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ABSTRACT

New antimicrobial interventions are urgently required to combat rising global health and
medical infection challenges. Here, an innovative antimicrobial technology, providing price
competitive alternatives to antibiotics and readily integratable with currently technological
systems is presented. In a design for medical plastics, where bacterial adhesion to medical
packing, textiles and implants such as catheters, cannulas, and orthopaedic implants, is a
growing reason for failure, triangular silver nanoplates (TSNP) and curcumin are demonstrated
for surface integration on medical materials. Using polymer solvation, the TSNPs are
integrated within Polycarbonate (PC), Polycaprolactone (PCL) and Polylactic acid (PLA).
TSNP encapsulation method is afterwards applied for processing biopolymers such as
Polylactic Acid (PLA). TSNP-incorporated materials showed a significant growth inhibition
against Escherichia coli (ATCC 11775) and Staphylococcus aureus (ATCC 25923) strains,
where PLA-TSNP exhibited the highest antimicrobial activity. On the other hand, bacterial
cellulose (BC) is a biomaterial of growing importance with a rising application spectrum for
which developments which improve its properties are very significant. BC films integrated
with Cur and TSNP showed an enhanced antimicrobial effect compared to films containing
only TSNP, especially against the Gram-positive strain, S. aureus. Furthermore, the
toxicological evaluation demonstrated the biosafety of the materials during in vitro (MRC5
lung fibroblasts) and in vivo (Caenorhabditis elegans and Danio rerio). The combination of
curcumin and TSNP in the bacterial cellulose matrix provides a novel mechanism for the
sustained antimicrobial action of biopolymeric thin films. This study has effectively
demonstrated that integrating curcumin in production medium with ex situ TSNP incorporation
leads to safe, biocompatible, antimicrobial BC films. Further studies will include the
exploration of TSNP-curcumin additive mechanism and improvement of mechanical
characteristics of BC materials that will potentially result in designing products suitable for
various packaging and biomedical applications.
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CHAPTER 1 - INTRODUCTION

1.1 Research Challenge

Environmental surfaces are a common source for contamination and/or transmission of
microbiological organisms. This can be especially problematic in places such as health care
facilities, food industries, hygienic public environments, among others, where pathogens can
easily spread and lead to disease acquisition and infection transmission (Kramer and Assadian
2014). Furthermore, antibiotic resistance in microorganisms is rising and spreading worldwide,
and threatening our ability to prevent and treat common infectious diseases (Prestinaci,
Pezzotti, and Pantosti 2015). The development of new sustainable technologies that facilitate
the protection of surfaces from microorganisms, while at the same time keeping the risk of
resistance generation at minimum is a priority. A number of approaches are currently under
development, or already in use. The need for improved and more versatile, effective and cost
competitive solutions remains an important target as the range of applications continues to
increase (Mahira et al. 2019).

Research efforts have focused on finding alternative anti-infective compounds that are capable
of exhibiting strong and rapid broad-spectrum antimicrobial activity. Among the list of
potential material options for such tasks, Ag* ions and curcumin, present as widely available
and widely studied compounds and which are also applicable to several other applications.
Their action mechanisms are effective against a variety of microorganisms, including bacteria,
fungi and viruses, with the important advantage of inducing limited or even null resistance.
Therefore, Ag* releasing silver nanostructures and curcumin hold great potential to be
integrated in innovative technologies to control or prevent microbiological colonisation on
specific surfaces. The integration of these compounds in an active format within the structure
of materials is a challenging process and depends on various factors such as: target
microorganisms, material type, its mechanical properties and selected method for their
incorporation. Selection of these parameters can vastly affect resulting antimicrobial properties

and performance.

Plastics are a primary material requiring high antimicrobial performance. Taking into
consideration the fact that commonly used pervasive plastics are leaving an indelible imprint

on our planet, an additional challenge would be to substitute these materials with
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environmentally friendly alternative biopolymer, such as PLA or BC which have enabled

antimicrobial activity.

1.2 Solution Proposed

In this project, the integration of triangular silver nanoplates (TSNP) as Ag* nanoreservoirs
within polymeric materials and biomaterials intended for wide spectrum of applications is
developed, demonstrating effective antimicrobial action and a cost-competitive fabrication
process. Moreover, curcumin was introduced into the best performing polymers as a
supplementary antimicrobial compound. Combination of these antimicrobials was shown to
potentially lead to increased antimicrobial effectiveness compared to currently commercially
available antimicrobial systems. A detailed analysis of polymers incorporating anti-microbial
agents was performed in order to assess the induced antimicrobial effect and also their
biocompatibility using various in vitro and in vivo systems. The proposed solution and project

timeline are presented on Figure 3.

STEP 5
STEP1 STEP 3
DETAILED
SELECTION OF INCORPORATION ANALYSIS OF
MATERIALS AND OF TSNP IN DERIVED
ANTIMICROBIALS SELECTED ANTIMICROBIAL

MATERIALS MATERIAL

Qe
o

TSNP SYNTHESIS ADDITION OF
OPTIMISATION CURCUMIN TO
THE BEST
STEP 2 PERFORMER
STEP 4

Figure 3. Project schedule for proposed solution.
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1.3 Objectives

a)

b)

To optimise the synthesis and formulation of TSNP for integration into plastics and
bioplastics.

To achieve the functional incorporation of antimicrobial TSNPs in biodegradable
and/or recyclable biopolymers.

Assessr_nent of derived materials’ antimicrobial activities, effect and mechanical
properties.

Effectively integrate antimicrobial active curcumin during the fabrication process
of biodegradable polymers.

Demonstrate improved antimicrobial performance of materials including
incorporated curcumin and TSNP.

Detailed biocompatibility analysis of derived films using in vitro and in vivo tests.

1.4 Research Question

Can advanced antimicrobial technologies be developed to address the rising bio contamination
and infection challenges in the food and medical plastics sectors? Specifically:

Can TSNP and/or curcumin be functionally integrated into biodegradable and/or
recyclable polymers, with the potential of being used as antimicrobial packing
bioplastics or biomedical materials?

Can various antimicrobial compounds and agents acting in combination lead to
more effective performance in the development of antimicrobial biocompatible
plastics?
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CHAPTER 2 - LITERATURE REVIEW

2.1 Overview

Since the discovery of penicillin and the diverse variety of antibiotics that followed, humanity
found in these compounds, a powerful tool to fight infections from pathogenic microorganisms,
which helped save a large number of lives (Adedeji 2016). However, such antibiotics have
been responsible for causing evolutionary stress in bacteria, leading to the appearance of
antibiotic-resistant mutants (Flasche and Atkins 2018). Although the development of resistance
is a naturally occurring response, it has been accelerated in recent years due to the overuse and
misuse of antibiotics. Furthermore, these adaptive resistance genes can be mobilized within
and between species, further accelerating the appearance of multi-resistant strains (Michael,
Dominey-Howes, and Labbate 2014). Another high impact factor is the urbanization rate of
modern times, as large numbers of people living in close proximity, together with our ability
to rapidly travel across the planet, which provides greater opportunities for interpersonal
contact, facilitating the spread of resistant bacteria and resistance genes across the globe
(Bruinsma et al. 2003; Michael et al. 2014). Therefore, antimicrobial resistance (AMR) is a
serious and growing problem that threatens our ability to treat infectious diseases. AMR also
represents a risk for millions of lives in the upcoming years and if not addressed properly and

promptly, represents one of the greatest challenges of the 21%t century.

The development of new antibiotic drugs is a long and costly process, with an average
investment of approximately US$1,300 million for 10 years or longer (Conly and Johnston
2005; Wouters, McKee, and Luyten 2020) with no guarantee for successful drug to be approved
or for the generation of high income. These factors make it unattractive for pharmaceutical
companies and has resulted in a notable decrease of approved antibiotics developed during the
last decades. Therefore, to face the growing problem of AMR, there is an urgent need for the
development of novel alternatives. These alternatives will allow us to reduce the dependence
on antibiotic drugs and to reduce risks of infection in certain specific situations, such as
healthcare facilities, food industries and shared public spaces. As a result, researchers are
increasingly focusing on new strategies such as; including novel molecules and using

informatics for the development of novel antibiotics.
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Highly promising novel antimicrobial molecules include antimicrobial peptides (AMP) and
peptide related molecules, pathogen-specific monoclonal antibodies, engineered
bacteriophages and CRISPR-Cas (Clustered regularly interspaced short palindromic repeats —
associated enzymes) systems, as well as pathogen-specific enzymes, inhibitors, and vaccines
(Mantravadi et al. 2019). Nanomaterials are also attractive options as antimicrobial agents,
particularly nanostructures, due to the antimicrobial effects some types possess and their ability
to be used as vectors for drug delivery applications (Baptista et al. 2018). Silver nanoparticles
(AgNPs) are considered the most effective antibacterial nanomaterial, but other metallic
nanoparticles (NPs), such as copper oxide (CuO), titanium dioxide (TiO>), gold (Au), and iron
oxide (FezO2) NPs have also demonstrated antimicrobial activity (Baptista et al. 2018). Further
strategies include the research of novel targets for antimicrobial agents, including cell wall and
cell membrane, different biosynthetic pathways, transfer of ribosome RNAs (Ribonucleic
Acid), cell division machinery, and inhibition of pathogenesis through anti-virulence strategies
(Belete 2019). Many of these strategies are intended to work as adjunctive therapies to increase
effectiveness of antibiotics and reduce the risk of generating resistance, which means that
integration with traditional antimicrobial agents will also be essential.

2.2 Silver nanostructures

Nanotechnology is a science focused on the study of the properties of materials at the
nanoscale, including their manipulation and engineering. It is of general agreement that NPs
are clusters of atoms ranging between 1-100 nm on size, and particles within this size range
exhibit a large surface area to volume ratios and specific quantum effects encountered at these
dimensions (Williams 2008). NPs are of great interest to the scientific community due to the
peculiar properties they possess, in contrast with their bulk material versions. Bulk materials
maintain constant physical properties regardless of any different size or shape they can take,
while at the nanoscale materials, physical, chemical, biological and optical properties can

exhibit changes induced by size, shape or composition (Chouhan 2018).

Humans began using metallic NPs in ancient times, though were not fully aware of their nature.
Earliest examples of NPs in a practical application date back to Mesopotamian and Egyptian
cultures, when they used metals in the fabrication of glass. Through history, this technique was
used and improved, mainly for decorative purposes, allowing glass staining in a variety of
colours due to the plasmonic properties of the NPs (Jeevanandam et al. 2018). Perhaps one of
the most representative examples of ancient employment of metal NPs is the Lycurgus cup,
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manufactured in Rome during the 4™ century. The peculiarity of this cup resides in the optical
effects displayed by the glass, as it appears green when light is reflected but changes to red
when light is transmitted through it. This phenomena is possible due to the presence of silver-
gold alloy NPs (7:3 ratio and 50-100 nm in diameter) within the glass of the cup (Freestone et
al. 2007). Several cultures exploited the attractive properties of NPs even before

acknowledging their existence or understanding the principles dictating their optic behaviour.

Silver (Ag) is one of the most attractive metals for the synthesis of nanoparticles, because of
the wide applications derived from the properties it possesses. Attributes such as its
malleability, conductivity, ductility, resilience, rareness and antimicrobial properties, made it
valuable and convenient for several everyday life purposes through ancient and modern times.
The most common applications of Ag include jewellery, ornaments, currency, photography,
electrical contacts, among others. Other applications include optoelectronics, water
disinfection, diagnostics, anti-cancer therapeutics, biomedical technologies, drug-gene
delivery, energy science and clinical anti-bacterial purposes, etc. (Lee and Jun 2019; Remziye
Guzel and Erdal 2016). The increasing list of practical uses found for Ag and its NPs, present

it as a highly valuable for current and future technologies and applications.

2.2.1 Synthesis of Silver Nanoparticles

There are several methods for the synthesis of AgNPs. Broadly, these methods can be divided
into two categories; top-down and bottom-up approaches. Top-down methods constitute the
disincorporation of bulk materials into smaller particles, eventually resulting in the formation
of the required nanostructures. Bottom-up approach involve techniques to assemble single
atoms and molecules into the desired nanostructures. However, it is easier and more common
to classify the methods as either physical, chemical or biological. (Chugh et al. 2018; Lee and
Jun 2019)

The most important physical methods are evaporation-condensation and laser ablation, both of
which are capable of synthesising large amounts of high purity NPs, with the advantage of not
using hazardous chemicals. Evaporation-condensation methods generate NPs by evaporating a
solid silver source in a furnace, and as the vapour is cooled down, it nucleates into NPs
(Vodop’yanov et al. 2017). For laser ablation techniques, the bulk metal source is placed in a
liquid environment and irradiated with a pulsed laser, forming the NPs and releasing them into

the liquid environment (Chen and Yeh 2002). However, as capping agents are not used,
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agglomeration is a common problem while using this approach, as well as a higher operation
cost due to the complex equipment, high amount of power and longer time required (Iravani et
al. 2014; Lee and Jun 2019).

The most widely used chemical approach involves the reduction of silver salts using agents
such as ascorbate, sodium borohydride (NaBHa4), elemental hydrogen or citrate, that reduce
Ag* to silver atoms (Ag?), followed by formation of oligomeric clusters by agglomeration. The
formed clusters allow the formation of colloidal AgNPs (Abou El-Nour et al. 2010). During
the preparation of the NPs, it is important to use protective agents that can be adsorbed or bind
to their surface, helping stabilize their growth and avoid sedimentation, agglomeration or the
loss of their surface properties. Some examples include surfactants (such as thiols, amines,
acids, alcohols) or polymeric compounds like poly (vinyl alcohol) (PVA), poly
(vinylpyrrolidone) (PVP), poly (ethylene glycol), Poly (methacrylic acid) and
polymethilmethacrylate, that are used as effective agents for protection and stabilization of NPs
(Iravani et al. 2014). Chemical methods can also include the use of additional techniques such
as laser irradiation, electrochemistry, photochemistry, lithography, cryochemical synthesis,
sono-decomposition and thermal decomposition. These methods usually offer high yield and
ease of production, however, the general disadvantage is the use of toxic and hazardous
chemicals that not only represents an environmental risk, but also limits the use of AgNPs in
applications related to living organisms (Zhang et al. 2016).

Due to the disadvantages of physical and chemical methods, biological synthesis presents itself
as an interesting alternative. Biosynthesis methods use biological agents, including plant or
algal extracts, bacteria, fungi and yeast. These methods offer the possibility of synthesising the
NPs in an environmentally friendly, cost effective and easily scalable manner (Benakashani,
Allafchian, and Jalali 2016). A large number of approaches for the biosynthesis of AgNPs
already exist, taking advantage of fats, proteins, nucleic acids, pigments, carbohydrates and
secondary metabolites produced by plants and holding the capability of reducing Ag from silver
salts. In the same way, microorganisms produce several proteins, enzymes and other
biomolecules that can act as reducing agents, which allow them to synthesise intracellular or
extracellular NPs (Siddiqi, Husen, and Rao 2018).

As methods for synthesis of AgNPs can be very different, the resulting NPs can also show

significant variations in their properties, determined by parameters such as shape, size, surface
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area, pore size, crystallinity and fractal dimensions (Abou EI-Nour et al. 2010). These
parameters are strongly influenced by experimental conditions, including factors involving the
kinetics of interactions between Ag ions and reducing agents and the activity of the stabilizing
agent, making the design of the synthesis method of great importance for the final application
of the NPs (Ghorbani et al. 2011). Given that antibacterial activity, optical, magnetic, electronic
and catalytic properties are strongly influenced by size and shape, several techniques are
directed for the synthesis of non-spherical NPs, including nanorods, nanowires, nanobars
nanoprisms, cubic, triangular, hexagonal and flower-shaped NPs (Khodashenas and Ghorbani
2015). The techniques used to identify and characterise NPs include transmission and scanning
electron microscopy, dynamic light scattering, Fourier transform infrared spectroscopy and

UV-Vis spectroscopy, among others (Abou EI-Nour et al. 2010).

2.3 Triangular Silver Nanoplates (TSNP)

It has been established that optical properties of metallic NPs can be highly dependent on shape,
size and composition. Triangular Silver Nanoplates (TSNP) (Figure 4) and other non-spherical
nanostructures with sharp geometries have been postulated to possess highly controllable
optical properties, related to their amenability to greater electric-field enhancement, mainly
occurring in the particle tips (Kelly et al. 2003). TSNP have also been reported to exhibit higher
antimicrobial activity, attributed to a rate of Ag*® ion release which is five times larger,
compared to spherical TSNPs. As Ag* ion release is caused by oxidation, the increased ion
release of TSNP is a consequence of its sharp edges and corners, which make them more

susceptible to oxidation (Lu et al. 2015).
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Figure 4. TEM image of TSNP (Charles et al., 2010).

Triangular-shaped nanoplates or nanoprisms started appearing on the picture as by-products of
methods that predominately produce spheres (Kirkland et al. 1993; Klaus et al. 1999). Then,
the first method found in literature directly intended for the synthesis of triangular silver
nanoprisms, reported by Jin et al. (2001), consisted in a photoinduced method that would allow
the conversion of large quantities of silver nanospheres into triangular nanoprisms (Jin et al.
2001). Following that, upon observation of their distinctive optical properties and potential in
biosensing applications, interest started to arise to further study this morphology and to develop
more efficient and consistent methods to synthesise them.

2.3.1 Synthesis of TSNP

Different approaches can be followed for the synthesis of TSNP, although seed-catalysed
chemical reduction of silver nitrate (AgNOs3) is one of the most common used. Typically,
AgNO:s is reduced using NaBHa, in the presence of sodium or trisodium citrate (TSC) as a
stabilizer to form seeds. Afterwards, for TSNP growth, the seeds serve as a catalysing
(nucleating) source for the reduction of more AgNO3 using ascorbic acid (AA) and a stabilizing
polymer such as PVA (Kelly, Keegan, and Brennan-Fournet 2012), PVP (Singh et al. 2009;
Wu, Zhou, and Wei 2015) or by adding TSC at the end of the reaction (Aherne et al. 2009).
Some reported methods do not mention the use of stabilizer polymers in the growth step
(Brennan-Fournet et al. 2015; Charles et al. 2010; D’ Agostino et al. 2017; Zhang et al. 2014),
or they use the polymer in the seed synthesis instead, for example PEG (Vinayagam et al. 2018)
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or Poly(sodium styrene sulphonate) (PSSS) (Aherne et al. 2008). A method involving PVP as
a seed stabilizer, and hydrogen peroxide (H20) as reducing agent in the growth step, instead
of AA, has also been reported (Cai et al. 2017; Van Dong et al. 2012; Torres et al. 2007). Other
alternatives include the fabrication of TSNP by plasmon-mediated synthesis, by irradiating the
seeds with a sodium lamp. Another difference on this reported method is the addition of sodium
hydroxide (NaOH) to the seed synthesis step (Ahmad et al. 2019).

The use of a seed-mediated approach offers the advantage of allowing to change the average
edge size and thickness by adjusting the volume of seed solution used for the growth reaction
of TSNPs. This was demonstrated by Liu et al. (2014), where the edge length of TSNP was
precisely tuned from 150 nm and up to 1.50 um, and their thickness varied in a range between
~5 nm for the smallers nanoplates, to ~14 nm for the largest ones (Liu et al. 2014). Another
example was reported by Kelly et al. (2012), where TSNPs were also synthesised with
variations in the volume of seeds, resulting in particles with mean edge lengths between 10-
200 nm and thickness between ~5 and ~14 nm (Kelly et al. 2012).

Several methods for TSNP synthesis, using chemical reduction but without seeds as catalysts
are also reported. In one method, a single-step approach is proposed adding AgNO3 to a
solution of NaBH4, TSC and AA, while using a larger amount of AA compared to other
methods. It was found that by increasing the amount of AA, the number of spherical NPs was
reduced and the formation of TSNP increased (Etacheri et al. 2010). Additionally, a
combination of sodium citrate, PVP, H.02 and NaBH4 added to AgNOs allowed the formation
of colloidal TSNP solutions (Fang et al. 2017; Furletov et al. 2017; Zhang et al. 2011).

The synthesis was also achieved by modifying a procedure used to prepare spherical NPs, by
substituting NaBH4 for hydrazine hydrate as a reducing agent (Li et al. 2012). Moreover, a
synthesis employing an ionic liquid-water interfacial methodology allowed the formation of
the TSNP, by taking advantage of the tunability of ionic liquids, and keeping the growth under
kinetic control due to the high viscosity and ionicity of the ionic liquids (Lu et al. 2015).

2.3.2 TSNP as Nansosensors

Surface plasmon resonance (SPR) is an optical property possessed by some materials, where
excitation by incident light results in the collective oscillation of conduction electrons in the

surface of the material (Willets and Van Duyne 2007). When light waves interact with
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conductive NPs with a much smaller size than the wavelength of the incident light, waves are
trapped within the NPs, leading to local plasmonic oscillations with a resonant frequency
known as localized surface plasmon resonances (LSPR) (Paridah et al. 2016; Petryayeva and
Krull 2011; Willets and VVan Duyne 2007). LSPR wavelength is strongly dependent on shape,
size, composition, dielectric environment, local refractive index and separation distance of NPs
(Aherne et al. 2009; Petryayeva and Krull 2011; Willets and VVan Duyne 2007). The resonance
wavelength of LSPR and SPR is sensitive to small changes in the local refractive index,
transducing these changes to a measurable wavelength shift, giving plasmonic materials and
NPs a great potential as powerful biosensors for small-sized analytes (Brennan-Fournet et al.
2015; Chang et al. 2018; Manzano et al. 2016; Unser et al. 2015). Aforementioned shifts can
occur towards shorter wavelengths in the spectrum, which is known as a blue shift, and a red

shift when it occurs towards longer wavelengths (Figure 5).

Extinction

Wavelength

Figure 5. Graphical representation of a red shift in LSPR of TSNP, occurring as a result of molecules binding to the particle
surface.

Noble metal nanoparticles such as Ag and Au exhibit LSPR in the visible region of the
electromagnetic spectrum, making them attractive for sensing applications, as changes can be
even detected with the naked eye in some cases, making detection faster, easier and inexpensive
(Unser et al. 2015). AgNPs are particularly attractive because among all metals, silver
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possesses the greater scattering cross-section, which means a higher probability of interaction
between radiation and the target (Michael Kotlarchyk 1999). Consequently, AgNPs show the
most intense plasmonic interaction with incident light, compared to other metallic NPs (Wu et
al. 2015).

Changes in refractive index cause detectable shifts in LSPR resonance wavelength, according

to the Equation (Eq 1) for the sensitivity (%) of the resonance wavelength to the refractive

index of the medium. “Where er is the real dielectric constant for silver, (%) Is the real

. . . . A .
dielectric constant determined by the plasmon resonance condition and (g)a is the slope

max
of the real part of the nanoparticle’s dielectric function with changing wavelength” (Charles et
al. 2010)

AL Agr
max __ An
An  (Aer (Eq 1)
(Al )Amax

This response can occur as analytes or molecules, which have an adequately different refractive
index bind at or near the surface of metallic NPs. This property is significant in TSNP due to
the sharp tips and edges of TSNP geometry, making them attractive for use as nanosensors or
biosensors. This was confirmed by using the biotin-streptavidin system to demonstrate their
high sensitivity and selectivity, and proving their suitability to act as powerful biosensors
(Haes and Duyne 2002). Another successful demonstration of sensing efficiency, was
performed by changing the refractive index of the TSNP surroundings, through variation in

sucrose concentration (Charles et al. 2010).

TSNP are already being used as biosensors in research. For instance, Zhang et al (2014) used
cytidine 5’-diphospocholine coated TSNP and AuTSNP (Gold coated TSNP) for detection of
C-reactive protein. Brennan-Fournet et al (2015) successfully detected conformational changes
of fibronectin using AUTSNP. Vinayagam et al (2018) built a nanoprobe by conjugating single
strand DNA to the TSNP surface, for specific detection of dengue virus. Cai et al (2017)
proposed a TSNP-AuUNP nanoconjugate which allows detection of glucose due to LSPR
changes caused by TSNP etching. Fang et al (2017) also applied TSNP etching colour changes
in the design of a colorimetric method for the detection of dopamine, which possesses high

affinity to Ag and formed a protective coating against chlorine. A similar approach for the
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detection of mercury (Hg(ll)) has been reported, taking advantage of Ag/Hg amalgam
formation to protect the TSNP from the effects of chlorine (Li et al. 2018). A slightly
contrasting method reported by Furletov et al (2017), measured the reduction of TSNP colour
intensity after the addition of Hg(ll) alone, attributing such changes to both oxidation by Hg*?

ions and amalgam formation.

2.3.3 Antimicrobial Activity

Antimicrobial compounds can exhibit activity through two different mechanisms; bactericidal
or bacteriostatic effects. Bactericidal compounds directly target and destroy bacterial cells,
leading to their death. These compounds typically disrupt vital cellular functions, such as
inhibiting cell wall synthesis or interfering with essential metabolic pathways, ultimately
resulting in the irreversible destruction of the bacteria (Kohanski, Dwyer, and Collins 2010).
In contrast, bacteriostatic compounds inhibit bacterial growth and multiplication without
causing immediate cell death. They interfere with critical bacterial processes, such as protein
synthesis or DNA replication, effectively impeding bacterial reproduction (Loree and Lappin
2022). However, the antibacterial effect of a certain compound can vary under different
conditions, and is usually not consistent against all bacteria. Therefore, it is more accurate to
describe most antibacterial agents as potentially being both bactericidal and bacteriostatic
(Bernatova et al. 2013). In the case of AgNPs, they are capable of exhibiting a potent
bactericidal effect against a wide variety of microorganisms, but this activity is dependant of
several factors, including size, shape, concentration, aggregation, capping agents, among others
(Anees Ahmad et al. 2020).

AgNPs have demonstrated effectiveness against a broad number of microorganisms, including
Gram-positive and negative bacteria, viruses and fungi. Even though their broad-spectrum
antimicrobial activity has been proven, the precise mechanism of action is not yet fully
understood. However, four mechanisms are postulated for the antimicrobial action of Ag NPs,
as illustrated in Figure 6. These include; 1) AgNP adhesion to bacterial membrane and cellular
wall, altering structure and permeability. 2) Penetration inside cell, destabilizing and
denaturing proteins and lipids, causing mitochondrial and ribosomal dysfunction and
interacting with DNA. 3) Causing the generation of reactive oxygen species (ROS) and free
radicals and therefore inducing cellular toxicity and oxidative stress. 4) Modulating cell
signalling pathways, which affect bacterial growth and other molecular and cellular activities

(Dakal et al. 2016). Nevertheless, several studies suggest that ROS generation and increase of
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oxidative stress, caused by Ag* release, is the most drastic antimicrobial mechanism associated
with AgNPs (Sotiriou and Pratsinis 2010; Xiu et al. 2012).

. * g .
\ROS S % T Nano-scaled silver

- @ @ Silverion

Membrane protein

Figure 6. Antibacterial action mechanisms of AgNPs. 1) Adhesion to bacterial membrane and wall, 2) Penetration inside the
cell, 3) Generation of ROS, 4) Modulation of cell signalling pathways. Adapted from (Marambio-Jones & Hoek, 2010).

The adhesion of AgNPs to the cell wall and membrane of bacteria is facilitated by their positive
surface charge, conferring electrostatic attraction to the negatively charged components present
in both wall and membrane (Abbaszadegan et al. 2015). As the AgNPs interact with the sulfur-
containing proteins of the bacterial membrane, affecting the integrity of the lipid bilayer and
increasing permeability of the membrane, causing irreversible changes in the membrane
structure and resulting in its disruption (Ghosh et al. 2012). This alterations in the membrane
morphology disturb the ability of the bacteria to properly regulate transport activity through
the membrane, affecting vital mechanisms such as the uptake of ions and causing loss by the
leakage of cellular contents, including proteins, ions and ATP (Adenosine triphosphate) (Dakal
etal. 2016). Although AgNPs have demonstrated effectiveness against both Gram-positive and
Gram-negative bacteria, Gram-positive bacteria are less susceptible due to the thickness of
their negatively charged peptidoglycan layer, leaving the Ag* ions stuck in the cell wall and
impeding their entry. On the other hand, the membrane of Gram-negative bacteria is rich in
negatively charged lipopolysaccharide molecules, promoting the adhesion of AgNPs and

making the bacteria more susceptible to several cellular dysfunctions (Slavin et al. 2017).
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Penetration of the AgNPs inside the bacterial cell is another possibility after their adhesion to
the cell membrane, and consequently, interfering with vital cellular functioning. This
mechanism is size-dependent, as smaller NPs have been observed to reach the cytoplasm at
greater rates, than larger ones (Qing et al. 2018). However, when AgNPs penetrate inside the
microbial cell, they may interact with intra-cellular structures and biomolecules, including
proteins, lipids and DNA, resulting in their disruption or denaturation (Dakal et al. 2016).
Particularly, the interaction of AgNPs with ribosomes, which results in their denaturation,
causes inhibition of translation and therefore interrupts protein synthesis (Dakal et al. 2016;
Qing et al. 2018) It has been observed that Ag* ions can interact with the functional groups of
proteins and cause their inactivation, for example, protein thiol (-SH) groups (Rai et al. 2014).
Moreover, Ag* are likely to interact with phosphorus-containing compounds, such as DNA,
preventing its replication and even causing denaturation. Another effect on DNA is the
formation of conglomerates or condensed regions, which occurs as a defence mechanism when
the bacteria sense a disturbance in the membrane as a result of attack by toxic compounds.
Condensed forms of DNA also result in loss of replication ability, inhibiting cell division
(Dakal et al. 2016; Morones et al. 2005).

Cellular oxidative stress increases as a toxic effect derived from the presence of heavy metal
ions, such as Ag* ions. Consequently, the presence of Ag* released by AgNPs will lead to the
production of ROS and free radicals, such as superoxide anion (O2’), hydroxyl radical (OH®),
singlet oxygen (O2), hydrogen peroxide (H202) and hypoclorous acid (HOCI). It has been
reported that ROS can exist naturally in intracellular and extracellular locations, however,
under certain conditions, elevated levels of ROS increase the oxidative stress in cells. This
results in the damage of cell membrane, proteins, DNA, and intracellular systems such as the
respiratory system (Kim et al. 2011). ROS are considered as a major mechanism for induced
bacterial apoptosis in AgNP treatments, as DNA damage is a common apoptotic mark (Zhang
et al. 2018). The dysfunction of the respiratory electron transport chain is thought to occur as
a result of Ag* ions interacting with thiol groups in essential enzymes or components of the
chain, such as nicotinamide adenine dinucleotide (NADH) and succinate dehydrogenase,
therefore obstructing adequate electron transfer to oxygen (Park et al. 2009). It is postulated
that AgNPs and Ag* have independent but similar modes of action, with Ag* ions exhibiting
stronger antibacterial activity than AgNPs. The aforementioned Ag* antibacterial activity is
directly proportional to the environmental concentration of ions, but due to oligodynamic effect

(A biocidal effect that some heavy metals present against bacteria, which is produced even
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from low amounts of metal) they show high efficacy even in low concentrations (Kedziora et
al. 2018).

Cell signalling pathways such as the cycle of phosphorylation and dephosphorylation cascade
are essential for microbial growth and activity. Reversible phosphorylation of tyrosine residues
acts as an activator for several important protein substrates, such as RNA polymerase, DNA
binding proteins and UDP-glucose dehydrogenase. These enzymes play an essential role in
replication and recombination of DNA, as well as bacterial metabolism and cell cycle.
Therefore, decreasing phosphorylation of such enzymes would result in the inhibition of their
activity, which represents critical implications on bacterial growth cycle (Dakal et al. 2016;
Shrivastava et al. 2007). Upon penetration of the nanoparticles inside the bacterial cytoplasm,
interaction with bacterial cellular components occurs, including dephosphorylation of
mentioned enzymes, hence modulating the phosphorylation signalling pathway and disrupting

bacterial cycle (Shrivastava et al. 2007).

TSNP have been observed to exhibit enhanced antibacterial action, when compared to spherical
AgNPs (Van Dong et al. 2012; Lu et al. 2015; Pal, Tak, and Song 2007; Vo et al. 2019). Sharp
edges and corners are associated with the improved activity. P. Van Dong et al (2012)
suggested that edges and vertexes could enable TSNP easy penetration into the cell, causing
higher toxicity. Lu et al (2015) found that the triangular shape of AgNPs releases five times
more Ag* than spherical AgNPs, as a result of the sharp corners and larger areas of reactivity
enabled by the {111} plane geometry, making them more susceptible to oxidation. This
mechanism is a similar to that presented by Vo et al (2019). Pal et al (2007) also attributed the
difference in antibacterial efficiency between triangular and spherical shapes to the available
surface area that is in contact with the bacteria, concluding that NP size and the presence of a
{111} plane are determining factors in promoting biocidal efficacy. Cheon et al (2019) reached
a similar conclusion about surface area being an important factor directly influencing Ag*
release and therefore affecting the antimicrobial activity.

Raza et al (2016) also demonstrated that size is an important factor to consider. In their study,
they compared the bacterial inhibition of different sizes of spherical AgNPs and TSNP, where
the smallest sized AgNPs (15-50 nm) had the strongest antimicrobial effect, while TSNP had
the second best. They concluded that larger surface to volume ratio possessed by smaller NPs

compared to larger ones, allows smaller particles to release more silver ions. Furthermore, it
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was demonstrated that antimicrobial activity of silica-coated TSNP can be modulated by laser
irradiation, where an increase or decrease on the activity can be observed depending on the
laser intensity (Takeda et al. 2022) Such results support the idea that TSNP are not only suitable
for nano-sensing applications, but also for antimicrobial devices and surfaces. In addition, it is
possible to control the antimicrobial activity of AgNPs by controlling their size and shape
(Cheon et al. 2019; Raza et al. 2016).

2.3.4 Toxicity Concerns of AgNPs for Humans

The multiple advantageous characteristics of AgNPs have been discussed, including their
unique optical properties, tunability, conductibility and antimicrobial properties, leading to
broad research and utilization in a wide range of applications. Nonetheless, the extended use
of AgNPs raises a series of unpredictable concerns involving the risks of their interaction with
biological systems, especially in the case of human exposure. It is generally assumed that
AgNPs will have higher toxicity towards prokaryotic cells than towards eukaryotic cells;
however, this might not always be the case. Under certain conditions, the toxic effect of silver
towards bacteria and in vitro human cells could manifest within the same concentration range
(Greulich et al. 2012). It is implied that factors such as morphology, size, chemical composition
and surface charge are important factors influencing their toxicity. It has been observed that
the toxic effect of AgNPs is largely dependent on the amount of Ag* released, with higher Ag*
concentrations showing greater in vitro toxic effects (Beer et al. 2012). Some of the toxicity
mechanisms induced by AgNPs include phagocytosis or endocytosis leading to mitochondrial
damage and ROS generation, which in turn causes disruption of proteins, nucleic acids and
lipids, provoking apoptosis (Akter et al. 2018). Several factors influence the cytotoxic level of

AgNPs, including size of the nanoparticle, concentration, coatings and agglomeration.

The toxicity threshold (Minimum dose of any substance on which toxicity is first encountered)
of AgNPs is dependent on particle size for specific cell types. However, this is not always the
case, as it might depend on several factors rather than only one, including possible variations
of the interaction of the AgNPs according to the type of organism (Akter et al. 2018). Findings
also show that smaller AgNPs tend to exhibit higher cytotoxicity, due to generation of greater
levels of ROS (Carlson et al. 2008; Liu et al. 2010; Dos Santos et al. 2014). The shape of the
AgNPs is another factor that can influence their toxicity, as different shapes can have different

interaction mechanisms with the cells. For example, Stoehr et al (2011) showed that spherical
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NPs had no effect on human alveolar A549 cells, but Ag wires significantly reduced their
viability (Stoehr et al. 2011).

On the other hand, it is critical to determine the minimum concentration for AgNPs to induce
toxicity and the variation under different conditions and for different subjects. Similarly to size
and shape, induction of cytotoxicity can vary with different concentrations of AgNPs on
different cell lines (Akter et al. 2018). It is also important to consider the concentration of Ag*
ions, as they will also have an effect on cytotoxicity. Different factors influence the
concentration of Ag*, these include particle size, surface functionalization, particle
crystallinity, temperature, nature of immersion medium and storage time (Kittler et al. 2010).
It has been observed that minimum or maximum concentration for AgNPs to induce toxicity is
not fixed and will depend on the morphology of the NPs, the organism exposed and several

other factors.

As the toxicity limits for silver can vary depending on the specific context and application, the
regulatory standards and permissible exposure limits for silver toxicity may have variations
among different organizations and agencies. The Occupational Safety and Health
Administration (OSHA), established that the airborne limit for silver is 0.01 mg/m3 during an
8-hour work shift and 40-hour work weeks (Occupational Safety and Health Administration
(OSHA) 2021). On the other hand, the European Commission recommends that the
approximate amount of silver that can be safely consumed by humans is 5 pg/kg/day, and the
critical dose is estimated to be 14 pg/kg/day, and the maximum concentration allowed in
drinking water is <0.1 mg/L (European Commission 2000).

Coating of AgNPs is generally used to prevent their aggregation, typically producing
electrostatic and electrosteric repulsions between the NPs, allowing their stabilization.
Commonly used capping agents for coating include organic capping agents such as
polysaccharides, citrates, polymers, proteins, etc. and inorganic capping agents such as
sulphide, chloride, borate and carbonate. The capping material plays a role in preserving the
surface chemistry of the AgNPs by stabilizing, providing a specific shape and reducing Ag*
emission, hence, they hold a significant potential for modulating their bioactivity (Akter et al.
2018). There have been reports where coating did not show any toxic effect to eukaryotic cells
and did not prevent antibacterial activity (Travan et al. 2009), where cytotoxicity was reduced

compared to non-coated AgNPs (Kawata, Osawa, and Okabe 2009; Nguyen et al. 2013), where

35



no significant changes were observed between coated and non-coated AgNPs (Shoults-Wilson
et al. 2011) and where the coating of NPs enhanced the cytotoxic mechanism (Zhang et al.
2014). Therefore, depending on the nature and chemistry of the capping agent, it is possible to
use coating as a strategy to reduce cytotoxicity, although this does not apply for every capping

agent and it may also depend on additional factors.

Contrary to soluble chemicals, NPs can settle, diffuse or aggregate distinctively depending on
factors such as their size, density and physicochemical properties. These conditions can have a
significant influence on the cellular dose, therefore making the definition of dose for NPs in an
in vitro system more dynamic, more complex, and less comparable across Np types, than it is
in the case of soluble chemicals (Teeguarden et al. 2007). Agglomeration processes can also
be affected by the conditions of the culture medium, including pH, electrolyte or salt content
and protein composition (Vippola et al. 2009). Agglomeration may sometimes induce toxicity
rather than ion-induced toxicity, as it can play a role in several intracellular responses.
Therefore, it is important to assess how different states of aggregation or agglomeration affect
different biological responses, as easy penetration of agglomerated cells into mesenchymal

stem cells and the nuclei has been observed (Hackenberg et al. 2011).

Humans are generally exposed to Ag from several sources, including jewellery, functional
textiles, coins, tableware, deodorants, catheters, antibacterial treatments and coatings in
refrigerators, etc. (Hadrup, Sharma, and Loeschner 2018). However, more information is still
required to correctly assess the hazards of chronic exposure to nano-silver and its ions, both for
humans and for the environment. As has been described previously, the cytotoxicity level of
AgNPs depends on the combination of several factors. The toxicity towards unicellular
organisms (in vitro) and multicellular organisms (in vivo) could be very different due to the
structural and physiological differences, including specialized tissues acting as defence
structures. Furthermore, higher organisms such as plants and animals possess diverse defence
mechanisms that allow them to tolerate higher levels of heavy metals, including silver
(Vazquez-Mufioz et al. 2017). After exposition, intact skin has proven to be an effective barrier
against absorption of AgNPs, while on the other hand, mucosal tissue is a less efficient barrier
(Hadrup et al. 2018). Argyria (skin coloration) is one of the effects that has been observed after
prolonged accumulation of silver in the human body, while other potential risks also include
dermatitis and eye irritation (low potential), genotoxicity and carcinogenesis (non-conclusive),

hepatic toxicity, neurotoxicity, renal toxicity and hematological toxicity (Hadrup et al. 2018).
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Given all these criteria, proper evaluation of potential risks of new AgNPs-containing products

should be conducted, to ensure toxicity is minimal or non-existing for the intended application.

2.3.5 TSNP-Polymer blending

AgNPs amalgamated materials are now used in a range of different applications, including
improving electrical and thermal conductivity, water treatment, antimicrobial medical
materials, sensing materials for diagnosis, among others (Abbas et al. 2018). In the specific
case of TSNP, there are only a limited number of reports of their incorporation into other
materials for several applications, and the exploration of the antimicrobial activity of said

materials is even more limited.

Dispersion of triangular silver nanoprisms in an aqueous acrylamide matrix was reported. The
dispersion showed highly tuneable optical properties, and was used as a carrier liquid for a
fluorescent dye in the fabrication process of poly(acrylamide) microparticles (Knauer et al.
2013). Additionally, dispersion of triangular silver microplates in a polyvinylidene fluoride
matrix for improvement of electrical conductivity was reported by (Audoit et al. 2016). Zhang
et al. (2013) fabricated a composite of a TSNP and chitosan, which significantly enhanced the
sensitivity as a SPR biosensor (Zhang et al. 2013). Dithiocarbamete-stabilized silver
nanotriangles were used to obtain nanocomposites with nanoparticles of polythiophene-derived
nanoparticles, trying to obtain a stable system that could be of interest for applications in
catalysis, biosensing, electronics and optics (Reynoso-Garcia et al. 2018). The synthesis of
solid silver/polyvinylpyrrolidone/polyacrylonitrile nanocomposite films with triangular silver
nanoprisms was also reported, taking advantage of their optical absorption spectra to increase
the efficiency of photothermal conversion in the polymer matrix, expecting this material to be

used in applications such as absorbing materials for solar collectors (Kudryashov et al. 2020).

Another approach for the formation of TSNP composites includes the coating of their surface
with polymers, such as silica, PVP or mercaptohexadecanoic acid (Djafari et al. 2019). Djafari
et al. (2019) compared the antimicrobial activity of TSNP with different polymeric coatings,
and it was found that surface charge of the selected polymeric coating has an effect on the
antimicrobial efficacy of TSNP towards Gram-positive or Gram-negative strains. Similarly,
Vo et al. (2019) studied the feasibility of a gelatin-chitosan coating on the synthesis of TSNP
and evaluated their antimicrobial activity, which was higher compared to other AgNP

morphologies. A method for synthesis of TSNP and posterior ex situ incorporation into
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Polyvinyl alcohol (PVA) was also reported. Potential applications of this method include
dichroic materials and antimicrobial materials, but the antimicrobial effect was not evaluated
during this study (Velgosova et al. 2022).) As the applications for TSNP can be diverse, their
incorporation into polymers for purposes such as improvement of electrical conductivity,
thermal conductivity and biosensing have been explored, but there is still a lack of research

about their integration into plastics for antimicrobial purposes.

2.4 Curcumin

Turmeric (Curcuma longa) is a rhizomatous herbaceous tropical plant, widely used in South
Asian and Middle Eastern cuisines, and also traditionally used as an anti-inflammatory,
antiseptic, antibacterial, choleretic, and carminative agent, as well as in the treatment of
wounds, respiratory diseases, rheumatism and gastrointestinal disorders. These properties
found in turmeric have been mainly attributed to curcumin as its principal bioactive compound
(Adamczak, Ozarowski, and Karpinski 2020). Curcumin (1,7-bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione) (Figure 7) is a naturally occurring polyphenol
found in the rhizome of C. longa and other Curcuma spp., being the main component of the
characteristic yellow pigment (Hewlings and Kalman 2017). Several studies have corroborated
the anti-inflammatory and anti-oxidant properties of curcumin (Hatcher et al. 2008; Hewlings
and Kalman 2017), as well as its anti-infective properties, including antibacterial, antiviral and
antifungal activity (Praditya et al. 2019; Zorofchian Moghadamtousi et al. 2014).

H.C
HO OH

H,C

Figure 7. Chemical structure of curcumin. Adapted from (Adamczak et al., 2020), with chem-space.com

Given its numerous bioactive properties, curcumin has become a natural compound of high
interest. This is particularly the case due to the consequences caused by the occurrence of the
COVID-19 pandemic, which has led to an increased need for products with anti-infective

38



properties. As a result, in recent years, there has been a significant increase in the number of
studies on the methods to obtain curcumin and the research of its bioactivity properties (Raduly
et al. 2021). The global curcumin market size was valued in USD 73.41 million in 2021.
However, the demand for curcumin has experienced a higher-than anticipated growth (8.13%
higher in 2020 compared to 2019) globally, compared to pre-pandemic levels. Consequently,
the curcumin global market is now projected to grow from USD 79.94 million in 2022 to USD
155.24 million by 2029 (Fortune Business Insights 2022). This highlights the need for further

research on curcumin and to further explore its potential applications.

Curcumin has shown to possess broad-spectrum antibacterial activity against Gram-positive
and Gram-negative strains. This activity has been observed to occur through different
mechanisms, including interaction and damage of bacterial membrane, bacterial wall, DNA,
proteins and other cellular structures (Tyagi et al. 2015; D. Zheng et al. 2020). Curcumin has
been observed to downregulate bacterial gene expression, as well as inhibit the bacterial DNA
damage response, which is an important protective mechanism involved in the development of
drug resistance (D. Zheng et al. 2020). In vitro studies have also shown that curcumin inhibits
the bacterial proliferation by disrupting the assembly of FtsZ (Filamenting temperature-
sensitive mutant Z) protofilaments and affecting the GTPase activity in the cytoskeleton of
Bacillus subtilis, E. coli, and S. aureus strains (Adamczak et al. 2020). Another relevant
mechanism of curcumin activity is the disruption of the localization of membrane-associated
proteins, leading to an increase in the permeability of bacterial cell membranes, increasing the
sensitivity of the bacterial cell towards external harmful compounds. Thinning, cell lysis and
cell cracking have also been observed as a result of curcumin interaction with bacterial
membranes (Tyagi et al. 2015; Zheng et al. 2020).

Furthermore, curcumin has reportedly exhibited inhibition of bacterial growth through
interference with the quorum system. The quorum system is a chemical communication process
between microbial cells that allows them to regulate gene expression in response to cell density,
act as cohesive group and coordinate collective behaviors. This system is key in the regulation
of a wide array of physiological bacterial activities, including virulence, competence,
sporulation and biofilm formation (Miller and Bassler 2001). Therefore, this interference has
been postulated as a crucial factor in the ability of curcumin to prevent biofilm formation
(Packiavathy et al. 2014; Di Salle et al. 2021).
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2.4.1 Curcumin-Polymer blending

It has been established that curcumin possess several biological activities, such as antimicrobial
and anti-oxidant which render it suitable for biomedical applications. Hence, there has been
multiple studies to evaluate the incorporation of curcumin into different materials that can be

used for medical purposes, or even for food packing purposes.

Incorporation of curcumin into different polymers and biopolymers is a strategy that has been
explored to be used for a variety of therapeutical purposes. One of the principal bioactivities
of curcumin is the antioxidant effect, which can help control the oxidative stress of damaged
tissue, therefore helping to speed-up the healing process. For instance, curcumin was
successfully encapsulated in chitosan nanoparticles by Nair et al. (2019), as a strategy for
transdermal delivery (Nair et al. 2019). Curcumin was also loaded into electro-spun nanofibers
made of PCL and PLA by Jahanmardi et al. (2021) and Di Salle et al. (2021) respectively,
which is another strategy that can be used for controlled drug release, therefore potentially
useful to be employed as scaffolds in tissue engineering regeneration (Jahanmardi, Tavanaie,
and Tehrani-Bagha 2021; Salle et al. 2021).

Curcumin has also been widely used in combination with materials intended for wound
dressing applications, which not only helps the healing process by reducing oxidative stress,
but also by preventing infections on the wound area (Alven, Ngoro, and Aderibigbe 2020). A
wide variety of polymeric materials have been loaded with curcumin and evaluated for such
purposes. These polymers can be used in the form of hydrogels, films/membranes,
sponges/bandages, nanofibers or scaffolds (Alven et al. 2020). Some of the commonly used
polymers and biopolymers include cellulose (Huang, Liu, and Zhou 2017; Shefa et al. 2020),
bacterial cellulose (Gupta et al. 2020), chitosan (Pham et al. 2019; Zhao et al. 2018),
polymethacrylic acid (Anjum et al. 2016), PEG (Cirillo et al. 2017; Gong et al. 2013), dextran
(Alibolandi et al. 2017), alginate (Kamar, Abdel-Kader, and Rashed 2019; X. Li et al. 2012),
poly-acrylamide (Ravindra et al. 2012), Poly(vinyl alcohol) (Anjum et al. 2016; Rezvan,
Pircheraghi, and Bagheri 2018; Shefa et al. 2020), PCL, PLA among others.

2.4.2 Curcumin-Silver Combined Effect

Despite of the wide spectrum of antimicrobial action present in compounds like curcumin, it is

necessary to implement strategies that allow reducing the risk of resistance generation in the
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long term of use of the agent. There are three possible outcomes when antimicrobial agents are
combined: they can act additively, where the resulting antimicrobial effect is the sum total of
both agents acting together; they can behave synergistically, where the resulting activity is
greater than the sum of their individual activities: or they can be antagonistic, when the activity
of one of the agents is hindered by the other one (Doern 2014). Studies suggest that the
combined use of two antimicrobial agents that have the ability to act synergistically can
significantly reduce the mutant selection window and therefore prevent the development of
antimicrobial resistance (Xu et al. 2018).

Curcumin and AgNPs have a significant antimicrobial effect by diverse mechanisms. As a
result, several research groups have considered the combined used of both, either in separate
or combined formulations (Mohammadi et al. 2021). This combined effect can be achieved
through diverse strategies thanks to the easy interaction between these two antimicrobial
agents. Curcumin can be used to assist the AgNP synthesis and also as a capping agent to
stabilise the AgNPs, while increasing the antimicrobial effect at the same time (Mohammadi
et al. 2021). For example, curcumin-capped AgNPs showed an increased antimicrobial activity
compared to Polyvinylpyrrolidone-capped AgNPs, against E. coli and Bacillus subtilis (Song
et al. 2019). Furthermore, Jaiswal & Mishra (2017) synthesised AgNPs using curcumin as a
reducing and capping agent, which exhibited good antimicrobial and antibiofilm activity, as
well as selective toxicity towards bacteria over mammalian keratinocytes (Jaiswal and Mishra
2017). These examples demonstrate that there is a strong potential warranting the exploration

of combined formulations of AgNPs and curcumin, for diverse antimicrobial applications.

The combination of curcumin and AgNPs has also been tested for incorporation into
nanocomposites, to provide materials with antimicrobial properties. For instance, curcumin-
loaded AgNP hydrogels were developed for antibacterial and drug delivery applications,
demonstrating antimicrobial activity against E. coli (Ravindra et al. 2012). A similar approach
was undertaken by Alves et al. (2017), with the formulation of a thermoresponsive gel with
antimicrobial and antioxidant properties, by combining the incorporation of curcumin in a solid
dispersion, with the addition of AgNPs, which resulted in an improvement of the antimicrobial
efficacy, compared to curcumin alone (Alves et al. 2018). Another example is the synthesis of
AgNPs with the use of curcumin-cyclodextrins as a reducing and capping agent, and their
posterior incorporation into bacterial cellulose hydrogels, performed by Gupta et al. (2020) for

wound dressing applications (Gupta et al. 2020).
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2.5 Embedding of Silver Nanoparticles (AgNP) into Polymers and Biopolymers

2.5.1 Polypropylene

Polypropylene (PP) is a synthetic resin from the family of polyolefins, which was discovered
in 1954 and gained popularity rapidly due to ease of processing and its lowest density among
commodity plastics (Maddah 2016). It is currently widely moulded or extruded into several
plastic products on a global basis, where toughness, flexibility, light weight and heat resistance
are required characteristics. PP is prepared catalytically through the polymerization of
propylene, a gaseous compound obtained by the thermal cracking of ethane, propane, butane
and the naphtha fraction of petroleum (Encyclopaedia Britannica 2016). The structure of PP is
shown in Figure 8. The major advantage of PP as a thermoplastic is high temperature resistance,
making it particularly suitable for the fabrication trays, funnels, pails, bottles, carboys and
clinical instruments that require to be sterilized frequently and several other items. Due to its
crystalline structure PP exhibits a high level of stiffness and a high melting point compared to

other commercial thermoplastics (Maddah 2016).
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Figure 8. Structure of PP (Maddah 2016).

Given the high demand and wide applications of PP, several examples of integration of AgNPs
into this plastic for antimicrobial purposes already exist. For instance, PP fabric loaded with in
situ synthesised AgNPs demonstrated effective antimicrobial activity against S. aureus, E. coli
and C. candida after 24 hours of contact (Gawish and Mosleh 2020). A coating strategy of PP
films with AgNPs was developed with the purpose of obtaining surfaces with antifouling
properties. Results demonstrated a reduction of 4 log units in viable S. aureus concentration
and inducing E. coli death, even with a low content (0.08 wt %) of AgNPs (Mosconi et al.
2020). Nanocomposite films of PP were prepared through the addition of AgNPs in PVP
solution during processing in the extruder, where resulting films presented antimicrobial effects

against S. aureus and E. coli, while no cytotoxicity towards mammalian cells was observed
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(Oliani et al. 2015). In another approach, the hydrophobic surface of PP was modified to allow
the attachment and reduction of AgNPs and compared to another method called heat softening
that consisted on immersing PP in boiling water to make the plastic soft and facilitate the
attachment of the in-situ synthesised AgNPs. Both methods demonstrated antimicrobial action
towards E. coli and S. aureus, but the activity was observed to last longer on heat-softened
samples due to reduced loss of NPs after repeated disinfection (Wu et al. 2012). Although
several examples of AgNPs being integrated to PP can be found in the literature, apparently no
attempt to integrate TSNP have yet been reported, leaving a gap to evaluate the effectiveness

of this nanoparticle morphology for antimicrobial purposes in PP composites.

2.5.2 Polycarbonate

Polycarbonate (PC) is a high-performance amorphous and transparent thermoplastic that offers
toughness, high impact strength, high dimensional stability and good electrical properties. It is
a class of polymers made of organic functional groups linked together by carbonate groups,
which can be classified into aliphatic or aromatic PCs, depending on the structure of the
connected R groups, as shown in Figure 9 (Takeuchi 2012). Some of PC’s most interesting
properties, include an extreme clarity with great transmittance, lightweight, protection from
UV radiations, optical nature, and good chemical and heat resistance (Omnexus n.d.). Thanks
to these properties, PC and their blends have a wide number of applications in domestic
appliances, automotive headlamps and lenses, as a glass alternative in building and
construction, food and beverage containers, ophthalmic lenses, safety goggles, medical
applications such as surgical instruments, drug delivery systems, haemodialysis membranes,

blood reservoirs, among many others (Takeuchi 2012).
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Figure 9. Structure of PC (Takeuchi 2012).

Compared to PP, fewer efforts have been made to integrate AgNPs into PC for antimicrobial
purposes, but still, some examples can be found. Green synthesis of AgNP using extract of
Callistemon viminalis as reducing agent for silver nitrate was performed prior to their

integration into a polycarbonate membrane through two different approaches: centrifugation
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and sonication. Both approaches resulted in membranes exhibiting inhibition towards E. coli
and Bacillus cereus (Sackey et al. 2020). In a different approach, AgNPs were synthesised in
a toluene solution, then separated from the solution through centrifugation and dried in vacuum
to obtain a powder that was easily redispersed in organic solvents. Afterwards, PC films were
mixed with the AgNPs in a methylene chloride solution, poured in a mould at room temperature
to allow the solvent to be evaporated and form a composite of PC films containing the AgNPs.
Although the report does not describe clearly how the antibacterial evaluation was performed,
they report a reduction of 99.99% of viable colony forming units of E. coli by the films
containing 0.5 wt% of AgNPs (Lee et al. 2008).

2.5.3 Polycaprolactone

Polycaprolactone (PCL) is a biodegradable polyester prepared by ring opening polymerization
of g-caprolactone. PCL has a very low melting point compared to other polymers, which is
around 60 °C (Lackner 2015; McKeen 2012). Structure of PCL is shown in Figure 10. PCL’s
ester linkages are degraded by hydrolysis in physiological conditions, making it a highly
suitable polymer to be used for the preparation of implantable devices and to encapsulate drugs
for controlled release and targeted delivery (McKeen 2012). Due to its high toughness, superior
rheological and viscoelastic properties, and its low melting point, PCL is very easy to
manufacture and manipulate, making it attractive for applications that require rapid prototyping
and a wide range of three-dimensional platforms (Guarino et al. 2017; Lackner 2015).
Furthermore, its biodegradability makes it attractive for other industrial applications such as
films for packaging, where comparable functionalities to traditional commodity plastics have
been found (Guarino et al. 2017), as well as medical applications that require the use of
biocompatible and/or bioresorbable materials (Espinoza et al. 2020). However, pure PCL is not
used in applications where structural performances are required due to its low elastic modulus,
therefore it requires to be blended with other polymers or reinforced with fillers to improve the

elastic properties and be suitable for such applications (Guarino et al. 2017).
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Figure 10. Structure of PCL (McKeen 2012).

Due to the vast biomedical applications of PCL, where antimicrobial properties can be highly
desirable to help prevent infections, the integration of AgNPs into this polymer has been
researched. For instance, PCL electrospun nanofiber scaffolds doped with AgNPs were
fabricated through an air plasma reduction method, successfully inhibiting growth of
Streptococcus pneumoniae after 24 hours of exposure (Binkley et al. 2019). Similarly, PCL
nanofiber scaffolds containing AgNPs were prepared by in situ reduction using N,N-
dimethylformamide in tetrahydrofuran solution and the addition of PCL in the solution for
electrospinning, demonstrating good antibacterial effect against six strains of Gram-positive
and Gram-negative bacteria despite using a low concentration of AgNPs for the nanofibers
(Lopez-Esparza et al. 2016). In a different approach, a complexation-reduction method was
used to synthesise the AgNPs within a chitosan-aniline nanogel, the AgNPs are afterwards
released when the nanogel is irradiated by light at 405 nm, and electrospun PCL nanofibers are
immersed in a dispersion of AgNPs-nanogels to immobilize them onto the surface of the
nanofibers (Ballesteros, Correa, and Zucolotto 2020). AgNPs biosynthesised by Bacillus sp.
were incorporated into PCL membranes prepared by electrospinning, demonstrating inhibitory
activity against coagulase-negative Staphylococcus epidermis and Staphylococcus

haemolyticus strains (Thomas et al. 2015).

2.5.4 Polylactic acid

Poly(lactic acid) or polylactide (PLA) is a polymer derived from lactic acid (2-
hydroxypropionic acid) which has been extensively researched for use in medical applications
due to its bioresorbable properties, allowing biocompatibility in the human body (Auras, Harte,
and Selke 2004). PLA has also a high potential to substitute commodity plastics for several
industrial applications, because it is a thermoplastic with high strength and high modulus that

is biosynthesised by fermentation of sugars obtained from renewable sources such as sugarcane
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or corn starch (Farah, Anderson, and Langer 2016). Currently, PLA is already being used for
the fabrication of food and beverage packing products with short shelf life, including
containers, drinking cups, lamination films, blister packages, salad cups and thermoformed
containers used in retail markets for fresh fruit and vegetables (Auras et al. 2004). PLA
structure is shown in Figure 11. PLA structure can be synthesised as different stereoisomers,
such as poly(L-lactide) (PLLA), poly(D-lactide) (PDLA) and poly(DL-lactide) (PDLLA),
because lactic acid, its precursor molecule, exists as two different enantiomers L- and D-lactic
acid (Farah et al. 2016). By controlling the stereochemical architecture of PLA, different
properties can also be modified, including speed and degree of crystallization, mechanical
properties and processing temperatures of the polymer (Auras et al. 2004). Despite the
advantages of PLA, the material also has some drawbacks, such as poor toughness, slow
degradation rate, relative hydrophobicity, and lack of reactive side-chain groups, which limits
its relevance to some the applications and brings the necessity to develop blends and
composites to improve its properties for suitability and broaden its candidacy for a more

extensive range of applications (Farah et al. 2016).
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Figure 11. Structure of PLA (Auras et al. 2004).

The potential of PLA for medical applications makes this polymer a great candidate for
incorporation of antibacterial properties, including the preparation of AGNP nanocomposites.
For example, PLA was dissolved in a mix of dichloromethane and dimethylformamide
solvents, where AgNOs was added, followed by the addition of sodium NaBH4 as reducing
agent to allow the formation of AgNPs. The composite films were formed through solvent-
casting and demonstrated strong antibacterial activity against Gram-negative E. coli and Vibrio
parahaemolyticus, and Gram-positive S. aureus (Shameli et al. 2010). In a different approach,
AgNPs were synthesised using chitosan as a reducing and stabilizing agent. PLA, oligomeric

lactic acid and the chitosan-AgNPs were mixed in a micro-extruder with two twin conical co-
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rotating screws. The dual mechanism of action of the AgNPs and the cationic effect of chitosan
demonstrated enhanced antimicrobial action against E. coli and S aureus, while also increasing
the toughness and elongation and break of the films (Sonseca et al. 2020). A different
nanocomposite was formulated by modifying carrot cellulose nanofibrils with AgNPs and then
the modified nanofibrils were used as a filler for PLA, for improving mechanical properties
and provide antibacterial action to the composite. The films were fabricated through solvent
casting, by mixing the PLA and the AgNP-modified nanofibrils in dichloromethane.
Antibacterial activity against E. coli and Bacillus cereus was observed only at contact surface
with the material, which suggested the inability of NPs and ions to migrate from the composite
(Szymanska-Chargot et al. 2020).

2.5.5 Bacterial Cellulose

Bacterial cellulose (BC) is a biopolymer that has attracted a lot of interest in research and
industrial sectors, given that it is highly pure compared to plant-produced cellulose. BC has
several exclusive properties, such as high liquid holding capacity, flexibility, mouldability, and
high mechanical strength in the wet state (Gorgieva and Tréek 2019). Furthermore, BC’s
biocompatibility renders it as a suitable material for a broad range of applications, particularly
in the biomedical field, such as wound healing systems, tissue regeneration, scaffolds, and
transdermal applications (Sharma and Bhardwaj 2019; Silva et al. 2017). The structure of BC
(Figure 12), as well as the cellulose found in plants, is composed of a linear array of glucose
molecules linked by B-1,4-glycosidic bonds. The cellulose chains aggregate through hydrogen
bonds and Van der Waals forces, forming a long thread of glucan chains in a crystalline

structure, called microfibrils (Rongpipi et al. 2019).
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Figure 12. Structure of BC, consisting of linear chains of glucose units linked by -1,4-glycosidic bonds (Manoukian et al.

2019).
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The production process for BC is regarded as one of the crucial steps that controls the properties
of the resulting material. Various species of bacteria, including Gram-negative and Gram-
positive, and different substrates can be used for BC production. Such variety results in
different morphologies, structures, properties and applications of the produced BC (Wang,
Tavakoli, and Tang 2019). Between Gram-positive bacteria only few species have been
reported to produce BC, such as: Bacillus sp. (Bagewadi et al. 2020), Leifsonia sp.
(Velmurugan et al. 2015), Lactobacillus sp. (Khan, Kadam, and Dutt 2020), and Rhodococcus
sp (Tanskul, Amornthatree, and Jaturonlak 2013). In contrast, the number of Gram-negative
BC producers is significantly higher. Species belonging to Pseudomonas (Arrebola et al. 2015),
Escherichia (Monteiro et al. 2009), Alcaligenes (Cannon and Anderson 1991), Enterobacter
(Hungund and Gupta 2010), Salmonella (Rémling and Liinsdorf 2004), Acetobacter (Aswini,
Gopal, and Uthandi 2020), and Komagataeibacter genera, among others, have been reported
as BC producers in the literature. On the other hand, bio-cellulose can be synthesised in a cell-
free system in the presence of appropriate enzymatic machinery after disrupting bacterial cell
walls (Ullah et al. 2015).

Recently, one of the most attractive genera that has been studied for BC production is
Komagataeibacter. Several species from this genus have been identified as strong cellulose
producers, including Komagataeibacter xylinus, Komagataeibacter medellinensis,
Komagataeibacter oboediens, Komagataeibacter pomaceti, Komagataeibacter nataicola,

Komagataeibacter rhaeticus (Gorgieva and Trcéek 2019).

The utilization of other materials as substrates for BC production, together with glucose has
been recently evaluated as an approach for improving the properties of resulting BC (Zywicka
et al. 2018). Such approaches can also be extended to the enhancement of antimicrobial activity
of BC given its wide range of applications in the biomedical field. Improvement of polymers’
antimicrobial properties is a popular research topic (Comini et al. 2022). Different techniques
have been proposed to produce BC with enhanced antimicrobial properties. These include the
addition of antibiotics (Lemnaru et al. 2020), inorganic antimicrobials such as metallic
nanoparticles (Pal et al. 2017), carbon nanomaterials (Miyashiro, Hamano, and Umemura
2020) and organic antimicrobials such as natural polymers, bioactive substances (Bodea et al.
2022) or synthetic compounds (Zheng et al. 2020). Moreover, based on reported literature it

has been demonstrated that associating two antimicrobial agents into a single composite can

48



have significant benefits due to the combined action of both compounds to overcome microbial
resistance (Bush 2017; Guo et al. 2022).
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CHAPTER 3 — MATERIALS AND METHODS

3.1 TSNP

3.1.1 Materials

HPLC grade water (34877-2.5L), Sodium citrate tribasic (C8532-100G) [TSC], Poly(sodium
4-styrenesulfate) (434574-5G) [PSSS], Sodium borohydride (213462-25G) [NaBH4], Silver
nitrate (204390-10G) [AgNOz], L-Ascorbic acid (A92902-25G) [AA], chloroform () and O-
[2-(3-mercaptopropionylamino)ethyl]-O’-methylpolyethylene glycol (11124-1G-F) [SH-
PEG] were obtained from Sigma-Aldrich. FRX Pump from Syrris was used for the addition of
AgNOQO:s in the small-scale synthesis. LP-BT100-1F Peristaltic Dispensing Pump with YZI115
pump head and Tygon LMT-55 Tubing (SC0375T), provided by Drifton, were used for the
addition of AgNOs in the Scaled-up process. Gold (I11) chloride trihydrate (520918-1G)
[HAUCI4] was obtained from Sigma-Aldrich. Biotek Synergy HT Microplate Reader, provided
by Biotek Instruments GmbH, was used for the readings of spectra and monitoring of LSPR
changes in the TSNP.

3.1.2 Synthesis of TSNP

The TSNP synthesis was done using a seed-mediated approach, adapted from Aherne et al
(2008). This method involved two steps; seed production and TSNP growth. For the seed
production, 5 mL of TSC (2.5 mM), 0.25 mL of PSSS (500 mg/L) and 0.3 mL of NaBH4
(10mM) were mixed, followed by the addition of 5 mL of AgNO3z (0.5 mM) at a rate of 2
mL/min on constant stirring. For the TSNP growth, 5 mL of distilled water, 0.075 mL of AA
(10mM) and various quantities of seed solution were mixed, followed by the addition of 3 mL
of AgNOs (0.5 mM) at a rate of 1 mL/min and finally, the addition of 0.5 mL of TSC (25 mM).
The solution can be diluted as desired with distilled water. The method described was
performed using distilled water for all synthesis steps and for preparation of all the solutions.
NaBH4 was used for the reduction of AgNO3z and seed formation. The chemical reaction occurs

as follows (Solomon et al. 2007):

AgNOs + NaBHs 2> Ag + 1/2H; + 1/2B>Hs + NaNOs
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TSC and PSSS were used as stabilizers for the seed production, and both have been reported
to aid the formation of the nanoplates. It is postulated that citrate ions and PSSS (being a
charged polymer), bind to the surface of the {111} face of the particles, promoting growth of
the NPs in triangular plate shape (Aherne et al. 2008; Kelly et al. 2012). Afterwards, in the
growth step, the spherical Ag seeds can react with new Ag™* ions in the presence of ascorbic
acid and citrate ions, forming the TSNP. The chemical reaction can be explained as follows
(Etacheri et al. 2010):
(Spherical NPs) + Agt + C4HgOq CelsMats (TSNP)

TSC was added at the end of the synthesis to stabilize the nanoplates. By adjusting the final

volume of the solution to 10 mL with water, this method resulted in a concentration of 16.62

ppm of atomic Ag.

3.1.2.1 Optimised Method for TSNP Synthesis

Increased concentration of NPs is desired to aid treatment for the intended TSNP-polymer
processing. A reduction of 20% of water for the synthesis was successfully achieved without
negatively affecting the results. Therefore, the standard protocol for the TSNP used in this

project is as follows:

All glassware used in the procedure was previously rinsed with a small amount of nitric acid
(HNOg3). Then, glassware was rinsed with tap water at least 7 times to eliminate all traces of
HNOs, and finally, rinsed with distilled water. Performing this cleaning procedure helps
eliminate possible traces of undesired chemicals from other experiments where the glassware
is used, preventing interference on the synthesis reaction. In addition, the use of ultrapure water
is preferred to avoid contaminations or interference in the reaction. Ultrapure water was used
in all reaction steps and solutions prepared. NaBH4 and AA solutions were prepared fresh each
time the synthesis reaction is carried out. Constant stirring of the solution was also an important

factor for consistency of results and to reduce the formation of spherical NPs in the solution.

Seed preparation was not modified from the method reported by Aherne et al (2008). After
preparation, seed solution was left on the bench, covered by parafilm for at least four hours, to
ensure reaction is fully completed. The seed solution turned into a dark yellow colour a few
minutes after finishing its preparation, as shown in Figure 13. For the TSNP synthesis, a smaller
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amount of water was used to increase the concentration of the formed NPs in solution. As for
the seed volume used, it can be changed depending on the size desired for the nanoplates,
increasing it to obtain smaller nanoplates or reducing it for bigger ones. Different volumes
ranging between 0.2-0.7 mL were used, until eventually; 0.35 mL became the standard.
Consequently, the adapted method consists in mixing 4 mL of water, 0.075 mL of AA (10 mM)
and 0.35 mL of seed solution (25.56 ppm of Ag), followed by the addition of 3 mL of AgNOs
(0.5 mM) at a rate 1 mL/min. Finally, 0.5 mL of TSC (25 mM) are added when the reaction is
finished, resulting in a final Ag concentration of 21.34 ppm and a volume of 8 mL. Noticeably,
upon adding AgNOs, the colour starts changing from yellow to shades of orange, then shades

of red, then purple and finally takes a dark blue colour, as demonstrated in Figure 13.

Figure 13. Seed solution (left) and TSNP solution (right).

3.1.2.2 Scale-Up of TSNP Production

LP-BT100-1F Peristaltic Dispensing Pump with YZII15 pump head and Tygon LMT-55
Tubing (SC0375T), provided by Drifton, were used for the addition of AgGNOs.

Scaling up the TSNP volume can be achieved by increasing all the volumes from the adapted
method proportionally to the desired increase in final volume. For instance, to increase the final
volume from 8 mL to 80 mL, 30 mL of AgNOs would be used in the TSNP growth, instead of
3 mL. The method for the preparation of 300 mL of solution is outlined here, as it became the
recurrent volume prepared for the experiments carried out.
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Seed volume required to be increased as well, since the 10.55 mL obtained with the standard
procedure are not enough for this reaction. Thus, to prepare 20 mL of seeds, 8.53 mL of water,
0.95 mL of TSC (25 mM), 0.47 mL of PSSS (500 mg/mL) and 0.57 mL of NaHB4 (10 mM)
are mixed, followed by the addition of 9.48 mL of AgNOs (0.5 mM) at a rate of 3.79 mL/min.
After 4 hours, the seeds can be used in the second step of the reaction, mixing 150 mL of water,
2.81 mL of AA (10 mM) and 13.12 mL of seed solution (25.56 ppm), followed by the addition
of 112.5 mL of AgNOs (0.5 mM) at a rate of 37.5 mL/min, then 18.75 mL of TSC (25 mM)
were added after reaction was finished.

3.1.2.3 UV-Vis Spectroscopy for Monitoring of the Optical Properties of TSNP

The optical properties of metallic nanoparticles like AgNPs and AuNPs are traditionally
monitored through UV-Vis spectroscopy because it is an excellent technique for the
characterisation of a sample’s response to light in a wide wavelength range, by performing a
spectral reading, and the LSPR appears on the absorption spectrum of the NPs as a distinctive
peak (Berry 2023). Therefore, readings of the spectrum in the UV-Vis range can be helpful to
detect LSPR shifts as a function of changes in particle size, particle geometry and even
functionalisation of the NPs with diverse analytes. Spectral readings in the UV-Vis range were
performed in a Biotek Synergy HT Microplate Reader, in the range between 350-900 nm, with
a reading step for 1 nm.

3.1.3 TSNP Gold Coating

TSNP gold coating was done based on the method reported by Zhang et al. (2014), consisting
on the use of a small amount of HAuUCI4 salt and a high concentration of AA for the reduction
of AuCls and the inhibition of Ag oxidation at the surface of the TSNP. Deposition of a thin
layer of gold in the edges of the TSNP occurs due to galvanic replacement. TSNP solution was
prepared as indicated in section 3.1.2. Afterwards, 18.9 ul of AA (10 mM) were added per each
ml of TSNP solution to be coated, while solution was stirred. A ratio of 1:0.05 (Ag:Au) was
considered upon adding HAuCl4 (0.5 mM). Considering the TSNP solution contains 378 pl of
AgNO3 per each millilitre of solution, this results in 18.9 ul of HAuCl4 per each ml of TSNP
solution. To verify the efficacy of the gold layer on protecting the nanoplates from etching, the
AUTSNP were exposed to NaCl 10 mM and 20 mM, in a 50:50 volumetric ratio.
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3.1.3.1 AuTSNP Sucrose Sensitivity Test

Briefly, small amounts of AuTSNP were dispersed in sucrose solutions of different
concentrations (10%, 20%, 30%, 40% and 50% sucrose (w/w) in ultrapure water), increasing
the refractive index as the sucrose concentration rises. Afterwards, 20 pl of AUTSNP (prepared
as described in section 3.1.3) were dispersed in 780 ul of each sucrose solution. UV-Vis

spectrum of each sample was then recorded.

3.1.3.2 AuTSNP for Fibronectin (Fn) Detection

AUTSNP were used to monitor Fn conformational changes induced under different pH
conditions. As described by Brennan-Fournet et al (2015), Fn has a compact, folded
conformation under physiological buffer conditions (pH 7.4) but is extended at a more acidic
pH. In the same study, AUTSNP were used to monitor these conformational changes in real
time and the same method was followed for this experiment. Disodium phosphate buffer (pH
4) and phosphate buffer (pH 7) were prepared to induce Fn conformational transition. To
prepare 0.2 M disodium phosphate (Na2HPOa4) buffer, 2.84 g of Na,HPO4 was dissolved in 100
ml of 0.2 M NaCl solution, pH was measured to be 4. Phosphate buffer 0.1 M was prepared by
mixing 40.5 ml of Na;HPO buffer (0.2 M) with 9.5 ml of NaH2PO. (0.2 M), and the pH was
measured to be 7. AUTSNP solution was mixed in a 1:1 ratio with a 0.01% PEG (MW 10,000)
solution, which served to minimise the influence of Fn direct contact with the nanoplate surface
on the conformational behaviour of the protein. A small volume of both buffers was diluted to
0.01 M before use. 350 pl of buffer was mixed with 50 pul of AUTSNP-PEG solution and 25 pl

of Fn (1 mg/ml), for each buffer. UV-Vis spectra of the solutions were recorded.

3.1.4 TSNP Thermal Evaluation

TSNP solution, prepared as described in section 3.1.2.2 was exposed to different temperatures
to evaluate the possible effect of the high temperatures during polymer processing. This was
done using an oven to control the temperature, and the experiment was carried out using two
different designs. For the first test, the temperatures tested were 80°, 100° and 120° C. Before
using the TSNP solution, it was concentrated from 21.34 ppm to approximately 128 ppm using
a centrifuge (16,162 x g, 45 min) to eliminate water and reduce the volume six times. A tube
containing 2 ml of the concentrated TSNP solution was placed an oven at 80 °C for 5 minutes,
then at 100 °C for 5 minutes and finally at 120 °C for 5 minutes. UV-Vis spectra were recorded

before the temperature test and after testing each temperature. For the second test, separate
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tubes were exposed to 120° C and 150 °C for five minutes respectively and a tube of non-
centrifuged TSNP solution was also tested to compare between concentrated (128 ppm) and
non-concentrated (21.34 ppm) TSNP solutions. UV-Vis spectra were recorded before and after
the temperature test.

3.1.4.1 TSNP Concentration by Water Evaporation

After evaluating the results from temperature tests, a method was designed to concentrate the
TSNP solution without using a centrifuge, but evaporating water from the solution instead. The
first attempt consisted on exposing 150 ml of the TSNP solution (21.34 ppm) to short heat
cycles of 150 °C for 10 minutes, then cooling down the solution for 10 minutes on the bench
and another 10 minutes inside the fridge. After 4 cycles, TSNP solution colour started changing
from dark blue to purple, so the cycle times were reduced to 5 minutes for oven, bench and
fridge cooling steps (Sample A). The cycles were repeated several times over a period of 5
days until approximately 70 ml of solution was evaporated. Additionally, 80 ml of TSNP
solution (21.34 ppm) were subjected to the initial 10 minutes cycle until the volume was
reduced to 18 ml (Sample B), on order to evaluate the impact of heating time on this procedure.

UV-Vis of TSNP solutions prior to evaporation and from both samples was recorded.

On evaluating the results, it was decided to significantly reduce the temperature, while at the
same time increasing the time of exposure to heat. 200 ml of TSNP solution, prepared as
described in section 3.1.2.2 were kept inside the oven at 40 °C for 8 days, until approximately
50% of the water volume was evaporated. UV-Vis spectra of the solution was recorded before
and after heat treatment. Estimated concentration of the solution after evaporation is 42.64 ppm

of atomic silver.

3.1.5 TSNP protection using halloysite nanotubes

TSNP solution was mixed with halloysite nanotubes (HNT) as a mean of encapsulation for
protection of the TSNP from polymer processing conditions. HNTSs are a type of kaolinite clay
with a hollow tubular structure, which possess positive and negative charge on the inner and
outer surface respectively (Jana et al. 2017), The objective was to potentially take advantage
of the TSNP charge to bind them to the HNT. 200 mg of HNT powder were mixed with 2 ml
of TSNP solution (40 ppm after evaporation, sample A from section 3.1.4.1), until the powder

was completely dissolved. The solution was the left overnight inside the oven at 40° C to dry,
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and the dried material was recovered and milled down to make a powder. The procedure was
repeated trying an alternative way to dry the mixed material, by drying inside the oven at 40°

only for 3 hours and then centrifuging the remaining liquid (12,400 x g for 40 minutes).

3.1.6 Transfer of TSNP to Chloroform

Transfer of the TSNP to chloroform was carried out as a strategy to achieve a mix of TSNP
and dissolved polymers in the same solution. Chloroform is a hydrophobic solvent, therefore
immiscible with water and it is not possible to mix it with the TSNP in their aqueous solution
format. TSNP solutions prepared as described in section 3.1.2.2 was concentrated with thermal
evaporation at 40 °C as described in section 3.1.4.1, and having an estimated concentration of
42.64 ppm. The transfer was done by coating the NPs with thiol terminated polyethylene glycol
(SH-PEG) and centrifuging, based on a previously reported method (Park et al. 2016). 3.33 mg
of SH-PEG were added per milliliter of TSNP solution (43 ppm) and stirred for a couple of
minutes. Then chloroform and treated TSNP were put in a tube in a 50:50 proportion and
centrifuged at 16,162 x g for at least 45 minutes, and the aqueous phase was removed using a
pipette. The process of the solution before and after centrifugation is illustrated in Figure 14.

Figure 14. Transfer of TSNP from water to chloroform. From left to right: tube before centrifugation, after centrifugation

and after removing the aqueous phase and re-suspending the TSNP.
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3.2 Integration of TSNP in Polymers

Different methods were used to introduce TSNP in tested polymers: Extrusion was evaluated
as a method to introduce the NPs into PP, Solvent casting was performed in PEG, PCL, PC and
PLA, and Ex-situ incorporation methods were used on BC, PCL and PLA. Stability assays
were performed on some of the resulting solvent casted and ex-situ treated films in order to
determine if the incorporated TSNP were protected from etching and would be stable during
exposure to a solution containing saline. The resulting solvent casted materials were
characterised and their biological activity was examined by performing cytotoxicity and

antimicrobial evaluations.

3.2.1 Materials

Lab M Glucose (Dextrose) (MCO013A), Neogen Balanced Peptone No. 1 (NCM0257A), and
Neogen Yeast Extract (Pure Autolyzate) without salt (NCMO0218A), and Lab M Luria-Bertani
(LB) Broth (Lennox) (LAB173-A) were obtained from Cruinn Diagnostics Limited. Citric acid
(C2404-500G) were obtained from Sigma Aldrich. Sodium phosphate dibasic dodecahydrate
(71650) [Na2HPO4] was obtained from Fluka Analytical Potassium Chloride (7447-40-7) was

obtained from Fisher Scientific.

Polymers: Polyethylene glycol 20000 (8.17018) [PEG] was obtained from Merck.
Polycaproplactone (PCL) CAPA 6250 [MW 25,000] was obtained from Perstorp. Ingeo™
Polylactic acid Biopolymer PLA 4044D and PLA 4043D were obtained from NatureWorks
LLC. Exxon Mobil PP 7011 Polypropylene was obtained from Exxonmobil. Makrolon 2858

Polycarbonate was obtained from Bayer Material Science.

BC was produced in our lab by the bacterial strain Komagataeibacter medellinensis 1D13488,

as described in section 3.2.2.

3.2.2 Bacterial Cellulose (BC) production method

The BC was produced using Komagataeibacter medellinensis 1D13488. Pre-culture of the
bacteria was prepared in Hestrin and Schramm (HS) liquid medium (2% glucose, 0.5% yeast
extract, 0.5% peptone, 0.27% Na>HPO4 and 0.15% citric acid), and the incubation was carried
out for 2 days at 30°C on a rotary shaker with an agitation rate of 180 rpm. All the different

media batches were inoculated with 100 pL/mL from pre-culture (10% v/v inoculum), and
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incubated statically at 30°C for 14 days. After incubation, BC hydrogels were removed from
liquid media. Bare BC films were washed in a 0.5 M potassium hydroxide (KOH) solution in
the water bath (1h, 100°C) and neutralised with distilled water. After the washing process, films

were dried overnight at 60°C.

3.2.3 Extrusion

A method was designed to perform extrusion of polypropylene (PP) and TSNP solution through
liquid-assisted extrusion, which consists in liquid feeding the extruder and letting the generated
vapour be evacuated through atmospheric venting ports (Herrera, Mathew, and Oksman 2015).
A co-rotating 27mm Leistritz Twin-Screw Extrusion Line was used. Two vents were opened
in the extrusion barrel, one at the beginning next to the feeding hopper and the other one near
the end of the screws. PP pellets were fed into the hopper and drops of TSNP solution were fed
into the first vent. The second vent was intended to let the vapour out of the barrel. The
temperature profile set for the extruder, from hopper to dye, was: 160° - 180° - 190° - 200°
-> 210°. Before feeding TSNP drops into the vent, samples of extruded pure PP were collected

for comparison.

3.2.3.1 Post-Extrusion Incorporation on PCL

Post-extrusion incorporation was evaluated as a method to allow integration of the TSNP into
the polymer, in a way that the TSNP can be close to the surface of the film, and allow for Ag*
ions and the peptides to interact with the bacteria and lead to inhibition of their growth. While
at the same time, avoiding the exposure of the TSNP to high processing temperatures. PCL
pellets were processed in a small prism twin screw extruder at 52 °C and 70 rpm. Rolls were
used at the exit of the extruder dye and TSNP solution was sprayed as shown in Figure 15, after
the polymer exited the dye, but before it went through the rolls. Technically, the rolls can
squeeze the polymer to form a thin film and at the same time push the solution in the surface
of the polymer to allow for integration of the TSNP, as the polymer is still hot and soft. The
spraying was performed first using TSNP in water solution and it was afterwards changed to

TSNP in chloroform solution.

58



Figure 15. Spraying TSNP solution as the PCL exits
the extrusion dye and goes through the rolls.

3.2.4 Solvent casting

Solvent casting was applied as a strategy to integrate the TSNP within polymer by using a
solvent to dissolve the polymer and mix it with the TSNP solution, to let the solvent evaporate
afterwards. The purpose was to allow the TSNP to get encapsulated within the polymeric
matrix without exposing them directly to air, which would lead to fast oxidation. Therefore, a
small-scale adaptation of the solvent casting method was implemented to enable the formation
of TSNP-incorporated films. The polymers that were used to evaluate this method were PEG,
PCL, PC and PLA. The methodology for each one is described below.

Poly-(ethylene glycol) (PEG) solvent casting was performed because it is a hydrophilic
polymer that can be easily mixed with the aqueous TSNP solution. 600 mg of PEG (MW
20,000) were dissolved with agitation in 20 ml of ethanol 70% at room temperature, to prepare
a solution containing 3% PEG. This step was repeated four times to prepare 4 different samples
to be solvent casted. The first sample was poured in a glass petri dish without adding any other
agent. The second sample was mixed with 2 ml of TSNP solution (40 ppm after evaporation,

sample A from section 3.1.4.1) before pouring in a petri dish. The third sample was mixed with
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200 mg of HNT powder and then poured into a petri dish. Fourth sample was mixed with 200
mg of HNT powder and 2 ml of TSNP solution and poured in another petri dish. All samples
were left to dry overnight inside a fume hood. After drying the PEG was removed from the
petri dish using a spatula. Another sample was made increasing the PEG concentration to 5%
and mixing with 2 ml of TSNP solution (43 ppm, evaporated at 40 °C as described in section
3.1.4.1).

PCL, PC and PLA (grades 4043 and 4044) solvent castings were performed. The solvent used
to dissolve these polymers was chloroform, which is immiscible with water, therefore it was

necessary to transfer the TSNP from water to chloroform as described in section 3.1.6.

The procedure to solvent cast either PCL or PC was the same. 600 mg of polymer pellets were
dissolved with agitation at room temperature, in 20 ml of chloroform to prepare a 3% solution
(w/v). 2 ml of TSNP in chloroform solution were added and mixed, then it was poured in a
petri dish and left inside the fume hood to evaporate the chloroform. When drying, the lid of
the petri dish was not used, but the dish was covered with a small cardboard box inside the
fume hood, as it acted to protect from air currents and let the chloroform evaporate evenly from

the surface.

In the case of PLA, both grades (4043 and 4044) were used to determine if any difference was
observed. The procedure followed was the same for both grades, and also similar to that applied
for PCL and PC. 600 mg of the PLA pellets were weighted for each sample and dissolved in
15 ml of chloroform, forming a solution containing 4% (w/v) polymer. Afterwards, 2 ml of
TSNP in chloroform solution were added and the solution was mixed, and poured into glass

petri dishes and left inside waste fume hood to dry overnight.

3.2.5 Ex-situ incorporation of TSNP

3.2.5.1 Incorporation into BC
Cut pieces of approximately 20 mg of each examined BC films were immersed into 5 ml of
TSNP solution (21.34 ppm) as ilustrated if Figure 16, and incubated overnight at 30°C with

shaking on horizontal platform (100 rpm). Afterwards, films were removed from the solution
and dried overnight at 60°C.
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Figure 16. BC materials immersed in TSNP solution for overnight incubation. Bare BC films and Curcumin-BC films are
included. Top row: Bare BC, middle row: BC-Cur2%, bottom row: BC-Cur10%.

3.2.5.2 Incorporation into PCL and PLA

Previously extruded films of PCL and PLA of approximately 2 x 2.25 cm, 1.55 mm thickness
for PLA, and 1 mm thickness for PCL (Figure 17) were used.

Figure 17. Films of PCL (top) and PLA (bottom), before adding the solvent.
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Inside the fume hood, three drops of TSNP in chloroform solution were added to the surface
of each film, as shown in Figure 18. The films were left inside the fume hood for approximately

one hour to allow the chloroform to evaporate.

Figure 18. Drops of TSNP in chloroform solution placed on the surface of extruded PCL films (left) and PLA films (right).

3.2.6 Stability Assay

3.2.6.1 Stability on Water and NaCl

The stability of TSNP integrated in the polymer films through the methods described in section
3.2.4, was evaluated. The purpose was to determine if the TSNP would remain attached to the
polymer after washing with water and if they would be protected from etching during exposure
to a saline solution. For this, the films were washed separately with distilled water and 20 mM
NaCl solution for 1 minute and then left inside the same solutions for 2 hours.

3.2.6.2 Stability in Potassium Chloride

To evaluate the stability of the film treatment in potassium chloride (KCI), the stability of the
TSNP solution prepared as indicated on section 3.1.2.1 was also evaluated for comparison
purposes. Solutions of KCI in concentrations of 1 M, 0.1 M, 0.01 M, 1 mM and 0.1 mM were
prepared. In Eppendorf tubes, 500 ul of KCI solution and 500 pl of TSNP solution were mixed,
using a different tube for every concentration of KCI. UV-Vis spectrum of each treated solution
and the non-treated TSNP were then read in the plate-reader spectrophotometer.
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Stability test was performed on films of PC and PLA, prepared as indicated on section 3.2.4,
as well as PCL and PLA films treated as described in section 3.2.5.2. The films were cut on a
size small enough to fit inside the Eppendorf tubes, and were submerged in the KCI solution
for 15 minutes, respectively. Finally, visual comparison was made with films that were not

washed in the KCI solution.

3.2.7 Materials characterisation

3.2.7.1 Scanning Electron Microscope (SEM) Analysis

SEM images were obtained using Mira XMU SEM (Tescan™, Czech Republic) in back
scattered electron mode for surface analysis. The accelerating voltages utilized were 10 kV for
PCL and 5 kV for PLA films. Prior to analysis, test samples were placed on an aluminium stub,
and the samples were sputtered with a gold using Baltec SCD 005 for 110 s at 0.1 mbar vacuum

before testing.

Energy Dispersive X-ray Spectroscopy (EDS) was used to confirm presence of silver in the
samples immersed in TSNP solution. Data were gathered by an X-Max EDS system (Oxford

Instruments, Oxford, UK) with Inca software.

3.2.7.2 Thermal properties

3.2.7.2.1 Differential Scanning Calorimetry (DSC) Analysis

The thermal behaviour of the films was evaluated by a DSC Perkin Elmer 4000 (Perkin Elmer
Washington, Ma, USA) with Pyris Software (Version 13.3.1) under an inert nitrogen stream.
About 10 mg of specimen was sealed in an aluminium pan and the DSC scans were recorded
while heating from 10 — 200 °C at a heating rate of 10 °C/min, and then cooled to 10 °C. Thermal
properties such as the glass transition temperature (Tg), melting temperature (Tm) and cold
crystallization temperature (Tc) were obtained from the second heating scan. In addition, the
percentage of crystallinity (Xc) was calculated according to the following Equation (Eq 2) (W.
Lietal., 2017):

AHp,
WAHm,

X (%) = x 100 (Eq 2)
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Where AHm (J/g) is the heat of fusion of the sample, AHmO is the heat of fusion for completely
crystalline PLA (93.7 J/g) (Li etal., 2017) and PCL (136 J/g) (Simé&o et al., 2017) and W (Q) is
the weight fraction of PCL and PLA in the samples.

3.2.7.2.2 Thermogravimetric (TGA) Analysis

Thermal stability of the films was determined using a thermogravimetric analyser Pyris TGA
1 (Perkin Elmer Washington, Ma, USA) with software Pyris 1. The film samples were taken
in a standard aluminium pan and heated from 30 to 600 °C at the rate of 10 °C/min under a

nitrogen flow of 50 mL/min.

3.2.7.3 Mechanical Properties

Mechanical properties of the films were tested using a 20 N tensometer Lloyd TA1 (Zwick
Roell, Barcelona, Spain) with software Nexygen Plus version 3.0. All the samples were cut
into 5 x 70 mm pieces, and the tensile speed was 50 mm/min at room temperature according

to ASTM D638. An average of six test values were taken for each sample.

3.2.7.4 Evaluation of Antimicrobial Activity

The antimicrobial activity of casted films was evaluated against Escherichia coli ATCC 11775
and Staphylococcus aureus ATCC 25923 in LB broth (10 g/L tryptone, 10 g/L NaCl, 5 g/L
yeast extract, pH 7.2) using adapted standard broth micro-dilution assay for bacteria that grow
aerobically, as recommended by the CLSI (Clinical and Laboratory Standards Institute 2012).
Prepared films (1cm?) were used as samples, with bare films as a negative control and tested
microorganisms as a positive control. Growth of the respective test organisms (105 CFU/mL)
after 24 h at 37°C was measured as optical density (OD) at 600 nm using a Microplate Reader.
Serial dilution of cultivated broth was plated and incubated (30°C, 24 h) and number of colonies

(CFU/mL) developed on the bare and treated films was calculated.

Antimicrobial effect (AE) of bare and TSNP treated PCL and PLA composite films was then
calculated using the following equation (Eq 3) (D’ Agostino et al. 2017).

AE =1log NC —log NE (Eq 3)

Where NC is the number of CFU/mL developed on the bare films, and NE is the number of
CFU/mL counted after exposure to TSNP treated films.
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3.2.7.5 Cytotoxicity of derived films

The cytotoxicity of PCL, PLA (performed by solvent casting as described in section 3.2.4) and
BC films (prepared as described in section 3.2.5.1) was evaluated by testing against human
fibroblasts (MRC-5) obtained from ATCC. Films were sterilized under UV light for 20 min
and then immersed into RPMI (Roswell Park Memorial Institute) medium, in a concentration
of 1 mg/ml for the BC films and 10 mg/ml for the PCL and PLA films. The samples were
incubated at 37°C, 180 rpm for 48 h. After incubation, samples were centrifuged (5000 rpm, 15

min), and sterilized by filtering using 0.22 um pore size filters.

Cells were plated into a flat-bottom 96-well plate at a concentration of 1 x 10 cells per well in
RPMI medium supplemented with 100 pg/mL streptomycin, 100 U/mL penicillin, and 10%
(v/v) fetal bovine serum (FBS) and incubated for 24 hours at 37°C to allow the formation of a
monolayer. After 24 h of cells incubation, RPMI medium was substituted with decreasing
concentrations of extracts: 100%, 50%, 25% and 12.5% (v/v) while the control samples
contained only RPMI medium. The incubation at 37°C, 5% CO. continued for 48 h and the
cytotoxicity ~was determined afterwards using  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT) reduction assay. (Hansen et al., 1989)

The extent of MTT reduction to formazan was measured by spectrophotometer at 540 nm using
a Tecan Infinite 200 Pro multiplate reader (Tecan Group Ltd., Mannedorf, Switzerland). The
results were presented as percentage of the control (untreated cells) that was arbitrarily set to
100%.

3.3 Further enhancement of BC antimicrobial properties

3.3.1 Materials

Curcumin (FC09321) was obtained from Biosynth Carbosynth.

PHB (P226) was obtained from Biomer. Polycaproplactone (PCL) CAPA 6250 [MW 25,000]
was obtained from Perstorp. Ingeo™ Polylactic acid Biopolymer PLA 4044D was obtained
from NatureWorks LLC.

BC was produced in our lab by the bacterial strain Komagataeibacter medellinensis 1D13488,
as described in section 3.2.2.
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3.3.2 Cultivation with curcumin

Additionally to the incorporation of TSNP, curcumin was also incorporated to the BC materials
to evaluate if the antimicrobial response could be increased by combining two different
antimicrobial active compounds. Previously described (section 3.2.2) BC production was
performed in HS medium supplemented with 2% and 10% curcumin (w/v). Same as in the
production of bare BC films, all the batches were inoculated with 100 uL/mL of pre-culture
(10% v/v). After incubation, the films were removed from the liquid media and immersed in
distilled water. Contrary to bare BC films, the curcumin-treated films were not washed with
KOH to prevent degradation of the curcumin. Instead, they were autoclaved (121 °C, 15 min).

After the washing process, films were dried overnight at 60°C.

TSNP incorporation for all produced BC films was performed as described in section 3.2.5.1,

by immersion of the films in TSNP solution.

3.3.3 Estimation of curcumin absorption from media

The amount of curcumin absorbed from the cultivation media into the BC films was estimated
through spectrophotometric readings of the media before and after culture. The UV-Visible
spectral measurements were performed in a UV 1280 Shimadzu (Japan) spectrophotometer
using 10 mm path length matched quartz cuvettes (Mondal et al., 2016). The measurements
were taken in the wavelength range of 200-700 nm. In aqueous solution, curcumin has a peak
at 427 nm and a shoulder at 360 nm. Peak area was used for estimation of curcumin
incorporation via comparison between non-inoculated media and media after 14 days of

incubation.

3.3.4 Fourier-transform infrared (FTIR) spectroscopy of BC films

A Perkin-Elmer Spectrum One FTIR spectrometer (Perkin Elmer Inc., Washington, USA)
fitted with a universal ATR sampling accessory, and Perkin Elmer software, was used to record
the spectra of dried BC films. The spectral resolution was 4 cm™ and 20 scans were acquired
for each spectrum (4000 — 650 cm™).

3.3.5 Evaluation of BC films stability via weathering tests

Weather testing was carried out on the BC films to determine their stability against UV

irradiation using a QUV/se accelerated weather tester from Q-Lab (Westlake, Ohio, USA) in
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compliance with the ISO 4892 test standard. Fluorescent UV-A lamps with a radiant emission
range of 365 nm down to 295 nm were used to simulate sunlight exposure. A set temperature
of 40°C was used in the chamber and UV irradiance of 0.76 W/m?. Samples were exposed to
moisture spray and UV light cyclically in 4-h increments. In total, the samples were exposed

for 20 h in each condition.

To quantify the effects of weathering, spectrophotometry was used before and after exposure
to measure the degree of colour change in samples. A CM-3610A bench-top spectrophotometer
from Konica Minolta (Tokyo, Japan) with an 8° observant angle was used to measure the colour
change in specimens. Procedures followed the ISO 11664-4 test standard and the AE*
(CIEDE2000) metric was used to calculate colour difference.

3.3.5 Evaluation of Water Absorption and Water Retention

To determine if the introduction of curcumin had some effect on the water absorption and the
water retention of the BC films, triplicated samples of bare BC and BC-Cur2% were prepared
by cutting circles of approximately 1 cm in diameter, with the help of a hole puncher. The
absorption and retention of the materials was evaluated for distilled water, pH 4, pH 7.4 and
pH 9 buffers. The initial weight of each sample was recorded before the samples were
immersed in water or buffer for the absorption test. After each sample was immersed in 2ml of
water or buffer, samples were removed and weighted after 15, 30 and 45 minutes of immersion,
then after every hour until the 9™ hour was reached, and finally after 24 hours passed. For the
retention test, samples were removed from the liquid, weighted and left to dry at room
temperature. Weight measurements were done after 15, 30 and 45 minutes, and then every hour
until the weight of every sample reached the initial weight before immersion, which happened

after 4 hours, then a final measurement was done after 24 hours.

3.3.6 Biological Evaluations

3.3.6.1 Antibacterial Evaluation of BC films

The antimicrobial activity of all the dried BC films was evaluated against Escherichia coli
ATCC 95922 and Staphylococcus aureus ATCC 25923 in Luria-Bertani (LB) broth (10 g/L
tryptone, 10 g/L NaCl, 5 g/L yeast extract, pH 7.2). Overnight cultures of the bacteria were
diluted to concentration of 108 CFU/mL to be used as pre-culture. Dried BC films (10 mg of

each specimen) were immersed in fresh LB broth and inoculated with 1% (v/v) from pre-
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culture, for a final concentration of 108 CFU/mL of bacteria. Untreated BC films were used as
negative control. After incubation for 24 h at 37°C and 100 rpm, BC films were removed from
the cultures and optical density (OD) of the cultivated broth was measured at 630 nm using a
Biotek Synergy HT Microplate Reader (Biotek Instruments GmbH, Bad Friedrichshall,
Germany). Growth percentage was calculated using the following equation (Eq 4).

Absorbance of tested sample

Growth Percentage = ( ) x 100 (Eq4)

Absorbance of positive control

3.3.6.2 Danio rerio Embryotoxicity Assay

BC materials where incubated in embryo water (100mg per mL) 24h at 30°C with shaking on
horizontal platform (180 rpm), and that extract was used for toxicology assessment. In vivo
toxicity evaluation was carried out on the zebrafish (D. rerio) model, in compliance with
general rules of the OECD Guidelines for the testing of chemicals where followed while
zebrafish embryotoxicity assay was performed (OECD, 2013). Briefly, zebrafish embryos were
produced by mating of adult females and males (ratio 1:2), collected, washed from detritus and
distributed into 24-well plates containing 10 embryos per well in 1 mL embryo water (0.2 g/L
of Instant Ocean® Salt in distilled water), and incubated at 28 °C. Experiments were performed
in triplicate using 30 embryos per each tested concentration. Non-treated embryos were used
as a negative control. Embryos were examined under the stereomicroscope (SMZ143-N2GG,
Motic, Germany) every 24 h during five days, counting and discarding dead embryos and
observing teratogenic effects. After the assay embryos were killed by freezing at -20 °C for 24
h. All experiments involving zebrafish were performed in compliance with the European
directive 2010/63/EU and the ethical guidelines of the Guide for Care and Use of Laboratory
Animals of the Institute of Molecular Genetics and Genetic Engineering, University of
Belgrade.

3.3.6.3 Caenorhabditis elegans Survival Assay

The nematode Caenorhabditis elegans AU37, obtained from the Caenorhabditis Genetics
Center (CGC), University of Minnesota, Minneapolis, Minnesota, US. C. elegans AU37 (glp-

4; sek-1), was used to establish the toxicity of BC materials.

For this assay 25 mg of each BC films was suspended in 2,5 ml of M9 medium (45 ml of 5xM9
salt, 50 ml of glucose solution 50% (w/v), 500 ul of 1M MgS0O4, 25 ul of 1M CaCl2, 250 pl
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vitamins, 250 ul of trace elements solution, 125 pl of Ampicillin 50 pg/ml, and final volume
adjusted to 250ml with double distilled water). Samples were incubated at 37°C, with shaking
on horizontal platform at 180 rpm for 24 h. After incubation, BC films were removed from the
suspension and extracts were prepared in the following concentrations: 50 pg/ml, 25 pg/ml,
12.5 pg/ml and 6.25 pg/ml.

The worm was propagated under standard conditions; synchronized by hypochlorite bleaching,
and cultured on nematode growth medium using Escherichia coli OP50 as a food source, as
described previously (Stiernagle 2006). The C. elegans AU37 survival assay was carried out
following the standard procedure (Brackman et al. 2011) with some minor modifications.
Briefly, synchronized worms (L4 stage) were suspended in a medium containing 95% M9
buffer (3.0 g of KH2PO4, 6.0 g of Na2HPOg4, 5.0 g of NaCl, and 1 mL of 1 M MgSO4-7H20 in
1 L of water), 5% LB broth (Oxoid, Basingstoke, UK), and 10 ug mL* of cholesterol (Sigma-
Aldrich, Munich, Germany). The experiment was carried out in 96-well flat-bottomed
microtiter plates (Sarstedt, Niimbrecht, Germany) in the final volume of 100 pL per well. The
wells were filled with 50 uL of the suspension of nematodes (25-35 nematodes) and 50 pL of
tested BC film suspension. Subsequently, the plates were incubated at 25 °C for 48 h. The
fraction of dead worms was determined after 48 h by counting the number of dead worms and
the total number of worms in each well, using a stereomicroscope (SMZ143-N2GG, Motic,
Germany). All BC films suspensions were tested three times in each assay and each assay was
repeated two times (n = 6). As a negative control experiment, nematodes were exposed to the

medium containing 1% DMSO.

3.3.7 BC Blends preparation and antimicrobial activity evaluation

Blends of BC with PHB were fabricated in order to evaluate if properties of BC could be further
improved. PHB powder, PCL pellets and PLA pellets were respectively dissolved in
chloroform to make solutions containing 40g/L of each polymer. Stripes of 1x10 cm of BC and
BC-Cur10% were cut and each sample was immersed in 30ml of polymer solution inside 50ml
Falcon Tubes. Tubes containing the samples were incubated overnight at 30 °C and 120 rpm,
in a horizontal position. After incubation, the films were removed from the solution and left
inside waste fume hood for at least 4 hours to allow complete evaporation of all the chloroform.
The films were immersed in 20 ml of distilled water and autoclaved (121 °C, 15 min) prior to
the test of antimicrobial activity. The antimicrobial evaluation was performed as described in
section 3.3.6.1.
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3.4 Statistical Analysis

Statistical analysis for the mechanical evaluation of solvent casted films was performed with a
paired T-test, with a 95% confidence interval. The analysis for the in vitro cytotoxic evaluation
was performed using one-way analysis of variance (ANOVA) and grouped using the Tukey
method with a 95% confidence interval. Statistical analysis for the antimicrobial evaluation
was performed using ANOVA, paired with the Dunnett method and a 95% confidence interval.
The software used to perform these analyses was Minitab (Version 20.2) for Windows (64-bit).
All data collected for this study were expressed as mean + standard deviation. A sample size
of six was used for the mechanical properties test of solvent casted films, a sample size of four
was used for each concentration tested in the cytotoxicity evaluation, and a sample size of three

was used for the antimicrobial evaluation.

CHAPTER 4 — TSNP FORMULATION FOR INCORPORATION WITHIN
POLYMERIC MATERIALS

4.1 Preface

In this chapter, the results from synthesis of TSNP through a seed-mediated approach as
previously described are evaluated using spectrophotometric readings within the UV-Vis
spectrum. The characteristic optical properties of the TSNP have been demonstrated and the
LSPR was used as a tool to monitor changes in the size and morphology of the nanoplates.
LSPR showed no significant changes after the original protocol for synthesis of the TSNP was
modified, first to increase the concentration of silver in the solution, and subsequently for
scaling up of production. LSPR monitoring was also used for the verification of gold coating
and its provision of protection to the TSNP from the etching effects of NaCl. The sensitivity of
gold-coated TSNP was also verified through LSPR monitoring, by using different sucrose
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concentrations to change the refractive index of the solution. Furthermore, the gold-coated
TSNP were demonstrated as a suitable biosensor for the monitoring of the two different

conformations of fibronectin.

In the TSNP formulation for integration into the polymers, the resistance of the TSNP to high
temperatures was evaluated, considering the possibility of integrating the TSNP before or
during processing of the polymer, where high temperatures are used. LSPR monitoring was
also a useful tool to evaluate if drastic morphological changes occurred after exposure to such
temperatures. Moreover, further increase in the concentration of TSNP in the solution may be
desired for purposes including masterbatch preparations. Thermal evaporation was
demonstrated as a suitable method to achieve this, by demonstrating that significant changes
in the LSPR of the TSNP solution were not observed on going through concentration
procedures. The combination of TSNP with halloysite nanotubes was also evaluated as a
strategy to protect the TSNP from polymer processing conditions. Finally, successful transfer
of the TSNP from aqueous phase to an organic phase (chloroform in this case) by coating them
with SH-PEG and application of centrifugal force. The purpose of transferring the TSNP to an

organic phase is to enable mixing with polymers in the same dissolution.

4.2 Synthesis of TSNP

It has been established that different morphologies of AgNPs present different properties to
one another. In the case of TSNP and other nanostructures with sharp geometries, it has been
observed that the tips can provide a greater electric-field enhancement, allowing optical
properties to be more easily tuned and controlled, compared to spherical AgNPs (Kelly et al.
2003). Furthermore, the same sharp edges and corners present in TSNP make them more
susceptible to oxidation, resulting in a higher rate of Ag* ions released compared to spherical
NPs, resulting in a higher antimicrobial activity (Lu et al. 2015). Given these interesting
properties and the lack of research on TSNP for antimicrobial applications in polymeric
materials, studies were performed to evaluate their suitability as antimicrobial additives

polymer and biopolymers.

TSNP were synthesised following the method described in section 3.1.2. Figure 19 shows the
normalized UV-Vis spectrum of the seeds and the TSNP prepared using 200 ul of seeds. LSPR
peak wavelength of the seeds is 398 nm the full width at half maximum (FWHM) of the curve
is 79 nm (437 — 358 nm). In case of the TSNP, the peak wavelength is at 603 nm and the
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FWHM is 125 nm (662 — 537 nm). These spectra are consistent with the ones obtained by
Aherne et al (2008).
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Figure 19. UV-Vis Spectrum of Ag Seeds and TSNP (200 pl seeds).

4.2.1 Optimised Method for TSNP Synthesis

As described in section 3.1.2.1, the resulting concentration of Ag in the TSNP solution can be
increased with slight variations in the volumes used in the synthesis method, without
compromising the uniformity and structure observed in the resulting LSPR of the optimised
TSNP. Figure 20 shows the resulting curves from LSPR after optimising the method to increase
the concentration in the solution and adjusting the volume of seeds to 350 pl in the TSNP
synthesis. LSPR of the seeds curve has a peak of 395 nm and a FWHM of 79 nm (435 — 356
nm). TSNP curve has its peak at 601 nm and a FWHM of 150 nm (663 — 513 nm). These results
are similar to the ones obtained by the original method, proving to be unaffected by the
reduction of 20% of water, with the concentration of atomic Ag calculated to increase from
16.62 ppm to 21.34 ppm. High concentrations are desirable to include the TSNP into polymer
processing, reducing the amount of water required to be removed and increasing the number
of nanoplates available for the process. Therefore, this formulation was used as the base line

for scaling up the TSNP synthesis.
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Figure 20. UV-Vis Spectrum of Ag Seeds and TSNP (Optimized method).

4.2.2 TSNP Scale-Up

Following the method described in section 3.1.2.2, 300 mL of TSNP solution were prepared.
Figure 21 shows the normalized UV-Vis spectrum of one of the batches prepared for this scaled
up volume. LSPR peak wavelength is 584 nm and FWHM of 112 nm (635 — 523 nm). Although
there is a small blue shift in the peak and a small reduction in FWHM compared to the results
obtained from smaller volumes, these differences are not expected to represent a reduction in
antimicrobial activity or in the stability of the nanoparticles, hence, the scale up method is

considered functional.
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Figure 21. UV-Vis Spectrum of Scaled Up TSNP (300 mL).

4.3 TSNP Gold Coating & Protection Check

Unprotected TSNP can be highly susceptible to degradation or etching by catalytic oxidation
in the presence of chlorine or other reactive ions. This can lead to alterations of the geometry
and structure of the TSNP, normally resulting in a substantial blue shift in their spectrum and
impairing their LSPR properties (Zhang et al. 2014). Different coatings can be used to protect
the TSNP structure, but most coatings will also affect the plasmonic response of the
nanoparticles. A method used by Zhang et al. (2014) proved to successfully coat TSNP edges
with a layer of gold, providing the nanoparticles with protection from etching while allowing
them to maintain their plasmonic response and refractive index sensitivity. The same method
was adapted and used for coating of the TSNP as described in section 3.1.3, and the efficacy

of the gold layer protection was evaluated with NaCl.

Figure 22 shows the effect of gold coating on LSPR spectrum of TSNP and also after exposing
the AUTSNP to NaCl 10 mM and 20 mM. For the seeds curve, LSPR peak is found at 395 nm
and the FWHM is 79 nm (435 — 356 nm). TSNP has a LSPR peak of 600 nm and a FWHM of
149 nm (663 — 514 nm). After gold coating, the LSPR red-shifted to 612 nm and the FWHM
slightly increased to 153 (674 — 521 nm). After being exposed to NaCl solution, the LSPR blue-
shifted to 580 nm. FWHM also changed after exposing the NPs to NaCl 10 mM showing a
slight reduction to 145 nm (647 — 502 nm), and in the case of NaCl 20 mM, it was 136 nm (638
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— 502 nm). In accordance to the results reported by Aherne et al (2009), red shift is attributed
to an increase in size caused by the added gold. Blue shift, on the contrary is a result of etching
and reduction in size. Even though the blue shift is not big in this case, the amount of gold
added can still be adjusted to completely protect the TSNP from etching in these NaCl

concentrations.
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Figure 22. UV-Vis Spectrum of seeds, TSNP, AUTSNP and protection check.

4.3.1 AuTSNP Sucrose Sensitivity Test

The sucrose sensitivity test, as described in section 3.1.3.1 was performed to verify the
sensitivity of LSPR of the AuTSNP, by changing the refractive index of the nanoplates’ local
environment. As refractive index is increased by increasing sucrose concentration, LSPR
exhibits red shifts (an increase in Amax peak) that prove the sensitivity of the NPs to the
surrounding environment (Figure 23). LSPR peak values of AUTSNP corresponding to each
sucrose concentration are shown in Table 1, as well as the respective shift magnitude in regard
to the initial AUTSNP wavelength. LSPR shows a gradual peak wavelength increase,
corresponding to the increase in the refractive index of the solution. Only exception is the curve
from sucrose 30%, showing an unexpected behaviour with a bigger peak wavelength than the

curve from 40%.
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Figure 23. A) UV-Vis Spectrum of AUTSNP as a result of increasing refractive index of the solution. B) Amax values of

AUTSNP changing as a result of increasing the refractive index of the solution.
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Table 1. Shift of LSPR peak wavelength of AUTSNP as a result of refractive index increase.

Sample LSPR Peak Wavelength LSPR Shift
AUTSNP 612 nm -
Sucr. 10% 617 nm 5 nm (Red)
Sucr. 20% 638 nm 26 nm (Red)
Sucr. 30% 655 nm 43 nm (Red)
Sucr. 40% 647 nm 35 nm (Red)
Sucr. 50% 657 nm 45 nm (Red)

4.3.2 AuUTSNP for Fibronectin Detection

One of the main characteristics of TSNP is their high refractive index sensitivity, which is
further increased by the gold-coating process. This property allows for the use of AUTSNP in
a variety of biosensing applications, including the detection of protein conformational changes.
Previous work by Brennan-Fournet et al. (2015) has demonstrated the ability of AUTSNP to
successfully detect the conformational changes in Fibronectin that are induced by pH changes.
Fibronecting presents a compact conformation around pH 7, and extended at pH 4. The highly
sensitive LSPR resonance wavelength of AUTSNP can easily detect changes in the refractive
index of their surrounding medium, for example, by the binding of analytes or molecules at the
surface of the NPs (Haes and Duyne 2002). The same experiment, as reported by Brennan-
Fournet et al. (2015) was performed simply as a test for the efficacy of the Au-coating method
on the adapted TSNP synthesis.

Figure 24 shows the redshifted spectra for AUTSNP after coating with PEG and Fn and
exposing them to two different pH. LSPR peak wavelength of the AUTSNP is originally 598
nm. The sample exposed to pH 7.23 shifts to 633 nm while the one exposed to pH 4.16 has a

77



greater red shift, with a peak on 642 nm. Results reported by Brennan-Fournet et al. (2015)
have also shown a greater red shift on the sample exposed to an acidic pH, when the Fn is
extended. However, the shift they report is much bigger (almost 100 nm) compared to the one
at physiological pH, while in our case it was only 9 nm. This means that our developed method
might need some adjustments to be more sensitive to biosensing of conformational changes in

a protein, such as Fn.
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Figure 24. UV-Vis Spectra of Fn-coated AUTSNP exposed to basic and acid pH.

4.4 TSNP Temperature Test

As described in section 3.1.4, two different approaches were used to test the effect of
temperature on TSNP, the first one consisted on exposing the same TSNP sample to
temperatures of 80, 100 and 120 °C for 5 minutes under each temperature, and the resulting
spectra are shown in Figure 25. Initial peak wavelength for the TSNP sample was 519 nm.
After exposing to 80 and 100 °C the LSRP blue-shifted to 504 nm and 456 nm, respectively.
The peak maintained initial wavelength after exposing to 120 °C. After evaluating the results,
it was not entirely clear if the observed blue shifts were caused only by the high temperature
or if the time of exposure to heat was also playing a role on the observed changes. Therefore,
the second test exposing different samples of TSNP to 120 °C and 150 °C for 5 minutes

respectively, was performed as described in section 3.1.4.
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Figure 25. UV-Vis Spectrum of TSNP after exposure of a single sample to different temperatures, for 5 minute periods under

each temperature.

Resulting spectra readings are shown in Figure 26, where we can see that in both cases, LSPR
wavelength peak remained at 516 nm, except in the case of the sample of 21.34 ppm exposed
to 120 °C, where a small red shift to 528 nm can be observed. It is unclear why this shift
occurred, as high temperature was observed to cause blue shifts as oxidation is promoted.
However, the results helped prove that TSNP can undergo exposure to high temperature for a

short time without suffering significant damage.
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Figure 26. UV-Vis Spectra of two different sets of samples of TSNP and concentrated TSNP before and after exposure to
A)120 °C and B)150 °C, showing practically no shifts in spectrum even after being exposed to higher temperatures,
compared to the sample shown in Figure 25.
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4.4.1 TSNP Thermal Evaporation

As described in section 3.1.4.1, water evaporation from TSNP solution started on cycles of 10
minutes and then continued on cycles of 5 minutes (Sample A) and a second sample was carried
further through the 10 minutes cycle (Sample B). UV-Vis Spectra of the TSNP before and after
being exposed to heat through the described process, are shown in Figure 27. Initial LSPR
wavelength and Ag concentration of TSNP solution is displayed in Table 2, as well as final
LSPR wavelength, Ag concentration and volume for Sample A and Sample B, respectively.
The spectra, LSPR wavelength and volume of water evaporated showed a great difference just

by changing the time on the cycles inside of the oven.
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Figure 27. Effect on UV-Vis spectrum of TSNP after evaporating water at 150 °C by two different methods, where sample A

was exposed to 150 °C on 5-minute cycles, and sample B was exposed to the same temperature on 10-minute cycles.

Table 2. Changes in LSPR wavelength, Ag Concentration and Volume for TSNP solution after treatments at 150 °C.

Sample LSPR Peak Ag Initial Volume Final Volume
Wavelength Concentration
TSNP (Initial State) 583 nm 21.34 ppm = -
Sample A 525 nm 40 ppm 150 ml 80 ml
Sample B 471 nm 94.86 ppm 80 ml 18 ml
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Colour of the TSNP solution before going through the evaporation process and the final colour
of samples A and B can be observed in Figure 28. As it can be seen in the pictures, changes on
the size or shape of the nanoplates, caused by heat or oxidation, can be readily noticeable with
the naked eye and corroborated with spectrophotometry due to the optic properties they

possess.

Figure 28. Colour of TSNP solution before and after evaporation process: Left) Initial colour of TSNP solution; Centre)

Final colour of sample A; Right) Final colour of sample B.

As mentioned in section 3.1.4.1, after observing the results presented above, evaporation with
a much lower temperature, under longer times was attempted. Figure 29 shows the resulting
UV-Vis spectrum of TSNP (21.34 ppm) before evaporation, with a LSPR peak wavelength of
621 nm. After 8 days inside the oven at 40 °C, peak wavelength presented a small blue shift to
617 nm and the concentration was estimated to be approximately 43 ppm. FWHM also
exhibited a change from 153 nm (707 — 554 nm) of the original solution to 178 nm (722 — 544
nm). Taking into account the prolonged time inside the oven, differences between both spectra
were not significant and were not considered an issue, as increasing the concentration is the

principal objective of this method, and it proved to be a good option to consider.
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Figure 29. UV-Vis spectra of TSNP before and after evaporation at 40 °C.

4.5 TSNP protection using halloysite nanotubes

As described in section 3.1.5, TSNP and HNT were mixed to evaluate the behaviour as a
possible strategy to encapsulate and protect the TSNP. Results are show in Figure 30, it can be
seen that TSNP solution and HNT powder were easily mixed into a homogeneous solution and
the purple colour in the solution was maintained. However, after drying, the purple colour was
lost and the dried powder had a pale-yellow colour (pure HNT was originally white), indicating
TSNP were probably etched. Figure 30-D shows the result after centrifuging, where it can be
observed that purple colour was not maintained and different layers formed, which appears to
indicate that the TSNP and the HNT separated during the centrifugation.
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Figure 30. Mixed TSNP+HNT: A) Pure HNT Powder; B) TSNP+HNT solution; C) Dried and ground TSNP+HNT; D)
Centrifuged TSNP+HNT.

4.6 Transfer of TSNP to Chloroform

The TSNP were transferred from aqueous solution to an organic phase (chloroform).
Chloroform was selected for being a suitable solvent in which selected polymers (PC, PCL and
PLA) were easily dissolved. Use of chloroform allowed addition of TSNP and polymers to a
single solution, their mixing and film forming through solvent casting (section 3.2.4). The
transfer was performed as described in section 3.1.6. UV-Vis spectra of the TSNP before and
after coating of SH-PEG, as well as after the transfer were read in the plate-reader
spectrophotometer. Additionally, a fresh sample of TSNP solution that was not concentrated
by thermal evaporation (concentration of 21.34 ppm) was also read, for comparison purposes.
The UV-Vis spectra of the aforementioned samples are shown in Figure 31. LSPR peak
wavelengths were 633 nm for fresh TSNP, 617 nm for concentrated TSNP, 596 nm for SH-
PEG coated TSNP and 650 nm after transfer to chloroform. Therefore, a blue shift of 16 nm
occurred after thermal concentration of TSNP, from there, another blue shift of 21 nm occurred
after coating the concentrated TSNP with SH-PEG and after transferring to chloroform a red
shift of 54 nm was displayed. Respectively, FWHM started at 153 nm (706 — 553 nm) for the
non-concentrated, then to 179 nm (544 — 723 nm) for the concentrated TSNP, 197 nm (514 —
711 nm) for SH-PEG coated and 168 nm (565 — 733 nm) for the chloroform solution. In the
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case of the peak wavelengths, the most drastic shift occurred in the last step, after transferring
to chloroform, and contrary to the other shifts, a red shift occurred in that case. This could be
explained by the increase in the refractive index from water, which is approximately 1.33
(Bashkatov and Genina 2003), to chloroform, which is around 1.44 (Samoc 2003). Increases
in the refractive index have been observed to produce red shifts in the LSPR of TSNP (Aherne
et al. 2009).
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Figure 31. UV-Vis spectra of non-concentrated TSNP, concentrated TSNP, SH-PEG coated TSNP and TSNP after transfer
to chloroform.

4.7 Summary

In this chapter, successful synthesis of TSNP and its suitability as biosensing tools were
demonstrated. Furthermore, Ag concentration was successfully increased during synthesis and
post-synthesis through thermal evaporation, without drastic effects on the optical properties of
the TSNP. As a strategy to incorporate TSNP in hydrophobic polymers, the nanoplates were
transferred to chloroform, which is a solvent capable of dissolving several hydrophobic
polymers, including PC, PCL, and PLA. UV-Vis spectra readings taking before and after the
transfer of the TSNP to chloroform demonstrate that no drastic changes in the structure of the
TSNP occurred. Therefore, transferring the TSNP to an organic phase was confirmed a suitable
approach to allow their combination with hydrophobic polymers within a single solution, as it

is demonstrated in the next chapter.
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CHAPTER 5 — TSNP INTEGRATION WITHIN POLYMERIC SYSTEMS

5.1 Preface

This chapter describes the results from the different approaches undertaken to integrate the
TSNP into selected polymers. Integration into PP was performed through liquid-assisted
extrusion. However, the high processing temperatures resulted in the fast oxidation of the
TSNP. Solvent casting was evaluated as a system that does not involve high temperatures.
Different concentrations of PEG were evaluated for solvent casting, considering PEG is a
hydrophilic polymer that can be easily mixed with the aqueous solution of TSNP and also with
the HNT. Increasing the concentration of PEG apparently resulted in better protection for the
TSNP from air, as the colour was maintained in a closer tone to the original, although the blue
colour was not fully maintained even by using a concentration of 5% of PEG. For the solvent
casting of PC, PCL, and PLA, the solvent used to dissolve the polymers was chloroform, and
they were mixed with the TSNP in a chloroform solution, which resulted in better protection
for the TSNP from air after evaporation of the solvent, allowing the films to maintain the blue
colour of the TSNP. Afterwards, the use of solvent casted films for extrusion was also explored.
Post-extrusion incorporation was successfully used to integrate the TSNP into PCL films,
although distribution of the nanoplates in the surface of the polymer was not ideal, which is
why the same principle of adding the TSNP in chloroform solution to the surface of the film
was evaluated but without extrusion. Finally, the stability of the TSNP integrated to PCL and
PLA films through solvent absorption was evaluated in water, NaCl solution and KCI solution.

5.2 Extrusion

5.2.1 Integration of TSNP in Polypropylene through Extrusion Process

Polypropylene (PP) is a highly versatile polymer with great chemical, physical and mechanical
properties with a low cost production. A high diversity in structural designs and mechanical
properties can be achievable, making it suitable for a wide range of applications (Maddah
2016). Particularly, its suitability for food packing applications and clinical instruments, render

it as a great candidate to study incorporation of antimicrobially active agents, such as TSNP.

Figure 32 shows a comparison between extruded pure PP and PP+TSNP, obtained as described
in section 3.2.3. The only visible difference is the colour, as pure PP films were white and
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PP+TSNP were beige. This colour suggests that TSNP got oxidized, probably because water
evaporated almost instantaneously when the drops were fed into the extruder, leaving the NPs
vulnerable to air and high temperature, to which they are very sensitive (Gangishetty, Scott,
and Kelly 2016; Trautmann et al. 2019). Although the absence of the blue colour is an
indication of loss of the triangular shape of the nanoplates, it is possible that the colour
presented in the treated PP film is still caused by AgNPs, but in a much smaller particle size
and the triangular shape not present anymore. A method to integrate spherical AgNPs into PP
through extrusion was achieved by Oliani et al. (2015), although in that case, the NPs were
dispersed in a Polyvinylpyrrolidone solution. Given the more sensitive nature of the triangular
geometry of TSNP, it is best to try avoiding high temperatures such as the one required to

extrude PP, as the geometry is quickly compromised during this process.

Figure 32. Extruded PP (Left) and PP+TSNP (Right).

5.2.2 Post-extrusion incorporation on PCL

Given the results in section 5.2.1, where the TSNP were rapidly etched as a result of the high
temperature, it was decided to test a different approach that would not involve exposing the
TSNP to such high temperatures. This consisted on processing PCL, which has a much smaller
processing temperature for extrusion (60 °C), and spraying the TSNP solution on the surface
of the extrusion dye, when the polymer is still soft, and before it goes through the rolls, which

could help on spreading and incorporating the NPs into the polymer.
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As described in section 3.2.3.1, the TSNP solution was applied at the end of PCL extrusion
process to incorporate the TSNP in the soft melted polymer. TSNP water solution was used
first without success, as the hydrophobicity of the polymer did not permit the integration of the

solution even though the material was soft (Figure 33).

Figure 33. Post-extrusion addition of TSNP (in water solution). The blue spots show drops of TSNP solution which could not

be absorbed by the polymer even in a melted state, due to its hydrophobicity.

Following this, the same method was performed using solution of TSNP in chloroform.
Contrary to the water solution, the chloroform solution was easily absorbed in the extruded
PCL film, as it can be observed in Figure 34. Easy absorption of the solution occurred, and the
colour of the solution remained (the TSNP turned from blue to purple after some time in the
chloroform solution) indicating stability of the TSNP structure after drying the solution.
Dispersion of the TSNP could be improved by making adjustments to the method, in order to

allow the solution to be applied more evenly along the surface of the polymer.
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Figure 34. PCL containing TSNP (in chloroform solution), incorporated post-extrusion, where purple spots represent the
areas where the TSNP solution was absorbed into the polymer.

5.3 Solvent Casting

Solvent casting is a classic technique for film manufacturing, developed over a hundred years
ago for the photographic industry, but it is still used today for the production of different
engineering plastics, medical films, optical films and some electronic applications.
Fundamentally, the method consists in the dissolution of a solid polymer in the form of flakes,
granules, chips or powder, into a pure solvent or a mixture. Once the solution is ready, it can
be poured into a flat surface to allow the formation of the film by evaporation of the solvent.
This can be done in a mould-like structure for small-scale films or rolling belts with
incorporated drying air systems for large-scale applications (Siemann 2005). The main point
of interest about this technique, is that it provides the possibility to mix polymers and the TSNP

in a liquid solution, and to form films without the requirement of high-temperature processing.

5.3.1 Polyethylene Glycol Solvent Casting

Solvent casted Polyethylene glycol (PEG) did not form a film after the ethanol was dried, on
the surface of the petri dishes PEG crystals were formed as it can be observed in Figure 35.
Original colours before ethanol was evaporated are shown in Figure 35-A. TSNP purple colour
was not maintained in any of the two samples where it was included, indicating NPs were
etched after the solvent was evaporated and they were exposed to oxygen.
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Figure 35. Solvent Casted PEG 3%: A) Solutions before ethanol evaporation; B) Solvent casted PEG+HNT; C) Solvent
casted PEG+HNT+TSNP; D) Solvent casted PEG; E) Solvent casted PEG+TSNP.

In the case of solvent casted PEG with a concentration of 5%, a different sample of TSNP
solution was used and this sample had a blue colour initialy. In this case, it can be observed in
Figure 36 that the colour did not turn to yellow, it turned to pink instead and even some parts
on the edge of the petri dish maintained the blue colour. This might mean the NPs suffered less
oxidation or etching compared to the sample with 3% PEG, and this could be an effect of
increasing the concentration of PEG. PEG functionalization has already been used to coat and
protect AgNPs for antimicrobial applications, for instance study by Fahrina et al. (2022), where
they prepared a solution containing 25% PEG and formed AgNPs inside the solution by
addition of AgNOs, which was then freeze-dried to obtain a powder (Fahrina et al. 2022).
However, the resulting powder obtained by this method was used as an additive for anti-fouling
purposes in a membrane. Given that producing film polymers would be a more suitable option
for the food and medical applications intended for the current study, it was decided to test the

solvent casting method with different polymers.
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Figure 36. Solvent casted PEG 5%, after evaporating the solvent (left) and after scrapping the polymer off the petri dish
(right). Showing that this method did not allow the formation of a PEG film.

5.3.2 Polycarbonate (PC), Polycaprolactone (PCL) and Polylactic Acid (PLA) Solvent

Casting

Polycarbonate (PC), Polycaprolactone (PCL) and Polylactic Acid (PLA) were selected to be
tested because of their versatility and different applications. PCL and PLA in particular, are
biopolymers with a wide range of applications in the medical and food packaging industries
due to their biocompatibility and structural properties (DeStefano, Khan, and Tabada 2020;
Malikmammadov et al. 2018). PLA is one of the most promising biodegradable biomaterials,
as it has already replaced several non-biodegradable petroleum-based plastics in many food
packaging applications (Luyt and Malik 2018). PCL on the other hand, has mostly been used
for many medical applications thanks to its high biodegradability, and it has still several
potential applications in this field (Espinoza et al. 2020). Given the interest around these
polymers, it is relevant to research the improvement of some of their properties that could be

beneficial for the aforementioned properties, such as providing antimicrobial activity.

In the case of solvent casted PC and PCL, films were formed through the method described in
section 3.2.4. As it can be observed in Figure 37, in both cases blue colour of the TSNP was
maintained. This method performs as a suitable approach to incorporate TSNP within polymers
without compromising the NPs at first sight, as the permanence of the blue colour is an
indicative for the structure of the TSNP not going under drastic changes. The structure and
viability of the TSNP when incorporated to these polymers through this method should be
further evaluated in the future.
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Figure 37. Solvent casted PC (A and B) and PCL (C and D). The films
were folded in B and D to display the flexibility of the materials.

Similarly, films of PLA were formed through this method. However, as it can be observed in
Figure 38, the colour of the TSNP is less evident in the film and it shows a more transparent
appearance. This could be caused by the polymer itself and might not represent any damage in
the structure of the nanoparticles, nonetheless, it would have to be further investigated to
determine how stable the TSNP are when incorporated into this polymer. No visual difference
was observed between the 4043 and 4044 grades of PLA.

Figure 38. Solvent Casted PLA (Grades 4043 and 4044). Left picture against a white background allows to observe the blue

colour present in the films, whilst right picture shows that the film presents a higher transparency, compared to films shown
in Figure 37.
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5.4 Ex-situ incorporation on PCL and PLA

After evaluating the results shown in section 5.2.2, it was decided to test a similar method but
in laboratory conditions, without making use of the extruder and the rolls, following the method
described in section 3.2.5.2, where three drops of TSNP in chloroform solution were directly
added to the surface of previously extruded PCL and PLA films. Figure 39 shows the results
after the chloroform fully evaporated from the PCL and PLA films. It can be observed that the
blue colour was maintained in both films, meaning that the TSNP are not oxidizing and
therefore they are not in direct contact with air (Trautmann et al. 2019). As PCL is a softer
polymer, it was slightly dissolved by the chloroform in some spots and the solution seemed to
penetrate deeper into the polymer structure than in the case of PLA. In fact, PLA did not show
any sign of being dissolved by the amount of chloroform added, and the TSNP formed a thin
layer on top of the surface. Interestingly, the blue colour of the TSNP was maintained even
though the TSNP did not seem to have incorporated within the PLA film, contrary to previous
experiments of PEG solvent castings described in section 3.2.4 where TSNP readily lost colour
upon contact with air. Therefore, it is hypothesised that the SH-PEG added to allow transfer of
the TSNP to chloroform, also allowed the formation of a thin film layer on top of the surface
of PLA, where TSNP were protected from air and were able to maintain their structure, even

after drying.

Figure 39. PCL (top) and PLA (bottom) films after incorporation of TSNP on the surface of the polymers by the ex-situ
method.
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5.5 Stability Assay

5.5.1 Stability on Water and Sodium Chloride (NaCl)

As it has been established that TSNP can be very susceptible to etching by oxidation under
certain conditions, like the presence of certain ions (Y. Zhang et al. 2014), it is necessary to
evaluate their stability after they have been incorporated in the surface of PCL and PLA with
the methods described in section 3.2.5.2, which consisted on depositing 3 drops of TSNP
solution in chloroform, and allowing the chloroform to evaporate. The first step undertaken to
evaluate this was simply by washing them inside distilled water and NaCl. NaCl was used
because the TSNP are highly sensitive to chlorine ions, and distilled water was used as a
control, to make sure the TSNP would not be washed out easily even without the presence of

a high concentration of ions.

After washing the fabricated films with distilled water and 20 mM NaCl solution as described
in section 3.2.6.1, visual evaluation of the specimens was performed to determine if evident
changes occurred as a result of the washing. Figure 40 illustrates the results of 1-minute and
20-minute washing in distilled water for TSNP-incorporated PCL and PLA films, respectively.
Only a slight decrease in the intensity of the colour was observed in both films, but more
noticeably in the PCL films. However, even with the intensity of the colour slightly fading in
some cases, the colour did not completely disappear from the polymer surface in any of the
tested samples. The colour of the nanoparticles has previously been used as an indicator of their
stability. A study by Velgosava et al. (2022) performed a method for the synthesis of AgNps
in different shapes, and colour change was used to evaluate the over-time stability of the colloid
solutions, to evaluate the effect of etching by exposure to light (Velgosova et al. 2022). These
results indicate that the TSNP integrated into these PCL and PLA polymers do not get washed
or etched immediately when coming in contact with water, and even have the capability to

remain in the polymer after a couple of hours immersed in water.
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Figure 40. Photographs of TSNP-Incorporated PCL and PLA films for stability test in distilled water. Top row shows PCL
films before and after 1 minute in distilled water. Middle row shows PLA films before and after 1 minute in distilled water.
Bottom row shows, on the left side, a PCL film before and after 2 hours in distilled water, and on the right side, a PLA film

before and after 2 hours in distilled water.

Washing of the studied films in 20 mM NaCl solution for 1 minute and 2 hours is shown in
Figure 41. The reduction in the colour intensity was minimal for both samples, even with the
presence of NaCl in the solution, which can cause etching of the TSNP if they are unprotected.
Similarly to the washings in distilled water, the reduction in the intensity of the colour of the
TSNP is very slight, but it can be noticeable on both polymers. Given the susceptibility of the
TSNP to oxidation when exposed to air or to saline solutions, it is clear that TSNP integration
in the polymers through the ex-situ method (section 3.2.5.2) allows them to obtain some degree
of protection. However, the slight reductions in the colour suggest that TSNP are not deeply
encapsulated within the polymer, as in the case of the films prepared through the solvent casting
method (section 3.2.4). This could be advantageous for the antimicrobial activity, as there is a
greater possibility for the Ag* ions being released to reach the surface of the polymer and
interacting with the bacteria (Martinez-Abad 2011; Tylkowski et al. 2019). However, this will
be further evaluated in the following sections.
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Figure 41. Photographs of TSNP-Incorporated PCL and PLA films after being washed in NaCl for 1 minute and 2 hours.
Pictures on the top row show the films before and after the 1-minute wash in NaCl, PCL on the left and PLA on the right.
Pictures on the bottom row show the films before and after the 2-hour wash in NaCl, PCL on the left and PLA on the right.

5.5.2 Stability on Potassium Chloride (KCl)

Given the results obtained in section 5.5.1, it was decided to expand the stability test to solvent
casted PLA and PCL, fabricated as described in section 3.2.4. To do this, it was also decided
to test several concentrations of a chloride salt (KCI), which were also added to the TSNP
aqueous solution to compare their etching effect with the one of the polymer-incorporated, if
any. It has previously been stablished that the TSNP’s sharp corners can make them extremely
susceptible to etching by adverse conditions, such as heat or induced oxidation by the presence
of other ions. Chloride ions can etch the corners and side faces of the TSNP, changing their
geometry into disk-like nanoplates and therefore altering the characteristic colour of the
solution. KCI has previously been used in studies where the shape transformation of TSNP as
a result of etching by chloride was examined (An et al. 2008).

Stability of the TSNP solution, prepared as described in section 3.1.2.1 was evaluated using
several concentrations of KCI. Such method would be used as a reference to determine the
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level of protection provided by the polymeric matrix on which the TSNP have been
incorporated. Figure 42 shows the colour change of the TSNP solution (concentration of 42.68
ppm) after being exposed to the KCI solution in the concentrations of 1 M, 0.1 M, 0.01 M, 1
mM and 0.1 mM respectively. As it can be observed, in 1 M and 0.1 M, the colour of the NPs
got completely lost and became a transparent solution. In the case of 0.01 M and 1 mM
concentrations, the blue colour changed to a yellow tone, very similar to the one of the seeds
during the synthesis of the TSNP (section 3.1.2). As for the lowest concentration, the blue
colour remained practically unchanged. This result indicates that the TSNP are indeed very
sensitive to saline solutions, and are able to tolerate only very low concentrations of KCI
without losing their triangular shape (concentrations 0.01 M and 1 mM) or even breaking down

their nanostructure completely (concentrations 1 M and 0.1 M) as a result of oxidation.

Figure 42. Colour of the TSNP solution before adding the KCI solution (left picture) and after adding the KCI solutions
(right picture) in the concentrations of 1 M, 0.1 M, 0.01 M, 1 mM and 0.1 mM, shown in the same order from left to right.

The structural changes in the TSNP by the etching effect of the KCI solutions were also
observed in their UV-Vis spectra, shown in Figure 43. In this case, contrary to other spectra
plots shown in other sections, the spectral curves were not normalized to show the reduction in
the absorbance of the peak, as a result of the reduction in the concentration of NPs. LSPR max
of the TSNP before the addition of KCI was 658 nm. For the 1 M and 0.1 M concentrations
there are no peaks, indicating the absence of detectable AgNPs. For 0.01 M, the LSPR max
peak was at 410 nm, indicating a blue shift of 248 nm with respect to the initial TSNP solution.
For the 1 mM concentration the blue shift was slightly shorter, 234 nm with respect to the initial

solution, having a LSPR max at 424 nm. In the case of 0.1 mM, the lowest concentration, the
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LSPR max was 657 nm, which means practically no shift with regard to the initial solution.
The samples that became transparent reflect this in the UV-Vis spectrum by showing no peak.
On the other hand, samples with yellow colour show a similar LSPR peak to the one exhibited
by the seeds in the TSNP synthesis (~400 nm), indicating that the TSNP structure could be
reduced back to a small spherical NPs, similar to the seeds. Additionally, exposure to the lowest
concentration did not show any significant change to the LSPR peak wavelength, only a
reduction in the absorbance caused by the addition of the KCL solution and reduction in the

TSNP concentration.
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Figure 43. UV-Vis Spectra of TSNP solution before and after adding KCI solution in the respective concentrations.

After evaluating how the different concentrations of KCI affected the aqueous solution of
TSNP, the stability of the TSNP-incorporated polymers was evaluated to determine the level
of protection they were providing to the TSNP. Figure 44 shows pieces of the solvent casted
films of PCL and PLA, obtained as described in section 3.2.4, before and after being submerged
for 15 minutes in the different concentrations of KCL. As it can be observed, there are no visual
differences on the colours of the submerged and non-submerged films, indicating that the
TSNP are protected from etching and will maintain their morphology within the polymer film
(Li etal. 2018; Yoon et al. 2019; Zhang et al. 2021).
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Figure 44. Photographs of PCL (top) and PLA (bottom) solvent casted films before and after being submerged in KCI
solution.

Figure 45 illustrates the PCL and PLA films prepared as described in section 3.2.5.2, before
and after submerging in the different concentrations of KCI solution. As it can be observed,
there are no visual differences in the colours of the submerged and non-submerged films,
except for a slight reduction in the intensity of the colour for the PCL film submerged in 1 M
solution (circled sample), indicating that the TSNP are protected from etching and will
maintain their morphology within the polymer film.

98



Figure 45. Photographs of PCL (top) and PLA (bottom) TSNP treated films before and after being submerged in KCI

solution.

The results presented in section 5.5 show the stability of the TSNP upon integration to some
polymers through solvent casting and the ex-situ method. A concentration of 20 mM of NacCl,
and increasing concentrations from 1mM to 1M of KCI were used. This would result in a CI-
ions concentration approximately 10x higher than the one present in human blood, which
normally ranges between 96 and 106 mM. (Morrison 1990). Potassium concentration in blood
ranges between 3.5 and 5.5 mM (Rastegar 1990), while sodium concentration normally ranges
between 137 and 142 mM (Ackerman 1990). Although further studies would be required, this
results indicate that this integration methods would potentially be stable enough to be used in

medical applications.

5.6 Summary

In this chapter, integration of TSNP through extrusion, solvent casting and calendaring/solvent
absorption was evaluated. Solvent casting, post-extrusion incorporation and ex-situ

incorporation proved to be suitable approaches to achieve the integration of TSNP without
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compromising the shape and structure of the NPs. In the case of post-extrusion incorporation,
the polymers that resulted in the successful formation of a film including the characteristic
colour of the TSNP, were PC, PCL and PLA. On the other hand, addition of TSNP in
chloroform solution to the surface of the polymer was successfully evaluated for PCL and PLA.
Stability assays demonstrated that TSNP were protected from oxidation by air and salts, and
they could not be easily washed off by water or saline solution. After demonstrating the
suitability of these methods for integration of TSNP, the next step is to evaluate the
antimicrobial activity on the materials and characterisation of the solvent casted films, which
were considered the most satisfactory result, regarding the homogeneity of the blue TSNP

colour and the potential versatility of the produced films.
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CHAPTER 6 - CHARACTERISATION AND ANTIMICROBIAL
EVALUATION OF SOLVENT CASTED FILMS

6.1 Preface

In this chapter, the best performing method for integration of TSNP into polymeric materials
was further studied by evaluating the resulting films. Films formed through the solvent casting
method described in section 3.2.4 visually demonstrated a good integration of the TSNP into
the material. This is indicated by the presence of the blue colour, characteristic of the TSNP
when their structure and shape is maintained. Results presented in the previous chapter, in
section 5.5 indicated that TSNP are stable within the materials after integration through solvent
casting. Following these results, the films were characterised and the antimicrobial activity was

evaluated.

Morphological characterisation of the films was performed by SEM, where it was observed
that TSNP have some tendency for aggregation within the polymeric matrixes of PCL and
PLA. Thermal characteristics of the films were evaluated through DSC, where it was
demonstrated that the glass transition (Tg), cold crystallization peak (Tc), the melting process
(Tm) and degree of crystallinity (Xc) were not significantly affected by the addition of TSNP
to PCL and PLA films. Thermal stability of the films was evaluated through TGA analysis,
where it was shown that the incorporation of TSNP did not have a significant effect on the
thermal degradation profile of PCL and PLA films. The evaluation of mechanical properties
included the determination of Tensile Strength (TS), Elastic Modulus (EM) and elongation at
break (¢) for the produced films, where the most significant changes observed were a reduction
in the € for PCL and an increase in EM for PLA after the addition of TSNP to the films. Finally,
the antimicrobial activity of the films was evaluated. All the TSNP-treated films demonstrated
inhibitory effect against the tested Gram-positive and Gram-negative bacterial strains.
However, PLA treated films demonstrated a higher inhibition effect than PCL films, especially

against the Gram-negative strain.

6.2 Scanning Electron Microscope (SEM) Analysis

SEM analysis was performed for the investigation of TSNP’s dispersion in PCL and PLA films.

The cross-section morphology of all the films is shown in Figure 46. The illustrative SEM
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images of the pure PCL and PLA films presented a good compact structure, with a smooth
appearance. The cross-section of TSNP treated PCL (Figure 46, b) and TSNP treated PLA
(Figure 46, d) films showed rougher surfaces. On the whole, the TSNP had some tendency of
aggregation in PCL and PLA films. Such behaviour can be attributed to the high surface energy
that TSNP possess which is affected by changes in size of the NPs and environmental factors

such as pH and ionic strength (Shuaib et al. 2020).

Figure 46. SEM images of: [a] PCL, [b] TSNP/PCL, [c] PLA and [d] TSNP/PLA films
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6.3 Differential Scanning Calorimetry (DSC) analysis

The typical DSC curves of bare and TSNP treated PCL and PLA films are shown in Figure 47,
A and B, respectively. The glass transition (Tg), cold crystallization peak (Tc), the melting
process (Tm) and degree of crystallinity (Xc) data are summarized in Table 3. Noticeably, TSNP
had a limited effect on the thermal transitions of the treated polymers. For instance, compared
to the bare PCL film, the addition of TSNP did not affect the Tg4 (56 °C) and T (27 °C) of the
PCL. Additionally, in PLA treated films, the values of Ty and T did not vary significantly
from the bare PLA film. This can be attributed to the non-significant effect of the TSNP on the
mobility of the PCL and PLA macromolecular chains (Li et al. 2017). These results come in
accordance with previous reports where the addition of Ag NPs did not result in obvious
changes in the Tm values of PCL films (Benhacine, Hadj-Hamou, and Habi 2016). Another
study by Mrdz et al., also found out that nanosilver did not significantly affect the thermal
transitions of PLA treated films (Mr6z et al. 2013).

Moreover, as listed in Table 3, the addition of the TSNP led to the increase in the degree of
crystallinity in PLA up to 27%, but no significant effect was observed on PCL films (X = 47
%). In case of PLA treated films, the resultant increase in the percentage of X, can be explained
by the phenomenon of heterogeneous nucleation. A similar result has been obtained by Chu et
al., where the X of PLA was increased as a result of addition of Ag NPs (Chu et al. 2017).
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Figure 47. DSC curves for second heating of a) bare and treated PCL films and b) bare and treated PLA films.

Table 3. Thermal Characteristics of pure and TSNP treated films.

Sample T; (°C) Tm (°C) T. (°C) Xc (%)

PCL - 56.06 27.75 47.9
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TSNP/PCL - 55.92 27.36 47.6
PLA 56.7 148.1 52.94 21.5

TSNP/PLA 55.1 146.25 50.73 27.4

6.4 Thermogravimetric (TGA) Analysis

TGA analysis was carried out to study the thermal stability of the prepared films. The TGA
curves of bare and TSNP treated PCL films are shown in Figure 48, A while Figure 48, B
demonstrates the TGA curves of bare and TSNP treated PLA films. From the
thermogravimetric curves, it can be observed that the bare and TSNP treated films have a
relatively good thermal stability, since all the maximum mass losses occurred between 400 to
500 °C. As shown in Figure 48, A, the onset degradation temperature (Tonset) OF pure PCL was
approximately 439 °C and the degradation was complete at about 550 °C. In PLA films the
Tonset Was 380 °C and complete degradation was observed at 475 °C. Both, Tonset and completed
degradation temperature of the TSNP treated PLA and PCL films were not significantly
different when compared with their pure films. Therefore, we can conclude that the addition of
TSNP obviously maintained the thermal stability of the PCL and PLA films. These results
come in accordance with previously published studies where no significant difference in
thermal stability was observed upon the addition of nanosilver coated chitosan to PLA films
(Gorrasi, Sorrentino, and Pantani 2015; Nootsuwan et al. 2018). Similarly, the addition of
different silver concentrations did not change the thermogravimetric behaviour of PLA samples
after 7 days in composting conditions as reported by (Gorrasi et al. 2015). On the other hand,
Cerkez et al. (2017) and Leonés et al. (2020) concluded that PCL films and PCL electrospun
fibers did not show a significant difference in thermal decomposition when treated with Ag
NPs (Cerkez, Sezer, and Bhullar 2017; Leonés et al. 2020).
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Figure 48. TGA curves of a) bare and TSNP treated PCL films, and b) bare and TSNP treated PLA.

6.5 Evaluation of Mechanical Properties

Tensile strength (TS), elastic modulus (EM) and elongation at break (¢) of the fabricated films
were obtained through tensile testing, as described in section 3.2.7.3. The Stress-Strain graphs
of each of the tested samples are shown in Appendix 1, Figure 74 to Figure 77. The pure films
of PCL and PLA exhibited a lower tensile strength (13.97 MPa for PCL and 21.99 MPa for
PLA), and a higher percentage of elongation at break (11.07% for PCL and 4.84% for PLA)
values compared to TSNP treated films (Figure 49). According to the statistical analysis,
performed through a paired t-test in Minitab, as described in section 3.4, the P-values for TS
and and ¢ of PLA samples are 0.089 and 0.489 respectively. Therefore, with a confidence
interval of 95%, the null hypothesis (both means are not significantly different) failed to be
rejected because both P-values are higher than a=0.05, and the incorporation of TSNP did
not have a significant effect on TS and ¢ for the PLA samples. On the other hand, for the
PCL samples the P-value for TS (0.022) and for ¢ (0.002) are both lower than a=0.05,
meaning the null hypothesis is rejected in both cases, and the integration of TSNP did have
a significant effect on the TS and ¢ of PCL samples. EM values are presented in Figure 50,
where an increase in the obtained value for PLA-TSNP is observed and a very slight decrease
in the value for PCL-TSNP, compared to their respective bare film samples. The statistical
analysis shows that with a confidence interval of 95%, the EM of PLA and PLA-TSNP means
are significantly different (0.011<0.05) and the EM of PCL and PCL-TSNP are not
significantly different (0.369>0.05).
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These results come in accordance with Agustine et al. (2016), who reported that electrospun
PCL membranes either maintained TS and EM values or exhibited an increase in those
parameters at higher percentage of added Ag NPs (Augustine, Kalarikkal, and Thomas 2016).
For PLA films similar results were obtained by Ali et al. (2014), as they observed an increase
in TS after the addition of Ag NPs to PLA (Ali, Tarig, and Noori 2014). Similarly, an increase
in TS was also reported by Szymanska-Chargot et al. (2020) after fabricating a PLA composite
containing Ag NPs and nanocellulose from Carrot Pomace (Szymanska-Chargot et al. 2020).
In the current study, the increase of TS for PCL and PLA films after being mixed with the
TSNP can be attributed to the high compatibility between TSNP and the model polymers.
However, the TSNP treated PCL films suffered a significant decrease in the elongation at break
percentage resulting in the formation of a very brittle film. Such result might be due to the
TSNP stacking (as observed in SEM images) which reduced the mobility of the polymer chains.
A similar outcome was also reported by Abdelaziz et al. (2020) as a result of adding

hydroxyapatite nanoparticles to PCL composites (Abdelaziz et al. 2020).
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Figure 49. A) Tensile strength (TS) and elongation at break (¢) of bare and TSNP-integrated solvent casted PLA and PCL
films. B) Results from paired t-test statistical analysis for TS and ¢ of the PLA and PCL films (N=6).
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Concerning the EM of the fabricated films, it was found that the incorporation of TSNP led to
an increase in the EM of PLA film due to the high stiffness of the TSNP as fillers compared to
pure PLA. Alternatively, there was no significant difference between the bare and TSNP treated
PCL films. A similar trend was also observed by Augustine et al. (2016), where
nanocomposites containing a small concentration of Ag NPs did not show a significant change

in the elastic modulus of PCL composites (Figure 50) (Augustine et al. 2016).
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Figure 50. A) Elastic modulus (EM) of bare and TSNP-integrated solvent casted PLA and PCL films. B) Results from paired
t-test statistical analysis for EM of the PLA and PCL films (N=6).

6.6 Antimicrobial Evaluation of Solvent Casted Films

Dispersion of nanoparticles inside polymer matrix can influence the mechanical and barrier
properties, but also it can change its biological nature. As previously mentioned, TSNP are
proven to possess considerable antimicrobial activities and as such the incorporation of TSNP
in PCL and PLA films can improve the composites antibacterial characteristics. In our present
study, both Gram-positive (S. aureus ATCC 25923) and Gram-negative (E. coli ATCC 11775)
bacteria were used to assess the antimicrobial properties of TSNP treated PCL and PLA
composite films with respect to bare films. These bacterial species were chosen as
representatives of common harmful microorganisms occurring in various biomedical related

products (Gonzélez-Fandos et al. 2000; H. Lu et al. 2015). The particular chosen strains are not
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of high medical concern, as they are both listed with a biosafety level 2, meaning they present
only a moderate health hazard when they are not manipulated with proper precautions. Figure
51 shows the results of antimicrobial activity obtained from OD readings (630 nm) after 24h
incubation of the films in liquid LB media. The respective bacterial controls of E. coli and S.
aureus incubated without materials were considered as the 100% for survivability. The
survivability of the bacteria was decreased in the presence of both materials, for both E. coli
and S. aureus. PCL showed a reduction of approximately 20% for S. aureus and 30% for E.

coli, while PLA showed a higher reduction on both cases; approximately 50% for S. aureus
and 45% for E. coli.
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Figure 51. Antimicrobial Activity of Solvent Casted PCL and PLA films, bare and with TSNP, for both tested strains.
Survival % obtained with OD measurements at 630 nm, considering the OD of the bacterial control as the 100%.

Antimicrobial effect (AE) of bare and TSNP treated PCL and PLA composite films was
calculated as described in section 3.2.7.4. Briefly PCL and PLA films were immersed in the
broth during the cultivation of the S. aureus and E. coli strains. After 24 hours of incubation,
the films were removed and the OD of the broth was measured. AE was calculated by plating
and incubating serial dilutions from cultivation broth after incubation with the films, and
number of CFU was counted, to obtain a logarithmic difference between the CFU/mL of bare
films and TSNP-treated films. With the use of this equation, the higher the value obtained, it
represents a higher antimicrobial activity since there is a higher difference in the obtained

number of CFU between treated and non-treated materials. If the obtained result was 0, it would
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represent no difference between the developed CFU on the materials, and a negative number

would imply that the treated material is promoting a higher bacterial growth.

As shown in Table 4, all TSNP treated films exerted an acceptable inhibitory effect against the
tested Gram-positive and Gram-negative bacterial strains. Such antimicrobial activity is
attributed to the TSNP incorporated in the composite films where the bare PCL and PLA films
showed no antibacterial activity. Additionally, solvent casted TSNP/PLA films demonstrated
higher AE values than TSNP/PCL films against both S. aureus and E. coli which can be
attributed to the easiness of Ag* ions release from the surface of PLA than PCL matrix. Such
results come in accordance with Ahi et al. (2019) who demonstrated that PLA films treated
with a microbicidal compound, such as propolis had higher antimicrobial activity that PCL

ones against S. aureus (Ahi et al. 2019).

It is also worth mentioning that TSNP treated films showed increased antibacterial activity
against Gram-negative bacteria than towards Gram-positive ones. This is due to the scarce
thickness of the cell wall in the Gram-negative bacteria, making them more susceptible to the
action of Ag* ions released by the TSNP from the treated films (Abbaszadegan et al. 2015;
Pazos-Ortiz et al. 2017).

Table 4. Antimicrobial effect (AE) values* for TSNP treated films

Bacterial strain TSNP/PCL TSNP/PLA
films films

E. coli ATCC 11775 0.10 0.35

S. aureus ATCC 25923 0.11 0.28

* Values are obtained as the average of three measurements. AE = log Nc— log NEe.

6.7 Cytotoxicity of Solvent Casted Films

The cytotoxicity of the solvent casted PLA and PCL was evaluated by using a human
fibroblasts cell line (MRC5) exposed to PCL and PLA film extracts of different concentrations,
previously prepared in RPMI medium under dynamic conditions. The viability of MRC5 cells
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was assessed using a standard MTT assay as described in section 3.2.7.5, where non-treated
MRCS5 cells were used as the positive control and their mean growth considered as the 100%
to compare with the other samples. The results presented in Figure 52 show a survival rate
above 50% for all tested samples, compared to untreated cell controls. Bare PCL showed no
toxicity towards the tested cell line, maintaining a survival rate even higher than the one of the
MRCS5 control. On the other hand, the sample of PCL containing TSNP showed a decrease in
the cell survival rate, up to 68.9% cell survival with the highest concentration used, and 81.5%
with the lowest one. A similar tendency was observed in a study for Ag-coated electrospun
PCL scaffolds, performed by Lim & Sultana (2016), where the scaffolds coated with Ag
showed a reduced percentage of survivability compared to the control, which was presented in
terms of absorbance in their case. However, in the case of their experiment, this reduction in
the survival rate was smaller and was not considered significant (Lim and Sultana 2016).
Nonetheless, in our experiment, only the highest concentration used resulted in a cell viability
below 70%, which is the minimum to consider the materials as biocompatible (Andreani et al.
2017). This percentage is used only as a reference, and a more accurate value can be chosen
upon development of the materials for more specific applications.

A similar tendency was observed in the case of PLA materials (also shown in Figure 52), with
the bare PLA showing a higher cell viability than the control group, and the PLA-TSNP
samples showing a reduced viability. In this case, the viability of the bare PLC decreased up to
61% with the maximum concentration and to 84.5% with the smaller concentration used. This
is in accordance to some other published studies, for example, the one published by Wang et
al. (2020), where they evaluate the cytotoxicity of Ag-coated PLA membranes, and they obtain
a good cell viability for the bare PLA membranes, even higher than their control, and the
viability is reduced as they increase the concentration of Ag that is incorporated to the

membranes (Wang et al. 2020).
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Figure 52. Survival percentage of MRC5 Lung Fibroblasts upon exposure to different concentrations of PLA and PCL
extracts, with and without TSNP. The extract with the maximum concentration 100%, was prepared by incubating 10mg/mL
of the corresponding PCL and PLA materials, which were then diluted up to 12.5%.

6.8 Summary

In this chapter, solvent casted PLA and PCL films with integrated TSNP were evaluated for
morphological, thermal and mechanical characterisation, as well as antimicrobial performance.
Results demonstrated that the integration of the TSNP through this method is suitable and it
provides the films with inhibitory activity against E. coli and S. aureus strains growth.
Furthermore, it was observed that thermal properties of the films were not affected after the
incorporation of the nanoplates. However, aggregation of the nanoplates in the matrix of both
evaluated polymers was also observed, and changes in some of the mechanical properties such
as a reduction in the observed € of PCL and an increase in the EM of PLA. Further research
would be required in order to attempt to improve the distribution of nanoplates in the films and
prevent aggregation, as well as improving the mechanical properties and enhancing the

antimicrobial activity of the produced films.
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CHAPTER 7 — BACTERIAL CELLULOSE/CURCUMIN + TSNP FILMS;
CHARACTERISATION AND ANTIMICROBIAL EVALUATION

7.1 Preface

Bacterial cellulose (BC) is a biopolymer that has attracted a lot of interest in research and
industrial sectors, given that it is highly pure compared to plant-produced cellulose. As well as
several exclusive properties, such as high liquid holding capacity, flexibility, mouldability, and
high mechanical strength in the wet state (Gorgieva and Tréek 2019). Furthermore, BC’s
biocompatibility renders it as a suitable material for a broad range of applications, particularly
in the biomedical field, such as wound healing systems, tissue regeneration, scaffolds, and
transdermal applications (Sharma and Bhardwaj 2019; Silva et al. 2017).

Given its wide range of applications, exploring the improvement of BC properties, such as
antimicrobial activity through the incorporation of active compounds can result highly
beneficial. Therefore, in this chapter, supplementation of curcumin during BC production and
posterior incorporation of TSNP for antimicrobial purposes was explored. During production
of BC by Komagataeibacter medellinensis bacterial strain, 2% and 10% (w/v) of curcumin
were supplemented. Resulting films demonstrated clear colour differences as a result of
curcumin supplementation, as well as an increase in the yield production, over 2x in the dry
weight of the BC-Cur10% films, compared to bare BC films.

After the incorporation of TSNP through immersion and incubation in the aqueous TSNP
solution, BC films acquired a blue colour. Through the morphological characterisation of the
films, done by SEM-EDS, it was possible to observe adhered curcumin particles, as well as
silver clusters on the surface of the treated films. TGA analysis demonstrated that BC films
containing curcumin and TSNP did not significantly change their thermal degradation
behaviour compared to bare BC films. FTIR was used to identify the changes in the functional
groups after the supplementation with curcumin and TSNP incorporation. Weathering test was
used to address the stability of the films under exposition to UV light over a period of time. An
antimicrobial evaluation was performed to assess the efficiency of the films in the inhibition
of Gram-positive and Gram-negative strains growth. The presence of curcumin enhanced the
antimicrobial action of the films, compared to bare BC material, and the combination of

curcumin and TSNP showed an even greater antibacterial effect, especially against the Gram-
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positive strain evaluated, S. aureus. Biological evaluations were also performed, evaluating the
in-vitro cytotoxic effect against a human lung fibroblast cell line (MRC5), and in-vivo toxicity
against D. rerio and C. elegans model organisms. Overall, the materials demonstrated
acceptable biocompatibility, by showing a toxic response only on the highest concentrations
used. In the case of the cell line, a high toxic response was observed in the highest
concentrations of the films containing only curcumin, but high survivability was observed with
the films containing 10% curcumin and TSNP. A similar tendency was observed in the
evaluation with D. rerio, where curcumin-only films produced heart and liver toxicity, while
films with both curcumin and TSNP produced no observable toxic or teratogen effects. Finally,
it was confirmed that films did only produce a maximum of 10% death rate in the highest

concentrations of treated BC films against C. elegans, demonstrating their biosafety.

7.2 Curcumin-supplemented Production of Bacterial Cellulose (BC) and integration

of TSNP

As previously mentioned, curcumin has become a natural compound of high interest for the
research community, thanks to its anti-inflammatory, anti-oxidant and anti-infective properties
giving it great potential for a great diversity of applications, especially in the medical sector
(Raduly et al. 2021). However, the biomedical applications of curcumin have been partially
limited by its poor water solubility and bioavailability. One potential strategy to overcome
these limitations is to introduce curcumin into polymer-based materials that would work as a
delivery system, allowing to direct its bioactive properties (Alven et al. 2020). On the other
hand, BC has also gained a lot of interest due to its biocompatibility and exclusive properties.
These include a high liquid holding capacity, flexibility, mouldability and high mechanical
strength in the wet state (Gorgieva and Tréek 2019). As a result, it is suitable for a wide range
of applications, especially in the biomedical field, including wound healing systems, tissue re-
generation, scaffolds, and transdermal applications (Sharma and Bhardwaj 2019; Silva et al.
2017). Considering these overlapping applications, it is clear that there is room to explore the
manufacture of BC-based composites with incorporated curcumin and TSNP, to provide a
higher antimicrobial activity and potentially expand even more the applications of this

biopolymer.

Trial experiments performed with TSNP-incorporated BC, prepared as described in section

3.2.5.1, showed excellent antimicrobial performance against S. aureus and E. coli, as it is
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presented in the following sections. In order to further improve the antimicrobial performance
of these materials, it was decided to test the incorporation of a secondary antibacterial agent.
As it has been stated, curcumin also exhibits a broad-spectrum antimicrobial activity, which
makes it a suitable candidate for combined used with TSNP, looking for an additive effect that
would further improve the antimicrobial activity of the BC materials, as shown in the following

sections.

7.2.1 BC Production using curcumin as a supplement

Komagataeibacter medellinensis (ID13488) bacterial strain was used for the production of BC
in HS medium and HS medium supplemented with 2% and 10% of curcumin (w/v) (Figure
53), as described in section 3.3.2. Using visual inspection, the BC films exhibited clear colour
differences as a result of curcumin supplementation. The intensity of the acquired orange
colour is notably greater for the sample supplemented with 10% curcumin (BC-Curl0%),
compared to the one with 2% (BC-Cur2%). Although curcumin exhibits a broad-spectrum
antimicrobial activity, it did not affect the production of BC under the conditions used for this
cultivation. Several factors could be involved on this, such as the concentration of curcumin,
the concentration of bacteria used for inoculation, the poor solubility of curcumin in water, etc.
Furthermore, it has been proposed that one of the reasons why BC producers produce BC on
the first place, is to use it as a defense mechanism to resist environmental stressors, so it is
possible that the production is accelerated and/or enhanced under certain stress conditions
(Anguluri et al. 2022).

BC 2% curcumin BC 10% curcumin

Figure 53. Left: Difference between BC pellicles in HS and curcumin-modified HS media after 14 days of incubation. Right:
BC produced in HS medium (Left), in 2% curcumin supplemented (Center) and in 10% curcumin supplemented HS medium
(Right).
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7.2.1.1 Estimation of curcumin absorption from media

After 14 days of incubation, the produced BC was dried and weighed. Due to the presence of
curcumin in the medium, BC pellicles resulted with higher mass in comparison to non-
supplemented medium (Figure 54), which occurred because the curcumin was absorbed in
between the BC pellicles. During the incubation, it was also observed that BC production
would start faster in the samples with curcumin than in the regular HS medium. This could
happen as a defense mechanism of the bacteria, which would accelerate the production of BC
to try to protect themselves from the harmful effects of curcumin. BC has been postulated to
be produced to provide mechanical, chemical and biological protection to the bacterial cells
trapped in the polymeric network. This allows to keep the bacteria at the air-liquid interface
and allows it to gain easier access to oxygen from the air (Urbina et al. 2021). UV-Visible
spectral measurements showed that 27.8% and 41% of curcumin was absorbed by BC films,

respectively, during an incubation period of two weeks.
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Figure 54. Dry weight of BC and curcumin-supplemented BC with 2% and 10%.
7.2.2 Preparation of TSNP incorporated BC films

Introduction of TSNP into the produced BC and Cur-BC films was performed as described in
section 3.2.5.1. Upon completion of the procedure, visual differences were shown in the films
that were treated with TSNP, as the films turned into a dark blue/purple colour, as shown in
Figure 55.
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Figure 55. Top) BC produced in regular HS medium (Left), in 2% curcumin supplemented (Center) and in 10% curcumin
supplemented (Right). (Bottom) Regular BC (Left), BC with 2% supplemented curcumin (Center) and BC with 10%
supplemented curcumin (Right) after TSNP

7.2.3 Characterisation of produced BC films

7.2.3.1 Morphological characterisation and estimation of TSNP absorption

Morphological characterisation of the produced BC films was performed by SEM analysis,
while the estimation of TSNP absorption into the TSNP treated BC films was performed
through EDS, as described in section 3.2.7.1. SEM micrographs of the dried BC films grown
in the presence of curcumin are shown in Figure 56. Smooth surface was observed in bare BC
films (Figure 56, A), while samples with incorporated curcumin showed crystal particles on
the surface of the material (Figure 56, C, E). Presence of curcumin crystals indicates their
strong interaction with the nanofibril matrix of BC (Akrami-Hasan-Kohal, Tayebi, and
Ghorbani 2020).
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Figure 56. SEM micrographs of BC film 100x (A) and 10kx (B); BC-Cur2% 100x (C) and 3.5kx (D); BC-Cur10% 100x (E)
and 1.2kx (F); BC-TSNP 115x (G) and 1.29kx (H).

The distribution of TSNP appearing as white bright dots on the surface of BC films is illustrated
in Figure 57. The percentage of TSNP within the BC films was determined with the help of
EDS analysis, 5 different white dots were randomly selected and analysed. The presence of
silver (Ag) was confirmed for all the selected spots in tested samples (BC-TSNP-Cur2%, BC-
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TSNP-Curl0%). EDS analysis revealed strong signal in the silver region with the average

percentages of 80.56 and 63.9% for examined materials, respectively, as shown in Table 5.

Figure 57. SEM micrographs of examined materials with spots selected for EDS analysis: BC-TSNP-Cur2% (A) and BC-
TSNP-Curl0% (B)

Table 5. Result of EDS Analysis performed on 5 different points of BC-TSNP-Cur10% film.

Spectrum O |[Na|Cl| K| Ag | Total

Spectrum 1 57.2 42.8 | 100.0
Spectrum 2 324|138 |54|27]|558]100.0
Spectrum 3 159124 41|17 76.0|100.0
Spectrum 4 22114053 |22]|66.3]|100.0

Spectrum 5 175120 4.2 76.3 | 100.0
Max. 5721405427763
Min. 159120 (41|17 428

7.2.3.2 Thermogravimetric Analysis

The TGA analysis was carried out to study the thermal stability of the fabricated BC films. The
TGA curves of bare BC and BC-Cur and BC-Cur-TSNP films are shown in Figure 58. All the
films started gradually losing mass below 100°C which could be attributed to the moisture
content in the BC films. Maximum mass loss occurred between 200°C and 600°C. For most
samples, the onset degradation temperature (Tonset) was around 213°C and the degradation
rate was stabilized at 600°C. Furthermore, it can be indicated that the incorporation of curcumin
and TSNP did not significantly affect the thermal stability of the BC films and this come in
accordance with reported literature (Mifiano, Puiggali, and Franco 2020; Pal et al. 2017).
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Figure 58. TGA curves of BC, Cur treated BC and Cur-TSNP treated BC films.
7.2.3.3 Fourier-transform infrared spectroscopy

FTIR analysis was performed to obtain a comparative view on the functional groups in BC and
their changes after addition of curcumin and TSNP. The resulting FTIR spectra for the BC
specimens are shown in Figure 59 and functional group assignments for the identified peaks
are illustrated in Table 6 and Table 7. The spectrum of bare BC showed characteristic peaks at
3277 cm? (O-H stretching vibration), 2918 cm™ (C-H stretching), 1626 cm™, 1535 cm*
(protein amide Il absorption), 1156 cm (C-O-C asymmetric bending/stretching), 1055 — 1033
cm! (bending of C-O-H bond of carbohydrates) and 665 cm (C-OH out of plane bending)
(Gea et al., 2011; S. S. Wang et al., 2018). The spectrum for curcumin allowed to identify
characteristic peaks at 3504 cm* (O-H stretching vibration), 1600 cm* (benzene ring stretching
vibration), 1503 cm* (C=0 and C=C vibrations, 1426 cm (olefinic C-H bending vibrations),
1272 cm! (aromatic C-O stretching vibrations) and 1026 cm™ (Chen et al. 2015; Gunasekaran
et al. 2008; Ismail et al. 2014; Nandiyanto et al. 2017).

Spectrum of BC-Curl0% shows characteristic peaks from both, BC and curcumin. As shown
in Figure 59 and Table S1, the peak assigned to OH stretching vibration of BC exhibited a shift
from 3340 cm™ to 3346 cm™, and the peak assigned to C=0 and C=C vibrations of curcumin,
shifted from 1503 cm to 1507 cm™*. A weak peak at 1279 cm™* was attributed to C-H bending
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in the spectrum of BC (Wang et al. 2017), while it was much stronger in the same wavelength
for BC-Cur10%. The small peaks that showed from 1550 cm to 1100 cm™ in the BC spectrum
were masked by larger curcumin peaks in the spectrum of BC-Curl0%. The rest of the peaks
either remained in the same wavelength or had a small shift of 1 — 2 cm* only, when compared
to BC or curcumin spectra. Thus, the obtained results confirm the incorporation of curcumin
into the BC matrix and suggest a chemical interaction with the cellulose fibrils. A similar
tendency was observed by Sajjad et al. after incorporating curcumin into BC sheets, where
additional peaks appeared and the characteristic peaks of BC suffered small shifts (Sajjad et al.
2020) .

In the spectrum obtained for BC-TSNP-Curl10%, a shift from 3340 to 3277 cm was observed
in the OH peak. The peak related to C=0 and C=C vibrations was also shifted from 1503 to
1512 cm* with respect to the curcumin spectrum. Additionally, when compared to the spectrum
of BC-Cur10%, several peaks showed reduced intensities between 1500 and 1000 cm-! which

are estimated to occur due to the impregnation of TSNP within the matrix of BC-Cur films.
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Figure 59. FTIR Spectra for BC, Curcumin, BC-Cur10%, BC-TSNP and BC-TSNP-Cur10%.
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Table 6. FTIR peak assignments for BC, Curcumin, BC-Cur10%, BC-TSNP, BC-TSNP-Cur10%. Part 1, from 4000 cm™* to 1425 cm™.

BC 3340 2918 2850 1626 1535
Cur 3504 3018 2975 2947 2846 1626 1600 1503 1453 1426
BC-
Wavelength 3346 2919 2848 1627 1602 1507 1457 1427
(cm™) Curl0%
BC-TSNP 3344 2916 2850 1650 1580
BC-TSNP-
3277 2920 1626 1512
Curl0%
i . |CGH H H-O-H -N -|B Protei
~|oH ~ |on Asymmetri [Asymmetri | _|-oH Aromatic |CN 3nd C|Benzene | o |Protein |y omatic clolefinic ¢
Functional . Aromatic . stretching |asymmetri [bending of C ring amide |l )
stretching | . stretching |c CHs|c CH; Cc=C i . Cc=C X H bending
groups ) ) ring ) ) ) ) of CH, and|¢ absorbed ) stretching [stretching | . absorptio . . .
vibration vibration |stretching |stretching . stretching . ) R vibrations stretching |vibrations
CH; stretching |water. (Proteins) |vibrations n
(Chen et al.,
. (Gea et al., (Gea et al. |(Gea et al.,|(Geaetal.,
2015; Ismail . . (Gunasekar
References |et al., 2014; (Nandiyanto[2011; S. S.[(Rohman et|(Rohman et|2011; S. S.[2011; S. S.[2011;S.S. [(Chenet al.,, 2015; Jyotiet|(Chen et al.,|(Chen et al.,|(Gea et al., an et al (Chen et al.,
Nandiyanto etal., 2017) |Wang et al.,|al., 2015) |al.,2015) [Wang et al.,|Wang et al.,|Wangetal., |al., 2016) 2015) 2015) 2011) 2008) 2015)
2017) 2017) 2017) 2017)
etal.,2017)
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Table 7. FTIR peak assignments for BC, Curcumin, BC-Cur10%, BC-TSNP, BC-TSNP-Cur10%. Part 2, from 1425 cm* to 650 cm.

BC 1371 1279 1156 1055 1033 665
Cur 1272 1231 1154 1026 961 855 745 730
BC-
Wavelength Curlo% 1374 1279 1232 1154 1055 1028 961 856 744 664
(cm™?) ur ()
BC-TSNP 1422 1371 1280 1161 1055 1031 664
BC-TSNP-
Curlo% 1280 1233 1158 1028 664
ur (]
Symmetric C;O_tch,
and Aromatic C co-C Aromatic C Bending of (Bending of zilgiaiizly:i Alkene CH
. asymmetri [IN=0 asymmetri . C-O-H C-O-H A 2[cH in-|CH out of|CH out of|C-OH out
Functional c symmetry cH 0 co Hin plane bond of|bond of Aromatic Clout of plane plane plane of plane
) bendi tretchi tretchi def ti H out of
groups stretching |[stretching ending S_ re c_ 'ng |stretcning bending/s etormati carbohydr |carbohydr outo plane. bending |bending |bending |bending
. . vibrations . on plane bending
vibration tretching ates ates .
of CH deformati
2 on
(Chen et al.,
2015: (Chenetal.,
Gunasekara G P (Gea et al.,, G K 2015; k G K G c G ‘ G «
Ref (Zhong  et|(Jyoti et al.,|(S. S. Wang|n et al, ( unaste alr 2011; S. S. ( unaste a:‘ (S. S. Wang](S. S. Wang u:aTe ara ( unas;e alr ( unaie alr ( unaie alr ( unaie alr (Gea et al.,
eterences | .1,2018) |[2016) etal., 2017) |2008; Ismail ;goge @ Wang et al., ;30; a1 etal., 2017) |etal., 2018) ;oeosa- . ;go; al ;gose al ;;O; al ;goge al15011)
et al., 2014; ) 2017) ) . ) ) ) )
Nandiyanto Nandiyanto
etal., 2017) etal., 2017)
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7.2.3.4 Evaluation of BC films stability via weathering tests

When combined with humidity, the colour of an organic pigment can fade much more quickly
than due to light alone. For this reason, weather testing is often carried out to measure
irradiation effects with humidity. Curcumin is not a very light-fast material and its colour fades
quickly when exposed to such conditions. Even with the addition of UV absorbers and hindered

amine light stabilisers, curcumin remains relatively unstable.

As shown in Figure 60, warping occurred in all 5 samples after weather testing. This indicates
that the combination of UV and moisture caused structural changes to the BC film, presumably
due to reduced chain length from photo-oxidative degradation on the exposed surface, which
was more than that on the rear of samples. The weathering cycles caused embrittlement of
samples containing curcumin, without TSNP. Large deposits of curcumin were present on the
surface of samples, indicating that perhaps much of the curcumin is rejected from the wafer as
the solution dries. The degree of incompatibility between the BC and curcumin was less
pronounced in the samples containing TSNP. While it is not clear from the Figure 60,
spectrophotometry measurements showed colour fading in all samples. The values for colour
changes due to weathering exposure are presented in Table 8 as AE* to calculate colour
difference. Due to the initial colour differences between samples, it is not fair to directly
compare AE* values between cases; however, it is clear that none of the materials are UV
stable. Not only is there a significant colour change for each case, but the embrittlement and
disintegration of the material indicates a likely deterioration in mechanical properties due to

UV light exposure. Such behaviour will be addressed and resolved in future work.
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Figure 60. Samples before (A) and after (B) weather testing. From left-to-right, top-to-bottom: BC-Cur10%, BC-TSNP-
Curl0%, BC-Cur2%, BC-TSNP-Cur2% and BC.

Table 8. Colour change, AE* for each sample case due to weather testing.

Samples AE*
BC 2.83
BC-Cur2% 12.74
BC-Curl0% 6.40
BC-TSNP-Cur2% 4.69
BC-TSNP-Curl0% 6.87
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7.2.3.5 Evaluation of Water Absorption and Water Retention

Swelling and water retention tests were performed to compare the absorption capacity of BC
before and after the addition of curcumin. The experiments were performed as described in
section 3.3.5, using distilled water, and buffers of pH 4, pH 7.4 and pH 9. The results for
swelling and water retention of distilled water over a 24 hour period are presented in Figure
61. As it can be observed in the graphs, the amount of water absorbed by the bare BC samples
was significantly higher than the amount absorbed by the samples with curcumin. The bare BC
samples increased their weight from 3 mg to 60 mg in 24 hours, while the BC/Cur samples
increased their weight only to 37 mg. For the water retention test, both materials follow a very

similar rate for the release of the absorbed water.
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Figure 61. Water absorption (Top) & Water retention (bottom) of BC and BC-Cur samples in distilled water.

On the other hand, during the test performed in pH 4 buffer, presented in Figure 62, the
behaviour of both specimens was not so different from one another. Both materials showed a
weight increase from 3 mg to 31 mg on average after 24 hours. The tendency was also

maintained during the retention test, as both materials dried up at very similar rates.
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Figure 62. Water absorption (Top) & Water retention (bottom) of BC and BC-Cur samples in buffer pH 4.

In the case of the tests performed with buffers pH 7.4 and 9, presented in Figure 63 and Figure
64 respectively, the materials presented a more similar tendency to that of distilled water. In
both cases, the samples of bare BC absorbed a bigger volume of buffer than the BC/Cur
samples. For the pH 7.4 swelling test, the BC samples increased their weight from 3mg to 40
mg, while the BC/Cur samples increased only to 31 mg after 24 hours. Similarly, for the pH 9
swelling test, the increase BC samples reached 46 mg and the BC/Cur samples final weight
was 33 mg after 24 hours. Similarly to the aforementioned tests, the water retention had similar
behaviour among both specimens, for both the pH 7.4 tests and the pH 9 tests.
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Figure 63. Water absorption (Top) & Water retention (bottom) of BC and BC-Cur samples in buffer pH 7.4.
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Figure 64. Water absorption (Top) & Water retention (bottom) of BC and BC-Cur samples in buffer pH 9.
Overall, the bare BC samples showed a higher capacity for absorption than the BC/Cur samples

after 24 hours of immersion. With the exception of the samples tested in pH 4, where the
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swelling of both specimens was very similar. These results come in accordance with those
presented by Chiaoprakobkij et al. (2020), where swelling tests were performed on curcumin-
loaded BC/alginate/gelatin composites, using pH 7.4 PBS and pH 6.4 artificial saliva. They
observed a decrease in the fluid uptake capacity for the samples containing curcumin, and the
uptake capacity would decrease even further upon the increase of curcumin incorporated in the

composites (Chiaoprakobkij, Suwanmajo, and Sanchavanakit 2020).

7.2.4 Biological Evaluations

The produced BC-CUR and BC-TSNP-CUR materials were evaluated for antimicrobial
activity against E. coli (ATCC 11775) and S. aureus (ATCC 25923). And their toxicological
effect was assessed against a human lung fibroblast cell line (MRC5), C. elegans and D. rerio

organisms. The results for each evaluation are detailed in the following sections.

7.2.4.1 Antibacterial Evaluation of BC films

Antimicrobial activity of derived BC films was evaluated against S. aureus and E. coli, as
representatives of Gram-positive and Gram-negative bacteria, respectively. Results are
displayed in Figure 65-A as bacterial growth percentage. This evaluation was performed in
direct contact of the materials with the bacteria, by immersing the materials in the inoculated
cultures. Pure BC film did not affect the growth of the tested strains in the desired fashion, on
the contrary, the growth was enhanced by approximately 10% in both bacterial strains.
Nevertheless, the antimicrobial performance of the BC films was significantly enhanced in the
presence of curcumin, reducing the growth by approximately 15% in BC-Cur2% film, and up
to 33% with BC-Cur10% films. Such results could be attributed to the antimicrobial activity of
curcumin itself, which boosted the overall antimicrobial activity of the BC-Cur films. The
antimicrobial activity was also concentration dependant since it increased with the increase of
curcumin amount added during the cultivation of BC. These observations come in coordination
with previously published results by Sajjad et al. (2020) (Sajjad et al. 2020).
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Figure 65. A) Antimicrobial activity of derived BC films measured as absorbance rate at 630 nm, considering the bacterial

growth control as the 100%. B) Dunnett statistical analysis (¢=0.05) for bacterial growth in presences of BC specimens
compared against S. aureus growth control. C) Dunnett statistical analysis (¢=0.05) for bacterial growth in presences of BC

specimens compared against E. coli control (n=3).

Moreover, incorporation of TSNP in BC-Cur films resulted in further inhibition of E. coli
growth (up to 67% of reduction) and even greater inhibition against S. aureus (up to 95% of
growth reduction). Contrary to our results, Gupta et al. (2020) observed higher growth
inhibition against the Gram-negative strain than the Gram-positive, when testing the
antimicrobial activity for ex situ curcumin loaded BC (Gupta et al. 2020). Nonetheless,
curcumin has previously demonstrated to exhibit a higher antimicrobial effect towards Gram-
positive strains than Gram-negative (Adamczak et al. 2020; Tyagi et al. 2015; Zorofchian
Moghadamtousi et al. 2014), which suggests that the activity of curcumin is predominant in

the case of these Cur-TSNP-loaded BC films against Gram-positive strains.

The statistical analysis to compare the bacterial growth in the presence of each BC specimen
against the bacterial positive control was performed as described in section 3.3.6.1, with a one-
way ANOVA paired with a Dunnett test and a significance level of ¢=0.05. On the samples

tested with E. coli, we can observe that the mean of all the groups, with the exception of BC
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and BC-Cur2%, are significantly different to the mean of the positive control, with a confidence
interval of 95% (Figure 65-C). In the case of the samples tested against S. aureus, only the bare
BC specimens did not show a significant difference to the mean of the positive control, with a
confidence interval of 95% (Figure 65-B).

7.2.4.2 Cytotoxicity Assay

Cytotoxicity was evaluated by using a human fibroblasts cell line (MRC5) exposed to BC film
extracts of different concentrations, previously prepared in RPMI medium under dynamic
conditions. The viability of MRC5 cells was assessed using a standard MTT assay as described
in section 3.2.7.5. The results presented in Figure 66 indicate that more than 80% cells survived
after being in contact with 100% concentrations of BC film extracts indicating their low
toxicity. It was also shown that only 100% concentrations of BC-Cur2% and BC-Cur10% film
extracts induce significant decrease in MRC5 cells viability after 48 h treatments. Significant
toxicity was related to 100% and 50% concentrations of both BC-TSNP and BC-TSNP-Cur2%.
Interestingly, the increased amounts of curcumin in BC-TSNP-Cur10% film extract resulted in
considerably reduced toxicity since more than 80% cells survived after being in contact with
the highest concentration of this extract. This unexpected results might suggest that the
possibility of an antagonistic interaction being present when there is a high concentration of
curcumin being used in combination with the TSNP. A proposed hypothesis involves an
interaction between TSNP and curcumin, which might have reduced the amount of both
compounds being released during the incubation of the materials for the preparation of the
extracts used in the cytotoxicity assay. However, further studies are required to determine the

exact causes for the observed results.
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Figure 66. Survival rate of cell line (MRC5) after exposure to BC film extracts of different concentrations (n=4).

Statistical analysis, performed as described in section 3.4, was used to compare the mean cell
survivability of MRCS5 fibroblasts when incubated with 100% and 50% concentration extracts
of the BC specimens. As it can be observed in Figure 67, when the fibroblasts were incubated
in the presence of 100% extracts, only the mean survivability of BC-TSNP-Curl0% is
statistically non-significant, with a confidence interval of 95%. However, when the fibroblasts
were incubated in with 50% extracts, only mean survivability of BC-TSNP and BC-TSNP-
Cur2% were statistically significant, with a confidence interval of 95% (Figure 68).
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Figure 67. One-way ANOVA comparison of means from cell survivability of MRCS5 fibroblasts, in the presence of 100%
extract of each BC specimen (n=4).
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Figure 68. One-way ANOVA comparison of means from cell survivability of MRCS5 fibroblasts, in the presence of 50%
extract of each BC specimen (n=4).
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7.2.4.3 Danio rerio Embryotoxicity Assay

Effects of BC materials were examined on zebrafish embryos in four different concentrations:
12.5, 10, 5 and 2.5%. Percentages for alive, dead and teratogenic embryos exposed to each
concentration of the materials are shown in Figure 69, and visual effects on the development
of the embryos are displayed in Figure 70. Control material BC was not significantly toxic,
while BC TSNP in the highest tested concentration (50%) was toxic, with the teratogenic
effects as microcephaly and hepatotoxicity. Supplementation of BC with curcumin in two
concentrations causes toxic effects on zebrafish, mostly heart and liver toxicity, while BC-
TSNP-CUR2% and BC-TSNP-CUR10% did not have any toxic or teratogen effects on
zebrafish embryos. Previously published study, where curcumin was tested separately on
zebrafish embryos, showed the severe toxicity of this compound, with some of the teratogenic
effects including bent or hook-like tails, spinal column curving, edema in pericardial sac,
retarded yolk sac resorption, and shorter body length (Wu et al. 2007). While in a different
study, tested in lower dosages, curcumin had a moderate acute toxicity effect on zebrafishes
with no obvious morphological abnormalities (Gao et al. 2014). Additionally, silver
nanoparticles are toxic for zebrafish development, one study revealed that nanoparticle
treatments resulted in concentration-dependent toxicity, typified by phenotypes that had
abnormal body axes, twisted notochord, slow blood flow, pericardial edema and cardiac
arrhythmia (Asharani et al. 2008). However, in the case of these materials, the extracts obtained
from the materials containing both TSNP and curcumin did not show a toxic effect towards the
zebrafish embryos under the examined conditions. Further studies are required to investigate
on the reason for this to happen, as there could be different possible explanations for these
results. For instance, it could be due to interactions occurring between the TSNP and curcumin
where the mechanism that produce their toxicity individually is cancelled when they are
combined. One of the possible interactions could be related to a higher difficulty for the release
of these compounds form the BC during the incubation for the preparation of extracts. This is
one of the main differences between the experiments for evaluation of antimicrobial activity
and for toxicity, as the materials were only in direct contact with the organisms in the
antimicrobial assay, but for the toxicity assay extracts from the materials were prepared. This
is currently a limitation to compare the results, but it would need to be considered for future

experiments if these materials are further developed for more specific applications.
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*Acknowledgment: Scoring and evaluation of physiological changes on zebrafish were not performed by myself. This
experiment was performed in the Institute of Molecular Genetics and Genetic Engineering, in Belgrade, Serbia. | was assisted
by Dr. lvana Aleksic, and the evaluation of the obtained results were mainly performed by her.
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Figure 69. Diagrams for each tested material extract with the percentages of alive, dead and teratogenic embryos.
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7.2.4.4 Caenorhabditis elegans Survival Assay

In order to confirm previous results, effects of BC materials were examined on C. elegans
model system in four different concentrations: 50, 25, 12.5, and 6.25 ug/ml, as described in
section 3.3.6.3 and results are presented in Figure 71. The model organism C. elegans has been
widely used to evaluate biological activity and interactions of nanoparticles and natural

products with different targets in organisms (Ha et al. 2022; Li et al. 2021).
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Figure 71. C. elegans survival rate (24h).

Overall BC materials showed little to no toxicity with only around 10% dead at highest
concentration for BC-TSNP-CUR2%, BC-TSNP and BC-CUR10%. Previous studies on
curcumin itself reported that this compound can prolong lifespan and influence age-related
biomarkers in C. elegans (Liao et al. 2011). In the other hand, nanoparticles, especially silver,
have shown significant toxic effect with this model organism (Yang et al. 2012). Our results
are implying that used concentration of TSNP incorporated in BC films was not sufficient in

order to significantly affect C. elegans under examined conditions.
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7.2.4.5 Discussion of Results of Biological Evaluation

The incorporation of curcumin into BC, as well as the incorporation of TSNP lead to growth
inhibition of E. coli and S. aureus strains. This inhibitory effect was further enhanced by the
combined incorporation of both compounds. On the other hand, the materials showed
practically no toxicity towards C. elegans and a moderated toxic effect towards zebrafish, but
some of the concentrations used show toxicity towards the MRC5 lung fibroblast cell line. It
Is important to emphasize that only the tests for antimicrobial activity were performed with the
materials in direct contact with the microorganisms, while the toxicity tests were performed
using different concentrations of extracts prepared from the materials, as described in section
3.3.6. Therefore, comparison between the antimicrobial results and the toxicity results would
be inaccurate. In the future, when these materials are further developed to fulfil a more specific
application, it is necessary to adapt the methods accordingly, and use the same method for both
the antimicrobial and the toxicology evaluations, which should be chosen according to the type
of application that would be intended for the material and whether or not it would be in direct
contact with the microorganisms and/or the user. However, in practical terms and due to the
technical conditions in which the experiments are performed (such as concentration of the
organisms and the volumes required to work with them), it would be easier to implement the
use of extracts for antimicrobial evaluation, than to implement direct contact evaluation for the
toxicological evaluation. Additionally, the extracts concentration can be adjusted according to
the volumes required for each individual test.

One interesting aspect to point out is the reduced toxicity when curcumin and TSNP were
combined, compared to the samples containing these compounds individually. This effect was
more clearly observed in the tests with the MRCS fibroblasts (the material with 10% curcumin
and TSNP showed no significant toxicity) and with zebrafish (both materials with curcumin
and TSNP had no significant toxic effect). There are a few hypotheses that could explain this;
1) an interaction that might be occurring between the TSNP and as the concentration of
curcumin is increased, this limits the release of both of them from the materials during the
preparation of the extracts. 2) The antioxidant effect of curcumin could be reducing the
oxidation rate of the TSNP, therefore reducing the amount of Ag+ ions released and preventing
the generation of toxic ROS. It is also important to highlight that whatever the mechanism is
that is cancelling both compounds it was only observed after the preparation of extracts, and it

was not noticeable when the materials were in direct contact for the antimicrobial activity test.
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Therefore, it would be relevant to expand the studies with contact and no-contact evaluation,
to make the effects more comparable across the different organisms. But further tests would
also be required to fully determine the mechanisms involved in both the antimicrobial activity
and the toxicity effects that are observed upon combined integration of curcumin with TSNP.

If the mechanical properties are improved in future work, the developed BC materials have the
potential to be used in the medical or food packaging sectors, thanks to its antimicrobial
properties and the low toxicity exhibited. The requirements that a material needs to meet in
order to be suitable for medical applications can be very specific according to regulations and
standards regarding any particular application. However, in general terms, the material requires
to comply with health and safety principles, suitability for its purpose, long-term safety, and
transport and storage stability. Furthermore, the material should allow for the fabrication of a
device that is compatible with biological tissues, has a reduced risk of infection and microbial
contamination, and with an extensive risk assessment (Altayyar 2020). Similarly, regulation
for packaging materials that are intended for food contact (Regulation (EC) No 1935/2004),
indicates that they are required to be manufactured under good quality practices, ensuring that
under normal conditions of use the materials will not transfer their constituents to food in
amounts which could: Endanger human health, bring unacceptable changes in food
composition or deteriorate the organoleptic characteristics of the product (European Parliament
2004).

7.3 Fabrication of BC Blends and incorporation of Curcumin and TSNP

BC blends were fabricated with PLA, PCL and PHB, followed by incorporation of curcumin
and TSNP, as described in section 3.3.7. Resulting films are displayed in Figure 72. As it can
be observed, the incorporation of curcumin resulted in the films showing a yellow colour, and
incorporation of TSNP resulted in the films turning to blue colour, even for the specimens that

already contained curcumin.

137



Figure 72. BC-blends without curcumin (white films), with curcumin (yellow films) and with incorporated TSNP (Blue films)
made with A) PHB, B) PLA and C) PCL.

7.3.1 Antibacterial Evaluation of BC Blends

The antimicrobial evaluation of the prepared BC blends was performed as described in section
3.3.6.1, and the results for PCL, PLA and PHB blends incorporated with curcumin and TSNP
can be observed in Figure 73. As it can be observed, the PCL and PLA blends showed no
significant antimicrobial activity, even with the incorporation of curcumin and TSNP. Contrary
to the results exhibited by the PLA and PCL blends, the blend made with PHB showed
significant antimicrobial activity against both E. coli and S. aureus strains after the

incorporation of curcumin and TSNP.
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Figure 73. Results of Antimicrobial evaluations for blends of BC with PLA, PCL and PHB, incorporated with Curcumin and

TSNP, as well as bare materials used as control.

7.4 Summary

In this chapter, the improvement of antimicrobial properties of BC through culture
supplementation of curcumin and post-culture incorporation of TSNP was explored. The
supplementation of curcumin resulted in an increase of produced dry weight of BC, up to 2
times in the film containing 10% curcumin. Adhesion of curcumin and TSNP on the surface of
the BC films was confirmed through SEM-EDS. The treatment showed no significant changes
on the thermal degradation profile of the films, evaluated by TGA. FTIR analysis allowed to
identify the changes on functional groups upon the treatment of the films. Weathering tests
revealed some colour changes and increase of brittleness after exposition to UV, which should
be addressed in future research. The addition of curcumin and TSNP demonstrated on their
own to increase the antimicrobial activity of the BC films, and even more so when they were
combined, especially against the Gram-positive strain, S. aureus. In-vitro and in-vivo
toxicological evaluations demonstrated a low toxicity of the materials, especially for the
materials containing the combination of both added compounds. Fabrication of treated BC
films through this method resulted in a successful increase of bacterial inhibition activity while
at the same time maintaining an acceptable biosafety in the materials, which would allow to
research the use of this method in potential applications of the biomedical and food packing
sectors.

139



CHAPTER 8 — CONCLUSION

In this research, the synthesis, optimisation, scale-up, formulation and integration of TSNP

within different polymers and biopolymers was explored. The characterisation of the best

performing films and the evaluation of their antimicrobial activity is reported. Additionally,

incorporation of curcumin to further improve the antimicrobial action of TSNP in the best

performing materials was examined. The characterisation and biological evaluation of these

materials with combined antimicrobial activity was also reported. More specifically:

TSNP were successfully synthesised through a previously reported seed-mediated
chemical method. Optimisation of this method was performed to increase the resulting
concentration of TSNP in the final solution (up to 28.4%), and the produced volume
was scaled-up. The LSPR sensitivity of the TSNP was demonstrated through a sucrose
test and a fibronectin monitoring assay. Thermal induced evaporation was
demonstrated to be a suitable method for further increasing in the concentration of the
TSNP solution (up to 400%), showing no significant damage to the structure of TSNP
upon examination through UV-Vis spectra readings. Additionally, the use of this
method represents an alternative to the use of a centrifuge, which is not a suitable
method when high volumes are required. Furthermore, transfer of TSNP from an
aqueous phase to an organic phase was confirmed as a suitable approach to facilitate
their combination with hydrophobic polymers.

Susceptibility of the TSNP to oxidation is reported to increase the antimicrobial effect
of TSNP; however, it also represented a challenge, as the NPs would rapidly lose
triangular shape or reduce in size under certain conditions, making processing for
polymer integration a complex task. Special conditions are required to avoid the TSNP
from making direct contact with air when they are not in solution, as they oxidize
immediately. Solvent casting and the ex situ addition of solvent solution to the polymer
surface proved to be effective approaches to integrate the TSNP within polymers while
avoiding their sudden oxidation. This was achieved using a solvent casting method for
PC, PCL and PLA, and an ex situ incorporation method for PCL, PLA and BC. PCL
and PLA exhibited the best performance for the resulting solvent casted films while BC
exhibited the best overall performance.
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The solvent casted PCL and PLA films were characterised for morphological, thermal
and mechanical properties. SEM analysis showed limited (or a degree of) aggregation
of the TSNP in the matrix of both polymers. Some of the mechanical properties were
also affected, as PCL-TSNP showed a significant reduction in its elongation % at break
(up to 66%). On the other hand, PLA showed a significant increase in the elastic
modulus after incorporation of TSNP (25%). In terms of the thermal properties of the
films, significant changes were not observed as a result of the TSNP incorporation.
Antimicrobial evaluation demonstrated that the integration of the TSNP using this
method provides the films with inhibitory activity against E. coli and S. aureus strains
growth. Further research is required in order to further improve the antimicrobial
activity, as well as improve the distribution of nanoplates in the films, preventing
aggregation and improving the mechanical properties of the films.

Given the notable results obtained for antimicrobial activity of TSNP-incorporated BC,
an additional antimicrobial agent was included to further improve these antimicrobial
properties through an additive effect. Curcumin was incorporated during the culture
step in the production of BC. The supplementation of curcumin resulted in an increased
yield for the dry mass of produced BC. The presence of curcumin and TSNP in the
matrix of BC films was confirmed through SEM-EDS. TGA evaluation showed no
significant changes in the thermal degradation profile of treated BC films. The
functional groups of curcumin and TSNP were identified in the BC-TSNP-Cur films
through FTIR. The films demonstrated high antimicrobial activity, especially for the
films that included the combination of curcumin and TSNP. The highest activity of
these films was observed against the Gram-positive strain S. aureus (95% growth
inhibition). In an apparently antagonistic interaction, BC films with 10% curcumin and
incorporated TSNP have shown reduced toxicity with 80% cells survival rate in toxicity
in vitro assay. Achievement of this feature is important considering the fact that
material can be characterised as biocompatible once cells viability is over 70%, and
therefore this formulation has the potential to be considered for further research into
more specific biomedical applications. However, this is just the initial evaluation after
developing these materials for the first time. A more detailed study for toxicity and
biocompatibility would be necessary if the materials are further developed for specific
applications. This study suggests that curcumin and TSNP incorporated in bacterial
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cellulose together does not show high toxicity on C. elegans and zebrafish development
in examined conditions.

The additive effect of these natural compounds leading to improved biological activity
of the BC films obtained in this study will be further addressed in the future. Given this,
further research to improve additional properties of the produced BC films, such as
mechanical properties, has the potential to enable the suitability of these materials for

biomedical and food packaging applications.

In summary, the antimicrobial efficacy of TSNP-integrated polymers and biopolymers was

demonstrated. Additionally, the combined system of TSNP-Curcumin exhibited an even higher

efficacy after integration into a BC matrix, while maintaining a low toxicity. Further research

is required to explore the mechanism of curcumin-TSNP action and to fine-tune the mechanical

properties of these materials, in order to increase the range of potential applications.

More specifically, future research should cover the following points:

Improvement of the mechanical properties of BC in order to turn it into a suitable
material to be used in medical and/or food packaging applications. This could be
achieved through blending of BC with other biopolymers and/or plasticizers.

Reduce the costs involved in the production of BC, particularly related to the high
amount of glucose required. This could be achieved by testing additives that could boost
the produced yield of BC, in a similar way to how curcumin did it, allowing to reduce
the amount of glucose required during the production stage.

Further tests on the antimicrobial activity and toxicity of the curcumin-TSNP combined
system, to get deeper insight on the mechanism and the factors that influence the

observed activity.
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CHAPTER 9 — COMPLETED TRAINING AND WORK DISSEMINATION

9.1 Completed Training

Health & Safety Induction for laboratory work (October 2018).

Research Integrity Module — Engineering and Technology (11 April 2019). *Certificate
available in Appendix 10

Course on Medical Polymers and Processing Technology, provided by First Polymer
Training Skillnet (17 October 2019). *Certificate available in Appendix 11

Represented AIT on meeting with partners to discuss Interreg application of Curcol
Project. Interreg application was successful, and the meeting took place at Avans
University of Applied Sciences in Breda, Netherlands (Dec 2019).

Postgraduate Pathways Module (July 2020)

Research Integrity Module (August 2020)

Technical and Instrumentation Training

Spectrophotometry

Microbiology techniques

Dynamic Mechanical Analysis (DMA)
Tensometer

Fourier-Transform Infrared Spectroscopy (FTIR)

Extruder
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9.2 Work Dissemination

Garcia EL, Mojicevic M, Milivojevic D, Aleksic I, Vojnovic S, Stevanovic M, Murray J,
Attallah OA, Devine D, Fournet MB. Enhanced Antimicrobial Activity of Biocompatible
Bacterial Cellulose Films via Dual Synergistic Action of Curcumin and Triangular Silver
Nanoplates. International Journal of Molecular Sciences. 2022; 23(20):12198.
https://doi.org/10.3390/ijms232012198 *Available in Appendix 16

Buckley, J., Adams, L., Aribilola, I., Arshad, 1., Azeem, M., Bracken, L., Breheny, C.,
Buckley, C., Chimello, I., Fagan, A., Fitzpatrick, D. P., Garza Herrera, D., Gomes, G. D.,
Grassick, S., Halligan, E., Hirway, A., Hyland, T., Imtiaz, M. B., Khan, M. B., Lanzagorta
Garcia, E., ... Zhang, L. (2021). An assessment of the transparency of contemporary
technology education research employing interview-based methodologies. International
Journal of Technology and Design Education, 01234567809.
https://doi.org/10.1007/s10798-021-09695-1

Attallah, O. A., Mojicevic, M., Garcia, E. L., Azeem, M., Chen, Y., Asmawi, S., &
Fournet, M. B. (2021). Macro and Micro Routes to High Performance Bioplastics:
Properties. https://doi.org/10.3390/polym13132155 *Available in Appendix 15

Garcia, E. L., Attallah, O. A., Mojicevic, M., Devine, D. M., & Fournet, M. B. (2021).
Antimicrobial active bioplastics using triangular silver nanoplate integrated
polycaprolactone and  polylactic acid films.  Materials, 14(5), 1-15.
https://doi.org/10.3390/mal4051132 *Available in Appendix 14

Venkatesh, C., Laurenti, M., Bandeira, M., Lanzagorta, E., Lucherini, L., Cauda, V., &
Devine, D. M. (2020). Biodegradation and antimicrobial properties of zinc oxide—polymer
composite materials for urinary stent applications. Coatings, 10(10), 1-22.
https://doi.org/10.3390/coatings10101002 *Available in Appendix 13

Rodriguez Barroso, L., Lanzagorta Garcia, E., Azaman, F. A., Devine, D. M., Lynch,
M., Huerta, M., & Fournet, M. B. (2020). Monitoring of extracellular matrix protein
conformations in the presence of biomimetic bone tissue regeneration scaffolds. Key
Engineering Materials, 865 KEM, 43-47.
https://doi.org/10.4028/www.scientific.net/KEM.865.43  *Available in  Appendix 12
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9.5 Conferences and Presentations

e Poster presentation at AIT Research Seminar (April 2019). *Available in Appendix 1

e Speaker at Bioengineering in Ireland (BiNI) 2020, abstract titled “Sustainable
Antimicrobial Polymeric Biomedical Film Engineering Using Ag* Nanoreservoir
Formulations”. *Abstract available in Appendix 2

o Poster presentation at AIT Research Seminar (June 2020). *Available in Appendix 3

e Poster presented for BiolCEP Poster Event, October 2020, titled “Sustainable
Antimicrobial Polymeric Food Packing and Anti-Infection Medical Plastics Preparation
Using Antimicrobial Peptide and Ag* Nanoreservoir Formulations”. *Poster available in
Appendix 4

e Speaker at FEMS 2020 Online Conference on Microbiology, abstract titled
“Sustainable Antimicrobial Biopolymeric Food & Biomedical Film Engineering Using
Bioactive AMP-Ag* Formulations”. *Abstract available in Appendix 5

o Poster presenter at EFB Virtual Conference 2021, abstract titled “Enhancement of
Bacterial Cellulose Antimicrobial Performance via Curcumin Supplementation and
Silver Nanoparticle Incorporation”. *Poster available in Appendix 6

e Poster presenter at FEMS Conference on Microbiology 2022, in Belgrade, Serbia.
Abstract titled “Preparation and Antimicrobial Evaluation of Bacterial
Cellulose/Poly(3-Hydroxybutyrate) Blends Activated with Curcumin for Biomedical
and Food Packing Purposes”. *Poster available in Appendix 7
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APPENDICES

Appendix 1. Stress-strain Graphs from Tensile Tests of Solvent Casted PCL, PLA,
PCL-TSNP and PLA-TSNP films
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Figure 74. Stress-Strain graphs from tensile testing of bare PCL samples. Testing was performed with 6 replicates.
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Figure 75. Stress-Strain graphs from tensile testing of PCL-TSNP samples. Testing was performed with 6 replicates.
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Figure 76. Stress-Strain graphs from tensile testing of bare PLA samples. Testing was performed with 6 replicates.
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Figure 77. Stress-Strain graphs from tensile testing of PLA-TSNP samples. Testing was performed with 6 replicates.
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by the consistent optical properties and the prezsnce of

tha charactsristic bloe coloor of the TENP within the
films Figure 1 shows the measured bactenal zrowth
percentage of E. coll and 5. aurew: imcubated m the
presence of PC-TEMP films and PC flms compared with
tha conmols.

[

. "
Fipure 1 Growth percestage for E. ooli and 8. aureas in the
presence of PC-TSNP Glm, PC Glm asd the contral withoat film.

DISCTUSEION

Crverall result: demonstrate TSNP can be sucosssfully
intezrated into polvmers wana salvent casting method In
arder to increass bacterial prowth redwction, in particular
ZERinst gFram-posittve  straims, forther processing
developments are planned. Bacterial epowth reduction
can be improved by the formuolation and application of
new embedding methods to further facilitate A=+ jon
release. The ability of thiz technology to mpede bacterial
zitachment to medical sarface: will forge new confidence
in the battle azainst antibiotic Tesistant bacteria, serving
to greatly imhibiting infections and facilifating patiest

reCOvery.
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SUSTAINABLE ANTIMICROBIAL POLYMERIC FOOD PACKING AND ANTI-
INFECTION MEDICAL CATHETERS PREPARATION USING ANTIMICROBIAL
PEPTIDE AND Ag+ NANORESERVOIR FORMULATIONS.

Eduardo Lanzagorta Garcia®, Romina Pezzoli®, Laura G. Rodriguez Barroso?, Chaitra Venkatesh?, Declan M. Devine?,
Margaret E. Brennan Fournet?®
*Materials Research Institute, Athlone Institute of Technology, Athlone, Ireland

New antimicrobial interventions are urgently required to combat rising global health and medical infection
challenges. Here, an innovative antimicrobial technology, providing price competitive alternatives to antibiotics
and readily integratable with currently technological systems is presented. Two cutting edge antimicrobial
materials; antimicrobial peptides (AMPs) and triangular silver nanoplate (TSNPs) reservoirs for sustained Ag*
action, are incorporated with plastic and bioplastics for the provision of versatile effective antimicrobial action
where current approaches fail. TSNP’s are highly discrete, homogenous and readily functionisable Ag+
nanoreseviors that have a proven amenability for operation within in a wide range of bio-based settings.

Eduardo Lanzagorta Garcia, glzarcial® rezsarch aitic Materials Research
Institute

Athlone Insitute of Technology. Dublin Rd., Athlone, Co. Westmesth, Ireland
Dr. Margaret E. Brennan Fournet, mfgymei@2itic Materizls Research

Inzitute
Athlone Insitute of Technology. Dublin Rd., Athione, Co. Westmesth, Ireland Acknowledgement: Funding for this project was provided by AIT Prezicent Seed
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SUSTAINABLE ANTIMICROBIAL POLYMERIC FOOD PACKING AND ANTI-
INFECTION MEDICAL PLASTICS PREPARATION USING ANTIMICROBIAL
PEPTIDE AND Ag+ NANORESERVOIR FORMULATIONS

Eduardo Lanzagorta Garcia®, Romina Pezzoli?, Laura G. Rodriguez Barroso?®, Marija Mojicevic?, Olivia Adly?, Declan M.
Devine®, Margaret E. Brennan Fournet®
*Materials Research Institute, Athlone Institute of Technology, Athlone, Ireland

INTRODUCTION

Due to overuse and misuse of antibiotics causing evolutionary stress in bacteria, resistance regeneration has been accelerated,
threatening the ability of health systems to treat infectious diseases. Additionally, development of new antibiotic drugs has deaeased
significantly in the last decades, due to high investment costs and long times required for research, making it a risky and unattractive

investment for pharmaceutical companies. Therefore, new antimicrobial interventions are urgently required to combat rising global
health and medical infection challenges. Here, an innovative antimicrobial technology, providing price competitive alternatives to
antibiotics and readily integratable with currently technological systems is presented. Two cutting edge antimicrobial materials;
antimicrobial peptides (AMPs) and triangular silver nanoplate (TSNPs) reservoirs for sustained Ag' action, are incorporated within
bioplastics, such as PCL and PLA, for the provision of versatile effective antimicrobial action where current approaches fail.

» Seed mediated approach RESULTS

* Increase of concentration
« Transfer to organic phase

* For synergistic antimicrobial
activity

* Solvent casting
* Calendering

*Antimicrobial evaluation
+Characterization
*Evaluation of mechanical properties
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Solvent casting and calendaring are suitable spproaches for incorparation of antimicrobial Wi b oy 8 rghang . (35 0
TSNP into biopolymers. “lmg_mn 0.8 “ e
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Sustainable Antimicrobial Biopolymeric Food & Biomedical Film Engineering Using
Bioactive AMP-Ag+ Formulations

Background: New antimicrobial interventions are urgently required to combat rising global health and medical infection
challenges. Here, an innovative antimicrobial technology, providing price competitive alternatives to antibiotics and readily
integratable with currently technological systems is presented. The potential of this technology to impede bacterial activity for
food industry and medical surface applications will forge new confidence in the battle against antibiotic resistant bacteria,
serving to greatly inhibit infections and facilitate patient recovery.

Objectives: Antimicrobial peptides (AMPs) and uncompromised sustained Ag+ action from triangular silver
nanoplates (TSNPs) reservoirs, are merged for versatile effective antimicrobial action.

Methods: TSNP synthesis was scaled up and subsequently concentrated. Nanoplates were transferred to an organic solvent
in order to facilitate integration within hydrophobic polymers. Polymer films are processed using extrusion in combination
with calendering. Polycaprolactone and Polylactic acid were initially individually processed by extrusion, TSNP solution was
sprayed immediately after exiting the dye. Calendering rolls were used to disperse and incorporate TSNP onto the surface of
the extruded films. Antimicrobial tests were performed by incubating bacterial strains with the antimicrobial agents, to evaluate
the reduction of bacterial growth due to the presence of the TSNP and AMP.

Results: The resulting films successfully incorporated TSNP and AMP-TSNP. Reduced bacterial growth was observed for
both Gram positive and negative strains. The largest growth reduction was observed for AMP-TSNP treated films. The
resultant antibacterial functional films are suitable to be adapted for food packing and biomedical applications.

FEMS Online Conference on Microbiology

in association with

28 - 31 October 2020 tre Sebiansociety | ((

of Microbiology

CERTIFICATE

Prof. dr Vaso Taleski Prof. dr Hilary Lappin Scott Prof, dr Bauke Oudega
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ENHANCEMENT OF BACTERIAL CELLULOSE ANTIMICROBIAL PERFORMANCE VIA CURCUMIN SUPPLEMENTATION

AND SILVER NANOPARTICLES INCORPORATION A‘ Ef-"'-l"«tm
Eduardo Lanzagorta Garcia, Marija Mojicevic, Olivia A. Attallah, Declan Devine, Margaret Brennan Fournet B\O|CEP©©§§¥§F€
Athlone Institute of Technology, Dublin Road, Athlone, Co. Westmeath, Ireland e

INTRODUCTION
Bacterial Nanocellulose (BC)-based materials have attracted a great

RESULTS

deal of attention due to their unique mechanical and biodegradable E l ch f bacterial cellul . 2
propertiest2. Despite the vast applications of BC which include Table 1). Tt llul faster
wound dressings, drug carriers and packaging materials, they still T
nqm 2 boost in their antimicrobial properties
This study is focused on the enhancement of BC anfimicrobial Medium BCyield [mg]
performance during BC production in curcumin(Cur)-based medium,
followed by _incorporation of anfimicrobial triangular silver Regular HS 127
nanoparticles (TSNP) in the produced BC.
+ 2% Cur 1894
'METHODS
BC was prepared using Komagataeibacter medellinensis strain. +10% Cur 306.8
Culivation was conducted in the presence and absence of curcumin.
TSNP were imorporated in the prodced BC. using ex situ method:. « Result ‘BC culfivated in ificanth
Successful incorporation of TSNP in BC was verified via energy- o both i o the plain BC
enhance o the p Figwe )
dispersive Xay spectioscopy: Antimicrobial actty was fested 1 : of TSNPin e BC il it b

cultwre against Escherichia coli and Staphylococcus aureus

strains. (Figure 1) of E. coli, and an even higher nhibition against S. aureus (Figure 3).

CONCLUSIONS

+ Supplementation of curcumin increased the yield
of produced BC.

Effective anfimicrobial activity was observed as a
resultof curcumin supplementation against Gram-
positive and Gram-negative evaluated strains.
‘Addition of TSNP provided further increase to
mm.mbm activity against both evaluated

i analysis will be performed for
optimization of supplemented production and
evaluation against a wider variety of bacterial
strains.

CONTACT
* Eduardo Lanzagorta Garcia:

s L ‘Funing fo thi project was provided by AT President Seed Fund, by Buropesn Unin's Hor * Margaret Breanan Fournet:
2 shloeu 1 ACKNOWLEDGEMENT 31501317 Sejag anoe o Teriop: 319615301 Shaons Uty 31961133015, T s som reciod kg o P o e g U5 E - aisie
3. Safjed et al. (2020) Front. Bioeng Biotechnol, 10 3389 fioe 2020 553037 m* el By . This project also rece apat BioICEP:
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PREPARATION AND ANTIMICROBIAL EVALUATION OF BACTERIAL CELLULOSE/POLY(3-HYDROXYBUTYRATE) BLENDS ACTIVATED WITH
CURCUMIN AND SILVER FOR BIOMEDICAL AND FOOD PACKING PURPOSES

Eduardo Lanzagorta Garcia, Everton Henrique Da Silva Pereira, Marija Mojicevic, Margaret Brennan-Fournet
Materials Research Institute, Technological University of The Shannon: Midlands Midwest

As the whole world is currently facing issues related to the excessive
use of non-degradable single-use materials, a lot of effort has been
recently directed towards the use of biodegradable polymers derived
from renewable sources. However, these biopolymers still present
some limitations to substitute commodity plastics, such as low
thermal stability and poor mechanical propertics, and they need to be
improved by the development of new blends and composites. Blends
of bacterial cellulose (BC) with poly(3-hydroxybutyrate) (PHB)
show a promising alternative thanks to the unique mechanical
properties of BC1,2 and the thermoplastic properties of PHB3.
Furthermore, the addition of active compounds to provide
antimicrobial properties is desirable (o provide greater benefits in the
usc of these materials for medical and food packing applications.

In our previous research it was shown that synergy of Curcumin and
Triangular Silver nanoplates (TSNPs) showed a remarkable
antimicrobial effect when incorporated into BC materials. In this
study that effect was cxamined on BC/PHB blends produced by a
method of interpenetrating polymer networks.

- BCwas ized by i i d
(ID13488), cultivated in 1S liquid medium (2% glucose, 0.5%:
yeast extract, 0.27% Na2HPO4, 0.15% citric acid and 0.5%
peptone) at 30°C, for 3 weeks in static conditions.

- BC/PHB blends incorporating active curcumin were produced by

an interpenetrating polymer networks method. Briefly, a solution

of 40g/L of PHB in chloroform was prepared. and 2% (wiv) of
curcumin powder was added. BC films were immersed in the
solution and incubated with agitation for 24 hours, at 30 °C and

120 rpm.

Antimicrobial activity was tested in liquid culture against

Escherichia coli (ATCC 25922) and Staphylococcus aureus

Resulting BC materials showed successful incorporation of curcumin and TSNP

(Figure 2).

- BC materials including curcumin alone showed a slight reduction of bacterial growth
against £. coli (Figure 3).

- jon of TSNP showed a signi higher reduction of bacterial growth

against both evaluated strains (Figure 3).

OE. coli

el o 05. aureus
80

60

N [

u =

o L =

& e . N
S S S («"‘ \e"@
= &
Figure 1. Method for production of BC films, BC/PHB blends, BC/Cur/PHB blends and

incorporation of TSNP, Figure 3. Antimicrobial activity of derived BC films and BC/PHB blends measured as absorbance rate at.

Incorporation of TSNP showed a powerful antimicrobial effect on the BC materials.
Synergy of Curcumin and TSNP needs 1o be further investigated to determine their
potential application for biomedical and food packaging purposes. This includes

i i il as well as i and i izt

Growth %

Laiin i LG 1 5.Q. Chen et al. (2018) Food Hydsocolloids, 10,1016/ foodhyd 2018.02.031
Figure 2. SEM micrographs of BC/Cur 100 (Left), BC/Cur 1.2k« (Center} and BC/TSNP 115x 2.5.P. Lt et AL Q(H.) Collihose, 1. K071 0570, 013-9994:3
ight) M. B R Albugquergue e . (2020) Polymers and Polymer Compasite, 10.117/0967191 120912098
. interreg H
Funding for this projcct was provided by: TUS President Sced Fund, H2020 BiolCEP 7y § 7 H
KNOWLEDGEME{ project (870292) and Curcol project funded by Interreg VB NWE (NWEI0SS). = E::’\frﬁ::ion ﬁf%ﬁi Eﬁ B |OIC E P North-West Europe

The Federation of European Microbiological Societies
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Monitoring of Extracellular Matrix Protein Conformations in the
Presence of Biomimetic Bone Tissue Regeneration Scaffolds

Rodriguez Barroso, L.'*, Lanzagorta Garcia, E."™, Azaman, F.A'c,
Devine, D.M." Lynch M., Huerta, M.?, Fournet, M.B'¢
'Materials Research Institute, Athlone Institute of Technology, Athlone, Ireland

?Department of Science and Technology, Linkoping University, Norrkoping, Sweden

3 rodnguez@research ait.ie, “e.Igarcia@research ait.ie, “f.alwani@research ait ie,
“ddevine@ait.ie, “marklynch@ait ie, ‘miram huerta@liu_se, smfournet@ait ie

Keywords: Tissue scaffolds, extraceliular matrix, fibronectin, triangular silver nanoplates, local
surface plasmon resonance.

Abstract. Tissue scaffolds can be designed homumcthcnwvccxmlluhrunmx(ECM).nukmg
them attractive for the development for a range of regenerative medicine applications. The
macromolecules present in the ECM are cnitical for the provision of structural support to surrounding
cells and signalling cues for the modulation of diverse processes including cell migration,
prolifcration and healing activation. Here, conformational snd transitional behaviour of the
ubiquitous ECM protein, fibronectin (Fn), in the presence of bone tissue regencration scaffolds and
living C2CI2 myoblast cells is reported. Spectral monitoring of Fn functionalised high plasmonic
resonance responsive gold-edge-coated tniangular silver nanoplates (AuTSNP) is used to distinguish
between compact and extended fibronectin conformations. Large spectral red shifts of ~20 to ~57 nm
indicate Fn unfolding and fibnl formation on incubation with C2C12 cells. The label-free nature,
excellent sensitivity and straightforward application of the AuTSNP within cellular environments
presents them as a powerful new tool to signature protein conformational activity in living cells and
monitor essential protein activity for the assisted development of improved tissue scaffolds
promoting enhanced tissuc repair,

Introduction

Chitosan is a promising crustaccan denvative biomaterial prepared by the deacetylation of
chitin and is abundant in nature. Chitosan has excellent biodegradability, biomimetic and
biocompatibility properties for tissue engincering applications and the simulation of self-healing
matrices and mimetic tissue repair scaffolds [1]. Here chitosan (CS) is combined with the bone
ceramic hydroxyapatite (HAp) and photocrosslinked to form an osteoconductive and osteointegrative
CS-HAp bone tissue regencration scaffold as previously reported [2].

Tissue scaffolds mimic the native extracellular matrix (ECM), this critical component
controls fundamental cellular processes and provides structural support to surrounding cells. The
three-dimensional structure of the macromolecules present in the ECM is essential for the delivery

of signalling cues for the modulation of diverse cell
behaviours including cell-cell communication and
promoting tissuc repair [3].

ECM proteins arc implicated in cancer and have
active participation in tumor progression [3]. In
particular, fibronectin (Fn), a critical ECM protein
whose functions are governed by its conformational

sctivity, is receiving increasing attention due to its T v
participation in various phases of tumor proliferation. ¥ |- (3) Transmission clectron microscopy
Fn can exhibit a compact soluble formation while (TEM) “MT.%M CHEINp S e
circulating within the bloodstream [3]. Under ¥emeration scaffold sample.
conditions where Fn expression is altered, it can

AR g reserums NO et of Contents of e ey D GG O WANUTIIGS ) ety Ren o Dy 3y Teans wilhout Pa ailier monason o Toes
Toah PDRA00rs LS www st ral (944 THOM020.21 M4
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promote tumor cell invasion where upregulation and binding to cell-adhesion molecules and
integrins, causcs an activation of signaling pathways that promotc t 18 i ctastasis and
therapy resistance [3. 4]. Structurally Fn can experience conformational transitions induced by
changes in the pH or temperature. Under physiological conditions (pH 7-7.4). Fn presents a folded
compact shape. while at lower pH (pH 2.8- 4) it extends to enable fibril formation [5].

The potential for versatile in-situ real-time monitoring of protein activity and conformational
behaviour is possible using high sensitivity localized surface plasmon resonance (LSPR) Triangular
Silver Nanoplates (TSNPs) [6]. LSPR is an optical phenomenon where light interacting with
nanoparticle surface electrons, observed as an extinction spectrum. exhibits measurable spectral
shifts in response to surface interactions. These shifts are induced by local material and molecular
interactions which alter the refractive index in the immediate vicinity of the nanoparticles [6). This
feature allows the TSNP to be used as a sensitive and straightforward tool to detect both the presence
and conformation of proteins, and has previously been reported for real-time monitoring of
conformational changes in Fn in the presence of live cells [7].

In this work we present the detection of conformational transitions and fibnl formation
activity of Fn in the presence of CS-HAp bone tissue regeneration scaffolds and C2C12 myoblast
cells. Fn functionalised on to gold-edge-coated triangular silver nanoplates (AuTSNP). which exhibit
some of the highest reported spectral shift responses to surface biomolecular interactions, are used to
record in situ real time progression of the Fn behaviour [7].

Materials and Methods

High MW chitosan. fibronectin and chemicals for AUTSNP synthesis were obtained from
Sigma Aldrich. C2C12 myoblast cell line was obtained from the European Collection of
Authenticated Cell Cultures (ECACC). Extinction measurements were carried out using a UV-vis
spectrometer (Synergy HT BioTek microplate reader). Scaffold sterilization was carried out using
pulsed UV (Samtech Pulsed UV system).

Bone Tissue Regeneration Scaffold preparation

Chitosan- hydroxyapatite scaffolds (CS-HAp) were prepared using a previously reported
novel one-step photocrosslinking reaction under the presence of UV light [2].

Gold-edge coated triangular silver nanoplates (AuTSNP) preparation

AuTSNP were synthesised using a previously described seed mediated approach [6]. TSNP
growth was carried out by mixing 350 pL of seed solution with ascorbic acid (AA) (75 uL, 10mM),
4 mL of water and adding AgNO: (3 mL, 0.5 mM) at a rate of | mL min "' After synthesis, TSC
(500 ul, 25 mM) was added to the solution. Gold coating for 1 mL of TSNP solution was carried out
by adding and mixing Gold (IlI) chloride trihydrate (20 uL, 0.5 mM) and AA (18.9 pL. 10 mM).

Protein conformational changes monitoring

Before monitoring Fn conformational changes in the presence of C2C12 myoblast cells,
LSPR sensing of fibronectin activity was carried out at two different pH values (pH 7 and pH 4) to
monitor and record conformational transitions of the protein in the presence of bone tissue
regeneration scaffolds. After that. nanoplates were incubated with the C2C12 myoblast cell line and
bone tissue regeneration scaffolds and monitored over 32 hours using UV-Vis spectrometry. Before
carrying out the assays, nanoplates were coated with polyethylene glycol (PEG-Np) to provide a
protective layer and minimise the direct contact between fibronectin and the nanoplates surface
minimising the influence in the protein conformational behaviour [7]. PEG-Np and Fn PEG-Np, were
incubated with the cells to monitor the conformational behaviour and interactions in the cellular and
scaffold environments and observe any changes in cell morphology.
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Cell culture

Cells were cultured with phenol red-free supplemented DMEM (Dulbecco’s Modified Eagle
Medum, 10% fetal bovine serum. 5% penicillin-streptomycin, 5% L-glutamine) in a humidified
atmosphere of 5% CO: at 37 °C. Cells were plated at an initial density of 34 x 10*cells permL ina
96 well plate and incubated for 24 h until confluence was reached. 600uL of PEG-Np were
preincubated with 20ul. of 1 mg/mL Fn. Before adding the nanoplates to the cells. media was
changed to fresh media. Nanoplates and fibronectin-functionalised nanoplates were incubated with
the cells in a PEG-Np - DMEM 1:1 ratio.

Results and Discussion

In 1ts contracted conformation. Fn has a
hydrodynamic radius of the order of 23 nm
which is exhibited when the pH is adjusted to
7. In the extended conformation at pH 4. the
radius increases up to 130 nm for single Fn
strands. however, it can become much larger
as networks and fibrils are formed over time
c) = [7]. The LSPR extinction spectrum for Fn
Compact Fa loaded . Euesded Faloaded  TUnctionalised PEG-Np with and without the
AuTSNP (pH 7) * Se— ?—") AuTSNP (pH 4) presence of CS-HAp bone tissue regeneration
Fig. 2. a) UV-vis spectra of Fn functionalised PEG-Np  scaffolds is very similar indicating the strong
with and without the presence of CS-HAp bone tissue  attachment and insulating effect of the Fn on
regencration scaffold. b) Spectral signatures of extended  the AuTSNP surface from CS-HAp scaffold
(black) and contracted (red) conformations of Fnat pH  interactions. When no variation in pH is
4mn_:lpl!7mspecuvd):.c)kqm:smmionoffn induced the LSPR spectrum shows no
:‘*"’“‘P’d PEGNp in compact and extended  Gopificant change with the LSPRum
C——— remaining constant, as shown in Fig. 2a_ The
minor broadening in the spectrum can be
associated with minimal interactions between the CS-HAp scaffold and the Fn functionalised PEG-
Np. Upon pH adjustment from 7 to 4, the LSPR spectrum for Fn functionalised PEG-Np in the
presence of the CS-HAp scaffold is observed to red shift by 27 nm. indicating the unfolding of the
protein and its increased density in the vicinity of the AuTSNP (Fig. 2b) [7]. These large LSPR
spectral differences distinguish between compact and extended Fn conformations due to induced
refractive index changes local to the surface of the Au-TSNP. A red shift in the AuTSNP LSPR
therefore provides a signature for Fn conformational transitioning from more compact to extended
formats (Fig. 2¢).

In order to observe Fn protein conformational transitions in the presence of CS-HAp bone
tissue regeneration scaffolds and myoblast cells, Fn functionalised AuTSNP were incubated with
C2C12 myoblast cells, CS-HAp scaffolds and monitored over time. Normal C2C12 myoblast
morphology is shown for all treatments indicating that the AUTSNP have no observable detrimental
effect on the cells (Fig 3).

a) b)
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-~

Fig. 3. Images of C2C12 cells taken after 32h of incubation with a) Fn. b) Fn and scaffold. c) Fn PEGNP.
d) Fn PEGNP and scaffold, ¢) PEGNP, f) PEGNP and scaffold.

Fn PEG-NP in the presence of C2C12 myoblasts without the presence of the CS-HAp
scaffolds, exhibit shifts of approximately ~20 nm between Oh and 8h of incubation. while longer
shifts of approximately ~57 and ~50 nm were measured from 24 h. as shown in figure 4 a). This can
be associated with the expected increased unfolding and extension activity and the progressive
fibrillar organization of the Fn within the cellular environment [8]. This is in keeping with reported
evolution of Fn fibril formation at time points between 24h and 48h [9].

a) b) =
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Fig. 4. LSPR spectra of a) Fn functionalised PEG-Np incubated with C2C12 over 32 hours, b) Fn PEG-Np
incubated with C2C 12 and tissue scaffolds over 32 hours.

The on-scaffold cellular incubated Fn-PEG-NP exhibited a similar behaviour with strong red shifts
recorded overtime (Fig. 4b). These results correlate with the most recent models on Fn
conformational activity within the cellular environment demonstrating the potential of the
functionalised AuTSNP to detect dynamic protein conformational behaviour in living cells.
Furthermore, this capacity to readily monitor critical on-scaffold protein behaviour has the potential
to provide an essential tool for the development of advanced ECM mimetic tissue scaffolds for
regenerative medicine applications.

182



Key Engineering Materials Vol. 865 47

Conclusion

High sensitive LSPR Fn functionalised AuTSNP were used to monitor the conformation
transitions of the ubiquitous ECM protein, Fn, in the presence of C2C12 myoblast cells. The
conformational profile of Fn was investigated in a cellular environment with and without the presence
of CS-HAp bone tissue regeneration scaffolds over time from 0 to 32h. As Fn unfolds from a compact
conformation to form fibrils in which Fn displays a highly extended conformation. LSPR spectra
exhibit large red shift shifts of ~20 nm generated over 32 hours. These results correlate directly with
the most recent models on Fn conformational activity within the cellular environment, demonstrating
the potential of the AuTSNP to provide critical detailed information on dynamic protein
conformational response and behaviour. This highlights the capacity of the AuTSNP LSPR technique
for straightforward, versatile non-labelling measurements of protein conformational dynamics in the
high noise cellular environment and potential application in the development of advanced tissue
scaffolds with improved regenerative and repair performance.
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Abstract Research advancements in the field of urinary stents have mainly been in the selection of
materials and coatings to address commonly faced problems of encrustation and bactkerial adhesion.
In this study, polylactic acid (PLA) and polypropylene (PP) weme evaluated with zinc oxdde (Zn(0)
coating to assess its ability to 'educe or eliminate the problems of encrustation and bacteria adhesion
PLA and PT films were prepared via twin screw extrusion. Zn0 microparticles were prepared using
sol-gel hydrothermal synthesis. The asprepared #n0) microparticles were combined in the form
of a functional coating and deposited on both polymer substrates using a doctor blade technique.
The Zn-coated PP and PLA samples as well as their uncoated counterparts were characterized
from the physicochemical standpoints, antibacterial and biodegradation properties. The mesults
demonstrated that both the polymers preserved their mechanical and thermal properties after
coating with Zn0, which showed a better adhesion on PLA than on PE Moreover, the Zn0 coating
successfully enhanced the antibacterial properties with respect to bare PFPLA substrates. All the
samples wene investigated after immersion in simulated body fluid and artificial urine. The Zn0O layer
was completely degraded following 21 days immersion in artificial urine irrespective of the substrate,
with encrustations more evident in PP and ZnCcoated PP films than PLA and Zn0-coated PLA films
Cwerall, the addition of Zn0) coating on FLA displayed better adhesion, antibacterial activity and
delayed the deposition of encrustations in comparison to FF substrates.

Keywords: polylacticacid (PLA); poly propylene (PF); zinc oxide; antibacterial coatings; ureteral stents;

bacteria biofilm; urine-derived encrustations

1L Introduction

Urinary stents are commonly used to drain retained urine after surgical procedures, in cases of
urinary incontinence and in related issues to the urinary tract [1-3]. Although many improvements
have been achieved so far, patients still face complications related to the insertion of urinary stents,
especially when long-term usage is required. The main problems encountered in commercial urinary
stents are frickion, the release of substances, encrustation and bacterial adhesion that can cause adverse

Coatings 2000, 10, 1002; doi 103390 coatings10101 002 www mdpicomfjournalcoatings
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effects to the patient, such as inflammation [1,4-6]. To date, work is still in progress on the development
of a bincompatible, antimicrobial, antifouling and nonfrictional material potentially used for urinary
stents to improve patients” quality of life by reducing the chances of postprocedure complications as
well as to increase the lifetime of the stent [7-%].

Different materials have been employed to develop urinary stents. However, polymer-based materials
ame the most used due to their biocompatibility, biological inertness and low cost [7,10]. Moreover,
several coatings technologies have been shown to improve biocompatibility, antimicrobial action and prevent
encrustation, illustrating the potential of coatings to enhance the functionality of urinany stents [2,5,9,11]
and even promoting the sustained delivery of pharmaceutically active compounds [12]. For example,
antibiotics coatings were able to prevent biofilm formation and bacterial infections. However, many issues
related to antibiotic resistance have been addressed, showing the loss of antimicrobial action after a few
usapges [8,13].

In this study, the performance of polylactic acid (PLA) and poly propylene (PP} as a material for
urinary stents were evaluated. PLA is the most widely used aliphatic thermoplastic polymer It is
cbtained from renewable agricultural rescurces such as starch from rice, comn, potatoes, beetroot, etc.
and is used in various medical applications such as sutures, dermal fillers or stents [14]. PLA has
been studied as a coating layer for antimicrobial applications by incorporation of nanoparticles such
as silver [15], zinc oxide (Zn()) nanoparticles [16] or Zn) deposition on halloysite nanotubes and
further incorporation into FLA [17]. PLA-Zn0O nanocomposites have been produced by the method
of melt compounding, and the resultant films were found to be amorphous and had antibacterial
properties [18,19] and degradation process of the PLA was increased [20].

FT'is a polymer from the family of polyolefins that has features such as bow density, chemical inertness,
and high melting temperature. Due to its high temperatumne resistance, it is used invarious products in
clinical enwironments [21]. It has been used for stenting in endoscopic dacry ooystorhinostomy with
successful and higher anatomic and functional efficacy [22,23]. Due to its excellent histocompatibility
PT* mesh has been studied as suitable stent material for ainway strictures [24] and PP-silicone stent
has been successfully evaluated for the treatment of benign esophageal strictures [25]. In order to
enhance the properties of PT, different methodologies have been tested including reports by Zhao et al
who investigated the photodegradation resistance of PI* to UV-irradiation by incorporation of ZnC and
found significant improvements [26]. PI* has been modified with Zn0 to produce hybrid filter material
and found to have high filtration efficiency [27]. Bojarska et al. investigated PP capillary membranes
which were modified by #n() nanowires. The use of plasma was found to improve the adhesion of
£n nanowires on the PT membrane surface. Moreover, the resulting FIYZn0 membranes exhibited
antibacterial properties against Gram-positive and Gram-negative bacteria [28].

This work aims to evaluate the use of Zn0 as a novel coating material for the manufacturing of
urinary stents. In particular, to achieve a material with superior antimicrobial property, both PLA and
PP films were coated with a functional Zn0 layer, as zinc oxide is well known for its antimicrobial
action against both Gram-positive and Gram-negative bacteria [29,30]. Briefly, the mechanism of
antimicrobial action involves the elease of zinc ions, production of reactive ooy gen species (ROS) and
direct contact with the bacteria cell surface causing the rupture of the membrane and changes on the
cell metabolism that can lead to cell death [31-34]. Thus, this research focused on the evaluation of the
physical and mechanical properties, antimicrobial activity and adhesion of the xinc oxide coatings
on PLA and PP substrates for urinary stents application. In particular, we show a different capability
of these materials to react to artificial urine solution and another simulated physiological solution,
which has a similar inorganic composition of the human plasma. The results indeed show that the
behaviour of these Znlcoated polymers can be efficiently modulated to get highly hydrophilic and
biodegradable devices with further antimicrobial properties in the right urinary environment.
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2. Materials and Methods

2.1. Preparation of PLA and PP Films

Polylactic acid (PLA ) obtained from Corbion, PLA LX 175 (Total Corbian, Gorinchem, The MNetherlands)
and polypropylene (PE, Sigma Aldrich Ireland Lid., Wicklow, Ireland) weme used to produce the polymeric
substrates. The PLA had a molecular weight My ) of 24,000 g/mol and PP was isostatic with average My,
of ~ 250,000 g'mol. Both polymers were received in granular form.

Twin-screw extrusion was employed to process FLA and PP into films. Extrusion was performed
by using an APV (Model MP19TC (351) APV Baker, Mewcastle-underlyme, UK) twin-screw
compounder with 19 mm diameter screws. The temperature profile was maintained (from die
to feeder) at 200/190 180/ 170160 110/50 *C. PLA was dried in the oven at 80 "C for 4 h. The dried
FLA pellets were fed into the hopper of the extruder and extruded at a screw speed of 140 rpm.
Extruded strands of the molten composite were then drawn through a three-roll calendar creating
continuous films. Similarly, the PP pellets were processed by melt compounding under similar
conditions for comparison These films were used to punch out ASTM standard tensile test specimens
by a physical punching process.

2.2, Symthesis of Zn0 Microparticles

Zinc oxide microparticles were prepared via a sol-gel hyd rothermal synthesis method as previously
reported [35,36], using potassium hydroxide (KOH, Sigma Aldrich, Darmstadt, Germany ) and zinc
nitrate hexahydrate (Zn(NOx)p-6Hy O, Sigma A ldrich) as precursors. All reagents were used as received.
First, 5.58 g of potassium hydroxide and 14.8 g of zinc nitrate hexahydrate were dissolved separately
in 100 mL of double-distilled water at room temperature. Afterwards, the zinc nitrate solution was
added dropwise to the KOH solution under vigorous magnetic stirring conditions. The formed gel
was treated at 70 °C for 4 b Later, the precipitated £n( powder was filtered from the basic solution
and washed several times with demineralized water until pH neutralization and air dried in a muffle
furnace at 60 *C overnight

2.3, Deposition of Zn0 Coating on Polymeric Substrafes

Different methods were considered to coat PLA and P substrates. First, a Zn() paste was prepared
by adding zinc oxide powders in a 1:2 (7] ratio to a solution of acetic acid (1%, Sigma Aldrich),
ethanol (67%, Sigma Aldrich) and water (33%). The paste was then stirred and sonicated to obtain
a homogeneous dispersion of the particles. The prepared paste was deposited on the surface of
both P and FLA films using the doctor blade technique on a glass slide to obtain a uniform layer.
Sodium hydroxide (Sigma Aldrich) and benzophenone (BF) (Sigma Aldrich) were also used for surface
activation and grafting of the Zn( coatings to the polymer supports.

In this study three methods were employed:

1.  Formethod 1, the coated PLA was thermally treated at 50 *C for 30 min and 60 *C for 15 min
while coated PP films werne treated at 70 °C for 15 min.

2. Inmethod 2, Zn0 paste was UV grafted onto the PLA substrate using the protocol developed by
Shin et al. [37] with adaptations. For this, 20 mL of 10 wt.%: acrylic acid aqueous solution was
added to 20 mL of benzophenone (0.2 M and stirred under dark conditions. Then, #n( paste
containing 1 g of Zn( was added to the previous solution and stirred for 30 min in the absence of
light. The final solution was poured in a glass petri dish containing the PLA films and exposed
to LV light for five minutes at 40 W After curing, samples wene neutralized by immersion in a
sodium bicarbonate (Sigma Aldrich) 0.1 M solution for 100 min, rinsed with distilled water and
dried overnight at 40 *C.

3. Inmethod 3, 1 g of Zn0) powder was dispersed in 2 mL of ethanol and sonicated for 15 min
Different amounts of berzophenone 0.2 M ethanolic solution (0, (.25 and (.50 mL) were then
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added to this solution and stirred until the solution became homogeneous. Then, PP and PLA
were coated with Zn( + BP solution and exposed to UV light ({1, 5 and 10 min), dried for 1 hat
37 7C and rinsed with water for emoving excess reagents. All samples wene dried overnight
at 37 *C prior to analysis. For this method, PP was previously treated with a 0.1 M sodium
hydroxide solution for 18 h for surface activation while PLA did not have any previous treatment

Omly the coatings produced using method 3 with (.50 mL of BF and 5 min of UV treatment
for PLA films and (.50 mL of B and no UV treatment for PP films showed good adhesion of the
coatings (data not shown). Thus, only these set of samples (named ZnO&PF and Zn@PLA) wene fully
characterized in this work.

2.4 Characterization Setup

241 Physicochemical Characterization

The morphology and chemical composition of the samples were investigated by means of
field-emission scanning electron microscopy (FESEM, Merlin Carl feiss AG, Oberkochen, Germany)
coupled with an erergy dispersive w-ray (EDX) detector for chemical composition analyses.
Before FESEM imaging, the surface of the samples was coated with a 5 nm-thick Pt coating,
The crystalline structure was investigated with X-ray diffraction (XED) using a Panalytical X'Pert PRO
diffractometer (Mahwern Panalytical 5.c1, Milan, Italy) in Bragg-Brentano configuration and equipped
with a Cu Kx monochromatic radiation (A = 1.54059 A) as X-ray source. Fourier transform infrared
spectroscopy (FTIR) in attenuated total reflectance (ATE) mode was performed with a Micolet 5700 FTIR
spectrometer (ThermoFisher, Waltham, MA, USA) equipped with diamond crystal. The ATE-IR
spectra were background subtracted and acquired with 2 cm™! msolution and 64 scans accumulation,
Indexing of IR modes have been done according to Socrates [38].

Mechanical properties of the PLA and PP films were characterized by tensile tests, probing each
different blend. Tensile testing was carried outon a Lloyd Lrlk tensometer (Ametek Itd, West Sussex, UK)
using a 25 kN load @]l on ASTM standard test specimens at a strain rate of 50 mm/min. Data was
recorded using MexygenTM software (A metek Ltd.). The Eensile fests were carried out in adherence to
ASTM D 882 Ten individual test specimens were analysed per group and before testing, the thickness of
each sample was measured. The percentage strain at maximum load, stress at maximum load, stiffness,
and Young's modulus of each sample were recorded.

The surface wettability of the composites was assessed using First Ten Angstroms™ FTA32
goniometer (FTA Europe, Cambridge, UK). In this test, the sessile drop contact angle technique was
utilized with distilled water as the probe liquid. Five measurements at various places on the films
werme taken.

Differential scanning calorimetry (D5C) was carried out using a DSC 29200 modulated DXSC
(TA Instruments, New Castle, DE, USA ) with a nitrogen flow rate of 20 ml/min to prevent oxidation.
Calibration of the instrument was performed using indium as standard. Test specimens weighing
between 8 mg and 12 mg were measured on Sartorius scales (MC 210 I} Sartorius Lab Instruments
GmbH & Co. KG, Goettingen, Germany), capable of being read to five decimal places. Samples werne
crimped in nonperforated aluminium pans, with an empty crimped aluminium pan used as the
reference. The thermal history was removed by heating samples from 20 to 220 °C at the rate of
30 "C'min and then held isothermally at 220 °C for 10 min. The samples were then cooled down from
20 to 20 °C at 30 *Cfmin. Finally, the thermal properties of the samples were recorded by heating
the samples from 200 to 220 °C at the rate of 10 "C/min, glass transition temperature, and melting
temperature of each sample were recorded.

242 Biodegradation Essays

Simulated body fluid (SBF) was prepared according to the method described by Kokubo and
Takadama [39] with a final pH of 7.45. Zn0-coated PLA and PP films wene then placed in the SBF
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solution in a water bath at 385 + 1 °C. The SBF solution was replaced every two days and the adhesion
of the films in SBF sclution was monitored for seven days

The artificial urine was prepared following the protocol described by Sarangapani et al. [40].
The solution was constituted basically by salts, urea (25 g7 1y and creatinine (1.10 g-T_'l}. The final
pH of the solution was 57. Zn(-coated films wemne placed in the artificial urine solution, which was
kept at 36.5 = 1 *C, and monitored for 21 days regarding the adhesion and appearance of encrustation
Uncoated PLA and PP films were also placed in artificial urine for the same scaking time and used as
control samples.

243 Antibacterial Tests

The antimicrobial tests were performed using Staphyvlococous aureus ATCCTIS923 (5 aurais)
and Escherichia coli ATCC25922 (E. coli), tryptone soy broth (TSB, Neogen) and resazurin
{Sigma Aldrich). 5 aurais and E. colf were cultured and grown in an exponential phase in TSB
medium at 37 *C. Bacterial cell viability when exposed to different polymer films was analysed in
a 12-well plate according to the resazurin cell viability assay. Resazurin indicates cell viability by
changing the solution colour from blue to pink when it is chemically reduced to resofurin due to the
aerobic respiration that occurs with cell growth, Thus, the reduction of the dve is proportional to
the viable cells present in the solution. Ovemnight cultures of the two bacteria strains were diluted
to a concentration of approximately 1.0 % 104 colony formation unit per millilitne {CFU-mL-1}. Then,
500 pl of TSB and 25 pl. of the diluted bacteria were added in each well. After this procedure,
coated (10 mm » 10 mm) and noncoated polymer films were placed in the respective wells. A negative
control without bacteria (500 pl. of TSB) and positive control with live cells (500 pL of TSB and 25 pl of
diluted bacteria solution) were also included in each plate. After overnight incubation at 37 °C, 75 ul.
of resazurin was added in every well, mived thoroughly and incubated for 2 h at 37 °C under dark
conditions. Then, the colour change of the solution and, consequently, the cell viability was evaluated
by absorbance measurement at 600 nm in an ultraviolet-visible (UV-Vis) plate reader (Jemway 6300,
Staffordshine, UK). The experiment was performed in triplicate and repeated independently three times.

244 Statistical Analysis

Statistical analysis of the tensile test results, D5C measurements and the surface wettability
measurements were carried out using general linear model (GLM) of two-way ANOVA in Minitab 17
Statistical Software (Minitab Ltd,, Coventry, UK). All the values were considered at a 95% confidence
interval, and p-values are considered significant when p < (L05.

3. Results and Discussion

3.1 Morphological, Structural and Chemical Character ization

Figures 1-3 show the FESEM images and EDX spectra of Zn(-coated PLA and PP substrates
(£nOEPLA and ZnOETF). It can be observed that Zn0 microparticles showing a flower-like morphology
{Figure 2) have been successfully deposited atop of both the poly mer surface types. Their presence is
further corroborated by the detection of Zn traces by EDX analyses. The covering of the PLA substrate
is superior with respect to the PP one. This is visible from the comparison of the FESEM images
and of the semiquantitative analysis obtained by EDX spectroscopy. Actually, the Zn at.% changes
from 31.90% for PLA support to 9.76% for PP, suggesting that Znl) is more abundant on FLA than on
PP films.
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Figure 1. Field-enussion scanming electron microscope (FESEM) images of ZnO microparticle coatings
deposited on (a) polylactic acid (PLA) and (b) poly propylene (PP) polymeric supports.

Figure 2. FESEM images showing the flower-like morphology of ZnO mucroparticle coatings de posited
on (a) PLA and (b) PP polymeric supports.
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Figure 3. Energy dispersive X-ray (EDX) spectra of ZnO-coated PLA and PP supports.

Independently of the polymer, the presence of the ZnQO coating after the fabrication process
was confirmed also by the detection of the diffraction peaks belonging to wurtzite ZnO phase
(Figure 4). The main ones are positioned at 31.8°, 34.4° and 36.2°, and are ascribed to (100),
(002) and (101) crystallographic planes according to the Joint Committee on Powder Diffraction
Standards—International Centre for Diffraction Data (JCPDS-ICDD) database (Card No. 89-1397).
Other minor reflections coming from additional crystal planes are also visible at higher 28 angles.
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Figure 4. X-ray diffraction (XED) pattern of sample ZnD@FPLA and ZnOG@FF
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Figure 5 shows the ATR-IR spectra for uncoated PLA and PP substrates as well as from the
cormesponding samples coated with Zn0) microparticle film. The main IR modes are in the range
002900 cm~! and near 1450 cm~! (both related to the C-H stretching'bending vibrations), at about
1750 cm™ ! {C=0 stretching vibration), in the range 1200-1150 e (C-0 symm. stretch.) and three
bands in the range 1130-1040 am™! due to C~0-C symmetric stretching. These prominent modes
of the spectrum ame the characteristic peaks of PLA and PP [14,26,27]. When the Zn(} microparticle
coating is present, it is possible to observe a general reduction in intensity of the bands related to the
polymeric materials underneath the Zn0 materials. This effect is due to the micrometer thickness of
the Zn layer coating (more or less uniformly) the polymer. An additional broad band cormesponding
to H-0O-H vibration of the Zn0 hydrophilic surface is noticed in the range 3500-3000 cm™! for both
kinds of ZnC-coated polymers. The presence of the Zn(? coating is further confirmed by the presence
of a broad band in the range 950-850 cm ! and due to Zn-0OH mode. Similar presence of clear peak in
the range 400700 cm " in PFZn0 spectrum and absence in PI* spectrum was observed in the study of
Zn nanowire growth via plasma activation by Bojarska et al. which could indicate the presence of
zinc oxide [28].
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Figure 5 ATR-IR spectra of PLA and FF suppaorts, with of without the presence of the Znl0 coatong,

3.2, Tensile Testing

The mechanical behaviour of FLA and PP polymers are analysed with and without the presence
of the Zn(} coating. The graphical representation of the mechanical properties are shown in Figure 6.
In case of PLA and ZnOD&FPLA samples, no significant difference in the tensile strength, elongation at
break, stiffness or Young's modulus (p = 0L05) are observed. Similar results are obtained for PP and
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ZnOEFPP samples. This could be because the Zn() particles film is deposited on the polymer surface,

which does not have any impact on the bulk polymer properties. However, various studies have shown
a significant difference in mechanical properties when Zn(0) nancpartickes {(NI's) are encapsulated into
the polymer matrix [17,18,41-43].
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Figure 6. Graphacal representabon of the mechancal propertes of the palymers with and witheut ZnCy
coating. There 18 no sigmbcant difference bebween the coated samples (ZnO@PLA Zn&@PF) and their
uncoated counterpart samples.

3.3, Surface Wet tability

The surface wettability properties of all the coated and noncoated samples are shown in Figune 7.
It was observed that there is a significant decrease in the contact angle of ZnO@FLA and ZnOaEPF
samples (p= 1% 107} when compared to bare PLA and PP substrates. The photomicrographs of the
uncoated PLA surface has a contact angle of 66°, whereas a contact angle of 24.077 is achieved for
the sample ZnOEPLA. The images of the uncoated PP has a contact angle of 90,627, and Zn&@PP
has a contact angle of 44.557. With PP being hy drophobic and PLA being relatively hydrophobic,
these results indicate that the presence of the Zn0) coating increased the hy drophilicity of the surface.
A similar reduction in contact angle values was observed when PLA films were surface-modified and
bulk-modified by plasma polymerization/sputtering technique, where glycerol and ethylene glycol
were used as additives [15]. In another work, PP film was treated by plasma discharge in order to
enhance the surface wettability of PP and improve the adhesion of Zn0 NPs [27].

34 Diferential Scanning Calorimetry (DSC)

The thermal characteristics of the samples were analysed by DSC. The thermographs of the FLA,
fnO0arLa, PP and ZnO@FT samples are as shown in Figure 5. From the analysis of the thermographs,
there is no evident difference between the coated and noncoated samples. However, in a study
by Pantani et al. [18] the cold crystallization and melting temperature increased as Zn0 NPs were
incorporated into the FLA matrix by twin screw extrusion [18]. This confirms that the surface Zn(
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coating of our work did not affect the bulk
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Figure 7. Surface wettability properties of the polymers with and without ZnO coating, With a p-value
of 0.001, there is a significant decrease m the contact angle of ZnOGPLA and ZnO@PP when compared
to the uncoated PLA and PP Glms. Water droplet on the surface of (a) PLA film, (b) ZnOGPLA,

(¢) PP film, and (d) ZnO@PP.
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Figure 8. DSC thermographs of the PLA, ZnO@PLA, PP and ZaO@PP coated samples. No sigmificant
difference was observed between the coated and uncoated samples considenng a p-value < 0.05.

3.5. Evaluation of the Biodegradation Properties in Biological Fluids

3.5.1. Simulated Body Fluid (SBF)

ZnO@PLA and ZnO@PP samples were immersed in simulated body fluid (SBF) solution to test
the adhesion of the ZnO coating to the polymer substrate. Figure 9 shows the pictures of ZnO@PLA
and ZnO@PP samples after immersion in this solution for up to seven days. In the case of the PP
substrate, the ZnO coating showed a considerable detachment after 2 h in contact with the SBF solution.

However, no major changes occurred from

2 h to seven days. Interestingly, no significant alterations
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were observed for ZnO@PLA samples over time, which indicates a higher adhesion of the ZnO coating
to the PLA substrate in comparison to the PP one and well agrees with the results shown in Figure 1.

200891LA Znopeo

Original |- 2
BECE
7 days f ' i
y

Figure 9. ZnO@GPLA and ZaO@FP samples after different time mntervals in SBF solution.

FESEM images reported in Figure 10a,c highlights that no visible changes in the morphology of
the samples are present. The ZnO coating did not detach completely from the polymer supports and
the flower-like ZnO microparticles preserve the original morphology. The presence of the ZnQ coating
is further confirmed by EDX measurements (Figure 10b,d). The compositional analyses also reveal the
presence of P, Ca, Cl and Na, which are due to the prolonged contact of the samples with SBF solution.
In particular, the abundance of Ca (around 1.9 at %) and P (around 2-3 at.%) with respect to the other
elements suggests the formation/precipitation of calcium phosphate compounds. This aspect is further
supported by the IR spectroscopy results discussed in the following,

=]
| in0 on FLA .
J’-‘i-';"‘.‘g ;1-« u
L]
| ZnO on PP
1] .
gie ¢ S UH B
0] ]
Figure 10. ZnO-coated PLA and PP supports soaked m SBF for 14 days (a,¢) FESEM images and (b,d)

EDX spectra.

Figure 11 shows the IR spectra acquired after soaking all the sample typologies in SBF for 14 days.
Panels a and b refer to the polymer substrates (PP and PLLA) while panels ¢ and d show the IR
spectra acquired on ZnO@PLA and ZnO@PP samples, respectively. Considering the PLA and PP
substrates, no changes are visible when compared to nonsoaked samples. This is likely related to
the hydrophobic nature of the uncoated substrates. However, in the presence of the ZnO coating,
a relatively intense band in the range 1100-1000 cm™! is observed due to the phosphate (PO;*")
vibration modes (Figure 11c,d). This is due to the interaction between the ZnO surface and phosphate
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groups present in SBF solution, which favours the formation of zinc phosphate and calcium phosphate
compounds [44,45]. This aspect was also underlined by the corresponding EDX results of Figure 10,
This indicates that the presence of the ZnO coating would allow for a more reactive surface able to
induce the precipitation of an apatite-like functional layer. In general, an increase of the OH band
intensity in the range 3500-3000 cm™" is observed, irmespectively of the presence of ZnO and due to the

adsorption of water after the prolonged contact with SBF solution.

Absarhasce pu )

Figure 11. ATR-IR spectea of the samples after soaking in SBF for 14 days: (a) only PLA; (b) only PF;
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The XRD patterns of Figure 12a still show the presence of diffraction peaks belonging to wurtzite
7Zn0 phase (indicated by arrows) and further witness the presence of the ZnO coating at the end of the

biodegradation experiment in SBE.
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Figure 12 XRD pattern of samples ZnO@PLA and ZnO@PP: (a) after soaking in simulated body
fluid solution for 14 days; (b) after immersion in artificial urine for 21 days; (e,d) at the end of the
antimicrobial tests. XRD pattern of ZnO@FPP and ZnO@PLA samples are also shown as reference in
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3.5.2 Artificial Urine

When testing the coated polymer samples in artificial urine, a strikingly different behaviour was
observed if compared to the SBF solution. As seen in Figure 13, ZnO@PLA samples show a considerable
detachment of the ZnO layer after two days of immersion in artificial urine and a complete dissolution
was observed after five days. Although the ZnO coatings on the PP supports are less uniform than
on PLA, a slower dissolution was noticed when in contact with artificial urine. This might be related
to the higher hydrophobicity of PP coated films that interact less with the solution in comparison to
PLA films, as seen from the surface wettability analysis discussed in Section 3.3. Independently of the
polymeric support, it can be noticed that the ZnO coating dissolved and/or detached faster in artificial
urine than in SBF solution. This interesting feature can actually witness the fair tunability of our coated
polymers, which selectively react differently upon the medium where they are immersed.

2OEPLA Zn0Oee? Zn0EPLA 2rOEee

ol |8

Crigina S days

2days 21days

Figure 13. ZnO@PLA and ZnO@PP samples after different ime intervals in artibaal unne solubion.

The biodegradation behaviour of ZnO@PLA and ZnO@PP samples was also evaluated in artificial
urine solution for long time periods (21 days). Similarly, uncoated PLA and PP substrates were tested
in the same experimental conditions, in order to evaluate any ability of ZnO to prevent the formation of
encrustations in an artificial urine environment. If the uncoated PP and PLA supports are considered,
the presence of precipitates with different morphologies and shapes can be observed (Figures 14
and 15): tabular-acicular surfaces, sheetlike, globular and spongelike structures are visible. In the case
of the PP support (Figure 14), various ty pe of encrustations can be found and in a more abundant way
with respect to the PLA support (Figure 15).

Figure 14 (a,b) FESEM images showing the formation of calaum phosphates precipitates and
encrustations after immersaon of PP support into arhificaal urine for 21 days. (¢,d) Globular-shaped and
spongelike morphology of hy droxyapatite preapitates.

195



Coatings 2020, 10, 1002 130f21

Figure 15 FESEM images of PLA support after immersion in artificial urine for 21 days.

By considering the morphology and the corresponding chemical composition summarized in
Figures 16 and 17, calcium phosphate precipitates (Ca/P ratio around 0.9-1) are found for both
the samples” types (Figure 14a,b and Figure 15) corresponding to brushite (CaHPO,-2H,0) or
hydroxyapatite Can(POy)s(OH),, the latter showing globular-shaped and spongelike morphology
(Figure 14¢,d) are detected only in the case of the PP support. Forboth PP and PLA supports, some traces
of sodium chloride and potassium chloride are also present and due to the contact of the samples
with artificdal urine solution, while the presence of struvite (NH)MgPO,-6H,0, corresponding to
the crystalline prismatic deposits is also recognized (see the central Table in Figure 16). In Figure 15
(left panel), corresponding to the surface of the PLA sample, the typical crystalline structure of calcium
oxalate Ca{COQ); is observed.

Bement AL % Element At % Element AL %
< 596 C 4906 C 1639
0 7381 Q 39.61 0 49.06
B 10.41 N3 ass Na 549
¢a a82 Mg 098 s 11.83
Yotal 100.00 ; ;i; a ass
K 16.68
. ol Total: 100,00
Ca 455 S —————
Total: 100,00

Figure 16. Chemical composition of three different preapitates formed at the surface of PP support
after immersion in artificial urne for 21 days.

Differently from the previous case of SBE, the immersion of the ZnO-coated polymer substrates in
artificial urine for 21 days negatively affected the ZnO morphology. A strong dissolution of the ZnO
coating was observed through the corresponding FESEM images of Figures 18 and 19. There is an
absence of the typical flowerlike microparticle morphology previously shown in Figure 1. The ZnO
degradation is further supported by EDX analyses reported in Figures 20 and 21, showing small Zn
traces in the case of sample ZnO@PP, while the amount of Zn is negligible for sample ZnO@PLA.
Despite the degradation of the ZnO coating, a reduced amount of precipitates is observed for the
ZnO@PLA support (Figure 19) with respect to the uncoated PLA counterpart. On the other hand,
the presence of ZnO seems to not prevent the formation of encrustations in the case of the PP substrate
(Figure 18), which could be related to the low level of ZnO coated onto the surface as observed in EDX.
In particular, globular structures (peculiar of hydroxyapatite Cag(POy)s(OH);), prismatic crystals
of struvite ((NHy)MgPO,-6H,0) or brushite (CaHPO4-2H,0) and layered sheetlike structures are
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observed on ZnO@PP sample, while similar prismatic needlelike structures of struvite or brushite are
found at the surface of sample ZnO@PLA. Furthermore, and similar to the previous case, the presence
of sodium chloride (NaCl) and potassium chloride (KCl) is noticed also for the ZnO-coated polymers
and due to the prolonged interaction of the samples with artificial urine solution.

Eemamt  Ar % Eament AL %

C 10,55 c 9.25

N 5.73 N 0216
s 7

0 .6 & 2%.69
P S.07

o o1 N 0.3%

e I—— P 040
Total 100.00

o (13

P 0.19

G 0%

Totsk 100.00

Figure 17, Chemacal composition of three different preapitates formed at the surface of PLA support
after immersion in artificial urine for 21 days.

Figure 19. FESEM of ZnO@PLA sample after 21 days m arbificial unine.
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Figure 20. Chemical composition of three different precipitates formed at the surface of ZnO@PP
sample after immersion in artifical urine for 21 days
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Figure 21. Chemical composition of three different precipitates formed at the surface of ZnO@PLA
sample after immersion in arkifical urine for 21 days

Figure 12b shows the XRD pattern of ZnO@PLA and ZnO@PP substrates after the immersion in
artificial urine for 21 days. In this case, the diffraction contribution coming from the ZnO microparticle
film mostly disappear, with the (101) and (110) diffraction peaks being only slightly detectable.
This aspect confirms the partial rather than complete degradation of the ZnO coating at the end of the
experiment, as observed from FESEM analyses described previously.

ATR-IR analyses have been performed after soaking the sample in artificial urine for 21 days
(Figure 22). Apart from the peaks characteristics of the polymer substrates, a strong change in the
shape of the IR absorption band of 3500-3000 cm™ region is visible, and independent of the kind
of polymer. In all the samples except ZnO@PLA, the presence of three distinct IR bands at 3218,
3331 and 3440 cm™! is noticed and confirms the formation of precipitates (mainly calcium phosphate
compounds), as mentioned previously. These are due to stretching modes of vibration of water of
crystallization as also to the N-H secondary stretching mode derived from urea. Additional IR modes
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due to water of crystallization and N-H bending mode in the range 1670-1610 cm™ ! are detected as
well. Such additional IR bands are bamely detectable in sample ZnO&FLA and it confirms a reduced
formation of encrustations and precipitates, as previously observed from the cormesponding FESEM
analyses. On the contrary, sample Zn(@PF shows additional IR bands with respect to the nonsoaked
PP sample: the phosphate band in the 11001040 o] range and at 938 con™ ! carbonate (C05%7)
bands in the range 14961434 con ! and stretching mode of P-OH at around 866 cm ! [46].
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Figure 22, ATR-IR spectra of the samples after inmersion m artthoal wone for 21 days (@) only PLA;
{b) enly PP; {¢) ZnOa@PLA; (d) Za0@PE

The strong degradation of the Zn(} coating can be dwe to the acidic environment conditions of artificial
urine, which induced #n( dissolution. Actually, it is known that Zn(? becomes mome soluble as the pH
of the solution decreases and dissolution increases significantly in pH values below 6.0 [47,45]. Thus,
the different behaviours of the Zn( coating in both solutions and the faster dissolution of Zn0 in artificial
urine is probably related to its mome acidic nature (pH 57) in comparison to the SBE solution (pH 7.45).

Another main issue related to urinary stents is the deposition of salts on the stent surface that can
cause the blockage of liquid, inflammation and other complications [2,49). In this study, encrustation
was ohserved only afier three weeks of immersion in artificial urine for ZnO-coated samples and two
weeks for noncoated polymer supports. Hence, it can be concluded that the addition of the Zn0
coating to both PLA and PP supports can be useful in preventing or at least delaying the deposition
of encrustations.

3.6. Antimicrobial Tests

Bacteria cell viability was evaluated on a Gram-negative strain (E. coli) and a Gram-positive
strain (5. aureus). The bacteria strains were incubated in the presence of noncoated PLA and PP films,
and Zntcoated PLA and PP films. Figure 23 shows the average growth percentages of each strain
when incubated with the coated and noncoated films, considering the positive control as the reference
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for 100%% of cell viability, as it was incubated without the presence of any polymer Cell viability shows
a clear reduction when incubated in the presence of ZnCh-coated films. In E coli, incubation with
noncoated PLA and PP reached 96% viability, while for the incubation with ZnO&FLA and ZnOaEFP
samples, the viability was reduced to 709 and 71% respectively. Similarly, 5. aureus achieved 96% and
91% viability with PLA and PF, respectively, but it reached only 67% with ZnO&PLA and 66% with
ZnOalT: With a 95% confidence interval, it was concluded that there is an important difference in
cell viability mean values between the ZnO-coated and noncoated samples, implicating successful
antimicrobial activity exhibited by the Zn0 microparticle film. In the same confidence interval,
mean values for cell viability of E. cofi and 5. aureus showed no significant difference, suggesting that
differences in cell wall structure did not affect the action mechanism of the Zn( particles in this case.
Similar results with successful antimicrobial activity of polymer films with Zn( against E. coli and
5. @urens strains wene obtained in various studies [30,51].

s B RS s L L

Dachwnichio o Sfnphpiocsoon ounesr

Figure 23. Bacteria cell viabuhty after 24 h treatnent with coated and noncoated PLA and PP Alms
Thete 15 no agnbcant difference m the antinucrobaal activaty bebween E. coli and 5. aurens (p < 0.03).

Figure 74 shows the FESEM images of ZnO&FLA and ZnO&EFT supports after the antimicrobial
assays performed by culturing E. colf and 5. awrens bacteria on both the samples typologies. In this case,
the Zn( coating was still present, as further indicated by the presence of diffraction peaks belonging to
0 (Figure 12c,d) as well as by the EDX compositional analyses reported in Table 1, which confirm
the detection of Zn element in high amounts (around 15 at.%) for both PLA and PP supports. However,
the morphology of the microparticles has changed from a flower-like structure to a more compact and
round-shaped one. EDX data shown in Table 1 also underline the presence of other elements (Ma, Ca,
F, etc.) due to the interaction of the considered samples with the medium for bacteria culture.

E. Cooli 5. fhureus

Figure 24. FESEM images of ZnO-coated FLA (top panels) and PF (bottom panels) sanmiples after the
anhmaicrobaal assays performed by culturing E. coli (left panels) and 5. awrais bactena (right panels).
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Table L. Chenucal compesibion at the surface of ZnO-coated PLA and PP supports afler anhicrobaal assays.

E. coli 5. anrens
Ele L
e PLA/Zn0), aL% PPZna0), aL™ PLA/Za, aL% PP/Zn0), aL™
C 28.89 5108 a50a 2904
N 433 - - 4.70
O 38.17 an2a A7.49 A8 B5
MNa 7.69 4497 7.1 7.3
P 307 212 284 275
| 114 069 1.246 079
K naz 09l D92 0.74
5 - 013 - .
Ca - 0.35 - .
n 15.69 952 1433 1487
Tolal. 100,00 100.00 100.00 100.00

4. Conclusions

N coatings were deposited on PLA and PP films by the doctor-blade technique. The Zn(
functional layer was obtained starting from high-surface-area, flower-like Zn microparticles prepared
following a simple hydrothermal route. The resulting ZnO&PLA and ZnO&PF samples were studied
from the morphological, compositional and structural standpoint The biodegradation behaviour was
investigated by considering the interaction of the considered samples with simulated body fluid and
artificial urine solution for prolonged soaking times. Finally, the antimicrobial behav iour was studied
as well against 5. qurais and E. cofi. It turned out that adhesion of the Zn( coating was better on
PLA supports than on PE The addition of the Zn0 functional layer did not negatively influence the
mechanical and thermal properties of both PLA and PP supports. Meamwhile, the surface wetting
properties of the polymers changed after Zn( deposition and moved from the hydrophobic to the
hydrophilic range. When both the samples typologies were soaked into SBE Zn0 dissolution was
only partial and independent of the polymer substrate type. It was also found that both PP and PLA
substrates prevent the precipitation/formation of phosphate compounds. The presence of the Zn(»
coating, in contrast, promoted the formation of phosphate compounds. On the contrary, a strong
degradation of the Zn(} functional coating was observed when the samples were soaked in artificial
urine solution. After 21 days, all characterization results pointed out a complete degradation of
the Zn(} layer due to the acidic pH conditions of the artificial urine environment. The formation of
precipitatesfencrustations was observed mostly for PIF and ZnO&FFE, while it was limited on FLA and
FnETPLA. The composition of the formed compounds was confirmed by compositional analysis and
IR spectroscopy. The antimicrobial tests highlighted a good antibacterial activity against both the
considered families of bacteria only in the presence of the functional Zn(Y coating, It is also worth
mentioning that the Zn() coating was not affeced by the medium for bacteria culture as it was still
present after the bacteria culture.
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Abstrack An mnovative antimicrobial technaology for plastic surfaces s presented. We meport the
aynithesis and scale-up of triangular silver nanoplates (TSNPs) and their ntegration into poly capro-
lactone (PCL) and polylactie acid (PLA) polymers through a solvent-casting technique. The TSNPs
have a high geometric aspect ratio and strong local surface plasmon resonance (LSPR) response,
which provides an effective tool for monitoring their integrity during processing and ntegration
with the biodegradable plastics. An agueous-based seed-mediated chemical method was wsed to
synthesize the TSNFs, and characterisation was carried out using TEM and UV (Ultraviclet} VIS
[Visible) spectroscopy o measure LSPR profiles. The UV-VIS spectra of silver seeds and TSNPs
exhibited charactenstic peaks at 395 and 600 nm respeclively. Synthesized TSNPs were coated with
thiol-termanated polyethylene glycol (SH-PEG) and transferred into chloroform in order o effect
compabtibility with PCL and PLA. TSNP/ PCL and TSNFP/FPLA composite films were prepared by
solvent casting. The morphological structure, thermal, mechanical, and antimicrobial properties of
the TSNP-mncorporated composile films were evaluated. Resulls showed the TSNP-treated films had
a rougher surface than the bare Alms. Insignificant changes in the thermal properties of TSNP-teated
flms compared to bare ones wene also observed, which indicated the thermal stability of the com-
pesate Blms, The kensile stoength and antimicrobeal propertes of the composite Alms were increased
after TSNP incorporation. TSMNP/PCL and TSNP/ PLA films exhibited improved antimicrobial
activily against Eschericlia coli and Staphylococans mirais with antiscrobial effect (AE) values ranging
berbweremn 0.10 and 0.35. The ebtained results and demenstrated TSNP production scalability validate
the TSNP teeated PCL and PLA films as a composite material with desirable antimicrobial effect for
wide-rangung surface applicabions

Keywords: poly caprolactone; polylactic aad; antibactenal; tiangular salbver nanoplates; composate films

L Introduction

Surfaces, in particular common synthetic surfaces, are a frequent source of contami-
nation and,/ or transmission of microbiological organisms and a critical aspect of disease
and infection containment. This can be especially problematic at sites such as healthcare
facilities, food industries, and public environments, among others, where pathogens can
easily spread and lead to disease acquisition and transmission. Furthermore, antibiotic
resistance in microorganisms is rising globally and sevemrly compromising our ability to
prevent and treat common infectious diseases [1].

The development of new antibiotic drugs is a long and investment-infensive process,
with costs averaging USD 800 million and durations of 10 years or more requined [2,3].
Additionally, there is no guarantee that a given drug will be legally approved for use
or will generate sufficent profits, making it unattractive for pharmaceutical companies,
hence there is a notable decrease in the release of approved antibiotics during the last
decades. Thus, to address the growing problem of antimicrobial resistance, there is an
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urgent need for the development of novel and innovative alternative approaches. These
new technologies must enable a reduced dependence on antibiotic drugs and deliver
reduced risks of infection. As a result, researchers are focusing on new strategies such as
including novel molecules and using informatics and nanotechnology for the development
of novel anti-infection technologies.

Progress in nanoscience has provided a range of advanced functional nanomaterials
that are paving the way to improved solutions for human well-being in several different
fields. The applications of functional nanomaterials vary from energy to electronics to
sensors, environmental, and drug delivery [4]. Metallic nanoparticles (MPs) such as copper
oxide (Culd), titanium dicxide (TiOy), gold (Au), and iron oxide (Fea03) NPs have demone
strated significant antimicrobial potential [5]. Nevertheless, sitbver (Ag) remains one of the
most attractive metals for the synthesis of NPs, because of the wide applications derived
from its unique properties. Attributes like Ag's malkeability, conductivity, optical profile,
and antimicrobial properties underpin its value and convenience for several functionalities
and human requirements, through ancient and moedern times [6,7].

Despife the numerous advantages and applications for Ag NPs, environmental risks
are also a concern as the number of products using them increases rapidly.  This will
inevitably increase human and environmental exposure. Although the effects that nano-
materials could have on the environment are not fully understood yet, there is concern
that some NPs could accumulate in target organs of the respiratory, cardiovascular, repro-
ductive, urinary, and central nervous systems in exposed species [£]. Therefore, further
studies are required to determine the extent of environmental risk, and to implement pre-
ventive measures accordingly Humans are generally exposed to Ag from several sources,
including jewelry, functional textiles, coins, tableware, deodorants, catheters, antibacterial
treatments, coatings in refrigerators, etc. [%]. Several factors influence the cytotoxic level of
Ag NP5, including size /shape of the nancparticle, concentration, dose, surface chemistry
and coatings on the NPs, the environment in which they interact and reside, and agglom-
eration [10]. Hence, more information is still required to cormectly assess the hazards of
chronic exposure to nano-silver and its ions, both for humans and the environment. For
biomedical applications, it was found that the optimum particle size of Ag NPs to exert
acceptable antimicrobial activity is in the range of 15-50 nm [11].

Triangular silver nanoplates (TSNPs) and other non-spherical Ag nanostructunes with
sharp geometries have been postulated to possess highly controllable optical properties
related to strong electric-field enhancement that are especially pronounced in Ag nanos
tructures with tips [12]. TSMPs have been reported to exhibit higher antimicrobial activity,
attributed to a rate of Ag™ ion release five times larger, compared to spherical NFPs. As Ag®
ion nelease is caused by oxidation, the increased ion release of TSNPs is a consequence of
their sharp edges and corners, which make them more susceptible to oxidation [13-17]. It
is also recognised that larger surface-to-volume ratio possessed by smaller MPs companed
to larger ones allows smaller particles to release more Ag™ ions. These results support the
suitability of TSNFs to deliver antimicrobial activity for devices and surfaces.

Integration of Ag MNPs into biodegradable polymers as polycaprolactone (PCL) and
polylactic acid (PLA) for composite-film fabrication has been explored, and significant
improvement was noticed in the antimicrobial properties of the Ag NP-treated composite
films [18-21]. Nevertheless, ome of the major challenges for the incorporation of Ag
MNP in polymers is the nonhemogeneous distribution of NPs in the polymer matrix. Such
insufficient dispersion, caused by NP agglomeration, leads to the deterioration of the optical
and mechanical properties of the polymer nanocomposites [22]. Generally, the synthesis of
Ag NPs is usually performed in aqueous systems due to the poor solubility of Ag ion salts
in organic solvents, and also due to the increased envircnmental favourability of agueous-
based chemistries. Aqueous conditions, however, strongly hinder the compatibility of
Ag NPs with hydrophobic polymer matrices during blending [23]. Therefore, to increase
such compatibility strategies including surface modification, ultrasonic oscillations, and
mechanical alloying have been proposed [24]
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In the specific case of TSMNPs, only a limited number of reports for their incorporation
as fillers in composites to improve composites” antimicrobial properties are reported. The
functionalization of TSNPs on bulk glass surfaces designed to impart an antibacterial
effect based on the release of Ag™ has been studied in [4]. A report by Vukoje et al. (2014)
discussed the incorporation of TSMPs in cotton fabrics pretreated with chitosan for im-
provement of the antimicrobial properties of the fabrics. Results showed that the TSNPs
were able to increase the antibacterial activity against Gram-negative E. coli, Grame positive
5. mureus, and yeast Candids albicans with a bactericidal percentage of 9%, [25]. Furthermore,
despite the diversity of TSNPs" applications and their incorporation into polymers for the
improvement of their electrical and thermal conductivity [26-30], there is a lack of informa-
tion about TSNF integration into bioplastics for antimicrobial purposes. Combining the
urgent need to develop innovative antimicrobial technologies that combine environmental
sustainability and plastic-circularity principles, here we present antimicrobial biodegrad-
able plastics based on TSMPs incorporated into PCL and PLA films. Furthermore, the
polyester nature of PCL and PLA plastics is showing promise for closed-loop circularity
developments, making these polymers, upon the incorporation of antimicrobial TSNP,
highly lucrative as bicdegradable antimicrobial plastics. This study describes a solvent-
casting technique for the preparation of TSNP-integrated polymer films with improved
antimicrobial properties using PCL and PLA as model polymers for film processing. The
morphological structure, thermal behavior, and mechanical properties of the fabricated
films weme characterized in detail. The antibacterial activity of TSNP-treated films was
evaluated against Escherichia coli and Staphylococcus aureus strains. A new scaled-up TSNP
production methodology is demonstrated, validating the industrial-scale applicability to
this antimicrobial technology. This demonstration of antimicrobial active TSNP-integrated
PCL and PLA bioplastics, which combine cost-effectivity with industrial scalability, is
antibiotic-free and highly relevant, particularly given the current Covid-19 pandemic.

2 Materials and Methods
1. Materials

The HPLC-grade water (34877-2.5L), sodium dtrate tribasic (C8532-1000) [TSC],
poly(sodium 4styrenesulfate) (43457 4-50) [PSS5], sodium borohy dride (213462-250G) [NaBH],
silver nitrate (204390-100G) [AgNOs] and L-ascorbic acid (A92902-250) [AA] wene obtained
from Sigma-Aldrich Ireland Lid. (Arklow, Ireland). An FEX pump from Syrris (Royston,
UK) was used for the addition of AgNOy. O-[2-(3-mercaptopropionylaminojethy | ]-O'-
methylpolyethylene ghyeol (11124 1G-F) The [SH-FEG] was obtained from Sigma-Aldrich
Ireland Ltd. The PCL CAPA 6250 [MW 25,000] was obtained from Perstorp (Malma,
Sweden). The PLA Ingeo 40441 was obtained from MatureWorks LLC (Minnetonka,
MN, USA).

2.2, Symthesis of Triangular Silver Nanopiates (T SNPs)
The TSNP synthesis was performed using a seed-mediated approach, adapted from [31].

This method involved two steps: seed production and TSNP growth. For the seed produc
tion, 5 mL of TSC (2.5 mM), 0.25 mL of PS55 (500 mg /L), and 0.3 mL of NaBHy (10 mM)
were mixed, followed by the addition of 5 mL of AgNOy (0.5 mM) at the rate of 2 mL/min
with constant stirring. TSNP growth was carried out in 4 mL of distilled water (DW),
0.075 mL of AA (10 mM]), and (.35 mL of seed solution {25.56 ppm of Ag), with the addition
of 3 mL of AgMNQ4 (0.5 mM) at a rate of 1 mL/min. Finally, 0.5 mL of TSC (25 mM) was
added. The finished reaction resulted in a final Ag concentration of 21.34 ppm.

2.3, Scale-Up of TSNP Production

Scaling up the TSNP synthesis was achieved by increasing all the reactants” volumes
from the adapted method proportionally to reach a final volume of 200 mL. An Ag seed
volume of 20 mL was prepared by mixing 8.53 mL DW, 0.95 mL T5C (25 mM), (.47 mL P555
(500 mg,/mL}, and 0.57 mL NaHBy (10 mM}. A volume of .48 mL of AgNOy (0.5 mM) was
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added at a rate of 379 mL/min. After 4 hours, the preparation of the seeds was complete
and 875 mL of seed solution (25.56 ppm) was mixed with 100 mL of DW and 1.57 mL of
AA (10mM). 75 mL of AgMNOy (0.5 mM) was added at a rate of 25 mL/ min, followed by
125 mL of TSC (25 mM) after the reaction was finished.

24, Transfer of TSNP to Chloroform

The prepaned TSNP sclution was concentrated with thermal evaporation at 40 °C for
8 days in an oven, to obtain an estimated final concentration of 43 ppm. The transfer of
TSNP into chloroform was performed based on a previously reported method [23] with
slight modification. Briefly, the TSNPs were coated with thiokterminated polyethylene
ghycol (SH-PEC) where an amount of 4 mg of SH-PEG per millilitre of TSNP solution was
stirned for a couple of minutes. A fterwards, the treated TSNPs were mived with chloroform
in a 1:1 proportion and centrifuged at 16,162 rcf for 45 minutes, and the supernatant
was discarded.

15 TSNP Integration into PCL and PLA Biopolymers via Solvent-Casting Technigue

The solvent-casting procedure for the PCL and PLA included the dissolution of 800 mg
of polymer pellets in 15 mL of chloroform at room temperature, then 5 mL of TSNPs in
chloroform were mixed with polymer solutions separately, and each mixture was poured
in a Petri dish and dried overnight in an airtight oven at 40 °C. The treated films had a final
concentration of 0.026 wt % of TSNPs. Bare films of PCL and PLA were prepared using the
same procedure without the addition of TSMNFs for further analysis comparisons.

26. Antimicrobial Adtinity

The antimicrobial activity of casted films was evaluated against Escheridhia coli ATCC
9001 (LGC Standards, Middlesex, UK) and Staphylococcus aures ATCC 25923 (LGC Stan-
dards, Middlesex, UK) in Luria-Bertani broth (10 g/L tryptone, 10 g/L NaCl, 5 g/L veast
extract, pH 7.2) using adapted standard broth microdilution assay for bacteria that grow
aerobically, as recommended by the CLSI (Clinical and Laboratory Standards Institute
2015). Prepared films (1 om?) weme used as samples, with bare films as a negative control
and tested microorganisms as a positive control. Growth of the respective test organisms
{10F CFU/ml) after 24 h at 37 *C was measured as optical density (0D} at 600 nm using
a Biotek Synergy HT Microplate Reader (Biotek Instruments GmbH, Bad Friedrichshall,
Germany). Serial dilution of cultivated broth was plated and incubated (30 °C, 24 h), and
the number of colonies (CFU/ mL) developed on the bare and treated films was calculated.

27, Instrumentation

The equipment used for the characterization of the TSNPs and prepaned films are
discussed in detail in Supplementary Materials.

3. Results and Discussion
31. TSNP Symthesis

The TSNP synthesis was performed using a seed-mediated approach adapted from [31].

The methed imvohred two steps; seed production and TSNF growth. NaBHy was used for
the reduction of AgMNOs and seed formation. The chemical reaction occurred as follows [32]:

AgMNOy + NalHg — Ag + 1/2H; + 1/ 2B:Hg + NaMNOy

TSC and P555 were used as stabilizers for seed production, and both have been
reported to aid the formation of nanoplates. It is postulated that citrate ions and PSS55
(being a charged polymer) bind to the surface of the [111) facet of seed particles, and
promote the growth of the NPs into a triangular plate shape [31,33].

During the growth step, the spherical Ag seeds reacted with new Ag* ions in the
presence of AA and citrate ions, forming the TSNT as follows [34]:
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(Spherical Ag NPs) + Ag™ + CgHaOlg + CgHsMag Oy — (TSNP)

It was found that upon the addition of AgMNO,, the colour changed from yellow to
shades of orange, then shades of red and purple, and finally a dark blue colour of TSMPs
was obtained. The normalized UV-VIS spectrum of the seeds and the TSMPs prepared
using 350 pl. of seeds are shown in Figume 1. The spectrum of the seeds had a localized
surface plasmon resonance (L5FPE) peak at 395 nm and a full width at half macimum
(FWHM) of 79 nm (435-356 nm). The TSNP curve had a peak at 801 nm and an FWHM
of 150 nm (563513 nm). These results are in accordance with the results obtained by the
original method, indicating the successful production of TSMPs [31].

The remarkably strong local surface plasmon resonance (LSPR) of these TSNPs has
previously been reported in [35]. The LSPR of these TSNPs provides a highly effective
tool for monitoring the processing of the TSNPs, providing a means to directly follow the
geometricevolution of the TSNPs, interactions at their surfaces, and compatibility with
matrices in which they are embedded [36,37]. The LSPR response is hence available to
provide a direct readout of the preservation of the TSNP integrity through the processing
steps involved in the preparation of TSNP antimicrobial biodegradable plastic films.

Normalized Extinclion

] 400 S00 600 o0 80 0o
Wavelength (nm)

Figure L UV-VIS spectrum of (a) Ag seeds and (b) TSNPs.

As shown in Figure 2, transmission electron microscope (TEM) analysis confirmed
the presence of triangular plates, with defined sharp comers having a mean edge length of
15 £ 4 nm and a mean diagonal of 17 £ 6 nm. While in the case of equilateral triangles, to
which the TSNP can be approximated, the edge length was greater than the diagonal length,
which was also true for the TSINPs, given the relatively high error in the measurement of
the mean diagonal lengths.
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Figure 2. TEM images of (a) single TSNE, (b) multiple TSNF, (¢) Edge length and (d) diagonal size
distribution of TSNE

The scaling up of the TSNP production was performed to evaluate the efficiency of the
synthesis technique in the production of large volumes of TSNPs. As shown in Figure 51,
the LSPR peak wavelength of the scaled-up TSNP batch was 584, with an FWHM of 112 nm
(635-523 nm). An insignificant blue shift in the peak and a small reduction in FWHM was
observed in comparison to that of smaller prepared volumes of TSNF.

A concentrated solution of TSNPs (43 ppm) was then obtained via thermal evaporation,
as previously described. Figure 3 shows the UV-VISs spectrum of the TSNPs (21.34 ppm)
before evaporation, with an LSPR peak wavelength of 633 nm suffering a small blue
shift to 617 nm after thermal evaporation. The FWHM also exhibited a change, from
153 nm (706-553 nm) to 179 nm (723-544 nm) after evaporation. These differences between
both LSPR spectral profiles were indicative of a slight broadening in the homogeneity of
the TSPNs, with the minor blue shift and consistent spectral profile confirming that the
triangular shape of the TSNP was preserved [35]. The scale-up process, therefore, did not
significantly affect the geometric profile of the TSNPs, and hence was not an inhibitory
process for the antimicrobial performance of the TSNPs.

In the current study, a solvent-casting technique was selected for demonstration
of TSNP-incorporated biodegradable plastic film fabrication. One of the advantages of
this technique is that it does not involve high temperatures, which can result in the fast
oxidation of TSNPs. Nevertheless, the dissolution of all the film’s components in a single
solvent is an essential requirement of the solvent-casting technique. The selected model
biodegradable polymers (PCL and PLA) for the film production are hydrophobic polymers
that have very poor solubility in water. TSNPs were therefore transferred from the aqueous
phase to an organic phase. Chloroform was chosen as the organic solvent due to its high
solubility for the model polymers, and SH-PEG was used to assist the transfer of TSNPs
from the aqueous solution to chloroform [38]. UV-VIS spectra of the TSNPs before and
after coating with SH-PEG, and after the transfer in chloroform, are presented in Figure 3.
LSPR peak wavelengths were 596 nm for SH-PEG-coated TSNPs and 650 nm after transfer
to chloroform, which was indicative of increased local refractive index at the TSNP surfaces
due to the accumulation of SH-PEG. In comparison to the LSPR of concentrated TSN, a
blue shift of 21 nm occurred after coating the concentrated TSNP with SH-PEG, indicating
that these TSNP's were, to a minor degree, more susceptible to oxidation following the
concentration process. A subsequent red shift of 54 nm occurred for the concentrated
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SH-PEG-coated TSNPs upon transferring them to chloroform, indicating the preserved
integrity of the TSNP geometries under these conditions. The FWHM was shifted to 197 nm
(514711 nm) for SH-PEG-coated and 168 nm (565-733 nm) for the chloroform solution.
Noticeably, the most drastic shift in the LSPR and FWHM was observed during the transfer
step. After transferring to chloroform, and contrary to the other shifts, a red shift occurred.
Such a result can be attributed to the higher refractive index of chloroform (1.44) than water
(1.33), which led to the production of red shifts in the LSPR of the TSNPs [39-41].

—— TSNP
———8H-PEG - TSNP
~———Chloroform TSNP
—— TSNP (Frash)
09 4
g
w
03 4

T . T a T 1
200 400 600 ao0 1000
Wavalength

Figure 3. UV-VIS spectra of nonconcentrated TSNP, concentrated TSNPs, SH-PEG-coated TSNP,
and TSNPs after transfer to chloroform.

3.2. TSNP-Treated Polymer Films

Solvent casting was evaluated as a film-processing technique. Two model biodegrad-
able polymers, PCL and PLA, were selected for the fabrication of TSNP-integrated com-
posite films. Chloroform was used to dissolve the polymers and as suspension media for
the SH-PEG-coated TSNPs. This resulted in better protection for the TSNPs from the air
after solvent evaporation, allowing the films to maintain the blue colour of the TSNPs
as shown in Figure 4. As mentioned before, the blue colour was an observable feature
directly related to the LSPR properties of the TSNPs, serving as a straightforward indicator
of the geometric integrity, as drastic changes in the geometry, would also lead to observable
change or loss of colour. A similar example has been previously reported, in which blue
TSNP-integrated cotton fabrics changed to yellow after autoclave sterilization, showing
that agglomeration or transformation of the nanoplates into nanodiscs occurred [25].

Figure 4. Photographic picture of (a) TSNP/ PLA and (b) TSNP/PCL flms.
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3.2.1. Scanning Electron Microscopy

A Scanning lectron microscope (SEM) analysis was performed for the investigation
of TSNP distribution in PCL and PLA films. The morphology of all the films is shown in
Figure 5. The illustrative SEM images of the pure PCL and PLA films presented a good
compact structure, with a smooth appearance. The images of TSNP-treated PCL (Figure 5b)
and TSNP-treated PLA (Figure 5d) films showed rougher surfaces. On the whole, the
TSNP had some tendency of aggregation in the PCL and PLA films. Such behaviour can be
attributed to the high surface energy that TSNPs possess, which is affected by changes in
the size of the NPs and environmental factors such as pH and ionic strength [42].

Figure 5. SEM images of: (a) PCL, (b) TSNP/PCL, (¢) PLA, and {d) TSNP/PLA flms (1000 x magnification).

3.2.2. Differential Scanning Calorimetry (DSC)

The typical DSC curves of the bare and TSNP-treated PCL and PLA films are shown
in Figure 6a,b, respectively. The glass transition (Tg), cold crystallization peak (Tc), melting
process (Tm), and degree of crystallinity (Xc) data are summarized in Table 1. Noticeably,
TSNPs had a limited effect on the thermal transitions of the treated polymers. For instance,
compared to the bare PCL film, the addition of TSNPs did not affect the Tm (56 °C) and
Tc (27 °C) of the PCL. Additionally, in treated PLA films, the values of Tg and Tm did not
vary significantly from the bare PLA film, for which a change by 1-2 °C was only observed.
This can be attributed to the rearrangements of the PCL and PLA chains promoted by
the TSNPs, which resulted in the lowering of Tm by 1-2 °C [43]. These results were in
accordance with previous reports in which the addition of Ag NPs did not result in obvious
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changes in the Tm values of PCL films [44]. Another study by Mroz et al. also found that
nano-silver did not significantly affect the thermal transitions of treated PLA films [45]

Moreover, as listed in Table 1, the addition of the TSNPs led to an increase in the
degmee of crystallinity in PLA films of up to 27%, but no significant effect was observed
in PCL films (Xc = 47%). In the case of treated PLA films, the resultant increase in the
percentage of Xc can be explained by the phenomenon of heterogeneous nucleation. A
similar result was cbtained by Chu et al, where the Xc of PLA was increased as a result of
addition of Ag NPs [46]
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Figure 6 DSC curves for (a) bane and treated PCL flms and (b) bare and treated FLA Alms.

Table 1. Thermal characteristics of the pune and TSNP-treated Alms

Sample Tz (°C) Tm (°C) Te (°C) Xe (%)
PCL - Saa 2775 479

TSMP/PCL - 5502 27.3% 47.4
FLA a7 148.1 114.86 215

TSNP/ PLA 5A.1 146.25 1 4

3.2.3. Thermogravimetric Analysis (TGA)

A TGA analysis was carried out to study the thermal stability of the prepared films.
The TGA curves of the bare and TSNP-treated PCL films are shown in Figure 7a, while
Figure 7b demonstrates the TGA curves of the bare and TSNI-treated PLA films. From the
thermogravimetric curves, it can be observed that the bare and TSNP-treated films had a
relatively good thermal stability, since all the maximum mass losses occurned between 400
and 500 "C. As shown in Figure 7a, the onset degradation temperature (Tonset) of pure
PCL was approximately 439 °C, and the degradation was complete at about 550 °C. In
PLA films, the Tonsetwas 380 °C, and complete degradation was observed at 475 "C. Both
the Tonset and the completed degradation temperature of the TSMP-treated FLA and PCL
films were not significantly different when compared with their pure films. Therefore, we
can conclude that the addition of TSNPs cbviously maintained the thermal stability of the
PCL and PLA films. These results were in accordance with previously published studies
in which no significant difference in thermal stability was observed upon the addition
of nano-sitver-coated chitosan to PLA films [47,48]. Similarly, the addition of different
silver concentrations did not change the thermogravimetric behaviour of PLA samples
after 7 days in composting conditions, as reported by [47]. On the other hand, Cerkez et al
(2017) and Leonés et al. (2017) concluded that PCL films and PCL electrospun fibers did not
show a significant difference in thermal decomposition when treated with Ag NPs [44,50].
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Figure 7. TGA curves of (a) bate and TSNP-teated PCL films, and (b) base and TSNP-treated PLA films,
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3.2.4. Mechanical Properties

Tensile strength (TS), elastic modulus {(EM), and elongation at break (£]) of the fab-
ricated films were caloulated as illustrated in Figure 8 The pure films of PCL and PLA
exhibited a lower tensile strength (TS = 13.97 MFPa for PCL and 21.99 MPa for PLA) and a
higher percentage of elongation at break (e = 11L.07%, for PCL and 4.84%, for PLA) values
comparned to the TSNP-treated films. This was in accordance with Augustine et al. (20146),
who reported that electrospun PCL membranes either maintained TS and EM values or
exhibited an increase in those parameters at a higher percentage of added Ag NPs [51]. For
PLA films, similar results were obtained by Ali et al. (2014), as they observed an increase in
TS after the addition of Ag NFs to PLA [52]. Similarly, an increase in TS was also eporied
by Szymanska-Chargot et al. (2020) after fabricating a PLA composite containing Ag MNPs
and nanccellulose from carrot pomace [53] In the current study, the increase of TS of PCL
and PLA films after being mixed with the TSNPs can be attributed to the high compatibility
between TSMPs and the model polymers. However, the TSNP-treated PCL films suffered
a significant decrease in the elongation at break percentage, resulting in the formation
of a very brittle film. Such a result might be due to TSNP stacking (as observed in SEM
images), which reduced the mobility of the polymer chains. A similar outcome was also
reported by Abdelaziz et al. (2020) as a result of adding hydroxyapatite nanoparticles to
PCL composites [54].

Concerning the EM of the fabricated films, it was found that the incorporation of
TSMFs led to an increase in the EM of the PLA film due to the high stiffness of the TSNFPs as
fillers compared to pure FLA. An increase in the EM as a result of Ag NT addition was also
reported by Liu et al (2017) and Seymanska-Chargot et al. (2020) [53,55]. Alternatively,
there was no significant difference between the bare and TSNI-treated PCL films. A similar
trend was also observed by Augustine et al. (2016, in which nanocomposites containing a
small concentration of Ag NPs did not show a significant change in the elastic modulus of
PCL composites [51].
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Figure & (a) Elastic modulus, (b) Tensile strength and Elongation at break of treated and base PCL and PLA Alms
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3.3, Antimicrobial Activity

Dispersion of nanopartickes inside a polymer matric can influence the mechanical
and barrier properties, but also it can change its antimicrobial nature. As previoushy
mentioned, TSNPs are proven to possess considerable antimicrobial activities, and as such
the incorporation of TSNP in PCL and PLA films can improve the composites” antibacte rial
characteristics. In our present study, both Gram-positive (5. aurais ATCC 25923) and
Gram-negative (E. colf ATCC 9001) bacteria were used to assess the antimicrobial properties
of TSNP-treated PCL and PLA composite films with respect to bare films. These bacterial
strains wem chosen as epresentatives of common harmful microorganisms occurring in
various biomedical related products [56,57]. The antimicrobial effects (AE) of bare and
TSMP-treated PCL and PLA composite films were then calculated using the following

formula [4].

AE = log NC — log NE

wheme NC is the number of CFU/mL developed on the bame films, and NE is the number
of CFU/ mL counted after exposure to TSNP-treated filmes.

As shown in Table 2, all TSNP-treated films exerted an acceptable inhibitory effect
against the ested Gram-positive and Gram-negative bacterial strains. Such antimicrobial
activity was attributed to the TSNPs incorporated in the composite films since the bare PCL
and PLA films showed no antibacterial activity. Additionally, solventcasted TSNP/ PLA
films demonstrated higher AE values than TSNP/ PCL films against both 5. mirenus and
E. coli, which can be attributed to the easiness of Ag™ ions to be released from the surface of
the PLA rather than the PCL matrix. Such results were in accordance with Ahi et al. (2019),
who demonstrated that PLA films treated with a microbicidal compound such as propolis
had a higher antimicrobial activity than PCL films did against 5. aureus [58].

It is also worth mentioning that the TSNP-treated films showed increased antibacterial
activity against Gram-negative bacteria than towards Gram-positive ones. This was due
to the scarce thickness of the cell wall in the Gram-negative bacteria, making them more
susceptible to the action of Ag™ ions released by the TSMPs in the treated films [59,60].

Table . Antimicrobial effect (AE) values * for TSMP-toeated films.

Bacterial Strain TSNFPCL Films TSNF/FLA Films
E. coli ATCC 9001 0.10 035
5 murens ATCC 25923 011 028

*Values weme obtained as the average of thee measurements. AE= log N — logNg

4, Conclusions

In this study, a solvent-casting technique for the incorporation of in-house fabricated
TSMFs in PCL and PLA polymerswas developed. The effect of TSNFs on the morphological
structure, thermal properties, mechanical properties, and antimicrobial activity of PCL and
PLA films was imvestigated. An SEM analy sis showed the cross-section of the TSNP-treated
films had a rougher surface than the bare films. The DSC curves confirmed that TSMNPs had
no effect on Te and Tm values, but had an enhancing effect on the Xc percentage, especially
for PLA. With the addition of TSNPs, TGA results showed maintenance in the thermal
stability of the treated films. We found that with the incorporation of TSNS in the model
polymers, the composite films had a higher TS and lower elongation of break (). The EM
of PLA films was also improved upon the addition of TSNPs, while no significant effect
was observed on the EM of treated PCL films. Concerning the antimicrobial activity, the
treated PCL and PLA films showed an enhanced growth inhibition for both E. coli and
5. qureus strains, which was attributed to the bacterial inhibition ability of the TSMNFPs.

In conclusion, the obtained results clearly showed that these PCL and PLA films with
incorporated TSMPs have considerable potential as bioplastics, with acceptable antimi-
crobial activity for surface and biomedical applications. Future work will constitute the
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optimization of TSMI-treated films to maximize their antimicrobial activity. In addition, a
comparative study will be carried out to demonstrate the advantage of TSNPs over other
morphologies of Ag NPs with respect to the antimicrobial activity of treated polymer films.

Supplementary Materials: The following ane available cnline at https:/ /wwwmdplcom, 1996- 194
4/14/5/ 1132 /51, Instrumentabion, Figure 51. UV-VISs spectrum of Scaled-Up TSNPs (300 mL).
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Abstract On a score sheet for plastics, bioplastics have a medium score for combined mechanical
performance and a high score for biodegradability with respect to counterpart petrolewm-based
plastica. Analysis quickly confirms that endeavours to increase the mechanical performance scone for
ioplastics would be far mone achievable than delivering adequate brodegradabality for the recalei-
trant plastics, while presecving thear impressive mechanical performances. Key architectural features
of both bioplastics and petroleum-based plastics, namely, molecular weight (My) and crystallmaty,
which underpin mechanical performance, typically have an inwersely dependent relationship with
hodegradabality. In the case of bioplastics, both macro and micro strategies with dual pesitive
corfelation on mechanical and bode gradabnlity performance, are available to address this dilemma.
Regarding the macro appreach, processing waing selected bllers, plasticisers and compatibilisers
have been shown to enhance both targeted mechanical properties and bodegradability within bie-
plastics. Wheneas, pegarding the micro approach, a whole host of bio and chemical synthelic roules
are uniguely available, to produce improved bioplastics. In thas review, the main characteristics of
bioplastics in kerms of mechanical and barrier performances, as well as biodegradabilaty, have been
assessed—identifymg both macro and macro roules promotmg favourable moplastes” production,
processabihity and performance.

Keywords: biomaterials; biodegradation; bioplastics; mechanical performance; barrier perfor
mance; processability

L Introduction

Pervasive plastics are leaving an indelible imprint on our planet. As high perfor-
mance and energy-saving materials, plastics are ubiquitous and central to sodio-economic
advancement. Current mainstay plastics are processed from fossil fuel resources, with
production requirements expected to double over the next 20 years. After use, these ne-
calcitrant plastics are contributing to waste stockpiles and alarming pollution. Feoycling
technologies, which primarily include mechanical and thermochemical approaches, does
not meet the effidency levels required to safeguard the planet and adequately revalorise
plastics as new products. The current linear economic model of resource mining, use
and discarding, is now widely recognised as unsustainable. A circular approach, where
resources are repurposed cyclically, akin to biclogical lifecycles, is essential in achieving a
sustainable socio-economic ecosystem.

Nature readily operates elegant and efficient re generative cycles for natural polymers
and end of life bioc-based materials. Such biodegradation and bic-regeneration processes
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involve microbial, ereymatic and biocatalytic activities for depolymerisation and nepoly-
merisation. Petroleum-based plastics, with their smooth surface topographies, extensive
hy drophobic chains and lack of bic-accessible organic chemical groups, are strongly bio-
inert and largely incompatible with bioprocessing, leading to their persistence over century
timescales within land and water environments. Biomass provides a wealth of remewable
and bio-waste resources for bioplastics synthesis. Many of these bio-based plastics, encom-
pass capacities for bindegradation and bioprocessing with high performance features akin
to petroleum-based plastics. The realisation of bioplastics that exhibit a complete set of
mechanical and biodegradability, hold the promise of delivering material of ecologically
sustainable, low carbon footprint circularity.

Bioplastics to date, however, have not achieved wide acceptability by the industry.
Incompatibility with existing sorting infrastructures and high temperature mechanical recy-
cling implemented for fossik-based plastics, along with raised production costs, are limiting
factors. Technical shortcomings, such as brittleness, lower gas barrier functions and pro-
cessing performances, have also played a role in keeping curment market penetration levels
in the region at just 2%. Combining high performance for consumer applications and con-
tinuous low carbon closed loop regeneration within plastics poses considerable challenges.
At a fundamental structural level, polymeric features associated with good mechanical and
fluid barrier properties are typically prohibitive to bicdegradability. Petroleum-based plas
tics achieve the required degrees of high mechanical strength combined with flexibility and
strong liquid and gas barrier properties by packing their sleek chemically structuned chains
into signature crystalline and amorphous regional arrangements. The tight alignment of
chemically simple chains at high degrees of crystallinity also renders these plastics largely
incompatible with biode gradation processes that require binactivities, including enzy matic
hy drolysis. Bioplastics, in contrast, by the very fact that they are generated from bio-based
resources, are inherently more complex with more elaborate chemical structures. This
provides both a means to progress their mechanical performance properties and provides
amenability to bicactivity with higher levels of hydrolysable groups available for post use
biodegradation and bicdepolymerisation. To date, equivalent results are readily achievable,
and in cases, results outperform particular mechanical properties for polylactic acid (PLA)
and polyhy drovyalkancates (FHA) bioplastics compared with conventional fossil-based
thermoplastics. The potential to address performance limitations by a combination of
bottom up and top-down approaches using considered chemical structure modifications
and blending and composite formations, holds the promise of framing a new generation of
bioplastics that encompass sustainability with performance.

In this review, the sustainability / performance triangulation between the biodegrad-
ability, mechanical and barrier properties of bioplastics is discussed. Approaches to over
coming the gap between industrially required mechanical and barrier performances and
biodegradability are overviewed and related to the potential to build a new generation of
high-performance sustainable plastics.

2 Bioplastic Production

Biopolymers can be obtained directly from biomass, as in the case of proteins and
polysaccharides and synthetic biopolymers, such as PFLA. Biodegradable polymers, in-
cluding polycaprolactone (PCL), polyglycolic acid (PGA) and polybutylene succinate-co-
adipate (PBSA), are primarily synthesised from petrochemicals. Microbial fermentation of
biopolymers, including PHA and bacterial cellulose (BC), operates under relatively benign
lowr energy conditions, and hence, is a highly favourable sustainable production route.
Various microorganisms can accumulate PHAs as storage materials when cultivated under
different nutrient and environmental conditions. This ability allows their survival under
stressful conditions. The number and size of the PHA granules, the monomer composition,
macromolecular structure and physico-chemical properties vary, depending on the pro-
ducing microorganisms, the feedstock supplied and the operation conditions [1-3]. On the
other hand, some bacteria can produce BC. This exopolysaccharide is a naturally occurring,
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chemically pure, free of hemicellulose, lignin and pectin, which is why BC purification is
an easy process demanding low energy consumption. Nevertheless, production yields are
very low, cultivation times are extensive, and thickness of layers is limited, which are major
drawbacks in the comventional BC production process, affecting the range of possible appli-
cations [4]. For the industrial production of bioplastics, three limitations are very important.
These include requirements of spedalised growth conditions, expensive precursors, and
high recovery costs. Building an increased body of knowledge on producing microbes”
metabolism, biosynthetic pathways and their regulation is essential in overcoming these
limitations [1,5].

3. Biosynthesised Plastics

In recent years, PHA polymers have emerged as one of the most promising biodegrad-
able materials. Unlike commonly used fossil-based plastics or PLA, which requires the addi-
tional step of lactic acid polymerisation, PHASs are the product of bacterial metabolism and
have a function of cytoplasmic inclusions. These materials, thanks to the over 150 monomer
units, can have a variety of polymer properties that can compete with commonly used
plastics, such as polyvethene or polypropylene [6]. Monomer compaosition is connected
to the substrate specificity of PHA synthase, hence the type of derived PHA is highly
connected to the microorganism used for its production. For example, biosynthesis of
short-chain kength PHAs (SCL-PHAS) consisting of poly-3hydrosoyrbutyrate P{3HB) ho-
mopolymers is a three-step process regulated by 3-ketothiolase, acetoacety FCoA reductase
and the SCL PHA synthase [7,8]. Bacteria, such as Acromonas caviae and Pseudomonas
stufzeri, are proven producers of PHA synthases with wide substrate specificity Momeover,
these enzymes have been identified after recombinant expression in Ralstonia entropha,
previously PHA negative. These PHA synthases can produce copolymers of SCL- and
medium-chain length PHAs (MCL-FHA) [9]. It has been reported that combinatorial
mutations in P. aeruginosa, P deovorans, and B putida resulted in their ability to synthesise
PHAs with 3hydroeoybuty rate (3HB), Fhydroxy hexanoate (3HHx), 3-hydroxyocatanoate
(3HO), Fhydroxydecanoate (3HDY, or 3hy drosey dodecanoate (3HDD) monomers [10-13].
These structures are presented in Table 1. The development of recombinant strains and
using genetic engineering techniques can lead to improved mechanical and thermal char-
acteristics of PHA materials. These properties are highly dependent on various factors
during upstream and downstream processes. Modification of PHAs chemical structune,
such as the introduction of fundional groups or producing blends and copolymers, can
also affect the quality of these maferials [14]. Traditional chemical synthesis techniques
have been successfully used for creating block copolymers with PHA materials. For
example, block copolymers, including PHB blocks balancing with other materials (poly (6
hydroxyhexancate), poly{3-hydroxyoctancate), monomethoxy-terminated poly{ethylene
ghycol) (mPEG), and poly(ethylene ghycol) (PEG)), have been reported. These structures
are presented in Table 2 [8,15].
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PHAs can also be derived from various substrates, including industrial waste streams [16],
food waste [17], supplemented solid biodiesel waste, plant cils [7]. Besides these, seaweeds
werne found to be great feedstock for PHAs productions [18]. These materials can be pro-
duced using different strategies, including batch, fed-batch and continuous processes, and
various conditions could be used for their conduction. Batch cultivations are easy and
simple to operate, but production yields are very low. On the other hand, fed-batch culti-
vation can provide higher product and cell concentrations (no substrate inhibition) [15].
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Continuous cultivation are also considered to be a viable strategy, providing required
concentrations of limiting substrates, such as fatty acids and their derivatives [20]. Nev-
ertheless, large scale application is still impractical with this type of production. Another
strategy used for PHA production is solid state fermentation (S5F—microbial cultivation
on solid support made of appropriate substrates. 55F can be performed with inexpensive
cultivation media, such as substrates, based on agro-industrial residues. This strategy
provides disposing of waste, while valuable compounds are being produced at the same
time [21]. There are few additional advantages of S5F over submerged fermentation: Easier
aeration, higher substrate concentration, as well as reduced downstream processing steps.
However, keeping conditions constant during the process is the biggest drawback to the
market-ready production of PHAs using this strategy [22].

Bacteria from the genus Komagataeibcter (former Gluconacetobacter) synthesises another
interesting, biosynthesised bioplastic—bacterial cellulose (BC). The BC production is a
multi-step, strictly regulated process that imvolves regulatory proteins, few enzymes and
catalytic complexes. The formation of 1,4-f-glucan chains is the first step in BC synthesis.
This process, together with chains” assembly and crystallisation, ocours intracellularly.
The second step involves extracting cellulose chains from the cells and their assembly
in fibrils [4,23]. The yield and properties of the resulting material highly depend on
the used bacterial strain and conditions of the conducted process, including medium
composition, aeration, shaking, etc. Morphological and physical properties of the resulting
material are in correlation to the cultivation broth composition. BC production can be
improved using genetically modified producing strains, isolating novel strains with the
ability to produce BC, and investigating process parameters and their significance. Florea
et al. isolated Komagatacibacter rhueticus strain able to produce a high yield of BC, while
growing in low nitrogen level medium [24] In order to increase BC production in limited
oxygen conditions, genetically engineered strains have been developed [25]. Hungund
et al. reported using ethyl methanesulfonate and ultraviclet radiation for Glucongcetobact er
xylinus MCIM 2526 strain improvement that resulted in a significantly higher yield of BC
(30%) [261

Different strategies can be used to produce BC, including acrated submerged culti-
wvation, static culture and airlift bicreactors [27]. Effects of these conditions on cellulose
mechanical properties are presented in Figune 1.

Tensile strength, polymerisation degree and crystallinity index amne highly influenced
by BC structure. Produced in static conditions, BC forms pellicles on the surface of the
medium. This gelatinous membrane can vary in thickness up to few centimetres depending
on substrates” availability. Produced like this, BC has a significantly higher crystallinity
index and tensile strength than the BC produced in agitated culture. Supply of air in
agitated cultures will result in pellets with a higher crystallinity index. Crucial factors in
BC production are the design of the reactor and proper control of conditions and process.
These parameters highly affect the yield and quality of the resulting material. Mo matter
which strategy is used, pH, oxygen supply, and femperature are essential conditions that
should be carefully monitored. These parameters are mostly strain-dependent, but it was
shown that the optimal pH value for cell growth and BC production is usually between 4.0
and 7.023, while the optimal temperature is in the range 28-30 °C [25].

Despite the great mechanical properties of the resulting material, static culture cannot
provide uniformity of the cultivation broth; hence, cells are not equally exposed to nutrients
and the thickness of the BC layer can be uneven. Additionally, productivity achieved in this
strategy is very low, and it demands an extensive period of cultivation [29,30]. To improve
the productivity of this process, the fed-batch strategy was developed, and a constant
BC production rafe was achieved for 30 days [31]. Submerged cultivations with agitation
provide uniformity of nutrients, especially ooy gen, resulting in higher yields in comparison
to the static cultivations and making the production process cost-effective. Products of
agitated fermentation depend on applied agitation speed and may include various forms
of cellulose: Spheres, pellets, fibrous suspension [22]. As previously mentioned, higher
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productivity is the biggest advantage of submerged compared to static cultivation, but
drawbacks, such as products” shape consistency and limited mechanical properties, are
issued to overcome [33]. Another problem that can limit BC yield in aerated cultivation is
a synthesis of gluconic acid. Due to the high agitation rates and hy drostatic stresses, the
production of the secondary, protective metabolites is favoured over cellulose. Nevertheless,
submerged cultivation of BC was implemented in different types of bioreactors, such as
airlift, stirred tank and rotating disk. Production of this material on a large scale is still an
issue, and designing mew or improving existing equipment for this purpose is an important
subject of research [34].
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Figure 1 Young's medulus, erystallinaty index and degree of poly merisation of BC depending on
cultivation conditions: a—with shaking, b—without shaking, c—with additional oxygen supply.
3.1. Biopiastic Mechanical Performance

Bio-based polyesters (FLA, and PHAs) exhibit similar mechanical properties and can
even exceed conventional plastic performances. Figure 2 demonstrates the Maximum
Tensile Strength (MPa) and maximum Tensile Elongation (%) of bioplastics compared to
petroleum-derived plastics. FLA is one of the most prominent bioplastics in terms of global
consumption. [t possesses several desirable properties, such as biocompatibility, biodegrad-
ability, composability and low toxicity to humans. The mechanical properties of PLA are
greatly affected by the degree of PLA crystallinity. PLA derived from 93%, or more L-lactic
acid can be semi-crystalline, while it is strictly amorphous when derived from 50-93%
L-lactic acid. Thus, high tensile strength can be observed in films of high L-lactide content
Tensile strength and impact resistance are also influenced by the degree of crosslinking and
the annealing of L-PLA, which increases the stereoregularity of the chain [35]. Comparison
of mechanical properties between poly(98% L-lactide) and poly (%4%, L-lactide) showed
a slightly greater elongation at yield for 98% than 94% L-lactide. However, poly(94%
L-lactide) has an elongation at the break seven times greater than poly(98%. L-lactide),
indicating more plastic behaviour with 94%, of L-lactide [35].

223



Polymers 2021, 13,2155

Tof25

804 wPET
T4 L=
uPLA
&0 4 L L
w
L up ] aFve
E—r mCelulose acetabe
3 40+ io-based PA
3 4
® %0 wBicdegradable PES . aPeL
= ape
20 4
mEndagadabls PEAT
104 T, Starch aLore
o T 1

] 250 46&'! 660 a:'n m'oo 1200
Elongation (%)

Figure 2. Maximum Tensile Strength (MFPa) and Maximum Tensile Elongation (%) of bioplastics
compared to petroleum-dernved plastics, Data from Ref, [36].

For racemic mixtures, a study by Chen et al. demonstrated that polymerisation of 50%
D-Lactide and 50°% L-Lactide usually results in forming an amorphous polymer of poly
(DL-lactide) [37].

As a packaging material, PLA offers high stiffness (greater than polyethene terephta-
late (PET) and polystyrene (FS)), good clarity (similar to PET), relatively low processing
temperatures, excellent resistance to fats and grease, and good breathability suitable for
fruits and vegetable storage. Such characteristics make PLA a potential candidate to replace
PS5, polyethene (PE) and polypropylene (PP} in the fabrication of disposable cups, salad
bowes and cold food packaging [38]. Mevertheless, PLA brittleness with less than 1076 elon-
gation at the break renders it unsuitable as a pure material for applications that require
plastic deformations at higher stress levels [39]. Additionally, PLA's poor gas moisture
permeability performance make it unsuitable for many beverage bottle applications [38].

Omn the other hand, PHAs gained considerable interest as a green alternative to petro-
chemically derived plastics, as they are biocompatible, biode gradable and synthesised from
renew able resources [40,41] PHB is the only polymer from the PHAs family to be produced
in large quantities. This material is considered an aliphatic polyester with a linear polymer
chain, composed of monomers of 3-hy droxybutyrate with a chromophoric carbonyl group.
Being a member of the PHAs, PHE is also characterised by having a methyl (CHz) as an
alkyl replacing group, which provides it with a hydrophobic charge. The regularity of
the polymerised PHB chain has a direct influence on its degree of crystallinity that, in
turn, is influenced by the synthesis route used. Isotactic PHB, which has chiral carbon in
absolute configuration R, is obtained through bacterial fermentation, while syndiotactic
PHE is synthesised through a synthetic route from monomers with setting K and 5. As
isotactic FHB presents a mome regular structure, it will allow a higher crystallinity than
syndiotactic [42]. Favourable PHB properties in terms of melting point, strength, modulus
and barrier properties promotes it as a substitute for PP, low density polyethene (LDPE),
pobyvinyl chloride (FVC) and PET in packaging applications. Differences in chemical struc-
tures between FLA, FHB and previously mentioned commonly used plastics are shown in
Figure 3.
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Figure 3 Chenucal structunes of biodegradable: Polylactic acd (PLA) and polyhydoox ybutyrake
FPHE); and nonbiodegradable poly mers: Polyethene terephatalate (PET), polyvinyl chloride (FVC),
polypropylene (PF), polysty rene (P5).

Mevertheless, as a bioplasticc PHB has drawbacks, such as being brittle, hard and
thermally unstable, making it challenging to use for applications like injection moulding
in food industries [43,44]. As a pure material, PHB is highly crystalline (around 80%),
resulting in the previously mentioned brittle nature and low elongations. The brittle nature
of PHB is associated with a secondary crystallisation of the amorphous phase at ambient
temperature. Another important issue is the glass temperature (Tg) of FHB. The Tg is close
to room emperature resulting in secondary crystallisation taking place during storage,
which, combined with a low nucleation density feature, leads to large sphe rulite formations
which can grow over long durations leading to inter-spherulitic cracks [43]. Generally,
spherulites are formed when PHB is crystallised from the melt, with band spacing between
them depending on the crystallisation temperature [45]. Cracks are always present within
spherulites in melt-crystallised PHB, and subsequent growth of the cracks leads to failure
of the polymer. Two distinct types of crack exist in FHB spherulites, which can run either
radially or circumferentially within the spherulites. Kadial cracks ocour mome frequently
in films crystallised at lower emperatures, while circumferential cracks occur when PHB
is crystallised at high temperatures [46]. Another problem with PHB processing is the
narrow processing window. The melting temperature of PHB is around 180 °C, therefore,
proessing temperature should be at least 190 "C. However, thermal degradation at this
point happens rapidly, drastically reducing the acceptable residence time in the processing
equipment to a few minutes only [47].

However, notwithstanding the limitations of PLA and PHAs, these bioplastic polymers
have the potential to be fine-tuned to extend their application range comparable to fossil-
based thermoplastics.

3.2. Biopiastic Barrier Performance

Inadequate fluid and gas barrier properties strongly impedes the utilisation of biopoly-
mers in applications, such as the food-packaging sector. The established utilisation of
PET and polyolefin family polymers in packaging applications is due to their combination
of low cost, transparency, good barrier (to oxygen and water vapours), and mechanical
characteristics. The oxygen permeability of PET (0.04 barrer) is much stronger than that
of the recently developed biopolymers [458]. Among previously mentioned biopolymers,
the most widely used—PHB stand apart having significant gas barrier properties (101 bar-
rer}, which are comparable to benchmark polymers, such as PET [4%] However, PHE s
brittle mechanical nature precludes its suitability for food packaging applications. PLA,
while having tunable mechanical properties, has oxygen permeability levels in the region
of .26 barrer, restricting its use within several food-packaging applications [50]. As an
approach to overcoming these barrier limitations, the addition of fillers to block the gas
and moisture molecular pathways through the polymers, on a nano-micro scale level, is an
attractive option [51].
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Am ideal filler should have a high surface area, aspect ratio and suitable chemical
compatibility to provide enhanced mechanical and gas barrier properties at low filler
content. The filler geometrical characteristics are an important factor in reducing gas
permeability. The higher the aspect ratio, the greater the surface activity, which leads to an
increase in mechanical properties, as well as gas barrier properties of the polymer matrix.

In terms of the orientation of fillers inside the polymer matrix, the Mielson model
is commonly used. This is an ideal case where the orientation of the filler is perpendic-
ular to the direction of diffusion and is generally not eadily achievable. The modified
version of the Nielson model is proposed by Bharadwaj by introducing the orlentation
parameter (5) [52]. If 5 = 0, designates perfect orientation and the Bharadwaj model will be
reduced to the Nielson model, and maximum permeability reduction will be observed as
indicated in Figure 4. Different models based on volume fraction and aspect ratio have also
been developed to compare theometical data with experimentally investigated gas barrier
results [53].
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Figure 4. Effect of fller addibion on gas barrier properbes of nanocomposites: (a) Poor barner properties in prisine polymer,
due to direct diffusion pathways for gas molecules, (b) improved barmer properties n nanocomposites due o longer

diffusion pathways.

Another aspect to be considered while studying the bioplastics” barrier properties
is the dispersion and interchain compatibility of fillers within the bioplastics” matrices.
Well exfoliated nano-fillers in polymer matrices give optimal reinforcement and contribute
to other material performance characteristics [51]. A major issue with the dispersion of
fillers in polymers is their hydrophilic nature, which causes inefficient compatibility with
the hydrophobic polymer phase. Therefore, treatments are adopted to promote better
interactions and good dispersion between the polymer phase and the fillers [54]. Moreover,
the structural characteristics of the filler define the contribution imparted to the mechanical
and gas barrier properties of polymers. The structural format of fillers dramatically impacts
the gas barrier properties of their host polymers [55]. This is due to the higher crystallinity,
which increases the effective path of diffusion and impedes the passage of gas molecules
through the polymers rendering them suitable for packaging applications.

Figure 5 demonstrates the effect of fillers addition on the barrier properties, especially
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the ooy gen (Oy) permeability of commonly used petroleunm-based plastics and biopolymers.
The data is compiled by converting coorgen permeability values from different units into
a single unit (barrer). The addition of smaller amounts of fillers in biopolymers has
drastically reduced the permeability of cocygen, fulfilling the criteria of ideal gas barrier
material (LDPE PET, and high density polyethene (HDPE)). Among bicpolymers, PHAs
showed more hindrance to the passage of gas molecules in their pristine polymers as
compared to mentioned petroleum-based polymers. Functionalised graphene oxide (Gr-0)
proved to be the best filler The impressive reduction of cxygen permeability by G0 could
be related to the strong interfacial adhesion between Gr-0 and PHA polymer matrix [56].
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Figure 5. Effect of nanofillers on oxygen permeability of vanous biopoly mers.

1.3. Bioplastic Processing aud Formulation

Blending and composite formation is an established route for achieving improved
technical and processing performance within polymer engineering, Blending PHAs, in
particular, PHE with other polymers, offers opportunities to improve processability by
lowering the processing temperature and reducing the brittle nature of these biopolymers
The physical, chemical and molecular architectural aspects dictate the enhancement of the
polymer blend achievable through compounding techniques and introduced additives.
Plasticiser additives can improve polymer viscosity and improve chain mobility during
processing. Thermal stabilising additives can be used to eliminate premature degradation
of polymers during processing, such as antiovidants, which guard against the presence of
oxygen in the processing environment. Compatibiliser additives can improve miscibility
between polymers by inducing flexible physical dipole-dipole interactions, or hy drogen
bonding [57]. Manccomposite additives, such as nanocrystals and nanofibres, can sig-
nificantly improve the mechanical strength and gas barrier properties of the polymers
if they are well dispersed in the biopolymer matrices. Natural fibres as an example of
nanocomposite have been recently introduced as the main component in fibre reinforced
biopolymer composites [58]. The intermolecular hydrogen bonds connecting the polymer
chains of natural fibres provide a linear crystalline structure with a tensile strength reaching
15 GPa [59]. Such great strength is also accompanied by other advantages, as low cost,
abundance, biodegradability, easy recyclability and fabrication of low weight composite
materials [58]. All these properties made natural fibres perfect candidates as fillers in
biopolymer composites and can compefe with glass or carbon fibres. Accordingly, several
studies wemne performed to evaluate the effect of incorporating natural fibres in biopolymer
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composites to improve the composite’s mechanical and barrier properties. Among natural
fibres, cellulose [60-66], hemp [67-73], kenaf [74-75] and flax [759-88] were the most studied
ones. [t is worth mentioning that nanocomposites of natural fibres or crystals added as
fillers without plasticiser or compatibiliser, results in their poor dispersion and decrease the
quality of polymer composite. Alternatively, plasticisers of hydrophilic nature, when mixed
with biopolymers or their blends, tend to increase the wettability and 02 permeability and
deferiorate the barrier properties of the polymer composite.

Thus, to obtain better performance of nanocomposites with plasticisers or compati-
bilisers in biopolymer composites, both additives should be used together. The addition of
nanocomposites with plasticisers improves the interfacial adhesion between the nanocom-
posites and the polymer matrix, allowing better dispersion and consequently provides
a mone torfuous path for gas and water and increase the barrier properties. Other ap-
proaches were introduced to improve the dispersion of the nanocomposites of natural
fibres or crystals in polymer matrices. These include physical and chemical treatments of
the nanocomposites before mixing with biopolymers. Bio-based coatings were also applied
to natural fibres reinforced biocomposites as a means of inducing the hydrophobicity, and
thus, improve the barrier properties of the biocomposite.

3.3.1. Blends and Composites

As previously mentioned, the processability and formability of FHB represent a draw-
back in industrial applications; blending with FLA provides a potential route to facilitating
its introduction in the market, while also improving PLA properties at the same time.
Several studies on PLA-PHE blends have been conducted in recent years, with the results
typically showing a slightly higher Young's modulus than neat PHB and neat PLA [55].
Blends with PHB content of 50% or higher have shown lower values of tensile stress and
elongation at the break in comparison to pure PLA [20]. However, above 60% PLA content
has been reported to increase elongation at the break by up to 12%, with values even
comparable to typical thermoplastics achieved on the addition of plasticisers [57,59,91-53].
Furthermore, the PLA-PHB 75:25 blend demonstrated higher mechanical performance than
neat FLA, and greater impact resistance than the homopolymers on their own [59,94], Jan-
das et al. reported the incorporation of PHB within PLA matrix in different ratios resulting
in intermediate properties for the blends. The ductility of PLA increased consistently as
PHE concentrations increased from 10 to 30 wi®. The maximum increase in percentage
elongation was observed in the 7030 ratio, suggesting some degree of molecular inferac-
tion between the macromolecules of PLA and PHB within the blend (Figure ). However,
tensile modulus and tensile strength were considerably decreased in the case of the blends,
compared to pure PLA, as well as a corresponding decrease in stiffness. Blends prepared at
7(k30 ratio were used for trial with compatibilisers and preparation of blend composites,
due to the optimum elongation at the break and impact strength exhibited [57]
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3.3.2. Compatibilisers and Plasticisers

Facilitation of processability and improved flexibility in PLA /PHB blends is achievable
using plasticisers [94]. Plasticisers are available as cost-effective, readily available materials
on the market and are also generally of natural origin and include: Oxypropylated glycerin
(or laprol), glycerol, glycerol triacetate, 4nonylphenol, 4,40-dihydroxydiphenylmethane,
acetyl tributyl citrate, salicylic ester, acetylsalicylic acid ester, soybean oil, epoxidised
soybean oil, dibutyl phthalate, triethyl citrate, dioctyl phthalate, dioctyl sebacate, acetyl
tributyl citrate, di-2-ethylhexylphthalate, tri{ethylene glycol}-bis(2-ethylhexanoate), triace-
tine, and fatty alcohols with or without glycerol fatty esters. Blends of PEG (2-5%) and PHB
produced by solvent casting technique has been demonstrated to increase the elongation at
the break by up to about four times compared with the original neat PHB. This behaviour
was attributed to a plasticising effect of PEG, which acts to weaken the intermolecular forces
between the adjacent polymer chains. The changes in free volume reduced the melting
temperatures of the system and are also associated with an accompanying reduction in
tensile strength [95].

As shown in Figure 7, compatibilisers, such as maleic anhydride, have been applied
to PLA and PLA /PHB blends to impart additional flexibility and improve the blend's
young's modulus by the induction of flexible physical interactions, including dipole-dipole
or hydrogen bonding [57]. For industrial purposes, considerable attention needs to be paid
to the selection of suitable plasticisers or compatibilisers as most tend to negatively impact
other mechanical properties, such as lowering barrier properties of bioplastic blends, which
can restrict their use in packaging applications [89].
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3.3.3. Natural Fillers

The use of naturally sourced fibre-based fillers, with their considerable tensile strength
and high sustainability, presents a key route to facilitating polymer circularity. The hy-
drophilic nature of bare natural fibres with no surface treatment requires an address, due
to the incompatibility with hy drophobic biopolymer. Biopoly mer composites reinforced
with untreated natural fibres typically exhibit norcuniform fibre dispersion with interfaces
promoting crack formation. These material defects can lead to premature mechanical
failure of the composites [58,59,95]. These defects are attributable to the natural fibre
hy drophilicity, which hinders proper mixing with the biopolymer hydrophobic matrix
causing poor fibre/ matrix inferfacial bonding [59]. While high susceptibility of moisture
absorption by the hydrophilic natural fibres can support the growth of fungi and bacteria
and deteriorate the physical and mechanical properties of the bio-composites [38], this fact
can be a highly useful feature that can be availed of post use for achieving biocyclability.

Different approaches are available to enhance the interfacial adhesion between the
fibres and matrix, resulting in the fabrication of biocomposites with better mechanical and
barrier properties. Among these solutions is the surface modification of natural fibres,
Surface modification can result in increasing the sites of reaction, offering new function-
ality to the fibre surface and enhancing surface roughness by emoving impurities [59].
Such modification will lead eventually to the improvement in mechanical properties and
reduction of the water absorption of the fabricated biocomposite. The techniques applied
to modify the natural surface fibres before inclusion in biopoly mer matrices include physi-
cal, chemical, biclogical treatments and their combinations. Some examples of physical
treatment techniques are calendaring, stretching, hybrid yarns production and thermal
treatments; while chemical techniques include, alkali swelling, silane modifications, graft
copolymerisation, and treatment with isocyanate, mercerisation [97].

A representative selection of the recently applied surface modifications for natural
fibres reinforced biocomposites are given in Table 3.
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Table 3. Surface treatment of natural fbwes reinforeed bio-composites.

. . Drulcomes
Process Natural Fibre Used  Biopoly Matrix - " p - - Ref.
Interfacial Adh Mech, 1 P Barrier Properties
Treatment with compatibilisers;
Poly glycerol polyglycidyl ether ol
(SRAGL), Trimethylol propane Celludose fib PLA dh:”.‘*‘“‘::l‘i ’“I“'g]f“‘] " Inhibited degradation of the
polyglycidyl ather (SR-TMF), and ulose fibres acdhesion bebwesn fbres ar FLA matrix 16%]
(Paly gly cercl palypropyleneoide !
(SC-P1000)
Improved water fresistance,
S - . - X . reduced oxygen and
STEFAC TM B170, surfactant Cellulose fibres FLA/FPHB Enhanced mechanical UV-Eght transaission, s [04]
modification performance I .
well as appropriate
disintegration in compost
Reduction in the erystallinity
of PHB {up to 6% reduction),
Alkah treabment Eenaf fibre PHB making it more ductile, and [75]
improvement of the flexural
modulus by up to 11%.
Inprowement to
Abre/ matrix adhesion with
i silane content, yet
- further imp: it of the I d harical
+ brealine 5 X P P AL
Silane breatment Flax fbne PLA Eibge-matri inteface can be properties [&0]
partially resolved by
silane / alkali breatment
combination.
Ty values of fabricated
bio-composikes wene lowered
Alkali treatment Flax fibres PLA by 10" C for 107 NaDH [82]
treatment and 15 °C for 30%
NaOH treatment
Improved interfacial
Treatment with ethylene plasma Flax fibres PHB adhesion strength in the Improved thermal resistance [88]

bic-compuosite
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Combinations of natural materials with petroleum-based plastics is an option that
is also under development. While facilitating the high mechanical performance, cone
siderations are required when using this apprach as further dilemma’s may be posed
regarding factors, such as continued resource depletion dependencies and degradation and
biodegradation pathways, which potentially lead to increased microplastics production.

3.34. Bio-Coatings

The application of bio-based coatings to biocomposites and natural fibre reinforced
biocomposites is a promising approach proposed to overcome the significant water up-
take propensities of natural fibres and increase the moisture resistance of bioplastics
for fluid barrier property application requirements. Exposume to long term environmen
tal/ by groscopic ageing necessitates the induction of a higher level of hydrophobicity in
chemically modified natural fibre reinforced bio-composites and bioplastics in general
Introducing bio-based coatings to natural fibres reinforced biccomposites, ensures the
environmentally friendly and biodegradable nature of fibres. Besides, bic-based coatings
are obtained from renewable resources and have superior hydrophobic characteristics [62].
For instance, polyurethane (PU) coatings wene first introduced as bio-based coating resins
in the 1950s [8]. PU coatings mainly provide their composites with high solvent resistance,
hy drolytic stability, resistance to acid-base conditions and weather-ability [62]. Currently,
most of the industrially produced PUs are petrolenm-based polyols. Thus, renewable
resources, such as vegetable oil [99-101], cancla oil [102], soybean oil [103-105] and cas
tor oil [106-108], are thoroughly investigated and were able to produce PU coating of
competing properties to that of petroleum-based ones.

Polyfurfuryl alcohol (PFA) is another attractive type of bio-based coatings that can
be used for barrier property application requirements. PFA has a low cost manufacturing
process and can be obtained from natural resources as the agricultural residue of wheat,
birch wood, hazelnut shells, com, rice hulls, cat and sugar cane [62]. In addition, PFA's
hydrophobicity, great heat distortion temperatune and resistance to chemical erosion make
it an excellent candidate as a coating material for bioplastics and natural fibres reinforced
biocomposites.

Despite such potentials of PU and PFA as bio-based coatings, there is almost no
work presented in the literature on the application of PU and PFA as coatings for nat-
ural fibre reinforced composites or biocomposites, except for a recent study done by
Mokhothuetal [109]. This study proposed using FU and PFA as bio-based coatings to
composites containing flame-retardant treated natural fibres (flax) and phenolic resin. For
three days, uncoated and coated samples were subjected to 90 °C and 0% relative humid-
ity. Analysis was performed to the relative moisture content and mechanical properties
and compared with the commerdially available water-resistant product (FIRESHELL®
(F1E}). Concerning the mechanical properties, PFA coated samples showed the highest
modulus value (1.93 GPa) after being subjected to environmental conditioning with respect
to uncoated (1.59 GPa); PU (1.05 CPa) and FI1E (0.98 GPa) coated compuosites. Besides, the
PFA and PU coated samples showed high stress at the break and a decreased elongation at
the break in comparison to F1E coated ones. The moisture confent of the conditioned FEA
and PU coated composites was significantly reduced by 75% and 307, respectively, when
compared to uncoated and F1E coated composites [1049].

4 Bioplastics Biodegradability

There is an important distinction between degradable polymers and biodegradable
polymers. Degradable polymers are defined as polymers that can be depolymerised or
recy cled under controlled conditions and processes. According to the American Sodety
for Testing and Materials (ASTM) definition, biodegradable polymers are polymers that
can underge decomposition into carbon dioxide, methane, water, inorganic compounds,
or biomass, which can be measured by standardised tests, in a specified period, reflecting
available disposal conditions (ASTM standard D6513). The mechanism of biodegrada-
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tion is that the molecular weight of bicdegradable polymers reduced, due to hydrolysis
and oxidation, followed by breaking down into natural elements, such as water and car-
bon dioxide, via microorganisms, Aliphatic polyesters are the most economically viable
biodegradable polymers, with PHB being among the most mechanically promising. The
structural changes to the polymer molecules can be described in terms of three main cate-
gories of actions or mechanisms, namely, chain depolymerisation, random chain scission,
and substituent reactions [110]. As defined by the IUPAC, depolymerisation is the process
of comverting a polymer into a monomer or a mixture of monomers /oligomers. Therefore,
chain depolymerisation means the chain reaction is responding to the transformation of
the macromolecular polymer chain into its constituent micromolecular monomers. Ran-
dom sdssion is defined in the [UPAC Gold Book as a chemical reaction resulting in the
breaking of skeletal bonds. It is also defined as a degradation mechanism that assumes
a random cleavage of bonds along the macromolecular polymer chains [111]. This leads
to the production of fragments that steadily decrease in length, which may eventually be
small enough to allow for the removal of micromolecules. Substituent reactions refer to the
kinetic reactions carried out by the constituent monomers of a polymer chain, which differ
between polymers. According to Ghosh (1990), each kind of substituent has a characteristic
chemical nature and reactivity [112]. However, as substituent reactions can only be ob-
served at relatively low temperatures, substituent reactions only assume prominence when
initiated and accomplished at temperatures lower than those of the breaking temperature
of main chain bonds of a polymer.

Several factors affect the degradability of a polymer. In general, the surface conditions,
the first-order structures, and the high order structures of a polymer play a major role
in determining the rate of degradation. Surface conditions, such as hydrophilicity and
surface area, directly correspond with the overall degradability of a polymer. Additionally,
exfernal environmental factors, such as humidity and emperature, also affect the overall
degradability. Humidity introduces water molecules to a polymer and may result in a
hydrolysis process, depending on the susceptibility or hydrophobicity of the polymer
Furthermore, the crystallinity of a polymer is also proportional to the degradability of a
polymer, so that the lower the degmee of crystallinity, the higher the degradability of the
polymer According to Tokiwa et al. (2009), this can be attributed to the fact that enzymes
generally interact with the amorphous regions within a polymer, which are loosely packed
together as compared to the crystalline regions. Moreover, the melting temperatume (Ty,)
of polyesters greatly affects their enzymatic degradation. This is evident from the fact
that aliphatic polyesters and polycarbonates with low Tm have a greater bicdegradability
than aliphatic polyurethanes and polyamides, which have higher Tm [113]. This is due
to the large melting enthalpy change values of the latter, which can be attributed to the
presence of hydrogen bonds among the polymer chains. The introduction of heat into a
polymer matrix generally weakens the intermolecular bonds, resulting in an increased rate
of degradation. With biodegradation specifically, the microbial species introduced to the
polymer, directly correlates with the level of microbial activity, which in turn determines
the rate of degradation of a biodegradable polymer [114]. The degree of microbial activity is
also heavily influenced by nutrient and oxy gen content in the biodegradation environment

As described earlier, selected microorganisms can produce and storing PHAs. The
ability to synthesise these molecules does not imply the capacity to also degrade them,
in the case where extracellular hydrolases capable of corverting polymers are also ex-
pressed [115,116]. Under nutrient-limited conditions, degradation occurs when the limita-
tion is emoved. Currently, six hundred PHA depolymerases from various microorganisms
have been identified and categorised within eight families [117]. The degradation of these
polymers is affecked by many factors, such as type of enzyme, temperature, moisture, and
nutrients composition [118]. Degradation rates of PHAs are also related to the microbial
population density. It was shown that during degradation of P{3HB-co-3HV) copolymer,
microbes at first attach to the polymer and then begin secreting degrading enzymes. Al
though FHA producing/degrading microbes usually express high specificity towards

233



Polymers 3021, 13, 2155

17 of 25

P{3HB), many microbes have been identified with wide substrate specificity. Xanthomonas
spp.. for example, has the ability to produce enzymes for PHAs with aromatic side chain
degradation and can also degrade F(3HE), P(3HO), and poly-3hydroxy-5phenyhralerate
(PEBHFV)) [119]. The type of polymer also plays an important role in degradability. In
addition to the presence of side chains, length and composition are also significant factors.
Manna et al. report that homopolymers have higher degradation rates in comparison
with copolymers of PHAs [120]. Other studies have demonstrated opposing results [115],
which may be explained because, in these cases, the experiments were conducted in natural
environments whene previously mentioned factors (nutrients, moisture, temperature etc.)
were non-controllable. Kusaka et al. showed that PHAs degradation ability is negatively
cormelated to the M., and crystallinity [121]. The format and shape of the polymer ma-
terial is also a significant factor for PHAs degradation, with thin films degrading faster
than thicker films. Soil and climatic conditions are further factors that can affect the PHA
degradation rate [28,118]. Boyandin et al. examined PHA films degradation response and
reporied that humid and the hot Vietnamese climate facilitated degradation of PHA [122].
Additives, such as fillers, are another factor that can affect the biodegradability of the
bioplastic in which they are added, as demonstrated in Figures & and 9. There is no general
guarantee that the addition of fillers will enhance or inhibit biode gradability as the effect of
fillers on a polymer is mainly dependent on its chemical and physical aspects, such as size,
geometry, surface area, and the surface energy of its particles [123] (Murphy, 2001). These
aspects directly affect the overall degradation ability of a polymer. In general, the effect of
additives on the bindegradability of a polymer is largely dependent on the properties of
the additives, such as hydrophobicity and amenability to bacterial growth on the surface.
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Figure B. Mass Loss percentage of composites in vanous hy drolytic degradation environments.
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in various soil burial degradation environments,

Aframehr et al. report a study on the effect of caldum carbonate (CaC(Oly) in soil
burial bindegradation where the CaC Oy fillers, act to increase the bindegradability of
PLA. The weight loss of CalC0y nanocomposites is approximately two times higher than
other nanccomposites, with a weight loss of around 55% for PLA/15% CaCOy, 49% for
PLA /10% CaC0Os, 19% for PLA/5% CaCOy, 10% for PLA /3% CaC0O4, and around 6%
for neat PLA after a soil exposume time of 35 weeks [124]. A study by Teramoto et al
investigated the effect of treated and untreated abaca fibre filler on the biodegradability of
poly (3hy drocybutyrate-co- 3 hydrocyvalerate) (PHBV) after being subjected to a soil-burial
environment for a duration of 180 days. Neat PHBV exhibited the least bicdegradability at
only around 29% weight loss, followed by PHBEV / AA-abaca at around 48% weight loss,
and lastly, FHBV/ untreated abaca with the highest bindegradability, which can be seen in
the high degree of fragmentation after 60 days [125].

Altaee et al. conducted a study on the biodegradation of PHE and titanium oxide
(PHB-TiOy) compaosites in a soil burial environment with pH 7.30 and a humidity of 80% at
30 "C and found that PHB-TiO; exhibits a lower weight loss of only ~51% after three weeks
as compared to ~62% weight loss of neat PHB through the same duration [126]. Paul et al
(2005) studied the degradation of nanocomposites of PLA with unmodified and organo-
modified montmorillonites and found that montmorillonites filler enhances hydrobytic
degradation. PLA with unmodified montmorillonites exhibited the greatest decrease in My,
after 23 weeks of hy drolytic degradation with a 93.1% loss in My, These results were fol
lowed by FLA with montmorillonites treated with bis-(2-hy droogrethyl) methyl tallowallyl
ammonium cations and PLA with montmorillonites treated with dimethyl-2-ethy Thexyl
(hydrogenated tallowalkyl) ammonium cations at 7%.2% and 71. 2% My loss, respectively.
In comparison, unfilled PLA is found to only have a 41.6% M, decrease compared to its
initial value [127]. Chen et al. found that PLA with halloysite nanotubes (HNTz) as filler
has a greater rate of hydrolytic degradation as compared to neat PLA as shown from the
mass reduction of 3.1% for PLA /HNT as compared to that of neat PLA at only 2.6% inan
in vitro environment in SBF at 37 °C by the end of the 24th week of degradation. Itwas also
reported that PLA with HMTs surface treated with >aminopropy ltriethoxysilane (ASP)
has an even greater hy drolytic degradation, due to better interfacial adhesion between
PLA and HNTs, which is evident from the mass reduction of 12.1% [128]. A study by
Mavarro et al. (2005) investigated the effect of the addition of calcium phosphate (Cal?)
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glass to PLA on its hydrolytic degradability. During the first three weeks of the degra-
dation, PLA /CaP composites experienced a greater weight loss than neat PLA, but an
increase of weight of the PLA/Cal® composite was reported after three weeks. This may
be credited to forming hydrated calcium phosphate precipitate on the composite. The
maximum weight loss exhibited by week 3 is 25%, and a final weight loss percentage of
about 22% on week 6. In a comparison, the weight loss of neat PLA is around 1% from
week 3 through week 5 [129]. Momeover, a study by Huang et al. (2013) investigated the
hy drolytic degradability of poly(L-lactic acid) (PLLA )/ nanchydroxyapatite (n-HA) and
found that the rate of degradation of PLLA /n-HA composite was slower than neat PLLA.
This is evident from the weight loss of only around 19% for PLLA/ e HA composite and
about 28% for neat PLLA after 20 weeks in a PBS environment with an initial pH of around
7.4 [130]. A study by Valapa et al. (2016) investigated the hydrolytic degradation behaviour
of sucrose palmitate (5F) reinforced PLA (PLA-5P) nanocomposites in acidic (pH 2), basic
(pH 12), and neutral (pH 7) hydrolytic degradation environments and found that the rate
of degradation is increased with the addition of sucrose palmitate. This can be seen in the
mass loss percentage of about 5.1% for PLA-SP as compared to only around 2.6% mass loss
percentage of neat PLA in a pH 7 degradation solution at 35 °C after 115 h [131].

Alternatively, the alterations proposed by the addition of plasticisers and compatibilis-
ers to bioplastics directly affect their degradability since plasticisers and compatibilisers
decrease the glass transition temperature (T;) of the polymers they are blended with, as
shown im Figures & and 9 [132]. Like fillers, there is no general guarantee that the ad-
dition of plasticisers will positively or negatively impact biodegradation as it is highly
dependent on the properties of the plasticisers used. Some of the more common forms of
plasticisers include citrate esters and phthalates (phthalate, isophthalate, terephthalate),
the latter being biodegradable as degradation by microorganisms is considered as the most
effective method of degradation for phthalates plasticisers [132]. A study by Labrecque
et al. (1997) researched using triethy] citrate (TEC), tributy] citrate (TBC), acety] triethyl
citrate (ATEC) and acetyl tributyl citrate (ATBC) as plasticisers for FLA and their effect on
enzyme-catalysed hydrolytic degradation. The study found that all citrate esters enhanced
the degradability of PLA. At a concentration of 207, ATEC plasticised PLA has the highest
weight loss of around 95%, followed by neat PLA at around 48%, and a decreased rate of
degradation in TEC, TBC, and ATBC with weight losses of around 30%, 19%., and 18%,
respectively, after a degradation period of 6 h [134]. A 2009 study by Ozkoc and Kemaloglu
found that the addition of PEG and clay plasticisers to FLA decreases the rate of biodegra-
dation after exposure to the composting environment for 100 days. This is evident from
the weight loss percentage values of about 15%, 12%, and 11% for PLA/3%:Clay / PEG,
PLA /5%Clay /PEG, and PLA /3% Clay, respectively, in comparison to that of neat PLA
with a 36% weight loss. However, the weight loss percentage of PLA /PEG shows a slight
increase as compared to neat PLA with a value of around 38% weight loss [135].

Careful selection and monitoring of additives and composite formation, hence, has
the potential for exploitation both to enhance the target mechanical properties and simulta-
neously promote bicdegradation.

5 Conclusions

The fundamental many-faceted aspects of biopolymer architectures afford greater ver-
satility for configuration and exploitation companed with the main ubiquitous recalcitrant
synthetic petroleum-based plastics. This 15 a pivotal trait that is available for hamess-
ing to enable bioplastics to meet both the high mechanical and barrier performances of
their petroleun-based counterparts together with full sustainable biodegradability and
circularity. Their very bio-nature means bioplastics are inherently more elaborate at a struc-
tural level This increases accessibility to bio-interactions for enzymatic biodegradation,
biodepoly merisation and biorepolymerisation, as well as supporting routes to improving
mechanical and barrier performances. While several bioplastics have already achieved
certain mechanical and barrier performance criteria, which ame equivalent and even ex-
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ceed those of coresponding petroleum-based plastics, courses of action for resclving the
remaining limitations are becoming increasingly accessible.

Here, avenues for the advancement of the performance of bioplastics with respect
to mechanical and barrier properties alongside biodegradability are discussed. The key
architectural features properties ane My, and crystallinity, which typically exhibit an in-
versely dependent relationship with mechanical performance and biodegradability for both
bioplastics and petroleum-based plastics. Increasing M., and crystallinity are generally
associated with higher mechanical performance and decreased biodegradability as lower
crystallinity corresponds to looser chain packing, facilitating enzyme access

Both macro and micro strategies have the potential for dual positive correlation on
the mechanical and biodegradability performances of bioplastics. Regarding the macro
approach, mew possibilities are afforded, such as harnessing intricate bioplastic structunes
and formats, which include microfibrillar frameworks and combination with advanced
methods, such as in situ polymerisation. Blending and compounding with additives as
selecied fillers, plastisisers and compatibilisers are also being demonstrated for improved
mechanical features, without decreasing biode gradability.

Whereas, regarding the micro approach, expanding PHAs families and large numbers
for possible monomer units, present the potential to engineer bicdegradable plastics
with equivalent target petroleum plastic performances without associated environmental
pollution. Further routes include metabolic pathway alteration, design of high specificity
substrates, intricate copelymer and block copolymer and genetic modification to produce
strains to achieve next-generation multifunctional biopoly mers.

In these respects, bioplastic polymers, in contrast to Petroleum-based plastics, have not
yet been tailored or even adequately explored to establish their capacities for current and
future applications. Given the range and diversity of options available for bioplastics de-
velopment, there are excellent prospects to extend their application range on a comparable
scale to fossikbased thermoplastics and beyond. Further innovations can be expected as the
knowledge and new capacities for the manipulation of biopolymers advances, and spawns
outputs in related and novice disciplines. The realisation of high performance plastics,
without recalcitrance, pollution or resource depletion and switching to regenerative low
carbon circularity, has the potential to both safeguard and promote futume prosperity for
the planet and its inhabitants.
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Abstract Curcumin and triangular silbver nanoplates (TSNFPFincorporated bacterial cellulose (BC)
hlms present an ideal anbnucrobial material for biomedical applications as they afford a complele et
of requirements, including a broad range of long-lasting potency and superior efficacy antinucrobial
actwvaty, combined with low toaaty. Hese, BC was produced by Komagelacgbacter medellnenas [I¥3438
strain mn the presence of curcunn m the production medium (2 and 10%). TSNP wese ncorporaled m
the produced BC/ curcumin hlms using ex situ method (21.34 ppm) and the anbimicrobial activily was
evaluated aganst Escheridhin coli ATCC95922 and Staphiylococoes merens ATOCZH923 bactkerial strains,
Brological activity of these natural products was assessed m oy totoxicily assay agamst lung fbroblasts
and m vive wsing Camorhabditis elegans and Danio rerie as model organisms. Derived Alms have
shown excellent antinacrobial performance with grow th inhibition wp be 67% for E. coll and 957% for
5 aurens. In a highly positive synergistic inkeraction, BC films with 10%% curcumin and incorporated
TSNP have shown seduced toxicity with B0%: MRECS cells survival rate. It was shewn that only
1005 concentrations of flm extracts induce low toxicity effect on model organisms’ development
The combined and synergistic advanced anbi-infective funclionalities of the curcuman and TSNP
incorporated in BC have a high potential for development for application within the chinical seiting,

Keywords backerial cellulose; silver manoparticles;
bicpolymers; zebrafish

curcumin; antinicrobial propertes;

1. Introduction

Bacterial cellulose (BC) has gained great attraction from several research and industrial
sectors due to its high purity, absence of lignin and hemicellulose commonly found in
plant cellulose, and its exclusive properties [1]. The crystalline structure of BC is naturally
composed of randomly assembled nanofibrils aggregated in bundles. Such arrangement
allows a great surface area that provides BC with high liquid holding capacity, flexibility,
mouldability, and high mechanical strength in the wet state [1-3]. Furthermore, BC is
considered a biocompatible material which renders it suitable for a wide range of appli-
cations, especially in the biomedical field, such as wound healing systems [4], BC-based
biosensors [5], tissue regeneration [6], scaffolds [7], and transdermal applications [23].
However, BC still shows high challenges regarding interactions and functionalization for
constructing uniform functional materials. Pristine BC lacks the adhesive sites necessary
for migration and cell signaling which can be improved by further modifications such as
crosslinking with metal ions [8].

The production process of BC is regarded as ome of the crucial steps that controls
the properties of the resulting material. Various species of bacteria, including Gram-
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negative and Gram-positive, and different substrates can be used for BC production. Such
variety mesults in different morphologies, structures, properties, and applications of the
produced BC [Y]. Process of BC production imvolves several biochemical reactions and it
was revealed that spedific operons are in control of biosynthesis, transportation through
cells and supramolecular assembly of cellulose fibrils. However, molecular mechanism,
mone specifically: transport of acyl groups from the Krebs's cycle to the periplasm, transport
of glucan chains from the cell and polymenzation of glucose are yet to be determined [10].

Between Gram-positive bacteria only few species have been eported to produce
BC, such as: Badllus sp. [11], Leifsonia sp. [12], Lactobacillus sp. [13], and Rhodococcus
sp. [14]. In contrast, the number of Gram-negative BC producers is significantly higher
Species belonging to Pseudomonas [15], Escherichin [16], Alcaligenes [17], Enterobacter [18],
Salmonella [19], Acetobacter [20], and Komagataeibacter genera have been meported as BC
producers in the literature. Om the other hand, bio-cellulose can be synthesized in a cell-free
system in the presence of appropriate enzymatic machinery after disrupting bacterial cell
walls [21].

Recently, one of the most attractive genera that has been studied for BC production
is Komagataeibacter. Species belonging to this genera are wellrecognized, exaeptionally
efficient BC producers known for its phenotype diversity manifested by preference of
the carbon source, BC structure and production rate depending on the strain. Several
species from this genus have been identified as strong cellulose producers, including
Komagatacibacter xylinus, Komagataeibacter medel inensis, Komagatacibacter oboedims, Komia-
pataeibacter pomaceti, Komagataeibacter nataicols, Komagataeibacter rhasticus [1].

The utilization of other compounds as substrates for BC production, together with
glucose has been recently evaluated as an approach for improving the properties of re-
sulting BC, as a final product [22]. Such an approach can also be extended to enhance the
antimicrobial activity of BC, given its wide range of applications in the biomedical field.
Improvement of polymers” antimicrobial properties is a popular research topic [23]. Differ
ent additives have been proposed to produce BC with enhanced antimicrobial properties.
These include the addition of antibiotics [24], inorganic antimicrobials such as metallic
nanoparticles [25], carbon nanomaterials [26] and organic antimicrobials such as bioactive
substances [27] or synthetic compounds [28]. Moreover, based on reported literature, it
was proved that associating two antimicrobial agents with a single composite can have
great benefits due to the synergistic action of both compounds to overcome microbial
resistance [29,30].

Curcumin is a polyphenolic pigment obtained from the turmeric root plant. It displays
a broad-spectrum of antibacterial, antifungal, and antiviral properties which rendering it
an attractive candidate for enhancing BC antimicrobial properties [31,32]. Fabrication of
curcumin-loaded BC hydrogels has been explored as wound dressing material [33-37] with
favorable results of biocompatibility and successful growth inhibition of Gram-negative
and Gram-positive strains. Other studied applications include the treatment of melanoma
in skin cancer cells [35] and active packaging materials [35]. Studies by Adamczak et al.
showed that curcumin clearly has stronger effect against Gram-positive in comparison
to Gram-negative bacteria. Curcumin has very selective antimicrobial activity, its effect
strongly depends on the microorganism itself, not only genus elated, but on the strain
level as well [40].

Silver nanoparticles (A g NI's) are another widely used broad-spectrum antimicrobials
that have been incorporated into BC to boost their antimicrobial properties. Different
approaches have been undertaken for the fabrication of BC-Ag NPs composites, focusing
mainly on in situ methods for the synthesis of the nanoparticles within the BC [41-45], as
well as immersion of BC in Ag NPs solution for impregnation of the nanoparticles into the
BC matrix [46-48]. Wang et al. used chemical oxidation method to prepare silver oxide
powder and combined it with cellulose nanofibrils to improve antimicrobial properties
of this material [44]. The variation of incorporated Ag NPs morphologies also showed
great potential in providing additional or differential properties for BC which can further
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broaden its applications. For instance, silver nanowires have been incorporated into BC to
boost its antimicrobial effects thanks to the higher length-to-diameter ratio of the nanow ires,
which also prevents blocking the BC pores and allows air circulation for wound dressing
applications [50]. Despite such potential of the different shapes of Ag NPs, the fabrication
of BC composites using other Ag NP shapes, such as TSNF, which have exhibited higher
antimicrobial activity compared to spherical NPs [51-54], has not been yet explored.
Considering previously stated, and the rising interest of the scientific community and
manufacturing sectors, it is clear that there is still room for BC properties improvements.
One of the most promising approaches includes designing BC-based composites with
superior characteristics, important from the perspective of the desired application field.
This study aimed to assess the biocompatibility and antibacterial characteristics of the BC
materials produced in the presence of curcumin with ex situ incorporated TSNF.

2. Results
2.1. Production of BC

Komagataeibacter medellinensis 1D13488 bacterial strain was used to produce BC in HS
medium, and HS medium that was supplemented with 2% and 10% of curcumin (w/?)
(Figure 1). The BC films exhibited clear color differences due to curcumin supplementation
using visual inspection. The intensity of the acquired orange color is notably greater for the
sample supplemented with 10% curcumin {(BC-Cur10%), than the one with 2% (BC-Cur2%).

BC 2% curcumin BC 10% curcumin '

T

B C D
Figure 1 (A} Difference between BC pellicles in HS and curcumin-modified HS media after 14 days
of mcubation; (B): BC produced in HS medium; (C): BC produced in 2% curcumun supplemented HS
medium; (D): BC produced in 10% curcumm supplemented HS medium.

After 14 days of incubation, the produced BC was dried and weighed. Due to the pres
ence of curcumin, BC pellicles resulted in higher mass compared to the non-supplemented
medium (Figure 2). Differences in weights are also a result of curcumin incorporation. UV-
Visible spectral measurements showed that BC films absorbed 27.8% and 41% of curcumin
during the two-week incubation period.

2.2. Characterization of Produced BC Films

2.2.1. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS}
SEM micrographs of the dried BC films grown in the presence of curcumin are shown

in Figure 3. A smooth surface was observed in bare BC films (Figure 3A), while samples

with incorporated curcumin showed crystal particles on the materials’ surface (Figure 3C,E).

The presence of curcumin crystals indicates their strong interaction with the nanofibril

matrix of BC [55].
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1200 4 o

Dry Weight (mg)

Regular HS HS+2% Curcumin  HS+10% Curcumin

Figure 2 Dry weight of BC and curcumin-supplemented BC with 2% and 10%

Figure 3. SEM mucrographs of BC film 100x (A) and 10k x (B); BC-Cur2% 100x (C) and 3.5k x (D);
BC-Curl0% 100x (E) and 1.2k x (F).

The distribution of TSNP appearing as bright white dots on the surface of BC films is
illustrated in Figure 4. The percentage of TSNP within the BC films was determined with
the help of EDS analysis, 5 different white dots were randomly selected and analyzed. The
presence of silver (Ag) was confirmed for all the selected spots in tested samples (BC-TSNP-
Cur2%, BC-TSNP-Cur10%). EDS analysis revealed a strong signal in the silver region with
the average percentages of 80.56 and 63.9% for examined materials, respectively.
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ey
Figure 4. SEM micrographs of examined materials with spots selected for EDS analysis BC-TSNP-
Cur2% (A) and BC-TSNP-Curl0% (B).

2.2.2. Thermal Gravimetric Analysis (TGA)

The TGA analysis was carried out to study the thermal stability of the fabricated
BC films. The TGA curves of bare BC and BC-Cur and BC-Cur-TSNP films are shown
in Figure 5. All the films started gradually losing mass below 100 “C, which could be
attributed to the moisture content in the BC films. Maximum mass loss occurred between
200 °C and 600 “C. For most samples, the onset degradation temperature (Tonse:) was
around 213 °C, and the degradation rate was stabilized at 600 “C. Furthermore, it can be
indicated that the incorporation of curcumin and TSNP did not significantly affect the BC
films” thermal stability, and this outcome follows the reported literature [25,56].

100 -
|——BC
—— BC-Cur2%
== BC-Cur10%

80 4 |~ BC-TSNP-Cur2%
=3 |~ BC-TSNP-Cur10%
e
£ 60
o
[
=

40

20

0 —

0 100 200 300 400 S00 600 700 800
Temperature (°C)
Figure 5. TGA curves of BC, Cur-treated BC, and Cur-TSNP-treated BC films.
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Transmittance (T(%:))

2.2.3. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performed to obtain a comparative view of the functional groups in
BC and their changes after the addition of curcumin and TSNP, The resulting FTIR spectra
for the BC specimens are shown in Figure 6. The spectrum of bare BC showed characteristic
peaks at 3777 cm ! (O-H stretching vibration), 2418 cm~ ! (CH stwetching), 1626 am ™, 1535 am ™!
{protein amide [l absorpticon), 1156 cm ~! (CA0C asymmetric bending/ stretching), 1055-1033 cm !
{bending of C-0-H bond of carbohydrates), and 665 am ™! (C-OH out of plane bending) [57,54].
The spectrum for curcumin allowed to identify characteristic peaks at 3504 an ! (O0H
stretching vibration), 1600 cm™ ! (benzene ring stretching vibration), 1503 em ! (C=0 and
C=C vibrations, 1426 cm ! (olefinic C-H bending vibrations), 1272 cm ! (aromatic C-O
stretching vibrations), and 1026 em ! [59-62].

1507
30,0 2018 1826 127200 565
: i ’ BC-Cur10%
Curaumin
BC
.II 1
r
. ] ‘
1 1
| ]
i nmy
|
i
|'
I ]
m ‘
1
S . il — - ——
~ i
v T T T T T T T h T T N T
4500 4000 3500 3000 2500 2000 1500 1000

Wavelength (cm™)
Figure 6. FTIR spectra for BC, curcuwman, BC-Curl0%, BC-TSNE, and BC-TSMNP-Curl(f.

Spectrum of BC-Curl (™ shows characteristic peaks from both, BC and curcumin. As
shown in Figure 6, the peak assigned to OH stretching vibration of BC exhibited a shift from
3340 cm 1 t0 3346 cm L, and the peak assigned to C=0 and C=C vibrations of curcumin,
shifted from 1503 cm ! to 1507 cm ™. A weak peak at 127% cm ™! was attributed to C-H
bending in the spectrum of BC [63], while it was much stronger in the same wavelength for
BC-Curl0%. The small peaks that showed from 1550 cm ™! to 1100 em ! in the BC spectrum
wene masked by larger curcumin peaks in the spectrum of BC-Curl0%. The rest of the
peaks either remained in the same wavelength or had a small shift of 1-2 cm ™! only, when
compared to BC or curcumin spectra. Thus, the obtained results confirm the incorporation
of curcumin into the BC matrix and suggest a chemical interaction with the cellulose fibrils.
A similar tendency was observed by Sajjad et al. after incorporating curcumin into BC
sheets, where additional peaks appeared, and the characteristic peaks of BC suffered small
shifts [36].

In the spectrum obtained for BC-TSNP-Curl0%, a shift from 3340 to 3277 am ™! was
observed in the OH peak. The C=0 and C=C vibrations peak was also shifted from 1503
to 1512 em ™! concerning the curcumin spectrum. A dditionally, when compared to the
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spectrum of BC-Curl0%, several peaks showed reduced intensities between 1500 and
1000 am~?, which are estimated to occur due to the impregnation of TSNP within the
matrix of BC-Cur films.

2.2.4. Weathering Testing

When combined with humidity, the color of an organic pigment can fade much more
quickly than due to light alone. For this reason, weather testing is often carried out to
measure irradiation effects with humidity. Curcumin is a very light-fast material and
its color fades quickly when exposed to such conditions. Even with the addition of UV
absorbers and hindered amine light stabilizers, curcumin remains relatively unstable.

Figure 7 shows warping occurred in all five samples after weather testing. This
indicates that the combination of UV and moisture caused structural changes to the BC film,
presumably due to reduced chain length from photooxidative degradation on the exposed
surface, which was more than that on the rear of the samples. The weathering cycles caused
embrittlement of samples containing curcumin, without TSNP, Large deposits of curcumin
were present on the surface of the samples, indicating that perhaps much of the curcumin
is rejected from the wafer as the solution dries. The degree of incompatibility between the
BC and curcumin was less pronounced in the samples containing TSNP. While it is not
clear from Figure 7, spectrophotometry measurements showed color fading in all samples.
The values for color changes due to weathering exposure are presented in Table 1 as AE* to
calculate color difference. Due to the initial color differences between samples, it is not fair
to directly compare AE* values between cases; however, it is clear that none of the materials
is UV stable. Not only is there a significant color change foreach case, but the embrittlement
and disintegration of the material indicates a likely deterioration in mechanical properties
due to UV light exposure. Such behavior will be addressed and resolved in future work.

A B

Figure 7. Samples before (A) and after (B) weather testing, From left-to-right, top-to-bottom: BC-
Curl 0%, BC-TSNP-Curl0%, BC-Cur2%, BC-TSNP-Cur2% and BC.
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Table L Color change, AE* for each sample case due o weather testing.

Samples AE*

BC 183
BC-Cur2 1274
BC-Curlr 640
BC-TENP-Curl 4.69
BC-TSMNP-Curl0 B.87

2.3. Biological Evaluations
2.31. Antimicrobial Activity

Antimicrobial activity of derived BC films was evaluated against 5. gurens and E. coli,
as representatives of Gram-positive and Gram-negative bacteria, respectively. Results are
displayed in Figure 8 as bacterial growth percentage. Pure BC film did not affect the growth
of the tested strains in the desired fashion; on the contrary, the growth was enhanced by
approximately 107 in both bacterial strains. Mevertheless, the antimicrobial performance of
the BC films was significantly enhanced in the presence of curcumin, reducing the growth
by approximately 15% in BC-Cur2% film, and up to 33% with BC-Curl0% films. Additional
incorporation of TSNP in BC-Cur films resulted in further inhibition of E. cali growth (up
to 67% of reduction) and even greater inhibition against 5. aureus (up to 95% of growth
reduction). The statistical anabysis by ANOVA-Dunnett (o = 0.05) showed that for E. coli, all
the groups are significantly different to the control, with the exception of BC and BC-Cur2%.
Meanwhile, in the case of 5. aureus, the only group that did not result to be significanthy
different to the control, was the bare BC.

140 1 Il Bacterial Growth
. B ec
120 4 BC-Cur2%
BC-Cur10%
100 BC-TSNP-Cur2%
Il BC-TSNP-Cur10%

Bacterial Growth (Growth %)
2

5. aureus E. colf
Figure 8. Antimacrobial activily of derived BC films measured as absorbance rabe al 630 num.

232 Cytotoxicity Assay

Cytotoxicity was evaluated by using a human fibroblasts cell line (MRCS) exposed to
BC film extracts of different concentrations, previously prepared in EFMI medium under
dynamic conditions. The viability of MECS cells was assessed using a standard MTT
assay. The results presented in Figure ¥ indicate that more than 80%: of cells survived after
being in contact with 10075 concentrations of BC film extracts, indicating their low toxicity.
According to the literature, materials are considered safe when the cells viability is over
70% [64]. It was also shown that only 100% concentrations of BC-Cur2®¥. and BC-Curl0%,
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film extracts induce a significant decrease in MRC5 cells viability after 48 h treatments.
Significant toxicity was nelated to 100% and 50 concentrations of both BC-TSMF and BC-
TSMI-Cur%. Interestingly, the increased amounts of curcumin in BC-TSNP-Curl (4% film
extract resulted in considerably reduced toicity since more than 80% of cells survived after
being in contact with the highest concentration of this extract. The statistical analysis by
ANOVA-Tukey (o= 0.05) showed that for the extracts in a concentration of 100%, showed
a significant difference of all the materials against the bare BC survival growth, except for
the BC-TSNP-Curl (. group. Meanwhile, in the 50% extracts, the groups of BC-TSNF and
BC-TSMNP-Cur2®: were the only ones that showed a statistical significance.
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Figure 9, Survival rate of el lne (MRCS) after exposuse bo BC Blm extracts of diffesent concentrations.

2.3.3. Danio Rerio Embryotoxicity Assay

The effects of BC materials wemne examined on zebrafish embryos in 12.5%, 107, 5%,
and 2.5% concentrations (Figune 10).

As presented in Figure 11, control material BC was not significantly toxic, while BC
TSNP in the highest tested concentration (50%) was toxic, with the teratogenic effects
such as microcephaly and hepatotoxicity. Supplementation of BC with curcumin in two
concentrations causes toxic effects on zebrafish, mostly heart and liver toxicity, while
BC-TSMNP-Cur2% and BC-TSNTP-Curl (¥ did not have any toxic or teratogen effects on
zebrafish embry os.

2.3.4. Caenorhabditis elegans Survival Assay

In order to confirm previous results, the effects of BC materials were examined on
C. degans model system in four different concentrations: 50, 25, 12.5, and 6.25 pg mL ! and
the results are presented in Figure 12, C. elegans has been widely used to evaluate biological
activity and interactions of nanoparticks and natural products with different targets in
organisms [65,66] Owverall BC materials showed little to no toxicity, with only around 10%
dead at the highest concentration for BC-TSNP-Cur2¥, BC-TSNF, and BC-Curl (.
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Figure 10. Effect of BC materials on development of zebrafish embryos, images of zebrafish embryos

at 120 hf teeated with different extracts concentrations and untreated as a control.
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Figure 11. Diagrams for each tested material exteact with the percentages of live, dead, and leratogenicembryos.
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3. Discussion

Advanced anti-infective biomedical materials which meet the stringent requirement
for applications in clinical settings are urgently required [67]. BC is a sustainable biopoly-
mer with unique physical properties leading to its expansive potential in the biomedical
field. Effectively harnessing and integrating the functional properties of natural materials
for synergistic performance, development has the pokential to deliver high-performance
biomaterials. Here a series of high-impact results have been delivered by developing
enhanced antimicrobial curcumin and TSNP-incorporated BC films.

First, the production of BC in the presence of curcumin resulted in a higher product
yield, up to 200% in the case where 10% of curcumin was used in the medium. This result is
highly significant considering the current multiple inhibiting factors within BC production
and consumption. Moreover, the addition of curcumin has improved the antimicrobial
characteristics of the resulting material. Such results could be attributed to the antimicrobial
activity of curcumin itself, which boosted the overall antimicrobial activity of the BC-Cur
films. The antimicrobial activity was also concentration dependent since it increased with
the increase in curcumin amount added during the cultivation of BC. These observations
coincide with previously published results by Sajjad et al. (2020} [36]. This antimicrobial
effect was enhanced further again with the incorporation of TSNF, resulting in inhibition
of E. oolf growth up to 67% and even greater inhibition against 5. aureus (up to 95% of
growth reduction). Contrary to our results, Gupta et al. (2020) observed higher growth
inhibition against the Gram-negative strain than the Gram-positive, when testing the
antimicrobial activity for ex situ curcumin-loaded BC [68]. Nonetheless, curcumin has
previously been demonstrated to exhibit a higher antimicrobial effect toward Gram-positive
strains than Gram-negative. Minimal inhibitory concentration of crude curcumin against 5.
aqureus was found to be ~100 ug mL~?, while for Gram-negative E. coli this concentration

253



Imt. J. Mol Sci 3022, 23, 17198

120f 19

increases four-fold. This suggests that the activity of curcumin is predominant in the case
of Cur-TSNP-loaded BC films against Gram-positive strains [32,40,649].

In a highly positive synergistic interaction, BC films with 10% curcumin and incor-
porated TSMNF have shown reduced toxicity with an 80%. cells survival rate. Achieve-
ment of this feature is important because the material can be characterized as safe once
cells viability is owver 70%, and it can be concluded that modified BC is a biocompatible
material [64]. Invivo tests further confirmed these results. In the case of the zebrafish
model system, supplementation of BC with curcumin in both used concentrations caused
heart and liver toxicity, while BC films with curcumin and TSNF did not have any toxic or
teratogen effects on zebrafish embryos. Previously published study, where curcumin was
tested separately om zebrafish embryos, showed the severe toxicity of this compound, with
some of the teratogenic effects including bent or hook-like tails, spinal column curving,
edema in pericardial sac, retarded yolk sac resorption, and shorter body length in the
examined concentration of 7.5 pmol L~ [70]. While in a different study, tested in lower
dosages (1-6 pmol L™, curcumin had a moderate acute towicity effect on zebrafishes with
no obvious morphological abnormalities according to their score based on the degree of
morphological anomalies (2-4 minor toxic effects) [71]. In addition, silver nanoparticles ane
toxic for zebrafish development; one study revealed that nanoparticle treatments resulted
in concentration-dependent toxicity, typified by phenotypes that had abnormal body axes,
twisted notochord, slow blood flow, pericardial edema, and cardiac arrhythmia [72]. Our
study suggests that combining curcumin and TSNP in BC does not show high toxicity on
zebrafish development in the examined conditions. The synergetic effect of these natural
compounds leading to improved biological activity of the BC films obtained in this study
will be further addressed in the future. In the case of C. degans, previous studies on cur-
cumin itself reported that this compound can prolong lifespan and influence age-related
biomarkers in this model organism [73]. On the other hand, nanoparticles, especially silver,
have shown significant toxic effects on this model organism [74]. Our results imply that the
concentration of TSNF incorporated in BC films was insufficient to affect O degans under
examined conditions significanthy.

BC is a biomaterial of growing importance with a rising application spectrum and its
developments are very significant. Purther studies will include improvement of mechanical
characteristics of these materials that will potentially result in designing products suitable
for various packaging and biomedical applications. This study has eflectively demonstrated
that infegrating curcumin in a production medium with ex situ TSNP incorporation leads
to safe, biccompatible, antimicrobial BC films.

4. Materials and Methods
4.1. Materials

The HPLC-grade water (34577-25L), sodium dtrate tribasic (C8532-1000) [TSC],
polyisodium 4-styrenesulfate) (434574 50) [PS55] sodium borohy dride (213462-250) [MaBH; ],
sitver nitrate {204390-100) [AgNOy], L-ascorbic acid (A92902-250) [AA] and dtric acid
(C2404-5000C) were obtained from Sigma-Aldrich Ireland Ltd. {Arklow, Ireland). LP-
BT100-1F Peristaltic Dispensing Pump with YZII15 pump head and Tygon LMT-55 Tubing
#17 were obtained from Drifton (Hvidowvre, Denmark). Curcumin (FC09321) was ob-
tained from Biosynth Carbosynth (Thal, Switzerland). Glucose (NCMO241A), yeast extract
(NCMU02184 ), and balanced peptone No. 1 (NCM0257A ) were manufactured by Neogen
(Lansing, MI, USA) and distributed by Cruinn Diagnostics (Dublin, Ireland). Sodium
phosphate dibasic dodecahydrate (71650) [Na; HPOy] was obtained from Fluka Analytical

4.2, Symthesis of TSNPs

TSMF were synthesized by a previously described seed-mediated approach [75].
Briefly, MaMNHy (.57 mL, 10 mM) was used for the reduction of AgMOy (948 mlL,
0.5 mM), using TSC (9.5 ml, 25 mM) and PS55 (047 mL, 500 mg/L) as stabilizers for
the formation of the seeds. TSNP were afterwards grown from the seeds (8.75 mlL,
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25.56 ppmy}, with the addition of 100 mL of distilled water, AgNOy (75 mlL, 0.5 mM)
and using AA (187 mL, 10 mM]) as a reducing agent. TSC (12.5 mL, 25 mM) was added at
the end of the reaction to provide stabilization to the TSNE

4.3, Production of BC Films Using Curcumin as a Supplement

The BC was produced using Komagataeibacter medellinemsis ID13488. Pre-culture of
the bacteria was prepared in Hestrin and Schramm (HS) liquid medium (2% glucose, 0.5%
yeast extract, (.27% NazHPOy and 0.15% ditric acid) as previously reported [76], and the
incubation was carried out for 2 days at 30 *C on a rotary shaker with the agitation rate of
180 rpm. BC production was performed in HS medium supplemented with 2% and 10%,
curcumin (/7). BC films grown in HS medium without additives were used as a negative
control for further assessments.

Different media batches were inoculated with 100 pl. mL ™! from pre-culture (10° o/ 7
inoculum), and incubated statically at 30 "C for 14 days. After incubation, BC hydrogels
wene removed from liquid media. Bame BC films weme washed in a (.5 M potassium
hydroxide (KOH) solution in the water bath (1 h, 100 *C) and neutralized with distilled
water In order to prevent degradation of curcumin, BC films produced with the addition
with curcumin were immersed in distilled water and autoclaved (121 =C, 15 min). After
washing prooess, films were dried overnight at 60 *C.

Estimation of Curcumin Absorption from Media

The UV-visible spectral measurements weme performed in a UV 12680 Shimadzu (Kyoto,
Japan) spectrophotometer using 10 mm path length matched quarte cuvettes [77]. The
measurements were taken in the wavelength range of 200700 nm. In aqueous solution,
curcumin had a peak at 427 and a shoulder at 360 nm. Peak area was used for estimation of
curcumin incorporation via comparison between non-inoculated media and media after
14 days of incubation.

4.4. Preparation of TSNP Incorporated BC Films
A total of 20 mg of each examined BC films (BC with 2% of curcumin, BC with 10% of
curcumin} were immersed into 5 mL of TSNP solution (21.34 ppm) and incubated overnight

at 30 "C with shaking on horizontal platform (100 rpm). Afterwards, films were removed
from the solution and dried overnight at 60 *C.

4.5 Characterisation of Derived BC Films
4.51. Morphological Characterization and Estimation of TSNF Absorption

Scanning electron microscopy (SEM) images wemne obtained using Mira XML SEM
(Tescan™, Brno, Ceech Republic) in back scattered electron mode for surface analysis. The
accelerating voltage used was 9 kV. Prior to analysis, tested samples were placed on an
aluminum stub and sputtered with a thin layer of gold using Baltec SCD 005 for 110 s at
0.1 mbar vacuum. Energy dispersive X-ray spectroscopy (EDS) was used to confirm the
presence of silver in the samples immersed in TSNP solution. Data were gathered by an
X-Max ED.5. system (Ckford Instruments, Cheford, UK) with Inca software.

452, Thermogravimetric Analysis (TGA)

Thermal stability of the BC films was evaluated using a Pyris TGA 1 thermogravimetric
analyzer (Perkin Elmer, Washington, DC, USA) with softwane Pyris 1. The film samples wene
taken in a standard aluminum pan and heated from 30 to 700 *C at the rate of 10 "C min !
under a nitrogen flow of 50 mL min ™",

4.5.3. Fourier Transforms Infrared (FTIR) Spectroscopy
A Perkin-Elmer Spectrum One FTIR spectrometer (Perkin Elmer Inc., Washington, DC,
USA) fitbed with a universal ATE sampling accessory and Perkin Elmer software, was used
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to record the spectra of dried BC films. The spectral resolution was 4 cm ! and 20 scans
were acquired for each spectrum (4000650 cm ).

454, Evaluation of BC Films Stability via Weathering Tests

Weather testing was carried out on the BC films to determine their stability against UV
irradiation using a QUV /se accelerated weather tester from C-Lab (Westlake, OH, USA)
in compliance with the IS0 4892 test standard. Fluorescent UV-A lamps with a radiant
emission range of 365 nm down to 295 nm were used to simulate sunlight exposure. A set
temperature of 40 °C was used in the chamber and UV irradiance of 0.76 W m~*. Samples
wemne exposed to moisture spray and UV light cyclically in 4-h increments. In total, the
samples were exposed for 20 h in each condition.

To quantify the effects of weathering, spectrophotometry was used before and after
exposume to measume the degree of color change in samples. A CM-3610A bench-top
spectrophotometer from Konica Minolta (Tokyo, Japan) with an 87 observant angle was
used to measure the color change in specimens. Procedures followed the 150 11664-4 test
standard and the AE* (CIEDE2000) metric was used to calculate color difference.

455, Biclogical Evaluations
Antibacterial Activity of BC Films

All the dried BC films™ antimicrobial activity was evaluated against Escherichia coli
ATCC 95922 and Staphylococous aurens ATCC 25923 in Luria-Bertani (LB) broth (10 g L1
tryptone, 10 g L~! NaCl, 5 g L™! yeast extract, pH 7.2). Ovemight cultures of the bacteria
were diluted to a concentration of 10° CFU mL ™! to be used as pre-culture. Dried BC films
{10 mg of each specimen) were immersed in fresh LB broth and inoculated with 1% (v/7)
from pre-culture, for a final concentration of 10° CFU mL ™! of bacteria. Untreated BC films
were used as negative control. After incubation for 24 h at 37 "C and 100 rpm, BC films were
removed from the cultures and optical density (OD) of the cultivated broth was measured
at 630 nm using a Biotek Synergy HT Microplate Reader (Biotek Instruments GmbH, Bad
Friedrichshall, Germany). Growth percentage was calculated using the following equation
(Equation (1)).

(1)

G h Percentage — ( Absorbance of ested sample ) « 100

Absorbance of positive control

Cytotoxicity Assay

The oytotomicity of BC films was evaluated by testing against the human fibroblasts
(MREC-5) obtained from ATCC. BC films were sterilized under UV light for 20 min and then
immersed into EPMI (Roswell Park Memorial Institute ) medium (5 mg mL™ 1y, The samples
werne incubated at 37 “C, 180 rpm for 48 h. After incubation, samples wemne centrifuged
(5000 rpm, 15 min), and sterilized by filtering using 0.22 um porne size filters

Cells were plated into a flat-bottom %6-well plate at a concentration of 1 x 104 cells
per well in REPMI medium supplemented with 100 pg mL! stre ptomycin, 100 U mL™!
penicillin, and 10% (0,/7) fetal bovine serum (FBS) and incubated for 24 h at 37 °C to allow
the formation of a monolayer. After 24 h of cells incubation, RPMI medium was substituted
with decreasing concentrations of BC extracts: 100%, 50%, 25%, and 12.5% (v/7) while the
control samples contained only EPMI medium. The incubation at 37 °C, 5% COy continued
for 48 h and the oy totoxicity was determined afterwards using 3-(4,5-dime thylthiazob 2-y1}F
2 5-dipheny ltetrazcliumbromide (MTT) reduction assay [75].

The extent of MTT reduction to formazan was measumred spectrophotometrically at
540 nm using a Tecan Infinite 200 Pro multiplate reader (Tecan Group Ltd., Mannedorf,
Switzerland). The results were presented as percentage of the control (untreated cells) that
was arbitrarily set to 100%.
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Dranio rerio Embryotoxicity Assay

BC materials whem incubated in embryo water (100 mg mL ") 24 h at 30 °C with
shaking on horizontal platform (180 rpm), and that extract was used for toxicology as
sessment. Invivo toxicity evaluation was carried out on the zebrafish (Danio rerio) model,
and the general rules of the OECD Guidelines for the testing of chemicals were followed
while zebrafish embryotoxicity assay was performed [75]. Briefly, zebrafish embryos were
produced by mating of adult females and males (ratio 1:2), collected, washed from detritus
and distributed into 24-well plates containing 10 embryos per well in 1 mL embryo water
(0.2 g L} of Instant Ocean® Salt in distilled water), and incubated at 28 "C. Experiments
were performed in triplicate using 30 embryos per each tested concentration. Non-treated
embrycs were used as a negative control. Embryos were examined under the stereomicro-
scope (SMA143-N2GG, Motic, Germany) every 24 h for five days, counting and discarding
dead embryos and observing teratogenic effects. After the assay embryos wene killed
by freezing at —20 "C for 24 h. All experiments involving sebrafish were performed in
compliance with the European directive 2010/63/EU and the ethical guidelines of the
Guide for Came and Use of Laboratory Animals of the Institute of Molecular Genetics and
Genetic Engineering, University of Belgrade.

Caenorhabditis degans Survival Assay

The nematode Carnorhabditis elegans AU37, obtained from the Caenorhabditis Genetics
Center (CGC), University of Minnesota, Minneapolis, Minnesota, US. C. degans AL37
(glp-4; sek-1), was used to establish the toxicity of BC materials.

For this assay 25 mg of each BC films was suspended in 25 mlL of M% medium (45 mL
of GxM% salt, 50 mL of glucose solution 50%, (r/7), 500 uL of 1 M MgS0y, 25 pl.of 1M
CaCly, 250 pl vitamins, 250 uL. of trace elements solution, 125 pl. of ampicillin 50 pg mL~ Y
and final volume adjusted to 250 mL with double distilled water). Samples were incubated
at 37 °C, with shaking on horizontal platform at 150 rpm for 24 he A fter incubation, BC
films were removed from the suspension and extracts were prepared in the following
concentrations: 50 pg mlL~1,25 ug mlL™ 1125 pg mL™ ! and 6.25 174 mL~L.

The worm was propagated under standard conditions, synchronized by hypochlorite
bleaching, and cultured on a nematode growth medium using E. coli OP50 as a food source,
as described previously [80]. The C degans AU survival assay followed the standard
procedure [81] with some minor modifications. Briefly, synchronised worms (14 stage) were
suspended in a medium containing 95% MY buffer (3.0 g of KHa POy, 6.0 g of MaaHPOy, 5.0 g
of NaCl, and 1 mL of 1 M MgS0y-7Hz0 in 1 L of water), 5% LB broth (Oxoid, Basingstoke,
UK}, and 10 pg ml. ! of cholesterol (Sigma-Aldrich, Munich, Germany). The experiment
was carried out in 96-well flat-bottomed microtiter plates (Sarstedt, Miimbrecht, Germany)
with a final volume of 100 pL. per well. The wells were filled with 50 ul. of the suspension
of nematodes (25-35 nematodes) and 50 pl. of ested BC film suspension. Subsequently, the
plates were incubated at 25 “C for 48 h. The fraction of dead worms was determined after
48 h by counting the number of dead worms and the total number of worms in each well,
using a stereomicroscope (SMZ143-N2GG, Motic, Germany). All BC films suspensions wene
tested three times in each assay, and each assay was repeated two times (1 = 6). As a negative
control experiment, nematodes wene exposed to the medium containing 1% DMS0.

4.6, Statistical Analysys

Statistical analysis for the in vitro cytotoxic evaluation was performed using one-way
analysis of variance (ANOVA) and grouped using the Tukey method with a 95% confidence
interval Statistical analysis for the antimicrobial evaluation was performed using ANOWVA,
paired with the Dunnett method and a 95% confidence interval. The software used to
perform these analyses was Minitab (Version 20.2) for Windows (64-bit). All data collected
for this study were expressed as mean + standard deviation. A sample size of four was
used for each concentration tested in the cytotoxicity evaluation, and a sample size of three
was used for the antimicrobial evaluation.
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