electron microscope (TESCAN, model MIRA 3, Brno, Czech Republic) equipped with an
energy beam of 10 kV. Prior the analysis, the samples were placed in an aluminium
stub and were covered with a thin layer of gold by sputtering method (Denton Vacuum,
Desk V, Moorestown, NJ, United States of America) for 30 s at 0.13 mbar vacuum to
perform the analysis.

3.4

Electrospun fibres development
A polymer solution was prepared by first mixing 1.6 mL of PAA with 0.4 mL of

ethanol/water 40% v/v. Then, 0.11g of PAH was added to the solution and mixed until
homogeneous. The PAA/PAH solution was electrospun using a 0.9 needle and an
electrical potential of 10 kV. A fixed working distance from the tip of the needle to the
stainless-steel plate of 10 cm was used and the pressure was kept between 0.015 and
0.020 bar. A scheme of the electrospinning process is illustrated in Figure 3.3.
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Figure 3.3: Production of electrospun PAA/PAH fibres

The fibre mat was then collected from the stainless-steel plate and annealed at
140 °C for 6h for polymer crosslinking [223]. After cooling to room temperature, the
electrospun polymer blend was placed in 20 mL of a ZnONPs aqueous solution (1 g L-1)
for 40 min. The solution was then removed and the fibre mat dried for 2h at 37°C.

3.5

Characterization of electrospun fibres

Field emission scanning electron microscopy (FESEM) coupled with
energy dispersive spectroscopy (EDS)
The morphology of the fibre was examined with a field emission scanning
electron microscope (TESCAN, model MIRA 3, Brno, Czech Republic) equipped with an
energy beam of 10 kV. Prior the analysis, the samples were placed in an aluminium
stub and were covered with a thin layer of gold by sputtering method (Denton Vacuum,
Desk V, Moorestown, NJ, United States of America) for 30 s at 0.13 mbar vacuum to
perform the analysis. EDS analysis of Zn was performed coupled with FESEM using a
silicon drift detector (SDD). The mean diameter of the fibres were determined using
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the Image J software [245], considering the measurements of 15 fibres within a single
field of view.

Zinc quantification by inductively coupled plasma – optical emission
spectrometry (ICP-OES)
The amount of ZnONPs absorbed in the fibres was quantified by means of zinc
concentration using ICP-OES, according to Standard Methods EPA 3050b (1996) [248].

Fourier transform infrared spectroscopy (FTIR)
The interaction of the electrospun PAA and PAH polymers was addressed by FTIR
spectroscopy (Perkin Elmer, Waltham, MA, USA). Cast films of pure PAA and PLA were
also analysed for comparison. The spectra were registered in a range of 4000 to 650
cm−1 and a resolution of 1 cm−1 was employed.

Antimicrobial assay of electrospun fibres
To evaluate the antimicrobial activity of the fibre mats, where 0.5 cm2 of
PAA/PAH/ZnONPs and PAA/PAH fibres were incubated in a 96-well plate with 50 μL of
MH broth and 2.5 μL of bacteria solution (1x104 CFU mL-1) prepared as previously
described (item 3.2.5.8). After overnight incubation at 37°C, 7.5 μL of resazurin was
added to each well and incubated for a further 2h. Then, the fibres were removed, and
the absorbance was measured at 600 nm. A positive control (50 μL of MH broth and
2.5 μL of bacteria solution) and negative control (50 μL of MH broth) were included in
each plate and the tests were performed in two individual triplicates.
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Microbial adhesion to the fibres was evaluated using SEM analysis. For this, the
antimicrobial test was performed as described above, but without the addition of
resazurin. Thus, after overnight incubation, the media was removed from the wells and
bacteria cells were fixed with 3% glutaraldehyde solution in PBS (v/v) for 15 min at 4 °C,
following a sequence of dehydration with 30, 50, 70, 90, and 100% (v/v) ethanol
aqueous solutions for 10 min. The fibre mats were then kept in a desiccator until the
analysis was performed. The samples were gold-coated in sputtering equipment
(Baltec model SCD 005, USA) for 110 sec at 0.1 mbar before the SEM analysis in high
vacuum mode with a maximum beam voltage of 9 kV and back-scattered electron
mode.
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Green synthesis and characterization of zinc oxide nanoparticles
4.1

Introduction
Nanotechnology is a growing field of science and researchers believe that the

use of nanomaterials will increase considerably in a variety of new areas [1–4]. Within
this context, zinc oxide nanoparticles (ZnONPs) have been widely investigated due to
their unique physical, chemical, and optical properties that enable them to be utilized
in a variety of technological applications, including novel biomedical devices and
therapies [5–8]. More specifically, ZnONPs enhanced the efficacy of bone regeneration
when incorporated into polymer scaffolds by inducing early mineralization and
preventing infections due to their antibacterial activity [34]. This nanomaterial has also
been investigated for its wound healing performance. The incorporation of ZnONPs on
polymeric beads, for example, led to faster wound closure and avoided the formation
of microbial biofilms on the skin [249]. This characteristics corroborates with the
findings of related studies [70–152–206–250–251].
The toxicity of ZnONPs for use in human health applications is still a subject of
discussion, as nanomaterials have different toxicity mechanism routes, such as
reactive oxygen species (ROS) production, cell internalization, and metal ions release,
among others, which can affect human cells in different manners compared to the bulk
material form [252]. Recent developments on this topic have been made, and the
cytotoxicity of oxide nanoparticles is now known to be not only dose-dependent but
also associated with properties like size, morphology, and surface characteristics [253–
255].
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Several methods are applied to obtain these nanomaterials through chemical,
physical, or biological synthesis [9–10]. However, the biological approach has gained
much attention as it is more environmentally friendly than conventional methods,
considering that it substitutes hazardous solvents with plant extracts, and can improve
the properties of the nanomaterials. Commonly known as green synthesis, many plant
extracts have been used to synthesize metal and metal oxides nanoparticles with
enhanced properties [12–20]. Although the mechanism of formation of nanoparticles
through green synthesis is not completely understood, it is believed that antioxidant
compounds present in the plant, such as flavonoids and polyphenols, reduce or form
coordinated complexes with the targeted metal [21–23].
Many plant extracts have been applied to the green synthesis of ZnONPs [16–
22–24–27]. Gunalan et al. [28], for example, used Aloe vera extract and obtained
ZnONPs with enhanced antibacterial effect in comparison to ZnONPs synthesized by
chemical method. Shahriyari Rad et al. [29] also confirmed the antimicrobial activity of
ZnONPs obtained using Menta pulegium L. leaves. Nava et al. [21] obtained ZnONPs
using fruit peel extract for photocatalytic degradation of dyes with enhanced
degradation rate than ZnONPs commercially available.
In this work, we report the green synthesis of ZnONPs and its optimization using
Ilex paraguariensis leaves extract. This plant, also called mate, is commonly found in
the south of Brazil, Uruguay, and Argentina, where it is used to prepare a traditional
tea [30]. Anxiolytic, neuroprotective, and anti-inflammatory properties have been
described in mate tea and have been associated with a variety of antioxidant
compounds found in the plant, which include chlorogenic acid, caffeic acid, and
caffeine [31–33].
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Although many tea extracts have been used for synthesizing ZnONPs [256–
258], this is the pioneer work where Ilex paraguariensis leaves was used to obtain
ZnONPs . In addition, even though much research has designed a probable mechanism
route for the green synthesis, none have used cyclic voltammetry to evaluate and
confirm it. In this sense, this work contributes to a better understanding of the green
synthesis of ZnONPs at a molecular level, which is essential to develop and implement
a sustainable large-scale production of nanoparticles. Moreover, a careful study on the
cytotoxicity and cell internalization of ZnONPs was performed to evaluate their
application in the biomedical field.

4.2

Characterization of Ilex paraguariensis leaves extract
Antioxidant activity (AA)
In this method, the antioxidant substances present in the IP extract reduce the

DPPH radical, according to the reaction shown in Figure 4.1, causing a colour change
of the solution from violet to yellow.

Figure 4.1: Reduction reaction of the DPPH radical

Initially, the AA was examined for three different conditions of temperature
extraction: 25 °C, 50 °C, and boiling point, approximately 80 °C for the 50% (v/v)
ethanol/water extraction, and 100 °C for water. Extraction time was set as 30 min to
perform this analysis, and the results are shown in Table 4.1. According to this test,
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both extracts examined have high AA, scavenging 70-80% of the free radical used in
this analysis (DPPH), which goes in agreement with other studies previously reported
[171–172].
In relation to the aqueous extract, increasing the temperature of extraction
resulted in a slight increase in AA. However, the AA of the ethanolic extract enhanced
significantly from 25 °C to 50 °C, while not showing variation from 50 °C to the boiling
point. In this sense, a temperature of 50 °C was selected to prepare the plant extract
for green synthesis.

Table 4.1: Ilex paraguariensis extract antioxidant activity for different extraction
temperatures

Temperature
(°C)
25
50
Boiling point

Antioxidant activity (%)
H2O
50% (v/v) EtOH(aq)
a75.4

± 0.1
b78.3 ± 0.3
c82.1 ± 0.5

a69.1

± 2.0
± 0.7
b80.4 ± 0.7
b80.0

*Means with different letters in the same column are significantly different (p < 0.05)

Subsequently, the influence of extraction time was investigated using
extraction times of 10, 20, and 30 min, keeping the temperature at 50 °C. Table 4.2
shows the results of the AA of the IP extract with variations on the extraction time.
Most of the antioxidant compounds were extracted during the first 10 min. The
increase in the time of extraction slightly enhanced the antioxidant activity of the plant
extract, except when augmenting the extraction time from 20 to 30 minutes for the
50% (v/v) EtOH(aq) solution, in which no significant changes in AA were observed.
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Table 4.2: Ilex paraguariensis extract antioxidant activity for different
extraction time intervals

Time (min)
10
20
30

Antioxidant Activity (%)
H2O
50% (v/v) EtOH
a73.4

± 0.7
b75.9 ± 0.9
c78.3 ± 0.3

a77.8

± 0.3
± 0.7
b80.1 ± 0.7
b80.0

*Means with different letters in the same column are significantly different (p < 0.05)

Total polyphenolic content
The polyphenols present in the plant extract reduce the molybdenum found in
the reagent Folin-Ciocalteu, which causes a colour change, through the formation of
coordination compounds, from yellow to blue. Figure 4.2 shows this reaction with gallic
acid.

Figure 4.2: Reaction between Folin -Ciocalteu reagent and gallic acid

Total polyphenolic content was evaluated at the same conditions used in the
AA test. The results of total phenolic content present in the IP extracts in each
extraction temperature examined are shown in Table 4.2 in terms of equivalent acid
gallic concentration (EAG). The increment in temperature from 25 °C to 50 °C enhanced
the total polyphenolic content significantly for both aqueous and 50% (v/v) ethanol
aqueous extracts. On the contrary, the change in temperature from 50 °C to the boiling
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point did not result in a considerable enhancement of the total phenolic content. These
results agree with the AA test, where the temperature of 50 °C showed to be most
efficient, extracting almost the same amount of antioxidant compounds as in the
extraction performed in the boiling point temperature.
Table 4.3 Total phenolic content of Ilex paraguariensis extract varying the
extraction temperature

Temperature (°C)
25
50
Boiling point

Total polyphenolic content (μg EAG mL-1)
H2O
50% (v/v) EtOH(aq)
a204.5

± 3.4
b309.8 ± 2.7
b318.6 ± 6.9

a161.6

± 1.4
± 6.0
c338.1 ± 3.2

b316.6

*Means with different letters in the same column are significantly different (p<0.05)

Subsequently, the total phenolic content of IP extracts was assessed at
different extraction times (Table 4.4). As observed in the AA test, the majority of
polyphenolic substances were extracted during the first 10 min of extraction.
To the aqueous extraction, the phenolic content yielding was optimized by
approximately 6% by increasing the extraction time from 10 to 20 min. However, a
longer extraction time (30 min) promoted a reduction of the total polyphenolic
content, indicating polyphenolic decomposition. Conversely, the 50% (v/v) ethanol
solution enhanced the total polyphenolic content to ca. 9.5% when expanding the
extraction time from 10 to 20 min and 8% from 20 to 30 min.
Table 4.4 Ilex paraguariensis extract total polyphenolic content for different
extraction time intervals

Time (min)
10
20
30

Total polyphenolic content (μg EAG mL-1)
H2O
50% (v/v) EtOH
a300.2

± 8.3
b319.7 ± 4.3
a,b309.8 ± 2.7

a266.5

± 8.8
b292.1 ± 4.4
c316.6 ± 5.9

*Means with different letters in the same column are significantly different (p<0.05)
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Therefore, considering the results of the AA and total polyphenolic content, the
extraction time of 20 min was chosen to be optimal to prepare the IP extract for the
green synthesis of ZnONPs.

Determination of selected Ilex paraguariensis constituents by HPLC
The concentration of six main compounds present in IP leaves was quantified
by HPLC in both aqueous and ethanolic extracts (Table 4.5). Plant extracts were
prepared following an extraction time of 20 min at 50 °C.

Table 4.5: Concentration of the main Ilex paraguariensis compounds determined
by HPLC

Substance
Chlorogenic
acid
Caffeic acid
Caffeine
Theophylline
Theobromine
Rutin

H2O

Concentration (µg mL-1)
50% (v/v) EtOH

42.86 ± 0.68

47.96 ± 1.27

7.18 ± 0.02
541.39 ± 0.72
13.22 ± 0.35
111.00 ± 0.92
n.d.

7.53 ± 0.09
654.22 ± 0.99
28.26 ± 0.64
125.44 ± 0.72
n.d.

n.d. = not detected

In comparison to the aqueous extract, the 50% (v/v) ethanol extract exhibited
a higher concentration of the substances evaluated, mainly for caffeine, theophylline,
and theobromine. This result agrees with the work of Vieira et al. [259], where ethanol
increased the extraction of antioxidants substances compared with the extraction
performed exclusively with water. The substance rutin, commonly found in IP leaves
was not detected in either of the extracts with the applied methodology. Converse to
our findings, Berté et al. [171] reported that chlorogenic acid was the main antioxidant
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present in the mate leaves, followed by caffeine and theobromine. Anesini et al. [172]
have also found a major state for chlorogenic acid in commercial IP leaves; however,
the rutin content showed to be higher than caffeine. Nonetheless, the concentration
of antioxidants is significantly affected by climate, leaves age, soil characteristics,
extract conditions, and others [260–261].

4.3

Evaluation of the green synthesis mechanism
Cyclic voltammetry
Cyclic voltammetry was performed in the samples Nit_EtOH, Nit_H2O,

Act_EtOH, and Act_H2O (before heat treatment) to evaluate the mechanism of
formation of ZnONPs. This analysis observes a change in the current when reduction
or oxidation reactions occur in a system due to the transference of electrons. The cyclic
voltammetry test was performed from the highest to the lowest potential, i.e., from
the reduction to oxidation potential. Equation (6) illustrates the oxidation-reduction
reactions for zinc:
𝑍𝑛0 → 𝑍𝑛2+ + 2𝑒 − (oxidation)
𝑍𝑛2+ + 2𝑒 − → 𝑍𝑛0 (reduction)
(6)
Several studies support the idea that antioxidant compounds present in plants
have the capacity of forming complexes with or reducing metal ions [12–21–108].
Thus, if the Zn(II) ions were reduced by the mate extract, only an oxidation peak will
be visualized. Conversely, if the Zn(II) ions are free in solution, both reduction and
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oxidation peaks will be observed, and if the Zn(II) ions were complexed by the plant
extract, no peak will be observed as no redox reaction will take place.
Figure 4.3 shows the voltammograms of the 50% (v/v) ethanol and aqueous
extracts with a concentration of 50 mg L-1 in KCl 0.05 mol L-1. Oxidation and reduction
peaks were not observed for the IP extract solutions in comparison to the electrolyte
voltammogram, which indicates that no electrochemical reaction occurred.

Figure 4.3: Voltammograms of Ilex paraguariensis extracts

Figure 4.4a shows a typical zinc nitrate voltammogram where the peaks
between –0.7 V and –1.0 V are related to the oxidation-reduction reaction of Zn(II),
and the peaks between –1.0 and –1.25 V are related to the redox reaction of the nitrate
ion, corroborating with the literature [262–263]. The cyclic voltammograms of
Nit_EtOH and Nit_H2O (Figure 4.4b) suggest that Zn(II) were complexed by both mate
extracts as no peak was observed in comparison to the electrolyte (KCl 0.1 mol L -1).
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Figure 4.4: Cyclic voltammograms: (a) zinc nitrate 0.1 mol L - 1 ; (b) Nit_EtOH and
Nit_H 2 O containing 0.1 mol L - 1 of zinc nitrate in 100 g L - 1 mate extract

Different from the samples with zinc nitrate, the samples Act_EtOH and
Act_H2O (Figure 4.5a and Figure 4.5b) displayed peaks of reduction and oxidation, but
with a lower current than the pure zinc acetate solution. The peak current is linearly
proportional to the concentration of the targeted substance (Zn(II) in this case) [242].
Figure 4.5c indicates the linearity relation between the peak current and zinc acetate
concentration of the standard solution.
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Figure 4.5: Cyclic voltammogram: (a) zinc acetate 0.1 mol L - 1 ; (b) Act_EtOH and
Act_H 2 O containing 0.1 mol L - 1 of zinc acetate in 100 g L - 1 mate extract; (c) linear
relation between peak current and zinc acetate concentration
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From this relation, the concentration of zinc acetate that was reduced in the
Act_EtOH and Act_H2O samples was determined as 0.041 mol L-1 and 0.008 mol L-1,
respectively, with the remainder complexed by the antioxidants of the mate extract.
Thus, considering the concentration of zinc that did not undergo the redox reaction,
only 71% of zinc available in the sample Act_EtOH and 95% in sample Act_H2O was
possibly complexed by the mate extract.
In general, Zn(II) can form coordinated complexes with nitrogen, sulfur,
halogens, and oxygen ligands, resulting in complexes with tetrahedral (sp3
hybridization) or octahedral (sp3d2 hybridization) geometry, being the octahedral the
less thermodynamically stable form [264]. Antioxidant compounds available in plant
extracts usually have hydroxyl groups (from phenolic compounds) in their composition
or atoms with lone electron pairs, such as nitrogen and oxygen (methylxanthines) that
will form metal complexes by originating an anion or by the element with a lone
electron pair.
Methylxanthines are found in high concentrations in mate extracts [171–259–
265]. Thus, the mechanism of formation of the green synthesis of ZnONPs here
developed is based on the molecular structure of this group of active compounds and
is shown in more detail in Figure 4.6. According to the HPLC results, caffeine is the
methylxanthines with the highest concentration in the plant extract used in this study.
This substance has one dissociation site, where a lone pair of electrons in the nitrogen
reacts to form the respective conjugated acid of caffeine as indicated in Figure 4.6
[266]. Besides, several studies report the formation of complexes of Zn(II) and caffeine
and Zn(II) and theophylline, supporting the mechanism proposed here [266–270].
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Figure 4.6: ZnONPs mechanism of formation v ia green synthesis

The formation of these complexes was further evaluated using pure solutions
of caffeine. Figure 4.7 shows that the cyclic voltammograms of caffeine with zinc
nitrate and zinc acetate have the same pattern of the solutions prepared with the mate
extracts, confirming the involvement of this methylxanthine compound on the green
synthesis of ZnONPs. In addition, the analysis with zinc acetate (Figure 4.7b) also
indicates that zinc salt did not react completely with the antioxidant, corroborating
with the results observed in Figure 4.5b.
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Figure 4.7 Cyclic voltammetry of caffeine solutions reacted with (a) zinc nitrate
and (b) zinc acetate

According to the calibration curve of zinc acetate (Figure 4.5c) approximately
60% of the Zn(II) in the Act_EtOH_caffeine and 70% in the Act_H2O_caffeine were
complexed by caffeine, which is lower than the concentration obtained in the analysis
of the green synthesis. However, the mate extract has different types of active
compounds, which might have improved the formation of complexes when using the
plant extract instead of the pure caffeine solution.
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Fourier transform infrared spectroscopy
Figure 4.8 shows the FTIR spectra of Act_EtOH_caffeine in comparison to pure
caffeine. Caffeine illustrates a broad and weak peak at 3460 cm - 1 related to the OH
stretching and two weak peaks at 3115 cm-1 and 2950 cm-1 associated with the
vibration of CH and CH3 bonds. The peaks at 1700 cm-1 and 1655 cm-1 represent the
symmetric and asymmetric vibration of C=O of ketones, respectively, and a strong peak
at 1550 cm-1 indicates the presence of C=C and C=N groups. At 1240 cm-1, a strong and
narrow peak indicates the vibration of CH bend and CN stretching. The peaks at
973 cm-1 and 645 cm-1 are associated with ring deformation while the weak peak at
860 cm-1 is related to the wagging of CH bonds [270–272].

Figure 4.8: FTIR spectra: (a) Act_EtOH_caffeine; (b) caffeine

Regarding the Act_EtOH_caffeine, a broad and strong peak at 3440 cm-1 is
related to the vibration of OH indicate the presence of water in the complex structure.
Also, the appearance of both peaks associated with the vibration of –C=O groups (1700
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cm-1 and 1650 cm-1) indicates that complexation of Zn(II) did not occur via the oxygen
atom. The weak band at 2358 cm-1 is associated with atmospheric carbon dioxide.
An analysis of specific peak areas was developed to evaluate the difference
associated with the transmittance and presence of functional groups between the two
substances (Table 4.6). The vibration of CH3 (1405 cm-1) was taken as a reference as
the methyl groups should not be affected by the Zn(II) complexation, once they are
radicals attached to the main structure of the caffeine molecule. Peak areas were taken
considering the same wavenumber interval.
Table 4.6: Ratio of peak areas of FTIR spectra of caffeine and Act_EtOH_caffeine
samples
Peak area (Pa)

Ratio Pa/Pa (1405 cm-1)

Wavenumber
(cm-1)

Caffeine

Act_EtOH_caffeine

Caffeine

Act_EtOH_caffeine

1405 (-CH3)
3460 (-OH)
1240 (-CH/-CN)
1023 (-CN)
973 (rd)
645 (rd)

2551.54
2666.18
1434.47
434.98
379.94
448.36

2819.11
13493.57
689.36
283.82
125.44
263.46

1.04
0.56
0.17
0.15
0.18

4.79
0.24
0.10
0.04
0.09

rd = ring deformation

A higher Act_EtOH_caffeine ratio for the OH stretching and H2O vibration peaks
in relation to the caffeine confirms the presence of water bonded to the complex. A
decrease in the peaks related to the CN group (1240 cm-1 and 1023 cm-1) was observed
for the Act_EtOH_caffeine, indicating the complexation of the nitrogen with the Zn(II)
due to a lower vibration of CN bonds. A lower ratio of ring deformation (973 cm -1 and
645 cm-1) for the Act_EtOH_caffeine sample indicates a reduced vibration of the ring
due to the formation of complexes [267]. All these findings corroborate with the
complexation of the Zn (II) ions and the mechanism route for the green synthesis here
proposed.
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The mechanism of formation was designed specifically for ZnONPs synthesized
with Ilex paraguariensis extract. However, the green synthesis of other metal oxides
obtained from plant extract reported in the literature probably follows the same
mechanistic route [258–273–275]. Likewise, the Ilex paraguariensis extract used in this
study has great potential to be applied in the production of metal and metal oxides
nanoparticles other the zinc oxide.

4.4

Characterization of zinc oxide nanoparticles

X-Ray diffraction (XRD)
XRD patterns of all samples synthesized are shown in Figure 4.9. All the peaks
observed correspond to zincite (JCPDS no 36-1451), a hexagonal form of ZnO,
confirming the formation of this oxide [78]. Patterns of other crystalline structures
were not observed, suggesting that the nanomaterial synthesized has high purity. The
average crystallite size was estimated to be 19 nm for Nit_EtOH, 37 nm for Nit_H2O,
24 nm for Nit_EtOHa, 61 nm for Act_H2O, 59 nm for Act_EtOH, and 31 nm and 65 nm
for Acetate and Nitrate, respectively, according to the Scherrer Equation [244] . The
lattice parameters were determined according to the Bragg equation and considering
all the identified planes of the hexagonal structure. The parameters were found to be
a = 3.2518 Å and c = 5.2162 Å for samples obtained from zinc nitrate, and a = 3.2564 Å
and c = 5.2166 Å for samples obtained from zinc acetate, corroborating with the
literature [276–277].
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Figure 4.9: XRD pattern of ZnONPs synthesized with (a) zinc nitrate and (b) zinc
acetate

Field emission scanning electron microscopy (FESEM) coupled with
energy dispersive energy (EDS)
The surface morphology of all samples was studied by FESEM micrographs
(Figure 4.10 and Figure 4.11). The samples produced from calcination of zinc nitrate
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and zinc acetate (Nitrate and Acetate) showed triangular and rod particle morphology,
respectively (Figure 4.10a-b and Figure 4.11a-b). Samples synthesized with the green
route and zinc nitrate showed spherical shape (Figure 4.10c-h), while those
synthesized with the green route and zinc acetate have irregular shapes and sizes
(Figure 4.11c-f).
Samples obtained with mate extracts and zinc nitrate have the smallest particle
size (Figure 4.10c-h). In addition, the synthesis with 50% (v/v) ethanol extract (Figure
4.10e-h) resulted in more uniform shape and size particles than the sample obtained
with an aqueous extract (Figure 4.10c-d). According to the HPLC analysis, the ethanolic
extract has a higher concentration of antioxidants compounds, favoring the
complexation of Zn(II), which results in more uniform particles. The influence of
calcination can be evaluated from Figure 4.10e-h, where the sample Nit_EtOH
(calcinated) presented more homogeneous particles than the sample Nit_EtOHa
(without calcination). However, depending on the applciatioin, the sample without
calcination can be employed as it requires less energy for production.
Different morphologies were observed for ZnONPs obtained by the biological
method using a variety of plant extracts. For instance, Nava et al. [21] obtained ZnONPs
from fruit peel extract and zinc nitrate with a polyhedral shape. Bala et al. [25] used
Hibiscus subdariffa and zinc acetate to produce spherical ZnONPs that formed
agglomerates with a cauliflower shape. On the contrary, Anbuvannan et al. [5]
produced ZnONPs from Phyllantus niruri leaves extract and zinc nitrate with irregular
morphology. However, the methodologies applied in each synthesis were different and
a comparison among the morphologies obtained is not plausible.
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Figure 4.10: FESEM micrographs of ZnO synthesized from zinc nitrate: (a -b) Nitrate
(control); (c-d) Nit_H 2 O; (e-f) Nit_EtOH; (g -h) Nit_EtOHa
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Figure 4.11: FESEM micrographs of zinc oxide synthesized from zinc acetate: (a b) Acetate (control); (c-d) Act_H 2 O; (e-f) Act_EtOH

EDS results of all green synthesized ZnONPs are shown in Figure 4.12. In theory,
ZnO has 80.3% of Zn content. Thus, the ZnONPs synthesized from Ilex paraguariensis
extract have shown high purity with approximately 70-80% of Zn content, with
exception of the sample Act_H2O that presented a lower Zn content (67%). The
presence of C, O, and a small peak related to K may be originated from the plant
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compounds. Similar results were observed for ZnONPs obtained from other plant
extracts [22–25].

Figure 4.12 EDS spectra of green synthesized ZnONPs

Transmission electron microscopy (TEM)
Particle size was determined by TEM micrographs (Figure 4.13), except for the
sample Nitrate because its size is greater than the size limit of analysis of a transmission
electron microscope ( ̴1μm) and was determined by FESEM. Table 4.7 shows the mean
particle size for each sample. Samples green synthesized with zinc nitrate are formed
by a single crystal, as the particle sizes are similar to the crystallite size determined by
XRD, while the other samples are formed by several crystallites.
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Figure 4.13: TEM micrographs of (a) Nit_H 2 O; (b) Nit_EtOH; (c) Nit_EtOHa; (d)
Act_H 2 O; (e) Act_EtOH; (f) Acetate (control)
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Table 4.7: Mean size of the ZnONPs samples

Sample
Nitrate
Nit_H2O
Nit_EtOH
Nit_EtOHa
Acetate
Act_H2O
Act_EtOH

Mean size (nm)
53 ± 8 μm*
33 ± 9
18 ± 5
29 ± 10
389 ± 249
176 ± 50
116 ± 103

*Result is given in micrometers (μm)

Samples synthesized by green synthesis showed reduced particle size in
comparison to the samples obtained only from the calcination of zinc salts (Nitrate and
Acetate), confirming the influence of mate extract to obtain ZnONPs in nanometric
size. It was observed that using zinc nitrate (Figure 4.13a-c) in the green synthesis route
resulted in particle sizes in the approximate range of 18 to 33 nm, which exhibited a
reduction of particle size in comparison to using zinc acetate (Figure 4.13d-e). This
difference in the particle size possibly occurred due to the number of nucleation sites
that were formed during the synthesis.
The nucleation process is the first stage of a crystal formation in which the
atoms organize in a crystal structure thermodynamically stable forming the crystal
nucleus from where the particle grows [278]. In the case of Nitrate and Acetate, Zn(II)
ions were very close, resulting in fewer nucleation sites and consequently larger
particle sizes. Conversely, the samples Nit_EtOH, Nit_EtOHa, and Nit_H2O were
complexed by the antioxidants present in the mate extracts that kept the Zn(II)
separated, originating more nucleation sites and smaller particle sizes.
The samples Act_EtOH and Act_H2O showed increased particle size and more
irregular shape than the samples Nit_EtOH, Nit_EtOHa, and Nit_H2O. This may have
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occurred because the Zn(II) of the samples containing zinc acetate were not completely
complexed by the mate compounds as shown in the cyclic voltammetry analysis,
resulting in fewer nucleation sites. Also, Krezel and Maret [279] evaluated the
inorganic chemistry of zinc ions and reported that acetate anions have a stronger
coordination binding to zinc (II) ions in comparison to nitrate anions. The authors also
observed that the fraction of free Zn(II) ions from a nitrate solution is nearly 100%
while from an acetate salt solution is about only 50%. Moreover, when zinc acetate is
dissolved in water, the acetate anion reacts with water, forming hydroxyls that
increase the pH solution. In more basic solutions, the formation of Zn(OH)2 species
occurs, decreasing the concentration of free Zn(II) ions [279]. Therefore, fewer Zn(II)
ions were free in solution to coordinate with the active compounds of the plant extract
when using zinc acetate compared to zinc nitrate, which might have resulted in the
varied particle size.
ZnONPs obtained by plant extracts and zinc nitrate have exhibited particle sizes
of approximately 10 to 50 nm [5–21–25]. Nonetheless, when using zinc acetate as the
metal precursor, research studies have presented a contrast on the ZnONPs size that
varied from quantum dots of only 3-9 nm to clusters of 500 nm [107–108]. However,
the extract composition and synthesis method differ among these works and cannot
be directly compared.

Ultraviolet and visible spectroscopy (UV-vis)
Figure 4.14 shows the UV-Vis spectra of all green synthesized ZnONPs and their
respective Ebg. All samples showed absorption peaks between 360 and 380 nm and Ebg
around 3.3 eV characteristic of ZnONPs [280–282]. The difference between the
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samples corroborates with the findings of Goh et al., where a decrease in particle size
led to a shift of the maximum absorbance to lower wavelengths and Ebg [283].

Figure 4.14: UV- vis spectra of the green synthesized ZnONPs

Cell viability assay
The cytotoxicity of ZnONPs was evaluated with L929 cells for the samples
Nit_ETOH, Nit_EtOHa e Nit_H2O, as they showed reduced size and regular shape, and
for the sample Act_EtOH to compare the cytotoxicity of both zinc sources. Cell viability
for ZnONPs concentrations varying from 1-25 μg mL-1 is shown in Figure 4.15.
Cell viability decreased with the increase of ZnONPs concentration in all samples.
However, the samples Nit_EtOH exhibited low cytotoxicity for concentrations varying
from 1 to 10 μg mL-1, as cell viability was not affected in this range of concentration.
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Syama et al. [284] also observed no cytotoxicity up to a concentration of 10 μg mL-1
when treating L929 cells with spherical ZnONPs ranging from 20 to 40 nm. Different
from our findings, the authors found that cell viability decreased only around 20% for
samples treated with 20 μg mL-1 while cells treated with Nit_EtOH resulted in a
decrease of around 50%. Paino et al. [285] reported low levels of necrosis and
apoptosis when treating the same type of cells with ZnONPs in concentrations lower
than 10 μg mL-1.
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The LC50 (concentration to reduce cell viability by 50%) was determined as 18
μg mL-1 for Nit_EtOH and Act_EtOH, 9 μg mL-1 for Nit_H2O, and 7 μg mL-1 for Nit_EtOHa.
These results suggest that the samples Nit_EtOH and Act_EtOH have lower cytotoxicity
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in comparison to the other samples. Hence, a higher concentration of nanoparticles
was required to reduce cell viability by 50%. On the contrary, the sample Nit_EtOHa
was the most cytotoxic. This sample was not calcinated which may have resulted in the
presence of Zn(II) species, NO2- and -COO- that may affect cell viability. Therefore, as
the sample Nit_EtOH exhibited the least cytotoxic, further analysis was performed to
evaluate the difference of cell viability through the different concentrations.

Morphological analysis of L929 cells
Morphological tests in L929 cells were developed with the samples (Nit_EtOH,
Act_EtOH, Nit_EtOHa, and Nit_H2O) to evaluate the morphological parameters with
Giemsa staining through optical microscopy (Figure 4.16 a, d, g, j, m) and FESEM (Figure
4.16 b, e, h, k, n).
Micrographs of both methods show similarities with elongated cytoplasm in
control samples (Figure 4.16 a, b, c) and cytoplasmic retraction and chromatin
condensation points for the sample treated with Nit_EtOH (Figure 4.16 d, e, f). Other
treatment conditions with Act_EtOH, Nit_EtOHa, and Nit_H2O showed cellular
morphology with intermediary nuclear and cytoplasmatic condensation when
compared to the control and Nit_EtOH samples. These results may have been related
to the reduced size and regular morphology of Nit_EtOH nanoparticles which can
facilitate the internalization of this nanomaterial into the cell, altering its biochemical
and morphological structure [286]. It is relevant to observe that samples exposed to
Nit_EtOH exhibited a cell survival plateau up to a maximum concentration of
̴10 μg mL-1, displaying cytotoxicity in higher concentrations.
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These findings corroborate with similar reports related to the cytotoxicity of
ZnONPs nanostructures. Syama et al. [284] observed a change from elongated to round
shape after treating L929 cells with ZnONPs at 50 μg mL-1. Satimano et al. [287] report
morphological changes in human A549 cells from polygonal to granules appearance
after treatment with different concentrations of ZnONPs.

Figure 4.16: LC3A/B expression in cel ls L929 after 24h of exposure to ZnONPs
(Nit_EtOH, Act_EtOH, Nit_EtOHa , and Nit_H 2 O) with concentrations related to each
IC50. a, b, c – control samples; d, e, f – samples exposed to NitEtOH; g, h, i – samples
exposed to Act_EtOH; j, k, l – samples exposed to Nit_EtOHa; m, n, o – samples
exposed to Nit_H 2 O.
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Indirect immunofluorescence analysis
Indirect immunofluorescence tests were developed in L929 cells to evaluate if the
morphological alterations in treated cells observed using Giemsa staining and FESEM
were related to autophagosome effects due to internalization and deposition of
ZnONPs on this vesicle. Cells were exposed to the ZnONPs (Nit_EtOH, Act_EtOH,
Nit_EtOHa e Nit_H2O) for 24h with concentrations related to the LC50. An increase of
LC3A/B expression in cells exposed to Nit_EtOH (Figure 4.16f) was verified in
comparison to negative control and cells exposed to other samples (Figure 4.16 c, i, l,
o). Expression parameters of LC3A/B are evaluated with topographic qualitative
reading in the cell cytoplasm, more specifically in phagocytic regions, evidencing more
intense green staining for the sample treated with Nit_EtOH (LC50 concentration). All
conditions exhibited blue staining on the nuclear region to locate cellular structures.
To evaluate the LC3A/B protein expression in L929 cells exclusively to the sample
Nit_EtOH, a second investigation was developed with a crescent concentration
gradient treatment (5-15 μg mL-1) with an exposure period of 24 h. This analysis
showed an evident increase in the LC3A/B expression after exposure to Nit_EtOH in
concentrations higher than 10 μg mL-1 (Figure 4.17 e and f). For comparison, cells were
exposed to a positive control (rapamycin 100 nmol L-1) that exhibited LC3A/B
expression compatible with cells treated with high concentrations of Nit_EtOH (Figure
4.17 e, f, g). Topographical distribution using indirect immunofluorescence analysis
revealed that cells treated with different ZnONPs progressively increased LC3A/B
expression, confirming the affinity of this protein in the autophagosome of cellular
structures.
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Figure 4.17: LC3A/B expression in L929 cells after 24 h of exposure to Nit_EtOH
in a crescent gradient of concentration (b - 5 μg mL - 1 ; c-7,5 μg mL - 1 ; d- 10 μg mL - 1 ; e12,5 μg mL - 1 ; f- 15 μg mL - 1 ). a – negative control, without treatment; g – positive
control, treated with autophagy inducer rapam ycin (100 nmol L - 1 ), with a cellular
marker pattern of LC3A/B similar to elevated concentrations of Nit_EtOH (e, f)
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Antimicrobial activity
An antibacterial assay was performed to evaluate the antimicrobial potential of
the sample Nit_EtOH, exclusively, in different concentrations (15 to 55 µg mL-1). The
results are shown in Figure 4.18. Overall, ZnONPs showed antimicrobial activity in a
dose-dependent manner to both bacteria strains. However, higher antimicrobial
activity was observed in Gram-positive (S. aureus) compared to Gram-negative (E. coli)
bacteria. The minimum inhibitory concentration (MIC) is determined as the lower
concentration where no resazurin reduction occurred. Therefore, the MIC of ZnONPS
for the Gram-positive S. aureus was 35 µg mL-1, while the Gram-negative E. coli showed
higher resistance with 70% viability in the highest concentration tested (100 µg mL-1).

Figure 4.18: Antimicrobial activity of eco -friendly ZnONPs

Previews works have also reported higher toxicity of ZnONPs to Gram-positive
bacteria than Gram-negative [65–288–290]. This feature is related to the different cell
structures of Gram-positive and Gram-negative bacteria. The antimicrobial activity
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mechanism of metal and metal oxide nanoparticles involves membrane damage,
nanoparticle internalization, metal ions, and ROS that affect cell metabolism [21–106].
For instance, Gram-positive cells have a thicker peptidoglycan layer than Gramnegative bacteria. Nonetheless, Gram-negative bacteria have an outer membrane
surrounded by lipids and proteins, which can result in higher resistance to nanoparticle
and metal ions penetration into the cell. Moreover, Gram-positive bacteria have a
more negatively charged surface, which facilitates the attraction of positive ions, such
as Zn(II) ions that can be released from the dissolution of ZnONPs [66–291].

Summary
ZnONPs were synthesized using Ilex paraguariensis leaves extract. A mechanism
route for the green synthesis of this nanomaterial was designed, in which the
antioxidants of the plant extract form coordinated complexes with Zn(II) and nanoscale
particles of ZnO were formed via thermal degradation of these complexes. Samples
obtained with zinc nitrate exhibited reduced particle size and a more regular shape
than those synthesized with zinc acetate. These findings might be related to the fact
that Zn(II) present in the synthesis with zinc acetate did not react with the plant
compounds in total, as observed in the cyclic voltammograms.
Ethanol increased the extraction of active compounds from the plant resulting
in more uniform particles. Therefore, the sample obtained with zinc nitrate and 50%
(v/v) ethanol extract showed the smallest and more uniform size, which can be
effective for photocatalytic and biological applications.
Cell viability decreased with increasing of ZnONPs concentration to all samples.
However, sample Nit_EtOH showed no cytotoxic effects for concentrations up to a
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limit of 10 µg mL-1. Morphological analysis showed a degree of the nucleus and
cytoplasmic condensation for cells treated with all ZnONPs samples. Small and uniform
ZnONPs were able to internalize cells and form deposits in the phagosome, which can
initiate metabolic processes of cell death in elevated concentrations. Finally, the
ZnONPs synthesized here can be applied in biocompatible materials in low
concentrations and for the development of novel therapies within the cells.
The antimicrobial assay showed a higher antimicrobial activity to S. aureus than
E. coli strains, which is probably related to the difference in the cell structure of Gramnegative and Gram-positive bacteria strains. While no bacteria growth was observed
for S. aureus strain in concentrations higher than 35 µg mL-1, only 30% of E. coli
inhibition was observed at a concentration of 100 µg mL-1.
Considering that the sample Nit_EtOH presented the lower cytotoxicity and
uniform morphology and size, this sample was further tested in the biomaterials
developed in this work and will be addressed as solely ZnONPs in the following
chapters.
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Development of biocompatible PAA/PAH thin films containing green
synthesized zinc oxide nanoparticles and Ilex paraguariensis extract

5.1

Introduction
A wide range of composites has been developed to enhance the performance of

biomedical devices, mainly to avoid infections and to improve the biocompatibility of
the device [292–294]. Polymeric thin films have shown to be a promising coating
material to solve these issues, once they can be loaded with antimicrobial substances
or substances that improve cell adhesion and proliferation [295]. Moreover, polymeric
films have a low thickness and flexibility, thus not interfering in the physical and
mechanical characteristics of the coated device [201]. A variety of thin films has been
investigated for implant and catheter coating [198–296], drug-release [297], infection
prevention [198], among other biomedical applications.
Among the materials used to obtain these thin films, polyelectrolyte systems
were found to be extremely attractive due to their tuneable properties. These types of
polymers become ionized when in solution, forming a polycation or polyanion,
depending on their charge. In addition, when oppositely charged polyelectrolytes are
in contact, they can easily form polymer complexes through electrostatic interaction
[193].
A simple technique to obtain polyelectrolyte thin films is the layer-by-layer (LbL)
method by dip-coating, where a substrate is dipped in a sequence of solutions
containing a polycation and a polyanion, resulting in a multilayer thin film [203]. One
of the main advantages of this method is that the final properties of the thin films can
be easily modified by varying the polyelectrolyte solution pH, concentration, and the
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number of layers. Moreover, functional substances can be added to the polymer
solutions to obtain a composite thin film with specific properties [193–203–297].
In this work, a multilayer thin film was obtained using polyacrylic acid (PAA) and
polyallylamine hydrochloride (PAH) polyelectrolytes using the LbL approach. These
polyelectrolytes form stable thin films and were shown to have biocompatibility [205–
206]. Moreover, the incorporation of nanomaterials in PAH/PAA systems has also been
reported to successfully achieve specific characteristics, like antimicrobial activity,
hydrogen production, and drug degradation [43–213–214].
The thin film developed in this study was loaded with green synthesized ZnONPs
and Ilex paraguariensis extract, aiming to obtain a thin film coating with antimicrobial
activity and biocompatibility to enhance the performance of biomedical devices by
preventing infections. ZnONPs presents good antimicrobial activity towards different
microorganisms. Besides, this nanomaterial is a promising substitute for antibiotics
that are now resistant to bacteria [298–299].
The ZnONPs were green synthesized with Ilex paraguariensis (IP) leaves extract,
using a more eco-friendly and less cytotoxic approach to obtain this nanomaterial as
no toxic solvent is used in the process [13–300]. The IP extract used in the synthesis
holds important properties for biomedical applications, such as anticancer and
antimicrobial properties [32–167]. This feature is related to the high concentration of
polyphenols, flavonoids, and methylxanthines present in the plant composition [30].
Moreover, a synergistic effect between ZnONPs and plant extract active compounds
was found to improve the antimicrobial activity of a composite material built with
cellulose, ZnONPs, and propolis extract [301].
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To the best of my knowledge, no polyelectrolyte thin film has been produced
using metal oxide nanoparticles and natural plant extract. Therefore, this study aims
to investigate the synthesis of a PAH/PAA composite biomaterial containing ZnONPs
and IP extract to be used as an antimicrobial coating in biomedical applications.
To evaluate the thin film synthesis, a design of experiments was carried out by
varying the PAH pH solution, the concentration of ZnONPs, and the addition of IP
extract. Then, the thin films were characterized according to their ZnONPs content by
ICP-OES and antimicrobial activity against S.aureus bacteria strain.

5.2

Dynamic light scattering (DLS)
The particle size distribution of ZnONPs agglomerates in solution was evaluated

using DLS analysis for every combination of PAH pH solution and ZnONPs concentration
used for synthesizing the thin films. The results are shown in Figure 5.1, including the
intensity (MI) and number (MN) hydrodynamic particle size means for each test
condition. All ZnONPs solutions presented a unimodal distribution and similar
hydrodynamic diameter. The average intensity diameter was 260 nm and 95 nm for
the number diameter. The hydrodynamic particle diameter is higher than the actual
size (~18 nm determined by TEM in Chapter 3) as particle aggregates are commonly
formed in solution and the DLS technique accounts not only for the core particle size
but also the solvent and polymer adsorbed in the particle [302–303].
The DLS results indicate a stable and uniform distribution of the ZnONPs in PAH
solutions, despite the solution pH. In addition, the increase in ZnONPs concentration
did not affect particle dispersion, as the distribution continued unimodal, and the
hydrodynamic diameter was comparable for the three concentrations. These findings
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corroborate with the findings of Liufu et al. [303], where the adsorption layer did not
change significantly when dispersing ZnONPs in a low concentration of polyelectrolyte
aqueous solution despite the pH media. However, the adsorption layer was found to
be dependent on the pH solution when dispersing the ZnONPs in higher concentrations
of polyelectrolytes (> 8 mmol L-1).

Figure 5.1: Particle size distribution of ZnONPs in PAH 5mM solutions.
MI= Intensity mean; MN= Number mean

5.3

Zinc quantification by inductively coupled plasma – optical emission
spectrometry (ICP-OES)
ZnONPs concentration was determined by means of Zn(II) ions quantification

using ICP-OES analysis and is described in Table 5.1. The ZnONPs concentration in each
film was determined considering that ZnO contains 80.3% of Zn(II). In general, the
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concentration of ZnONPs adsorbed in the thin films varied from 0.72 to a maximum of
1.25 µg cm2. These results are further discussed according to the full factorial DOE in
the next section.
Table 5.1: ZnoNPs concentration in the different thin films formulations

5.4

Sample

PAH pH

ZnO (g L-1)

IP (g L-1)

ZnO (µg cm2)

TF1
TF2
TF3
TF4
TF5
TF6
TF7
TF8
TF9
TF10
TF11

5.5
8.5
5.5
8.5
5.5
8.5
5.5
8.5
7.0
7.0
7.0

1.0
1.0
3.0
3.0
1.0
1.0
3.0
3.0
2.0
2.0
2.0

0.0
0.0
0.0
0.0
50
50
50
50
25
25
25

0.85
1.18
0.99
1.25
0.75
0.88
0.72
1.12
0.92
1.03
0.86

Design of experiment (DOE)
The DOE was developed to evaluate the influence of the PAH solution pH and the

concentration of ZnONPs and IP extract on the synthesis of the LbL thin films. The PAH
pH range of 5.5 to 8.5 was chosen considering the stability of ZnONPs in the solution.
This stability was evaluated in terms of the isoelectric point and the solubility of ZnO.
Literature reports that the isoelectric point of ZnO in solution is around pH 9.010 [255–304]. The consideration of this parameter is essential as at the isoelectric
point the particles have no electric charge and, therefore, are unstable in solution.
Thus, the maximum pH was set below the isoelectric point, at 8.5. The minimum pH
used was 5.5, considering that ZnO dissolves completely in more acidic solutions.
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Even though using a low range of pH, the protonation of PAH changes
considerably, as shown in Table: 5.2, affecting the linearity of the polymer chains. The
higher the degree of ionization, the more linear is the polymer chains due to charge
repulsion. The PAA pH was kept constant at 4.0, as it resulted in more uniform and
stable films, according to preliminary tests (data not shown). At this pH, PAA is only
10% ionized [194–305].
Table: 5.2: Degree of ionization of PAH in different pH solutions

pH
5.5
7.0
8.5

Degree of ionization
90%
80%
50%

The plant extract was prepared in an aqueous solution and its composition was
discussed in Chapter 4. For this variable, the concentrations were varied from 0 to
50 g L-1 and added to the PAA solution. To the best of our knowledge, no polymer thin
film developed by the LbL method containing plant extracts has been reported in the
literature.
A statistical analysis of the DOE was carried out to evaluate the effect of the three
factors on the adsorption of ZnONPs in the thin films, using the results obtained in the
ICP-OES analysis. Table 5.3 presents the ANOVA results, where the significant
parameters are highlighted in red, considering a 90% confidence interval. Only the pH
of PAH solution and the concentration of IP extract significantly affected the deposition
of ZnONPs in the thin films (p<0.1).
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Table 5.3: ANOVA results for the DOE according to the adsorption of ZnONPs using a
90% confidence interva l (p<0.1)

Factor
Curvature
(1) pH PAH
(2) ZnONPs (g L-1)
(3) IP (g L-1)
1 by 2
1 by 3
2 by 3
R2= 0.900; R2adj= 0.668

Effect

Coefficient

t

p

-0.062
0.286
0.105
-0.198
0.054
-0.015
-0.002

-0.031
0.143
0.052
-0.099
0.027
-0.008
-0.001

-0.456
4.038
1.483
-2.795
0.756
-0.217
-0.029

0.679
0.027
0.235
0.068
0.505
0.842
0.978

Studies report the influence of the polyelectrolyte solution pH on the synthesis
and properties of thin films, such as the surface area, thickness, and roughness [194–
305]. Therefore, it was expected that the pH solution also controlled the incorporation
of ZnONPs.
Even though many studies report the incorporation of nanoparticles in PEM
films, no study has investigated the relation between ZnONPs adsorption and the pH
solution so far [43–213–214]. However, Liufu et al. [303] examined the adsorption of
polyelectrolytes on the surface of ZnONPs. The polymer adsorption was found to be
dependent on the polymer concentration, ionic strength, and solution pH. More
specifically, the increase of pH from 5.4 to 10 led to higher adsorption of
polyelectrolyte, evidencing a higher interaction of the nanomaterial with the
polyelectrolyte in more basic pH conditions.
In addition, Tang et al. [306] evaluated the interaction of polyelectrolytes and
semiconductor nanoparticles. The authors observed a higher nanoparticle density on
polydiallydimethylammonium chloride (PDDA) film surface when increasing the pH
solution of the polyelectrolyte. Nonetheless, the mentioned studies are punctual
works, where the nanoparticles were investigated against other types of
polyelectrolytes than those used in this work. Thus, a strong comparison with these
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studies cannot be stated as the polymers have different compositions, ionic charges,
and behaviour in solution.
Regarding the IP extract concentration, it was observed in Chapter 3 that it is
constituted by different active compounds, which contain hydroxyl (-OH) and carboxyl
(-COOH) groups. Therefore, the higher the degree of ionization of the polycation, the
stronger the electrostatic interaction between the polymer and the plant extract will
be. Likewise, a study involving the complexation of quercetin (flavonoid) and chitosan
(polycation) has reported the interaction of both materials through the ionic
interaction of the hydroxyls groups of the flavonoid with the amino groups of chitosan
[307].
The concentration of ZnONPs in the solution showed no significant changes in
the final concentration of ZnONPs present in the thin film. This fact may be related to
the high concentration of nanoparticles used in the synthesis solution (1-3 g L-1), in
comparison to the amount that was adsorbed in the multilayer film (approximately
1 µg cm-2). Moreover, no significant nanoparticle distribution in solution was visualized
when altering the pH or concentration of ZnONPs in solution, as discussed in the DLS
analysis (item 5.2). The curvature effect was also not significant, which implies that the
surface response of the DOE follows a linear mathematical model [247].
The surface response of the ZnONPs adsorption as a function of the IP extract
and the PAH pH is shown in Figure 5.2. The response was determined considering the
lowest level of ZnONPs solution (1 g L-1), as this factor was not significant (p>0.1). The
higher the PAH pH and the lower the IP extract, the more nanoparticles are adsorbed
in the thin films.
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According to Liufu et al. [303],

polyelectrolytes stabilize ZnONPs through

electrosteric interaction, and this stabilization increases in more basic pH conditions,
which might have contributed to higher adsorption of nanoparticles on the thin films.
In addition, in higher pH conditions, PAH charge density decreases, resulting in less
linear polymer chains, due to a lower repulsion of the amino groups. A folded
conformation of the polymer chains results in an increase of film rugosity and
thickness, which is reported to improve particle incorporation [214].

Figure 5.2: Response surface of the PAH solution pH and IP extract concentration
factors maintaining the concentration of ZnONPs solution at 1 g L - 1

Conversely, the addition of IP extract decreased the adsorption of the ZnONPs.
As the IP extract is also constituted by negatively charged groups like the PAA, when
the plant extract is added to the polyanion solution, it might cause an electrostatic
repulsion from the polyanion chains. Also, the active compounds might interact with
the PAH, affecting the deposition of the polyanion and, consequently, the deposition
of nanoparticles.
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5.5

Antimicrobial activity of thin films
The antimicrobial activity of the thin films was performed only for S. aureus

bacteria strain, as this type of bacteria showed to be more susceptible to the ZnONPs
than E. coli strain (see Chapter 3). No significant antimicrobial activity was observed
for any of the thin films developed within the DOE.
Figure 5.3 shows the results for samples TF1, TF 2, TF5, TF6, and TF 9, which are
the extreme and central points of the DOE as illustrated. Even though samples 6 and 9
showed around 40% reduction in relation to a positive control (PAA/PAH thin film
without ZnONPs or IP extract), the materials did not successfully inhibit bacteria
growth.

a)

b)

Figure 5.3: a) Extreme and central points of the DOE and b) S. aureus bacteria
cell viability after 24h incubation with the thin films

Many factors may have contributed to these results. Firstly, the antimicrobial
assay should be performed in a short time after its synthesis to avoid any degradation
both of the film and the antioxidants compounds of the plant extract. In addition, the
samples were stored under the dark but at room temperature. Thus, in future work,
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the samples should be kept under refrigeration to maintain the properties of the plant
extract. In fact, the active compounds present in the IP extract can easily degrade due
to oxidation and lose their antimicrobial action [308]. Moreover, the amount of
ZnONPs incorporated in the thin films was very low. Therefore, in an attempt to
increase the incorporation of the ZnONPs in the thin films, and consequently their
antimicrobial activity, new samples were developed by increasing the number of layers
from 21 to 81 and 121 layers.

5.6

Development of thin films with additional layers
To evaluate the possibility of increasing the concentration of ZnONPs in the thin

films, the sample TF2 was chosen to repeat the synthesis with 81 and 121 layers,
considering the result of the DOE for zinc adsorption (high PAH pH and no IP extract).
The deposition of a thicker and more opaque film was observed with the increase
of the number of layers (Figure 5.4). Their respective concentration of ZnONPs was
verified by ICP-OES and is presented in Table 5.4. The increase of layers enhanced the
ZnONPs adsorption. More specifically, when the number of layers was increased
approximately 4 times (81 layers), the concentration of ZnONPs increased by
approximately 2times, and with 6 times more layers (121 layers), the ZnONPs
concentration was increased by approximately 4 times.

Figure 5.4: Thin film TF2 containing 21, 81 and 121 layers
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Table 5.4: Concentration of ZnONPs adsorbed on the thin films according to the
number of layers deposited

Sample TF2
(number of layers)
21
81
121

ZnONPs (µg cm2)
1.17
2.71
4.40

The antimicrobial activity against S. aureus bacteria strain was then repeated
for these two samples and compared to a control sample (PAA/PAH film with 121
layers). Figure 5.5 presents the results of three independent antimicrobial assay tests.
In test 1, there is a discrepancy in the bacteria cell viability for the sample TF2_121,
where two replicates (A and B) showed only 40% viability, while C showed 80%, similar
to the film control. On test 2, this sample showed no bacteria growth in replicate A,
while replicates B and C presented higher viability than the control film.
Sample TF_81 showed a drop in cell viability in replicate B, for test 1, in
comparison to the control (TF_control). In the second test, a more uniform result was
obtained, as no significant bacteria inhibition was observed for the three replicates.
Therefore, it was concluded that sample 81 did not present antimicrobial activity.
However, as sample TF2_121 did not show a reproducible result in the first 2
tests, a third test was performed for this sample. In test 3, complete inhibition of
bacteria growth was observed for the three replicates of the sample built with 121
layers, as shown in Figure 5.3, where no resazurin reduction occurred for any of the
replicates, where resazurin dye maintained the blue colour.
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Figure 5.5: Antimicrobial assay for thin films contain ing 81 and 121 layers. A, B, and C
represent each replicate inside a test. 1) TF2_121, 2) Film control 3) positive control,
and 4) negative control

To further evaluate the inconsistent antimicrobial activity results observed for
sample TF2_121, the morphology and dispersion of ZnONPs for this sample were
investigated by FESEM and EDS analysis. The photomicrographs are shown in Figure
5.6. Even though there is a good dispersion of ZnONPs, according to EDS analysis, the
thin film is not evenly deposited, exhibiting some cracks that leave the substrate
exposed. Moreover, Figure 5.6B shows that the thin film is detaching from the
substrate. This fact explains the lack of reproducibility of the antimicrobial activity, as
the thin films are not stable, probably due to the high amount of layers.
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Figure 5.6: photomicrographs of A) thin film TF2 built with 121 layers and EDS
elemental analysis of Zn, and B) amplification of TF2 121, where 1 = 2.0 µm, 2= 3.0 µm,
and 3= 2.2 µm are the thickness of the thin film.

5.7

Summary
Multilayer thin films were produced with the incorporation of ZnONPs green

synthesized and IP extract. A DOE followed by statistical analysis showed that the
polycation solution pH and the concentration of plant extract affect the incorporation
of ZnONPs in the thin films. Moreover, the adsorption of ZnONPs followed a linear
model, where it increases as the PAH pH increases and the IP extract concentration
decreases.
These results are related to the higher stability and interaction of the
polyelectrolytes with ZnONPs in more basic conditions. Also, the IP extract is believed
to reduce the incorporation of ZnONPs due to an interaction between the active
compounds and the positively charged amino groups, and an electrostatic repulsion
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with the carboxyl groups of the polyanion, which may have affected the deposition of
both polyanion and ZnONPs on the substrate.
To the best of our knowledge, no previous study has reported the addition of
plant extracts in the deposition solution of multilayer films by dip-coating approach.
Therefore, this work shows the possibility of adding natural extracts in thin coatings,
which can open a new range of applications for these composite materials, considering
the many interesting properties of plant extracts, such as antimicrobial activity,
biocompatibility, anticancer activity, among others.
Even though the thin films here developed showed no significant antimicrobial
activity, this work gives an important direction for future work. First of all, the thin
films should be characterized in terms of antimicrobial activity in a short time after
being synthesized to avoid any plant compound degradation. Moreover, the plant
extract could be added after the deposition of all layers, aiming for higher adsorption
of ZnONPs.
Also, another approach would be the deposition of a more concentrated layer of
ZnONPs only on the surface of the material. This methodology could enhance the
attachment of ZnONPs to the substrate, as it has been reported to be an issue in
previous work.
If successful, a composite of polyelectrolytes containing ZnONPs and plant
extract active compounds could enhance the performance of different biomedical
devices, like implant and catheter coatings. The two main advantages of these
materials would be the easy deposition, independent of the shape of the substrate,
and the flexibility given by the polyelectrolytes combined with the properties of
nanomaterials and natural active compounds.
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The next chapter examines the use of the PAA and PAH polyelectrolytes to
produce electrospun fibres, which can be easily loaded with higher concentrations of
ZnONPs, in comparison to the thin films. Also, this material presents a stable threedimensional structure that favours the wound healing process.
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Electrospun fibres
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Development of electrospun PAA/PAH fibres containing green
synthesized zinc oxide nanoparticles

6.1

Introduction
Skin wounds are a common condition caused by burns, surgery, skin diseases,

traumas, among others, causing physical and psychological stress to the patient. Thus,
the development of biomaterials to improve wound closure has been addressed [309–
310]. The addition of antimicrobial agents to these biomaterials is also essential, as
infections are reported to be the main reason of wound complications [311–312].
Zinc oxide nanoparticles (ZnONPs) have been studied for antimicrobial purposes
due to their efficacy against a range of microorganisms [298]. In addition, this
nanomaterial has shown antimicrobial activity against drug-resistant bacteria strains
and is considered to be a potential coadjutant in therapy [299]. In the biomedical field,
ZnONPs are applied

in drug delivery systems, cancer and tissue regeneration

therapies, among others [69–70]. Zinc is also a natural component of the human body,
being present in bones, muscles, and skin tissue, for example, and is vital for many
metabolic processes[313].
Literature have reported the role of ZnONPs in tissue regeneration [74], where it
has been successfully employed for wound healing [249–314]. For instance, Gong et
al. [315] and Khalid et al. [72] observed wound healing improvement when applying a
polymer material loaded with ZnONPs into the wounds. Both studies showed not only
the antimicrobial efficacy of ZnONPs but also its importance for faster tissue
regeneration and wound closure.
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Electrospinning is a low-cost and facile approach to obtain micro and nanofibrous
material that is comparable to the extracellular matrices of skin tissue. For instance,
scaffolds obtained using this technique have three-dimensional structures formed by
thin fibres, and presents porosity, flexibility and mechanical resistance [190]. Several
works report the advantages of electrospun fibres for wound healing, such as cell
adhesion and proliferation, flexibility, breathability, and facility for drug release [190–
191–316].
Different approaches have been used to incorporate zinc oxide into electrospun
fibres varying the polymer or the incorporation of particles. In general, electrospun
polymer/zinc oxide fibres were obtained by mixing the particles in the polymer
solution before the electrospinning, by adding a zinc precursor in the polymer solution
and exposing the electrospun fibre to a calcination process, by incorporating the
particles after obtaining the fibres, and by performing an in situ synthesis in the
electrospun mat [317–318]. In the field of wound healing, electrospun
gelatine/ZnONPs were successfully applied as wound dressing [319–320]. Chitosan,
polyvinyl alcohol, and sodium alginate are also examples of polymers used to prepare
electrospun composites with ZnONPs for tissue engineering [321–322].
PAA and PAH are weak polyelectrolytes that present negative and positive
charges when in solution, respectively. These materials form polymeric complexes due
to their opposite charges and their biocompatibility has been reported for a range of
applications, like tissue engineering, drug delivery, and implant coatings [205–206–
223]. These polyelectrolytes are water-soluble and require no chemical crosslinking
agent as the amino groups of PAH react with the carboxyl groups of the PAA molecules,
providing moisture stability and mechanical resistance [223].
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The ZnONPs were synthesized using Ilex paraguariensis leaves via a sustainable
process [323]. This green synthesis is beneficial not only regarding environmental
preservation but also to obtain a product with promising low cytotoxicity and side
effects, as no hazardous material is used in the process [142]. Literature reports the
synthesis of ZnONPs using different plants [22–24–25–106]. For example, ZnONPs
obtained with Aloe vera extract and Stevia leaves showed enhanced antibacterial
effect against different pathogens [106–111]. Another study used Hibiscus subdarifa
leaves and achieved ZnONPs with antidiabetic properties [25]. Here, ZnONPs were
biosynthesized using Ilex paraguariensis leaves extract. This plant is found in South
America and is reported to have high concentrations of active compounds, such as
chlorogenic acid and caffeine, which are essential for the green synthesis of metal and
metal oxide nanoparticles [12–30]35–37].
In this chapter, a novel antimicrobial material for wound healing applications was
developed by combining the antimicrobial activity of green synthesized ZnONPs with a
biocompatible electrospun PAA/PAH polyelectrolyte fibre mat, that resembles the
extracellular matrix morphology of the skin tissue.

6.2

Characterization of electrospun fibres
The morphology and size of the polymer electrospun fibres was examined using

SEM analysis as shown in Figure 6.1. The thermal treatment of the fibres (Figure 6.1A)
resulted in an increase in the uniformity of the fibres, resulting in an average diameter
of ~230 nm, while the non-thermal treated sample (Figure 6.1B) presented irregular
morphology showing a mix of beads with a diameter up to 4 µm and fibres with a
diameter of ~240 nm. PAA and PAH are polyelectrolytes that form electrostatic
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complexes due to the opposite charges of carboxylate (-COO-) and amine (-NH3+)
groups present in the PAA and PAH molecules, respectively [223]. The thermal
treatment results in the crosslinking of the polyelectrolytes through these carboxylate
and amine groups, which improves the uniformity of the fibres and moisture stability
[223]. The morphology of the electrospun scaffold is also found to be suitable for
wound dressing as it mimics the extracellular matrix of skin tissue, having a fibrous
three-dimensional structure, which provides mechanical support for cell attachment
and growth and benefits wound healing [230–324].
Figure 6.1C presents the morphology of the fibre after the incorporation of
ZnONPs with an elemental analysis of Zn identified by EDS analysis. The incorporation
process of ZnONPs did not affect the morphology and size of the fibre mat, as it
maintained its characteristics. The green synthesized ZnONPs were characterized in
Chapter 3 and have a spherical shape and an average size of 18 nm.
However, even though EDS analysis shows a homogeneous dispersion of ZnONPs
in the fibre mat, different sizes of agglomerates of nanoparticles were formed. This
result might be related to the high concentration of the ZnONPs solution. Considering
that it is now known that the fibres can absorb a considerable amount of ZnONPs, more
diluted nanoparticle solutions could be used to decrease the particle agglomerates.
Different studies have produced electrospun fibres containing zinc oxide but usually by
incorporating the ZnONPs into the polymer solution, which resulted in a more uniform
dispersion of nanoparticles without particle agglomeration [321–322]. Nonetheless,
this approach was not possible in this study due to the non-homogeneous solution
formed when mixing the polyelectrolytes with the ZnONPs.
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The concentration of zinc oxide incorporated in the fibres was measured using
ICP-OES. The analysis resulted in a concentration of 9.01% wt. of Zn(II). Considering
that ZnO is constituted of 80.3% of Zn(II), the amount of ZnONPs in the fibre mat is
11.2 % wt. The fibre mats presented a thickness of 30 ± 3 µm and a grammage of 0.83
± 0.20 mg cm2. There was no significant difference between the fibres with and without
ZnONPs in these aspects. Therefore, the concentration of ZnONPs per area of the fibre
mat is approximately 0.09 mg cm2.

Figure 6.1: Photomicrograph of a) PAA/PAH fibre mat thermally treated, b)
PAA/PAH fibre without thermal treatment, c) PAA/PAH fibre containing ZnONPS and
EDS analysis of elemental zinc and, d ) Amplification of PAA/PAH fibres containing
ZnONPs
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6.3

Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of the different fibre mat in comparison to the cast film of pure PAA

and PAH are shown in Figure 6.2. The main peaks are reported and assigned to their
respective groups in Table 6.1. Peaks 1450 and 1410 cm-1 were seen in every sample
and are assigned to C-H vibration of the carbon chain of the polymers. PAH shows the
characteristic peaks of primary amines (3400 and 1600 cm-1) while the PAA presents a
strong peak at 1695 cm-1 related to the C=O stretching of carboxylic acid [223]. The
peak at 1260 cm−1 is also related to the carboxylic acid group but it is associated with
the C-O stretching and is seen in both PAA and PAA/PAH_nt (without thermal
treatment) samples. These peaks related to the carboxylic acid groups are also
presented in both non-thermal treated and thermally treated PAA/PAH samples.
However, it is absent in the PAA/PAH/ZnONPs spectrum. The peaks between 1580 and
1550 cm−1 in the fibre samples are related to the amide groups, which are formed by
the reaction of the carboxylic acid with the amine groups during polymer cross-linking
[325].

Figure 6.2: FTIR spectra of fibre mats and PAA and PLA cast films
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Table 6.1: Description of FTIR peaks

Wavenumber (cm-1)
3400
1695
1600
1575
1450, 1410
1260

6.4

Group
N-H stretching (amine)
C=O stretching (carboxylic acid)
N-H bending (amine)
-NH bending (amide)
C-H bending
C-O stretching

Antimicrobial activity of electrospun fibres
The antimicrobial activity of the electrospun fibres is presented in Figure 6.3. The

PAA/PAH fibre decreased the S. aureus cell viability to around 40%. Conversely, the E.
coli showed higher resistance to the fibre mat with only a 10% drop of cell viability in
comparison to the positive control.

Figure 6.3: Antimicrobial activity of electrospun fibres. 1) PAA/PAH/ZnO, 2)
PAA/PAH fibre, 3) positive control and, 4) negative cont rol

The PAA/PAH/ZnONPs fibre composite was efficient to inhibit both bacteria
strains as no dye reduction was observed, confirming the role of ZnONPs in the
antimicrobial efficacy of the electrospun fibres. This result can also be observed in the
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well-plate pictures in Figure 6.3, where the replicates in row 1 did not reduced the
resazurin dye, maintaining the blue colour, while the PAA/PAH in row 2 presented
some degree of dye reduction in comparison to the row 3, which represents the
maximum cell viability. Row 4 showed no dye reduction, as no bacteria was incubated
in these wells (negative control).
The final concentration of ZnONPs when testing the PAA/PAH/ZnONPs sample
was found to be 900 µg mL−1, once a fibre mat of 0.5 cm2 (which contains 0.045 mg of
ZnONPs) was placed in 0.05 mL of MH broth in each well. Therefore, the antimicrobial
activity of the PAA/PAH/ZnONPs was expected as it surpassed the MIC for both
bacteria strains. Even though the MIC for E. coli was not observed up to a concentration
of 100 µg mL−1, total cell growth inhibition indicates that the MIC was achieved when
using the 900 µg mL−1 concentration.
SEM photomicrographs of the fibre after performing the antimicrobial assay are
presented in Figure 6.4. This analysis corroborates with the resazurin assay as no
bacteria growth was observed in the PAA/PAH/ZnONPs fibres for both E. coli and S.
aureus strains. In addition, S. aureus formed isolated colony clusters in the control
sample (PAA/PAH) while the E. coli covered nearly the whole surface of the scaffold
forming a biofilm, confirming the results observed in the resazurin dye assay.
The SEM photomicrographs also shows that S. aureus clusters are formed by
spherical cells and are presented only in the surface of the fibres (Figure 6.4B and C).
Conversely, E. coli cells are rod in shape and are attached to the fibres, using the
structure of the material to support their growth, as shown in Figure 6.4E and F. The
morphology of the bacteria corroborates with findings in the literature [326–327].
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Similar to our findings, Abrigo et al. [327] also observed the formation of bacteria
colonies of S. aureus on the surface a electrospun polystyrene scaffold, while E. coli
bacteria spread around each fibre, forming a biofilm rather than bacteria clusters.
Bacteria attachment to nanostructures is linked to a range of mechanisms that
occurs simultaneously, which poses a challenge in understanding the interaction of
bacteria strains with nanomaterials. Some of these mechanisms are dependent on
surface chemistry, morphology, and electrostatic and van der Waal forces [328].

Figure 6.4: SEM photomicrographs of electrospun fibre after incubation with S.
aureus and E. coli A) PAA/PAH/ZnONPs sample after 24 h incubation with S.aureus, B)
PAA/PAH sample after 24 h incubation with S.aureus, C) amplification of image B to
highlight the bacteria morphology, D) PAA/PAH/ZnONPs sample aft er 24 h incubation
with E.coli, E) PAA/PAH sample after 24 h incubation with E. coli, and F) amplifica tion
image C to highlight the E. coli bacteria morphology and attachment to the fibres
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6.5

Summary

Polymer fibres were successfully prepared using the electrospinning technique and
posteriorly loaded with green synthesized ZnONPs. The fibre scaffold was formed by
uniform PAA/PAH fibres and presented an even distribution of ZnONPs. However, some
agglomerates of the nanomaterials were observed.
The electrospun fibres showed a similar morphology to the extracellular matrix of
skin tissue and the addition of ZnONPs inhibited both Gram-negative and Gram-positive
bacteria strains. These features display the potential of this novel material to be used for
wound dressings aiming faster wound healing and infection prevention.
However, in future investigations the particle agglomeration needs to be improved
and the cytotoxicity need to be investigated to elucidate the biocompatibility of the
material for wound dressing applications. Moreover, the plant extract could be also
incorporated to evaluate the effect on the morphological and composition properties of
the electrospun fibre, similarly as done for the thin films. In this sense, the plant extract
could be added by two methods: in the polymeric solution, or after the crosslinking of the
polymers, as the incorporation of ZnONPs.
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General conclusions and future perspectives

7.1

Conclusions and perspectives
This work aimed to develop polymeric antimicrobial biomaterials for biomedical

device coatings and wound dressings using PAH and PAA polyelectrolytes. The
antimicrobial activity was achieved by adding green synthesized ZnONPs from Ilex
paraguariensis leaves extract.
The green synthesis of ZnONPs using the plant extract was successfully
performed, illustrating a facile and environmentally friendly approach to obtain this
nanomaterial. The evaluation of the mechanism route for the green synthesis by cyclic
voltammetry and FTIR indicated that the nanoparticles were formed through the
complexation of Zn(II) ions with the plant active compounds, which are further
thermally degraded to obtain the nanomaterial. The source of zinc ions and plant
solvent was found to significantly affect the morphology and particle size of the
ZnONPs. Microscopy analysis (FESEM and TEM) has shown that the sample obtained
from zinc nitrate and ethanolic solvent (Nit_EtOH) presented a regular spherical shape
and size (around 18 nm). These findings were related to the fact that the zinc (II) ions
in the synthesis with zinc nitrate were fully complexed by the antioxidants of the plant
extract, in comparison to a partial complexation when performing the synthesis with
zinc acetate. Regarding the solvent, ethanol increased the extraction of active
compounds from the plant leaves, which improved the complexation of Zn(II) ions
during the first stage of the synthesis.
The cytotoxicity of the ZnONPs was evaluated using the L929 cell strain of mouse
fibroblasts. The results indicated that cell viability was dependent on the ZnONPs
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concentration for all samples obtained via the green synthesis, and it decreased as the
concentration increased. The sample Nit_EtOH conferred the least cytotoxicity among
all samples, showing no cytotoxicity up to a concentration of 10 µg mL-1 and presenting
an LC50 of 18 μg mL-1. When cells were treated with ZnONPs using the LC50
concentration, morphological analysis by SEM and GIEMSA staining showed that all
ZnONPs green synthesized induced a degree of the nucleus and cytoplasm
condensation. Also, a test performed using protein expression indicated that small and
uniform ZnONPs were able to internalize cells and trigger a metabolic process of cell
death in high concentrations.
An antimicrobial assay showed that Gram-positive bacteria strains were more
susceptible to ZnONPs than Gram-negative ones. While 45 μg mL-1 of ZnONPs inhibited
S. aureus growth, the same concentration reduced only 10% of E. coli cell viability. This
difference is related to a more complex structure of Gram-negative cells, which are
surrounded by lipids and proteins, posing a barrier to nanoparticles and ions
internalization. The higher vulnerability of Gram-positive bacteria was also linked to its
negatively charged surface, which attracts positive ions, such as Zn(II) ions.
In this sense, the ZnONPs were found to be biocompatible in low concentrations
and according to their size and shape, in which more uniform and smaller nanoparticles
pose lower cytotoxicity. Thus, the sample Nit_EtOH was further tested in the
biomaterials developed in this project and was referred to as solely ZnONPs in the
chapters of polymer biomaterials development. Moreover, considering that this
sample was able to internalize cells, this study also highlighted the potential
application of this nanomaterial to be used in the development of novel therapies
within the cell.
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The first polymer substrate used in this project was a multilayer thin film using
intercalated layers of PAH and PAA, in which ZnONPs and IP extract were added aiming
the achievement of antimicrobial properties. The thin films were obtained using a
layer-by-layer method by dip-coating, following a full factorial design of experiments.
The DOE was performed to evaluate the influence of PAH solution pH, ZnONPs
concentration, and the addition of IP extract on the composition of the thin films,
which was determined using Zn(II) quantification (ICP-OES).
The statistical analysis of the DOE indicated that the PAH pH and the IP extract
significantly affected the adsorption of ZnONPs in the polymer film, considering a 90%
confidence interval. Also, the adsorption of nanomaterial follows a linear model,
where it increases in more basic PAH pH solution and decreases with the increase of
IP extract concentration. These findings were associated with the enhanced stability of
ZnONPs in basic conditions, together with a stronger interaction between the
nanomaterial and the polyelectrolyte in higher pH solution.
Regarding the IP extract, it is believed that the anions present in the extract are
repulsed by the PAA negative charges and attracted by the PAH positively charged
groups. These facts can interfere in the deposition of even layers of polyelectrolytes
and, therefore, decrease the adsorption of nanoparticles. However, as no study has
reported incorporating plant extract in layer-by-layer thin films, this work gives an
insight for future investigations, aiming to associate the properties of thin films with
the unique characteristic of active compounds naturally present in plants.
The antimicrobial assay performed using S. aureus showed no significant
antimicrobial activity for the thin films developed in the DOE. Thus, aiming to increase
the adsorption of ZnONPs, the number of layers was increased for the sample that
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resulted in higher adsorption of nanoparticles according to the DOE. The number of
layers was increased from 21 to 81 and 121. While the sample with 81 layers showed
no antimicrobial inhibition, the sample with 121 layers presented inconsistent results.
The discrepancy was found to be related to a detachment of the thin film from the
substrate and to a series of fractures that left the substrate exposed, given space for
bacteria growth.
A range of possibilities is seen to improve the thin films.Firstly, the time between
coating and testing the samples should be minimized and controlled to avoid possible
sample degradation due to aging, especially when working with plant extract, which
active compounds are sensitive to oxidation. In addition, the samples must be kept
under refrigeration to avoid any degradation before testing. Therefore, the experiment
should be repeated taking in consideration this issues. Despite this fact, new
approaches regarding the synthesis could be considered. For instance, the plant
extract could be incorporated after the deposition of all layers, aiming for high
adsorption of nanoparticles. Another approach would be to use a more concentrated
solution of ZnONPs to coat the surface of the thin film, which could confer better
flexibility and attachment to ZnO coating films.
Thus, the results and conclusions here stated give direction to the development
of a promising biomaterial composite that could improve different issues currently
seen in the biomedical field. For instance, this material could be used to avoid
infections, acting as a flexible and thin coating to implants, catheters, and wound
dressings. The main advantage of this material would be the easy production process,
which accepts any material shape, and the use of antimicrobial agents to substitute
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common antibiotic drugs that are now becoming ineffective due to the development
of bacteria resistance.
The second biomaterial developed in this project used the same polyelectrolytes
to produce a nanofibre scaffold using the electrospinning technique. This material was
chosen not only due to the possibility to incorporate a higher amount of nanoparticles
but also because of its unique structure, which resembles the extracellular matrix of
skin tissue.
The electrospun fibre scaffold containing the ZnONPs was analysed according to
its morphology (FESEM and EDS) and composition (ICP-OES and FTIR). The fibres
showed a three-dimensional structure formed by uniform fibres with a diameter of
around 230 nm. According to the literature, this morphology favours the wound
healing process, mainly due to the high porosity and the facility of cell attachment and
proliferation. With the incorporation of ZnONPs, the scaffold became antimicrobial
against both S. aureus and E. coli strains. Moreover, reported studies have shown the
ability of ZnO to improve the tissue regeneration process.
These features display that the electrospun fibre scaffold obtained in this work
is a promising material to prevent infection and enhance the wound healing process.
However, the cytotoxicity of the composite material must be evaluated to confirm that
this scaffold meets the requirements for wound dressing biomaterials. Also, future
works in this area should include the plant extract, which might improve the properties
so far achieved, considering the many benefits that natural antioxidants have for tissue
regeneration.
Overall, this work has shown a greener and easy method to obtain ZnONPs,
which can be applied not only in the area outlined in this work but also in general
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applications that require ZnO. Also, this project has investigated the development of
two different polymer biomaterials with antimicrobial characteristics. While the thin
films have characteristics to act as an antimicrobial coating, the electrospun scaffold
presents a morphological structure required for wound dressings. However, further
studies need to be carried out to evaluate the cytotoxicity of the biomaterials and
enhance the antimicrobial activity.
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