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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. 

 

Figure 3. Project schedule for proposed solution. 
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1.3 Objectives 

a) To optimise the synthesis and formulation of TSNP for integration into plastics and 

bioplastics. 

b) To achieve the functional incorporation of antimicrobial TSNPs in biodegradable 

and/or recyclable biopolymers. 

c) Assessment of derived materials’ antimicrobial activities, effect and mechanical 

properties. 

d) Effectively integrate antimicrobial active curcumin during the fabrication process 

of biodegradable polymers.  

e) Demonstrate improved antimicrobial performance of materials including 

incorporated curcumin and TSNP.  

f) 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: 

 

i) 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? 

 

ii) 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 21st 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 (TiO2), gold (Au), and iron 

oxide (Fe3O2) 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 4th 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 

Güzel 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 (NaBH4), elemental hydrogen or citrate, that reduce 

Ag+ to silver atoms (Ag0), 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 El-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 El-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 (AgNO3) is one of the most common used. Typically, 

AgNO3 is reduced using NaBH4, 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 (H2O2) 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 μm, 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, H2O2 and NaBH4 added to AgNO3 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 Van 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 Van 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). 

 

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 



29 

 

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 (
∆𝜆𝑚𝑎𝑥
Δ𝑛
) of the resonance wavelength to the refractive 

index of the medium. “Where r is the real dielectric constant for silver, (
Δε𝑟
Δ𝑛
) is the real 

dielectric constant determined by the plasmon resonance condition and (
Δ𝜀𝑟

Δ𝜆
)𝜆𝑚𝑎𝑥 is the slope 

of the real part of the nanoparticle’s dielectric function with changing wavelength” (Charles et 

al. 2010)  

                                                    
∆𝜆𝑚𝑎𝑥

Δ𝑛
=

Δε𝑟
Δ𝑛

(
Δ𝜀𝑟
Δ𝜆
)𝜆𝑚𝑎𝑥

                          (Eq 1) 

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-AuNP 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(II)) 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(II) alone, attributing such changes to both oxidation by Hg+2 

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 

(Bernatová 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).  

 

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 

et al. 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 (H2O2) and hypoclorous acid (HOCl). 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 (Kędziora 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 µg/kg/day, and the 

critical dose is estimated to be 14 µg/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 



36 

 

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-Muñoz 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-García 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, Ożarowski, and Karpiński 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).  

 

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 
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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, Nqoro, 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).  

 

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).  

 

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 ε-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).  

 

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 AgNO3 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 

(Szymańska-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 Trček 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 β-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).  

 

Figure 12. Structure of BC, consisting of linear chains of glucose units linked by β-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 (Römling and Lünsdorf 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 Trček 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 (Żywicka 

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 
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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) [AgNO3], 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 

AgNO3 in the small-scale synthesis. 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 AgNO3 in the Scaled-up process. Gold (III) chloride trihydrate (520918-1G) 

[HAuCl4] 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 AgNO3 (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 AgNO3 (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 AgNO3 and seed formation. The chemical reaction occurs 

as follows   (Solomon et al. 2007):  

AgNO3 + NaBH4  Ag + 1/2H2 + 1/2B2H6 + NaNO3     
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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) + 𝐴𝑔+ + 𝐶6𝐻8𝑂6  
𝐶6𝐻5𝑁𝑎3𝑂7
→        (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 

(HNO3). Then, glassware was rinsed with tap water at least 7 times to eliminate all traces of 

HNO3, 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 AgNO3 

(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 AgNO3, 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 AgNO3.  

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 AgNO3 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 AgNO3 (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 AgNO3 (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 HAuCl4 salt and a high concentration of AA for the reduction 

of AuCl4 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 μl 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 µl of 

AgNO3 per each millilitre of solution, this results in 18.9 µl 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 µl of AuTSNP (prepared 

as described in section 3.1.3) were dispersed in 780 µl 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 (Na2HPO4) buffer, 2.84 g of Na2HPO4 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 Na2HPO4 buffer (0.2 M) with 9.5 ml of NaH2PO4 (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 µl of buffer was mixed with 50 µl of AuTSNP-PEG solution and 25 µl 

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. HNTs 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) (MC013A), Neogen Balanced Peptone No. 1 (NCM0257A), and 

Neogen Yeast Extract (Pure Autolyzate) without salt (NCM0218A), 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 ID13488, 

as described in section 3.2.2. 

3.2.2 Bacterial Cellulose (BC) production method  

The BC was produced using Komagataeibacter medellinensis ID13488. 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% Na2HPO4 and 0.15% citric acid), and the incubation was carried 

out for 2 days at 30℃ on a rotary shaker with an agitation rate of 180 rpm. All the different 

media batches were inoculated with 100 μL/mL from pre-culture (10% v/v inoculum), and 
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incubated statically at 30℃ 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℃) 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.  
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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 

Figure 15. Spraying TSNP solution as the PCL exits 

the extrusion dye and goes through the rolls. 
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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℃ with 

shaking on horizontal platform (100 rpm). Afterwards, films were removed from the solution 

and dried overnight at 60℃.  
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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 (KCl), the stability of the 

TSNP solution prepared as indicated on section 3.1.2.1 was also evaluated for comparison 

purposes. Solutions of KCl in concentrations of 1 M, 0.1 M, 0.01 M, 1 mM and 0.1 mM were 

prepared. In Eppendorf tubes, 500 µl of KCl solution and 500 µl of TSNP solution were mixed, 

using a different tube for every concentration of KCl. 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 KCl solution 

for 15 minutes, respectively. Finally, visual comparison was made with films that were not 

washed in the KCl 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 ℃ at a heating rate of 10 ℃/min, and then cooled to 10 ℃. 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. 

Li et al., 2017): 

                                                    𝑋𝑐(%) =  
∆𝐻𝑚

𝑊∆𝐻𝑚0
× 100                                   (Eq 2) 
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Where ∆Hm (J/g) is the heat of fusion of the sample, ∆Hm0 is the heat of fusion for completely 

crystalline PLA (93.7 J/g) (Li et al., 2017) and PCL (136 J/g) (Simão et al., 2017) and W (g) 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 ℃ at the rate of 10 ℃/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 × 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 (1cm2) 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℃ was measured as optical density (OD) at 600 nm using a Microplate Reader. 

Serial dilution of cultivated broth was plated and incubated (30℃, 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 = log 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℃, 180 rpm for 48 h. After incubation, samples were centrifuged (5000 rpm, 15 

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

Cells were plated into a flat-bottom 96-well plate at a concentration of 1 x 104 cells per well in 

RPMI medium supplemented with 100 µg/mL streptomycin, 100 U/mL penicillin, and 10% 

(v/v) fetal bovine serum (FBS) and incubated for 24 hours at 37℃ 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℃, 5% CO2 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 ID13488, 

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 μL/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 ℃, 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-1 and 20 scans were acquired 

for each spectrum (4000 – 650 cm-1). 

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/m2. 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 ΔE* 

(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 9th 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 106 CFU/mL of bacteria. Untreated BC films were used as 

negative control. After incubation for 24 h at 37℃ 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). 

Growth Percentage = (
Absorbance of tested sample

Absorbance of positive control
) × 100                   (Eq 4) 

3.3.6.2 Danio rerio Embryotoxicity Assay  

BC materials where incubated in embryo water (100mg per mL) 24h at 30℃ 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 µl of 1M MgSO4, 25 µl of 1M CaCl2, 250 µl 
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vitamins, 250 µl of trace elements solution, 125 µl of Ampicillin 50 µg/ml, and final volume 

adjusted to 250ml with double distilled water). Samples were incubated at 37℃, 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 µg/ml, 25 µg/ml, 

12.5 µg/ml and 6.25 µg/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 Na2HPO4, 5.0 g of NaCl, and 1 mL of 1 M MgSO4∙7H2O in 

1 L of water), 5% LB broth (Oxoid, Basingstoke, UK), and 10 μg mL-1 of cholesterol (Sigma-

Aldrich, Munich, Germany). The experiment was carried out in 96-well flat-bottomed 

microtiter plates (Sarstedt, Nümbrecht, Germany) in the final volume of 100 μL per well. The 

wells were filled with 50 μL of the suspension of nematodes (25–35 nematodes) and 50 μL 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 µl 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).  

Figure 19. UV-Vis Spectrum of Ag Seeds and TSNP (200 µl 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 µl 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. 

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 λmax 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) λmax 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 AuTSNP 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 
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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.  

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. 

 

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.  

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 

Wavelength 

Ag 

Concentration 

Initial Volume Final Volume 

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).  

 

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 KCl 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.  

 

 

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.  

Figure 32. Extruded PP (Left) and PP+TSNP (Right). 
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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 AgNO3, 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.  



91 

 

 

 

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. 

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. 
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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 (Martínez-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 (KCl), 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. KCl 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 KCl. 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 KCl 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 KCl 

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 KCl solution (left picture) and after adding the KCl 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 KCl 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 KCl 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.  

 

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

 

After evaluating how the different concentrations of KCl 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 et al. 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 KCl 

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

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 NaCl, 

and increasing concentrations from 1mM to 1M of KCl were used. This would result in a Cl- 

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 (ε) for the produced films, where the most significant changes observed were a reduction 

in the ε 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 



102 

 

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 Tg (56 ℃) and Tc (27 ℃) of the 

PCL. Additionally, in PLA treated films, the values of Tg and Tm 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 Mróz et al., also found out that nanosilver did not significantly affect the thermal 

transitions of PLA treated films (Mróz 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 (Xc = 47 

%). In case of PLA treated films, the resultant increase in the percentage of Xc can be explained 

by the phenomenon of heterogeneous nucleation. A similar result has been obtained by Chu et 

al., where the Xc of PLA was increased as a result of addition of Ag NPs (Chu et al. 2017). 

 

 

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 Tg (℃) Tm (℃) Tc (℃) 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 ℃. As shown in Figure 48, A, the onset degradation temperature (Tonset) of pure PCL was 

approximately 439 ℃ and the degradation was complete at about 550 ℃. In PLA films the 

Tonset was 380 ℃ and complete degradation was observed at 475 ℃. 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 (ε) 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 ε 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 α=0.05, and the incorporation of TSNP did 

not have a significant effect on TS and ε for the PLA samples. On the other hand, for the 

PCL samples the P-value for TS (0.022) and for ε (0.002) are both lower than α=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 ε 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, Tariq, 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 (Szymańska-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).  

 

Figure 49. A) Tensile strength (TS) and elongation at break (ε) of bare and TSNP-integrated solvent casted PLA and PCL 

films. B) Results from paired t-test statistical analysis for TS and ε 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). 

 

 

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 (González-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.   

 

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 

films 

TSNP/PLA 

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 NE. 

 

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 

MRC5 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 

MRC5 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 ε 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 Trček 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 Trček 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-Cur10%), 

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).  

 

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.  

 

 

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-Cur10%). 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-Cur10% (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 32.4 3.8 5.4 2.7 55.8 100.0 

Spectrum 3 15.9 2.4 4.1 1.7 76.0 100.0 

Spectrum 4 22.1 4.0 5.3 2.2 66.3 100.0 

Spectrum 5 17.5 2.0 4.2   76.3 100.0 

Max. 57.2 4.0 5.4 2.7 76.3   

Min. 15.9 2.0 4.1 1.7 42.8   

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℃ which could be attributed to the moisture 

content in the BC films. Maximum mass loss occurred between 200℃ and 600℃. For most 

samples, the onset degradation temperature (Tonset) was around 213℃ and the degradation 

rate was stabilized at 600℃. 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 (Miñano, Puiggalí, 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-1 (O-H stretching vibration), 2918 cm-1 (C-H stretching), 1626 cm-1, 1535 cm-1 

(protein amide II absorption), 1156 cm-1 (C-O-C asymmetric bending/stretching), 1055 – 1033 

cm-1 (bending of C-O-H bond of carbohydrates) and 665 cm-1 (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-1 (O-H stretching vibration), 1600 cm-1 (benzene ring stretching 

vibration), 1503 cm-1 (C=O and C=C vibrations, 1426 cm-1 (olefinic C-H bending vibrations), 

1272 cm-1 (aromatic C-O stretching vibrations) and 1026 cm-1 (Chen et al. 2015; Gunasekaran 

et al. 2008; Ismail et al. 2014; Nandiyanto et al. 2017). 

Spectrum of BC-Cur10% 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-1 to 3346 cm-1, and the peak assigned to C=O and C=C vibrations of curcumin, 

shifted from 1503 cm-1 to 1507 cm-1. A weak peak at 1279 cm-1 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-1 to 1100 cm-1 in the BC spectrum 

were masked by larger curcumin peaks in the spectrum of BC-Cur10%. The rest of the peaks 

either remained in the same wavelength or had a small shift of 1 – 2 cm-1 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-Cur10%, a shift from 3340 to 3277 cm-1 was observed 

in the OH peak. The peak related to C=O and C=C vibrations was also shifted from 1503 to 

1512 cm-1 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-1 which 

are estimated to occur due to the impregnation of TSNP within the matrix of BC-Cur films. 

 

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-1 to 1425 cm-1. 

 

BC 3340 2918 2850 1626 1535

Cur 3504 3018 2975 2947 2846 1600 1503 1453 1426

BC-

Cur10%
3346 2919 2848 1602 1507 1457 1427

BC-TSNP 3344 2916 2850 1580

BC-TSNP-

Cur10%
3277 2920 1512
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Table 7. FTIR peak assignments for BC, Curcumin, BC-Cur10%, BC-TSNP, BC-TSNP-Cur10%. Part 2, from 1425 cm-1 to 650 cm-1. 

 

 

 

 

 

 

BC 1371 1279 1156 1055 1033 665

Cur 1272 1231 1154 1026 961 855 745 730

BC-

Cur10%
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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 ΔE* to calculate colour 

difference. Due to the initial colour differences between samples, it is not fair to directly 

compare ΔE* 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-

Cur10%, BC-Cur2%, BC-TSNP-Cur2% and BC. 

 

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

Samples ΔE* 

BC 2.83 

BC-Cur2% 12.74 

BC-Cur10% 6.40 

BC-TSNP-Cur2%  4.69 

BC-TSNP-Cur10% 6.87 



125 

 

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.  

 

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. 

 

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 (α=0.05) for bacterial growth in presences of BC specimens 

compared against S. aureus growth control. C) Dunnett statistical analysis (α=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 α=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 MRC5 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-Cur10% 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 MRC5 fibroblasts, in the presence of 100% 

extract of each BC specimen (n=4). 

 

 

Figure 68. One-way ANOVA comparison of means from cell survivability of MRC5 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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Figure 69. Diagrams for each tested material extract with the percentages of alive, dead and teratogenic embryos. 

 

 

Figure 70. Effect of BC materials on development of zebrafish embryos, images of zebrafish embryos at 120 hpf treated with 

different extracts concentrations and untreated as a control. Blue arrows point to head abnormalities, red arrows point to 

liver abnormalities and black arrows point to heart abnormalities.  
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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 μg/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).  

 

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 MRC5 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.  
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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.  
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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, I., 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, 0123456789. 

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/ma14051132 *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 

 

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

 Speaker at Bioengineering in Ireland (BiNI) 2020, abstract titled “Sustainable 

Antimicrobial Polymeric Biomedical Film Engineering Using Ag+ Nanoreservoir 

Formulations”. *Abstract available in Appendix 2  

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

 Poster presented for BioICEP 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 

 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 

 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 

 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 

 

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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Appendix 2. Poster for AIT Research Seminar, April 2019 
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Appendix 3. Abstract for Bioengineering in Ireland (BiNI), January 2020 
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Appendix 4. Poster for AIT Online Research Seminar, June 2020 
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Appendix 5. Poster for BioICEP Poster Event, October 2020 
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Appendix 6. Abstract presented in FEMS 2020 Online Conference, and Certificate of 

Participation  
 

 

 

 

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. 
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Appendix 8. Poster presented in FEMS 2022 Microbiology Conference, and 

Certificate of Attendance  
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Appendix 9. Participation certificate for AIT Poster and Research Seminar, June 

2020 
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Appendix 10. Completion certificate of Research Integrity Module for Engineering 

and Technology  
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Appendix 11. Attendance certificate of “Medical Polymers and Processing 

Technology” course, at First Polymer Training Skillnet, October 2019.  
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Appendix 12. MSSM 2019 Conference paper in Key Engineering Materials 

(https://doi.org/10.4028/www.scientific.net/KEM.865.43) 
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Appendix 13. Research paper published in MDPI Coatings 2020 

(https://doi.org/10.3390/coatings10101002) 
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