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Résumé 

Cette recherche présente une approche innovante pour développer des matériaux 

antibactériens, antibiofouling et biodégradables avancés en incorporant des nanoparticules 

photoactives et sensibles à la lumière dans des matrices de biopolymères. La nouveauté de cette 

étude réside dans la combinaison de fibres électrofilées, de polymères biodégradables et de 

nanoparticules activées par la lumière (dioxyde de titane dopé à l'argent Ag-TiO2 et oxyde de zinc 

ZnO) pour créer des matériaux multifonctionnels qui non seulement présentent d'excellentes 

propriétés antibactériennes, mais se dégradent aussi efficacement dans l'environnement. Ce travail 

exploite de manière unique la génération d'espèces réactives de l'oxygène (ROS) sous irradiation 

lumineuse comme nouveau mécanisme antibactérien, offrant ainsi une alternative durable aux 

agents antimicrobiens traditionnels. 

Le principal avantage des matériaux mis au point dans le cadre de cette recherche réside 

dans les nanoparticules sensibles à la lumière, qui améliorent considérablement les performances 

antibactériennes par rapport aux méthodes antimicrobiennes conventionnelles. L'incorporation de 

nanoparticules Ag-TiO2 NPs dans des membranes en microfibres de polyhydroxybutyrate (PHB) 

a démontré une excellente activité antibactérienne, avec des efficacités d'inactivation bactérienne 

supérieures à 99 % contre Escherichia coli et Staphylococcus epidermidis, en particulier sous une 

lumière LED de faible puissance. Cet effet antibactérien induit par la lumière, obtenu par la 

génération photocatalytique de ROS, représente une nouvelle stratégie très efficace et respectueuse 

de l'environnement pour la stérilisation des surfaces. Par rapport aux études précédentes, qui 

s'appuyaient principalement sur des propriétés antibactériennes statiques, ce mécanisme activé par 

la lumière offre une méthode plus dynamique et plus économe en énergie pour lutter contre la 

contamination bactérienne, ce qui rend ces matériaux particulièrement adaptés à une utilisation à 

long terme dans des environnements dynamiques, tels que les dispositifs médicaux et les surfaces 

environnementales. 

De même, la deuxième étude de cette thèse étend l'application des matériaux sensibles à la 

lumière à l'industrie de l'emballage en incorporant des microparticules d'oxyde de zinc (ZnO MPs) 

synthétisées de manière écologique dans une matrice de PHB. Ces MPs de ZnO ont également 

présenté une activité antibactérienne accrue sous lumière LED, montrant des effets antibactériens 

supérieurs à ceux des NPs de ZnO commerciales. L'inclusion de ZnO microporeux dans les films 
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de PHB a non seulement renforcé l'inactivation bactérienne, mais a également amélioré les 

propriétés antibiofouling, empêchant efficacement l'attachement microbien et la formation de 

biofilms. En outre, ces films ont démontré une excellente biodégradabilité, avec des taux de 

dégradation atteignant 99 % après seulement 10 semaines dans le sol. Cette approche constitue une 

solution durable pour réduire la contamination bactérienne dans les matériaux d'emballage, offrant 

une alternative prometteuse aux films plastiques conventionnels chargés de conservateurs 

chimiques nocifs. La nouvelle contribution de cette étude est l'utilisation de ZnO synthétisé vert, 

qui garantit que les matériaux sont à la fois respectueux de l'environnement et très efficaces pour 

réduire la croissance bactérienne lors de l'exposition à la lumière. 

La troisième étude de cette thèse présente un nouveau matériau composite composé de 

nanofibres de PHB mélangées à de la gélatine (GE) et à des NP d'Ag-TiO2 photoactives. La 

combinaison de gélatine et de PHB a amélioré les propriétés mécaniques des membranes 

électrofilées et a apporté un avantage supplémentaire en matière d'anti-biofouling, en réduisant 

l'adhésion microbienne. Cette étude est unique en ce sens qu'elle intègre un mélange de 

biopolymères et de nanoparticules photoactives pour créer une membrane qui est non seulement 

antibactérienne, mais qui présente également une efficacité de filtration accrue. L'activité 

antibactérienne de ces membranes, qui ont atteint une inactivation bactérienne de plus de 99 % 

sous irradiation lumineuse, a démontré l'effet synergique des nanoparticules Ag-TiO2 et du 

mécanisme de génération photocatalytique de ROS. En outre, les membranes présentaient des 

propriétés mécaniques presque deux fois plus solides que les membranes en PHB pur, ce qui les 

rend adaptées aux applications nécessitant à la fois une durabilité et des performances 

antimicrobiennes, telles que la filtration médicale et le traitement de l'eau. 

Par rapport aux études précédentes, qui se concentraient principalement sur les propriétés 

antimicrobiennes statiques ou sur les matériaux non sensibles à la lumière, cette recherche offre 

des avancées significatives en incorporant des mécanismes antimicrobiens activés par la lumière. 

L'utilisation de nanoparticules photocatalytiques (AgTiO2 et ZnO) sous irradiation lumineuse pour 

générer des ROS distingue cette étude des matériaux antibactériens traditionnels, car l'effet 

photocatalytique améliore non seulement la capacité du matériau à désactiver les bactéries, mais 

offre également un mécanisme d'auto-activation qui ne nécessite pas d'apports externes constants 
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d'agents chimiques. Ce nouveau mécanisme antibactérien améliore considérablement l'efficacité et 

la durabilité des matériaux, les rendant plus polyvalents et plus rentables au fil du temps. 

En outre, l'une des principales nouveautés de ces travaux est l'intégration de la 

biodégradabilité et de l'activité antibactérienne. Contrairement aux polymères antimicrobiens 

conventionnels qui persistent dans l'environnement, contribuant potentiellement à la pollution, les 

matériaux développés dans cette étude ont été conçus pour se dégrader naturellement, avec des 

taux de dégradation du sol dépassant 99 % en quelques semaines. Cette biodégradabilité est 

renforcée par l'activité antibactérienne des nanoparticules, qui favorise également la dégradation 

microbienne de la matrice polymère. Cette double action antibactérienne et biodégradable constitue 

un avantage significatif en matière de durabilité environnementale et de sécurité sanitaire. 

En conclusion, la recherche présentée dans cette thèse fait progresser de manière 

significative le développement de matériaux multifonctionnels et durables qui combinent des 

propriétés antibactériennes, antibiofouling et biodégradables. En intégrant des nanoparticules 

sensibles à la lumière et en tirant parti de la génération photocatalytique de ROS, cette étude 

introduit un mécanisme antibactérien novateur, économe en énergie et respectueux de 

l'environnement. La polyvalence de ces matériaux, associée à leur biodégradabilité, en fait des 

solutions innovantes pour diverses applications dans les secteurs de la médecine, de 

l'environnement et de l'emballage, ce qui les distingue des études précédentes qui se concentraient 

sur des matériaux antimicrobiens statiques. 
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Abstract 

This research presents an innovative approach to developing advanced antibacterial, anti-

biofouling, and biodegradable materials by incorporating photoactive and light-sensitive 

nanoparticles NPs into biopolymer matrices. The novelty of this study lies in the combination of 

electrospun fibers, biodegradable polymers, and light-activated nanoparticles (silver-doped 

titanium dioxide Ag-TiO2 and zinc oxide ZnO) to create multifunctional materials that not only 

exhibit excellent antibacterial properties but also degrade efficiently in the environment. This work 

uniquely exploits the generation of reactive oxygen species (ROS) under light irradiation as a novel 

antibacterial mechanism, thus providing a sustainable alternative to traditional antimicrobial 

agents. The main advantage of the materials developed in this research lies in the light-sensitive 

nanoparticles, which significantly improve the antibacterial performance compared to conventional 

antimicrobial methods. The incorporation of Ag-TiO2 NPs into polyhydroxybutyrate (PHB) 

microfiber membranes demonstrated excellent antibacterial activity, with bacterial inactivation 

efficiencies greater than 99% against Escherichia coli and Staphylococcus epidermidis, especially 

under low-power LED light. This light-induced antibacterial effect, achieved by photocatalytic 

ROS generation, represents a novel, highly efficient, and environmentally friendly strategy for 

surface sterilization. Compared with previous studies, which mainly relied on static antibacterial 

properties, this light-activated mechanism offers a more dynamic and energy-efficient method to 

combat bacterial contamination, making these materials particularly suitable for long-term use in 

dynamic environments, such as medical devices and environmental surfaces. 

Similarly, the second study of this thesis extends the application of light-responsive 

materials to the packaging industry by incorporating eco-friendly synthesized zinc oxide 

microparticles (ZnO MPs) into a PHB matrix. These ZnO MPs also exhibited enhanced 

antibacterial activity under LED light, showing superior antibacterial effects to commercial ZnO 

NPs. Including microporous ZnO in the PHB films enhanced bacterial inactivation and improved 

the anti-biofouling properties, effectively preventing microbial attachment and biofilm formation. 

Furthermore, these films demonstrated excellent biodegradability, with degradation rates reaching 

99% after only 10 weeks in soil. This approach provides a sustainable solution to reduce bacterial 

contamination in packaging materials, offering a promising alternative to conventional plastic films 

loaded with harmful chemical preservatives. The novel contribution of this study is the use of green 

synthesized ZnO, which ensures that the materials are both environmentally friendly and highly 
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effective in reducing bacterial growth upon exposure to light. 

The third study of this thesis presents a novel composite material composed of PHB 

nanofibers blended with gelatin (GE) and photoactive Ag-TiO2 NPs. The combination of gelatin 

and PHB improved the mechanical properties of the electrospun membranes and provided an 

additional anti-biofouling benefit by reducing microbial adhesion. This study uniquely integrates a 

blend of biopolymers and photoactive nanoparticles to create an antibacterial membrane with 

increased filtration efficiency. The antibacterial activity of these membranes, which achieved more 

than 99% bacterial inactivation under light irradiation, demonstrated the synergistic effect of Ag-

TiO2 nanoparticles and the photocatalytic ROS generation mechanism. In addition, the membranes 

exhibited nearly twice as strong mechanical properties as pure PHB membranes, making them 

suitable for applications requiring both durability and antimicrobial performance, such as medical 

filtration and water treatment. 

Compared with previous studies, which mainly focused on static antimicrobial properties 

or non-light-sensitive materials, this research offers significant advances by incorporating light-

activated antimicrobial mechanisms. The use of photocatalytic nanoparticles (AgTiO2 and ZnO) 

under light irradiation to generate ROS distinguishes this study from traditional antibacterial 

materials, as the photocatalytic effect not only enhances the material's ability to deactivate bacteria 

but also offers a self-activation mechanism that does not require constant external inputs of 

chemical agents. This novel antibacterial mechanism significantly improves the efficiency and 

durability of the materials, making them more versatile and cost-effective over time. 

In addition, one of the main novelties of this work is the integration of biodegradability and 

antibacterial activity. Unlike conventional antimicrobial polymers that persist in the environment, 

potentially contributing to pollution, the materials developed in this study were designed to degrade 

naturally, with soil degradation rates exceeding 99% within a few weeks. This biodegradability is 

enhanced by the antibacterial activity of the nanoparticles, which also promotes microbial 

degradation of the polymer matrix. This dual antibacterial and biodegradable action constitutes a 

significant advantage in environmental sustainability and health safety. 

In conclusion, the research presented in this thesis significantly advances the development 

of multifunctional and sustainable materials that combine antibacterial, anti-biofouling, and 

biodegradable properties. This study introduces a novel, energy-efficient, and environmentally 

friendly antibacterial mechanism by integrating light-sensitive nanoparticles and using 
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photocatalytic ROS generation. The versatility of these materials, combined with their 

biodegradability, makes them innovative solutions for various medical, environmental, and 

packaging applications, distinguishing them from previous studies that focused on static 

antimicrobial materials.  
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1. Introduction 
 

This part introduces the necessity of developing new materials for antibacterial and 

biodegradable applications, a pressing issue today that cannot be overstated. Finding innovative 

solutions is crucial in the face of increased resistant bacteria and mounting plastic pollution. While 

materials with antibacterial actions prevent microbes from spreading and secure health and well-

being, biodegradable materials offer a sustainable alternative to traditional plastics, reducing 

environmental impact. It also presents one efficient biodegradable polymeric candidate with an 

antibacterial nanoparticle agent for antimicrobial applications. Finally, this part highlights the 

major objectives of the present thesis.  
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1.1.General Introduction 

The global pandemic of COVID-19 caused by SARS-CoV-2 raises awareness to avoid 

better the microorganism spread. Worldwide demand for antimicrobial materials is rapidly 

increasing due to the spreading of diseases related to bacteria and viruses. Indeed, contaminated 

surfaces expand the spread and transmission of epidemics 1. The extent of these microorganisms 

occurs through water or air directly and via surface to surface indirectly 2. Enormous amounts of 

those microbes can harm human life and are a leading cause of death. Antibacterial coatings are of 

great research interest as they can either inactivate or destroy these microbes, thereby providing an 

effective and durable solution 3. The worldwide antimicrobial coatings market achieved $2.8 billion 

in 2019 and is supposed to reach $5.4 billion by 2024 4. This significant increase in the 

antimicrobial coatings market is due to the COVID-19 crisis. 

Ensuring antibacterial effects with a combination of chemical entities is ground-breaking 

intent to reduce the transmission of agent-causing diseases. Microbes attached to fabricated 

surfaces tend to remain alive and proliferate in a humid environment. Meantime, a biofilm is built 

up by microbial cells, but their number increases on the surface. The biofilm is composed of a 

polysaccharide pattern with enclosed cells. This biofilm provides nutriments to the microbial cells 

and enables them to survive under extreme conditions 5. In addition, microbial biofilms can 

degenerate practically all inorganic materials 6. Consequently, the fundamental matters in medicine 

and material science are the control of microbial growth on artificial surfaces. Sterilization of the 

surrounding environment is one way to inhibit surface contamination. Hydrogen peroxide, 

hypochlorite, or other reactive oxygen species (ROS) are the most popular disinfectants. Otherwise, 

alcohols, quaternary ammonium compounds, silver, or triclosan are also frequently utilized 7. 

However, the aseptic state is not permanent, and the regular use of disinfectants can cause severe 

environmental problems, especially in the case of triclosan 8. The other way is preventing microbial 

biofilm growth using antimicrobial surfaces. Corresponding surfaces prevent the adhesion of 

microbes to the surface by repelling or locally destroying them 9  (Figure 1.1). Such surfaces usually 

are loaded with antimicrobial biocides, such as antibiotics, antimicrobial ammonium compounds, 

active chlorine, silver, or triclosan 10. Even though these surfaces are efficient, their eventually 

released biocides generate similar stated problems. As an alternative, surfaces that produce biocides 

via catalyzes, such as electricity, externally applied chemicals, or optical energy, are attractive 

substitutes 11. 

https://www.sciencedirect.com/topics/physics-and-astronomy/micro-organism
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Figure 1.1: General approaches of antimicrobial surfaces 7 

 
Antimicrobial polymers have been recognized since 1965 7 when Cornell and Dunraruma 

stated polymers and copolymers designed from 2-methacryloxytroponones that destroyed bacteria 

12. These polymers have enticed substantial consideration in academic and industrial research 13. 

The three main areas of used antimicrobial agents are medical, food, and textiles. Polymeric 

materials, particularly bio-sourced polymers, are of considerable interest in antimicrobial materials 

preparation, namely coatings, films, etc. Many propitious antimicrobial polymers have been 

reported, and the number of Food and Drug Administration FDA-approved antimicrobial polymers 

has increased drastically in recent decades 7. Antimicrobial biopolymers have proved to be a 

promising candidate for exploration and advancement in the field of antibacterial treatment. 

Poly([R]-3-hydroxyalkanoates) (PHAs), one of the biobased, eco-friendly, and biodegradable 

polymeric materials synthesized by a variety of bacteria, belongs to the large category of bio-

polyesters and are the main candidates used in the biomedical field. They form a large group of 

biodegradable and biocompatible with the lowest tissue toxicity 14. PHAs have been applied in 

slow-release drug delivery, anti-inflammatory, antifungal, antimicrobial, antibiofilm, and virucidal 

fields depending on the enclosed/conjugated medicinal agent.  

Commercial interest is rising due to industrial interest in ‘green’ materials and 

environmental concerns. As a result, several companies have developed PHA-processable 

bioplastics for packaging materials. However, PHAs as a biodegradable polymer can substitute 

petro-plastic polymers in a binding domain needing an ecological solution: « personal protective 

equipment (PPE) ». PPE, such as face masks, is indispensable in facing the SARS-CoV-2 crisis 
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and spreading diseases related to bacteria and viruses. Still, the dominant polypropylene-based PPE 

is deprived of antibacterial/antiviral properties and environmental friendliness and harms the soil 

and marine ecosystems. Hence, developing biodegradable, antibacterial, and antiviral PHAs PPE 

for better protection against coronavirus and addressing ecological concerns raised by the piling of 

COVID-19-related wastes may present an innovative route for research. Hence, our first article 

inspires the development of reusable and sustainable PEs with significant bioprotective and 

biodegradable characteristics. 

PHAs are becoming increasingly popular due to their attractive properties like 

biocompatibility, biodegradability, hydrophobicity, etc. On the other hand, these biopolymers also 

have some disadvantages that limit their competition with synthetic polymers. Therefore, PHAs 

are being modified to improve their properties for potential applications in diverse sectors to 

overcome these limitations. Blending different types of PHAs or PHAs with synthetic or other 

biopolymers has produced innovative biomaterials to broaden their application domain. 

Nevertheless, copolymerization decreases crystallinity, increases flexibility, and makes more 

readily processable materials than pure PHAs. They have already been reinforced by blending with 

other biodegradable polymers, natural particles, and fibers, including nanosized fillers like chitin, 

chitosan, and cellulose nanowhiskers. Some works studied the reinforcement/filler selection with 

PHA for antibacterial applications. This method addresses their influence on the material structure 

and performance, such as mechanical and thermal properties, crystallinity, biodegradation kinetics, 

etc. However, compatibility is frequently highlighted when blending natural fibers with PHA as a 

problem that causes mechanical deterioration. Using compatibilizing agents can enhance poor 

filler-matrix compatibility. Therefore, there is a need for further mechanical performance 

improvement to enable better load transmission with ideal processing parameters and fillers and 

antibacterial agent dispersion. Thus, examining the blending effect of Polyhydroxybutyrate (PHB) 

with gelatin with a comprehensive study of their structure, morphology, thermal, mechanical, and 

biological properties is the research topic of our third article. 

However, the biodegradability rate of PHA-based materials may be negatively impacted by 

including specific additives (chain extenders) and other biodegradable/non-biodegradable 

polymers used to improve their qualities. In aerobic and anaerobic settings, the unfavorable effects 

of antifouling chemicals and non-degradable or hydrophobic plasticizers may inhibit PHA 

biodegradation. Mixing PHAs with PLA, PBAT, etc. prevents PHAs from degrading in most 
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environments, except compost, where PLA performs better than PHAs. The addition of natural 

fibers and fillers can speed up the biodegradation of PHAs depending on the makeup of the fibers, 

whereas inorganic fillers either impede or completely prevent biodegradation. Improved 

hydrophilicity and facilitated biodegradation are advantages of natural fibers rich in cellulose and 

hemicellulose, respectively. On the other hand, the biodegradation of PHAs can be inhibited by 

fillers with high levels of lignin and low levels of hemicellulose in the cellulose, respectively, 

because of their complexity and low hydrophilicity. PHA biodegradation has significantly 

improved thanks to the high hydrophilicity and facilitated biodegradation of starch-based fillers. 

Additionally, the biodegradation of PHAs can be enhanced beyond starch and natural fillers by 

combining fillers with proteinaceous materials like Dried Distiller's Grains and soy. Nevertheless, 

the research on PHA biocomposite biodegradation is severely constrained in maritime 

environments, where there is a substantial amount of improperly managed plastic trash. Hence, our 

second article systematically elucidated the role of the antibacterial agent added to PHB materials 

in biodegradation control. 

In addition, research is also required to improve the antibacterial effect through chemical, 

physical, and biological treatment methods. For example, as discussed in this thesis, applying a 

plasma treatment to PHA surfaces in different ways, such as etching, cleaning, activation, and 

cross-linking, can improve wetting qualities, increase the adherence of plasma-deposited coatings, 

or decrease friction. However, plasma conditions and gas type must be cautiously adjusted to 

minimize degradation and aging effects because of the different ways in which plasma interacts 

with the polymer surface. In addition, plasma treatment decreases PHA hydrophobicity and thus 

enhances the surface coating with antibacterial agents.  

Although one of the main drawbacks, delaying the evolution and productivity, is strongly 

related to the behavior of the NPs detachment from the polymer surface in the presence of fluids, 

which usually induces their aggregation. On the other hand, PHB's high crystallinity provokes 

complex migration of antimicrobial nanoparticles from the bulk to the surface of the polymer. 

Therefore, further additives like plasticizers, lubricants, and surfactants are used for better 

nanoparticle migration. Suppose PHA-based materials are to be used in the antibacterial domain; 

in that case, further research will be required into the migratory characteristics of PHA-based films 

and their probable performance in service.  

The greatest challenge to the antimicrobial application of PHA- based materials arises from 



6 
 

 

the considerable variation of antibacterial agents and their incorporation method, which influence 

biological efficiency. In addition, as stated in this work, metal-oxide biocides' presence in the 

electrospinning solution, for example, modifies the spinning solution's conductivity and viscosity, 

making the production of antimicrobial nanofibers difficult.  

This thesis suggests a novel, more efficient antibacterial mechanism produced by reactive 

oxygen (ROS) generation. Unfortunately, this mechanism has received relatively little attention 

with PHA-based materials. Thus, this mechanism of antibacterial action is further studied with 

PHB polymer in this study.  

 
1.2.Objectives of the thesis 

Generally, the present thesis aims to prevent bacterial agent contamination and maintain the 

health and well-being of Canadian and international community members exposed to recent 

biological substances by sustaining ecological balance and preserving a safer and greener 

environment. 

 

The first objective is the development of suitable methods for blending antibacterial agents 

with biodegradable polymer polyhydroxybutyrate (PHB). Three methods are considered: 1) a direct 

deposition method by coating antibacterial agents onto the electrospun fibrous material after 

surface modification treatment, 2) dispersing the antibacterial agent in the PHB matrix using a 

simple casting method to prepare bioactive films and 3) electrospinning blended biodegradable 

polymer solution loaded with antibacterial agent.  

 

The second objective - the most important objective is to measure the antibacterial activity 

of the prepared materials. Visible light is used in this thesis to enhance the antibacterial 

effectiveness, breaking the traditional way of destroying bacteria by contact and providing an 

innovation in active antibacterial material.   

 

The final objective is the investigation of the biodegradability, stability, and durability of 

prepared materials.  
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1.3.Outline of the thesis 

Introduction: 

This section provides an overview of the thesis, including a general introduction, objectives, 

and outline. 

 

Chapter 2: 

This chapter provides a background of the present thesis by reporting different aspects of 

polyhydroxyalkanoates PHAs, from their synthesis to potential antibacterial applications. 

Antibacterial PHAs have been used in different forms, generally as scaffolds for soft and hard 

tissues and particles for drug delivery or catalyst immobilization. As detailed in this work, 

nanofibers represent the newest PHAs form used for biological activities. PHAs can be subjected 

to surface modification and integration with various antibacterial agents to be effectively applied 

in antibacterial applications. Moreover, the potential fabrication methods of antibacterial PHA 

materials are thoroughly discussed in this chapter.  

Chapter 3: 

This chapter details the experimental analysis and methodological approach adopted, as 

well as the various products used in this work. 

 

Chapter 4: 

Chapter 4 reports an ecological preparation of innovative PHB microfiber membranes 

decorated with hybrid Ag-TiO2 NPs (Ag@T NPs) using the electrospinning technique coupled 

with a simple dip-coating process. The introduction of Ag@T NPs enhanced the antibacterial 

activities of prepared membranes against two bacterial strains, including Escherichia coli and 

Staphylococcus aureus, with exposure to low-power commercial LED light. These prepared 

membranes also displayed strong antibiofouling properties and excellent biodegradability. 

Chapter 5:  

Chapter 5 reports developing environmentally friendly polymer-based materials with 



8 
 

 

antibacterial and biodegradable properties, which are crucial for advancing sustainable packaging 

solutions. Green-synthesized zinc oxide microporous particles (ZnO MPs) were incorporated into 

the PHB matrix using a straightforward casting method to produce bioactive films. These films 

exhibit improved antibacterial and anti-biofouling properties due to the homogeneous distribution 

of micro-sized pores and the effective dispersion of ZnO MPs within the biopolymer. PHB-ZnO 

(PZ) films promote microbe adhesion, accelerating biofilm biodegradation with fast soil 

biodegradation rates. 

Chapter 6:  

Chapter 6 reports the fabrication of hybrid material by blending PHB with gelatin (GE) and 

incorporating photoactive AgTiO2 nanoparticles. Electrospun membranes exhibit outstanding 

antibacterial properties, enhanced mechanical strength, and anti-biofouling characteristics. PHB-

Ge-AgTiO2 membranes promote microbe adhesion, accelerating biodegradation. 

Conclusion and outlook:  

This section summarizes all the work completed for the current thesis, including literature 

reviews and research findings from chapters 4–6. 
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2. Chapter 2: Literature Review 
 

In recent decades, bactericidal materials have been considered promising candidates to 

combat bacterial pathogens. Recently, polyhydroxyalkanoates (PHAs) have been used as green and 

biodegradable materials in various promising alternative applications, especially in healthcare for 

antiviral or antiviral purposes. Therefore, the ultimate goal of this chapter is to provide the recent 

application of this emerging PHA biopolymer material in terms of cutting-edge production 

technologies and promising antibacterial applications. In addition, special attention was given to 

collecting scientific information on antibacterial agents that can potentially be incorporated into 

PHA materials for biological and durable antimicrobial protection.  
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2.1. Polyhydroxyalkanoate polymers 

In recent years, great attention has been paid to biobased and biodegradable polymers due 

to the accretive demand for sustainable materials 15. However, fuel-based polymers are the leading 

cause of resource limitations and ecological issues such as plastic pollution. In specific biomedical 

uses, the employment of biopolymers is inevitable because of their biocompatibility, non-toxicity, 

and biodegradation 16. Among various biopolymers, polylactic acid (PLA) is extensively used as a 

promising sustainable material. This polymer is produced from potato, corn, and wheat, but the 

more used source is beet and sugar cane 17. In this case, the soil is used to “cultivate bio plastique” 

instead of food. In other words, the development of PLA and all the other biopolymers require 

extensive exploitation of feedstock, thus posing severe ethical doubts 18. Overview of some recent 

analyses, the production and commercialization of PLA are expected to decelerate in the 

foreseeable future 19. Recently, Polyhydroxyalkanoates (PHAs) have been recognized as the new 

generation of bioplastics as their production is based on the microorganism fermentation. They are 

considered biocompatible and biodegradable 20.  

Polyhydroxyalkanoates (PHAs) belong to the polyester family that contains a unique bond 

of esters, accumulated as energy and carbon reserve with a deficient nitrogen source, and provide 

necessary energy 21. PHAs are composed of 3-hydroxy acid monomers 22, as shown in Table 2.1. 

The n value commonly varies between 100 to 30000 23. Therefore, it depends on the type of micro-

organism in which PHA polymer is produced and the pendant group. 

Based on the number of carbon atoms in a monomer, polyhydroxyalkanoates are divided 

into three groups: Short chain length (scl-PHAs), which contains 3 to 5 carbon atoms; medium 

chain length (mcl-PHAs), which includes 6 to 14 carbon atoms and long chain length (lcl-PHAs) 

which have 15 or more than 15 carbon atoms 24. The molecular weight of PHAs makes them very 

similar in characteristics to thermoplastic groups. Indeed, their stability, durability, and flexibility 

are pretty similar 25. scl-PHAs are mainly close to conventional plastics due to their physical and 

mechanical properties 26, such as crystallinity and rigidity. mcl-PHAs are amorphous 

thermoplastics with different degrees of crystallinity and have adhesive and elastomeric properties 

27. The most popular PHAs polymers are listed in Table 2.1.

1 
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Table 2.1: Chemical formula of Poly(3‐hydroxyalkanoates) and the correspondant R-groups  

 
R-Groupe PHA Abbreviation 

CH3 Poly(3‐hydroxybutyrate) PHB 

C2H5 Poly(3‐hydroxyvalerate) PHV 

C3H7 Poly(3‐hydroxyhexanoate) PHHx 

C5H11 Poly(3‐hydroxyoctanoate) PHO 

 

Using different substrates, various PHAs are synthesized, varying by the length of the side 

chains. A detailed overview of microbially produced PHAs including biopolymers, microbial 

strains, and substrate (source), is provided in Table 2.2. By changing bacterial strains and carbon 

sources, the PHA’s production may be conceivable to broaden the application domains and reduce 

production costs. 

 

Table 2.2: Overview of common microbial strains used to produce PHAs 

Microbial Strain Biopolymer Substrate Ref. 

Aeromonas hydrophila mcl-PHAs oleic acid, lauric acid, 
28 

Alcaligenes latus PHB soy waste, vinegar waste, milk 

waste, malt waste, sesame oil 

29 

Bacillus cereus PHB ɛ-caprolactone, glucose, sugar 

beet molasses 

30 

Bacillus firmus NII 0830 PHB crude glycerol 31 

Bacillus megaterium PHB date syrup, beet molas 32 

Bacillus spp. PHB, PHBV ɛ-caprolactone, glucose, 

alkanoates, soy molasses 

nutrient broth, 

33 

Burkholderia cepacia PHB, PHBV palm kernel oil, palm stearin, 

palm olein, crude palm oil, 

34 
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sugarbeet molasses, xylose, 

oleic acid, levulinic acid 

Burkholderia sacchari sp. nov. PHB, PHBV arabinose, adonitol, cellobiose, 

arabitol, fucose, fructose, 

maltose, lactose, raffinose, 

melibiose, rhamnose, sucrose, 

sorbitol, xylitol, trehalose 

35 

Caulobacter crescentus PHB glucose, caulobacter medium 36 

Burkholderia sp. USM (JCM 

15050) 

PHB glycerol, Palm oil derivatives, 

fatty acids, 

37 

Comamonas acidovorans  [P(3HB-co-4HB)] Glucose and 1,4-butanediol 38 

Comamonas testosteroni mcl PHA sesame oil, coconut oil, castor 

oil, cottonseed oil, mustard oil, 

olive oil, groundnut oil, 

39 

Cupriavidus necator PHB bagasse hydrolysates 40 

Cupriavidus necator H16 PHBV sunflower oil, olive oil, kernel 

oil, cooking oil, crude palm oil, 

palm olein, palm kernel oil, 

coconut oil + sodium propionate 

41 

Cupriavidus necator DSM 545 PHB waste glycerol 42 

Escherichia coli mutants PHB glycerol, glucose, palm oil, 

sucrose, ethanol, molasses 

43 

Halomonas boliviensis PHB maltose, starch hydolysate, 

maltohexaose, maltotetraose 

44 

Halomonas hydrothermalis PHB seaweed-derived crude levulinic 

acid (SDCLA) 

45 

Hydrocarbonaclastic bacteria: 

Ochrobactrum, Achromobacter, 

and Alcaligenes 

PHA engine oil (SEO) 46 

Legionella pneumophila PHB Nutrient broth 47 

Massilia albidiflava, M. aerilata, 

M. aurea, M. brevitalea, M. dura, 

M. lutea, and M. plicata 

PHA glucose, starch 48 

Methylocystis sp. PHB Methane 49 

Microlunatus phosphovorus PHB Glucose, acetate 50 

Pseudomonas aeruginosa 

IFO3924, P. aeruginosa NCIB 

mcl PHA palm oil, waste frying oil, 

coprah oil 

51 



13 
 

 
 

40045, P. guezennei biovar. 

Tikehau, and P. stutzeri 

Ralstonia eutropha PHA Paddy straw 52 

Recombinant Cupriavidus 

necator 

P(3HB-co-3HHx) crude palm oil, palm kernel oil, 

palm acid oil, palm olein 

53 

Recombinant Escherichia coli P(3HB-co-3HHx-co-

3HO) 

Soybean oil 54 

Recombinant E. coli harboring 

phaC1 of Pseudomonas sp. LDC-

5 

PHA Molasses and sucrose 55 

Recombinant R. eutropha P(3HB-co-3HA) Fructose, soybean oil 56 

Rhizobium meliloti, R. viciae, PHB sucrose, glucose, galactose, 

trehalose, mannitol, raffinose, 

xylose, lactose, maltose, 

dextrose, sugar beet molasses, 

pyruvate, whey 

57 

Rhodopseudomonas palustris PHB, PHBV malate, acetate, fumarate, 

propionate, succinate, 

gluconate, malonate, butyrate, 

citrate, glycerol 

58 

SM-P-1S, SM-P-2S, SM-P-3S, 

SM-P-4S and SM-P1M, SM-P-

2M, SM-P-3M, SM-P4M and SM-

P-5M 

PHA/PHB Jatropha biodiesel by-product 59 

Spirulina platensis 

(cyanobacterium) 

PHB Carbon dioxide 60 

Staphylococcus epidermidis PHB soy waste, malt, vinegar waste, 

milk waste, sesame oil 

61 

Wautersia eutropha Mutant Poly(3-hydroxybutyrate-

co-3-hydroxyhexanoate) 

[P(3HB-co-3HHx)] 

palm olein, palm kernel oil, 

palm acid oil, and crude palm oil 

62 

  
The chemical and physical properties depend on the monomer component of PHA-forming 

microbes and their nourishment 63. Because of their various structural and mechanical properties, 

PHAs are being employed in many technological fields 64. Their significant advantages are that 

they are eco-friendly and do not pollute the environment like conventional plastics. These polymers 

are mainly entirely biodegradable in soil or marine nature compared with PLA, which is very 

persistent 65. Compared with other natural-originated elements (e.g., chitosan and collagen), PHAs 
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exhibit superior mechanical properties and better thermal stability, ensuring a wide array of 

manufacturing processes 66. Nevertheless, the major limitation of utilizing PHA polymers is their 

high production cost 67. 

2.2. Applications of PHA-based materials 

PHAs have been widely applied in agriculture, aquaculture, and human health 68. Their most 

outstanding economic value results from their biodegradable, biocompatible, and non-toxic nature. 

In addition, their biodegradable nature eliminates the need to dispose of them after use. PHAs have 

been advanced in healthcare as drug delivery systems, biocontrol agents, heart valves, surgical 

sutures, artificial organ reconstruction, artificial skin, and memory enhancers 69. Their use in the 

agricultural domain extends from plant protection against challenging operating environments, 

such as clips, shade nets, and geotextiles 70. They are additionally employed for making low-cost 

bags for growing and transporting mulching and seedlings. As conventional plastic nets have a 

short lifespan and their use generates large amounts of waste 71, replacing them with biopolymers 

offers an ecological and sustainable solution. 

 

 2.2.1. PHAs in medical applications 

Biocompatibility is the primary requirement for using synthetic and natural polymers in the 

biomedical field. In addition, biomaterials should be nontoxic and not release any allergenic 

degraded components. Besides, they should have a controlled degree of degradation with adequate 

surface properties. In vitro studies have been extensively investigated to confirm the 

biocompatibility and the absence of cytotoxicity of PHA materials 72. Elemental types of fibroblasts 

73, 74, osteoblasts 73, 75, chondrocytes 76, keratinocytes 77, 78, hepatocytes 79, or mesenchymal stem 

cells 77, 80 have been tested. The biocompatibility characteristic of PHA polymers is due to (3-

hydroxybutyric acid), which is produced by cell metabolism and exists in the human blood with 

0.3–1.3 mM of concentrations 63, 81. Moreover, the constant local pH value during degradation 

allows PHAs to be highly compatible with cells and the immune system in comparison with other 

polymers, such as poly(ε-caprolactone) (PCL), poly(lactic acid) (PLA), poly(lactide-co-glycolide) 

(PLGA) and poly(glycolic acid) (PGA) 82, 83. In recent decades, polyhydroxyalkanoates have 

become very attractive for biomedical applications such as tissue engineering, drug delivery, and 

conventional medical devices 84 (Figure 2.1).  
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Figure 2.1: Polyhydroxyalkanoates use in biomedical applications. A) GelMA/PHBV hybrid 

meshes loaded with growth factors for diabetic wound healing 85. B) PHA–protein assemblies 

exhibiting biologically active protein-based functions relevant for applications as vaccines or 

diagnostics 86. C) PHBV- nCeO2 membranes for cell proliferation and cell adhesion for wound 

dressings 87. D) Chondroitin sulfate (CS) nanoparticles-incorporated chitosan–PHBV hydrogels for 
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nucleus pulposus tissue engineering 88. E) Sintered Ca-P/PHBV nanocomposite scaffold for bone 

tissue repair 89.  

2.2.2. PHAs in drug delivery systems 

Drug delivery systems (DDSs) are created to encapsulate an active pharmaceutical 

component (API) (a gene, a drug, or a functional agent) and acquire its controlled release at the 

aimed site. Various parameters could be determined the DDSs effectiveness in capsulizing a 

molecule, such as drug loading efficiency (DLE) and drug loading content (DLC) 90. Although 

many advanced medicines exist today, efficient drug delivery remains challenging 91. It is due to 

the first-pass effect in which the drug metabolism tends to reduce the active drug's bioavailability 

upon reaching its site of action or the systemic circulation 92. Consecutively, the drug concentration 

risks being below its therapeutic efficiency, making it ineffective. 

Conversely, too high concentration can cause an overdose resulting in toxicity. Therefore, 

researchers increased their focus on controlled DDSs to guarantee a slow and controlled drug 

release at a specific dose to ensure maximized intended effects 93. As a result, for 40 years, 

controlled DDSs technologies have shown rapid progress from macroscopic to the nanoscopic 

scale 94.  

Plenty of materials, including natural polymers, synthetic polymers, and their blends, have 

been employed to prepare biomedical materials 95. Among these materials, biodegradable polymers 

have captivated particular attention in drug research 96 since the delivery system of biodegradable 

polymers degrades into compounds that can be ejected from the body. Therefore, there is no 

following cleanup at the end of treatment 97. PHAs can be shaped into porous matrices, films, 

microspheres, microcapsules, and nanoparticles. Drugs can be microencapsulated or entrapped in 

a PHA homopolymer or copolymer. The microsphere- or microcapsule-based delivery systems 

have been widely used to deliver several medicines, such as antibiotics, anesthetics, steroids, 

hormones, anticancer agents, anti-inflammatory agents, and vaccines 98. In recent years, several 

reviews documented using PHAs as carriers in biomedicine 99, 100. They can be shaped on particles, 

micelles, spheres, vesicles, liposomes, or capsules as medicinal delivery carriers 83.Xiong et al. 

attempted to fabricate a novel model of drug-loaded PHA particles and their constant intracellular 

release behavior 100. Moreover, some searchers reported that PHA degradation rarely occurs 

without the presence of degrading proteins, contrary to other biodegradable polymers such as PLA 

101. For instance, the molecular weight of PHA did not vary at 37 °C in a pH 7.4 phosphate buffer 

https://www.sciencedirect.com/topics/materials-science/natural-polymer
https://www.sciencedirect.com/topics/materials-science/synthetic-polymer
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for over 84 days 101. Thus, PHA particles can serve as drug vectors that can release drugs only 

inside the body since drug release from such drug-loaded PHA particles cannot occur without the 

PHA decomposition 102. 

The slow release of anticancer drugs is a significant area of drug delivery. Human PhaP 

peptide and polypeptide or protein ligands fused to PhaP were advanced 103. The ligand-PhaP-PHA 

specific drug delivery system confirmed its effectiveness in vitro and in vivo targeting cancer cells  
104. 

2.2.3. Tissue engineering 

Tissue engineering is a versatile field of research geared toward creating biological tissues 

by combining cells, biomaterials, and bioactive molecules, intending to repair diseased or damaged 

organs and tissues 105. Tissues can be assorted as soft tissues, skin grafts, and vascular or hard tissue 

substitutes, such as cartilage and bone 106. To be considered a tissue repairer, the used biomaterial 

must have two essential features: suitable mechanical properties to support the organ during the 

new tissue regeneration and improved surface topography to ensure efficient proliferation and cell 

adhesion 83. Hence, engineered scaffolds are designed to mimic the spatial distribution, topography 

thoroughly, and chemical environment matching the original extracellular matrix of the desired 

tissue to maintain cell growth and differentiation 107. PHAs are an excellent substitute for tissue 

engineering due to their good mechanical properties, biocompatibility, degradability, and low 

tissue toxicity. 

PHAs have been exploited for healing and the replacement of soft and hard tissues in 

biomedical tissue engineering to repair cardiovascular tissues, cartilage, bone marrow, skin, and 

nerve conduits 108. For example, the high biocompatibility of Polyhydroxybutyrate (PHB) and Poly 

(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) implants was successfully confirmed in 

animal-model experiments 82. Furthermore, as mentioned by Shishatskaya et al. 109 and Volova et 

al. 110, the biochemical and physiological reactions of rats having implants with PHA sutures were 

examined in long-term studies. Over one year of monitoring, the animals with PHA threads were 

in good health and active during the experimental period. Moreover, implanted polymer threads 

did not severely affect the rats’ organisms, as previously stated 110, 111. 

Furthermore, Doyle et al. 112 revealed that materials based on PHB generated a consistent 

beneficial bone tissue adaptation response without evidence of an unsuitable chronic inflammatory 

response after implantation periods of 12 months. Indeed, bone rapidly forms close to the material 
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and becomes remarkably organized. Furthermore, during the implantation period of the study, the 

biomaterials did not show any conclusive evidence of an extensive structural breakdown in vivo 

111. 

Various successful studies using different animal models have demonstrated that PHAs, 

represented by PHB, poly-4-hydroxybutyrate (P4HB), poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV), poly-3-hydroxyoctanoate (PHO), and poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate) (PHBHHx), have biocompatibility, biodegradability, and thermoprocessibility 
111. Furthermore, to adjust their biocompatibility and mechanical properties depending on end-used 

applications, PHA can be either blended, modified, or composited with other polymers, enzymes, 

or even inorganic materials 111. The modifications to tailor-made PHA for biomedical applications 

have proved that this category of materials has a reasonable prospect as biological materials. 

The economic efficiency of PHAs and their derivates in medical applications are the most 

studied. However, the PHAs use can be expanded to other health-related issues such as resolving 

malnutrition, metabolic and neurodegenerative disorders, anti-diabetic agents, etc. 

2.2.4. Packaging films 

Thanks to increased public awareness about sustainable ‘green’ packaging, the use of 

biopolymers over the last few years was amplified 113. Also, the growth of consumer concern about 

the environmental and economic features of petrochemical-based materials exploitation raises 

attention to their substitution by biopolymers. However, the packaging industry still represents the 

biggest bioplastics market, with about 65 % (1.2 million tonnes) of the total produced bioplastics 

in 2018 114. Replacing petroleum-derived plastics with bioplastics like polyhydroxyalkanoates 

(PHAs) has attracted attention due to their valuable properties, which are equivalent to 

conventional polymers. Moreover, bioplastics offer better biodegradability and biocompatibility 

and have non-toxic behavior 115. The first traditional applications of PHAs were the packaging 

materials and coating used in cosmetology and everyday articles, such as bottles, vials, and 

containers. PHA-based products were also found in household goods and disposable items, 

including utensils, hygiene products, and compostable bags 116. Polyhydroxyalkanoates (PHAs) 

exhibit excellent barrier properties toward oxygen, carbon dioxide, and moisture, thus making them 

suitable for food packaging 117, 118. Also, the PHB lamellar structure provides superior gas barrier 

properties with a vapor permeability of approximately 560 g µm/m2/day, which is appropriate for 
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low-end food packaging 117, 119, 120. However, its applications in the food industry are limited due 

to its high production cost. Among PHAs, poly(3-hydroxybutyrate) (PHB) and its copolymer with 

3-hydroxyvalerate (HV), i.e., poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), have too far 

gained significant attention concerning characterization and industrial-scale production 120. Several 

methods improve its economic viability, such as blending with other biopolymers like starch and 

Polylactic acid (PLA) or fabricating nanocomposite material based on PHAs and other organic or 

inorganic materials fillers (e.g., cellulose nanowhiskers and carbon nanotubes) 121. Therefore, 

incorporating other biopolymers or nanofillers can improve their thermal stability, crystallization 

behavior, and mechanical properties, which are essential for packaging materials 122. 

To enhance the antimicrobial and mechanical properties while maintaining the lowest 

migration rate to improve the shelf life of poultry items, Zare et al. 123 used the leaf extract of 

Thymus vulgaris to prepare zinc oxide–silver nanocomposites which were incorporated into 

PHBV-chitosan. These have revealed interesting antimicrobial activity that could replace the 

conventional petrochemical-based polymers currently used for food packaging poultry items. 

Another work reported by Castro-Mayorga et al. 124 showed that incorporating only 0.04 wt% of 

Ag NPs into PHBV reduced 56 % oxygen permeability compared to neat PHBV. Moreover, the 

prepared films showed up to 7 months of antimicrobial activity against eminent foodborne 

pathogens such as Listeria monocytogenes and Salmonella enterica. The final results were 

promising, producing biodegradable composites that could be used as potential films and coatings 

in active food packaging 125. Table 2.3 summarizes several works using polyhydroxyalkanoates-

based materials in the packaging sector.  

Table 2.3: PHA-based materials for packaging materials 

BIOPOLYMERS ADDITIVES FABRICATION 

METHODS AND 

TREATMENTS 

ANTIMICROBIAL 

TESTS AGAINST 

REF. 

PHB ZnO NPs and 

Bacterial cellulose 

nanofibers (BC) 

Melt compounding 

technique and zinc oxide 

(ZnO) nanoparticle 

plasma coating 

Staphylococcus aureus 

and Escherichia coli 

126 

PHB ZnO NPs Combination of 

ultrasonication with the 

solution casting 

Staphylococcus aureus 

and Escherichia coli 

127 
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PHB Lignin NPs Oil-in-water Pickering 

emulsion approach 

- 128 

PHB Graphene 

nanocomposites 

Solution casting technique - 129 

PHB Polylactide (PLA), 

Poly (ethylene 

glycol) (PEG) 

Blending under shear 

deformation, 

Electrospinning 

- 130 

PHB Cellulose fibers 

(from 2% to 10%) 

Melt processing - 131 

PHBV Aloe-emodin (AE) Photoactivation of aloe-

emodin under blue light 

(400 nm–500 nm) 

Escherichia coli 132 

PHBV Salmonella 

Enteritidis 

bacteriophage Felix 

O1, polyvinyl 

alcohol (PVOH) 

Casting and 

electrospinning 

S. Enteritidis H40499 

SDE 

133 

PHBV ZnO NPs (1) direct melt-mixing, (2) 

melt-mixing of 

preincorporated ZnO into 

PHBV fiber mats made by 

electrospinning, and (3) 

coating of the annealed 

electrospun PHBV/ZnO 

fiber mats over 

compression molded 

PHBV 

L. monocytogenes 134 

PHBV 1 wt% Fe doped 

ZnO (NPs) 

i) PLA films were 

obtained by hot-pressed 

ii) Nanofibers based on 

PHBV/ZnO/Fex were 

deposited onto PLA films 

by the electrospinning 

process 

Pseudomonas 

aeruginosa (ATCC-

27853) 

135 

PHBV Graphene oxide-

zinc oxide (rGO-

ZnO) 

Melt extrusion Escherichia coli 136 

PHBV AgNPs Melt blending process Salmonella enterica 

and Listeria 

monocytogenes 

137 
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PHBV Multi-walled carbon 

nanotubes 

(MWCNTs) 

solution casting - 138 

PHBV Cellulose 

nanocrystals 

(CNCs), Gelatin 

(GE), agar (AG), 

xanthan gum (XG), 

gum arabic (GA), 

Glycerol plasticizer 

Electrospinning process, 

interfiber coalescence 

process 

- 139 

PHBV Thermoplastic 

polyurethane (TPU) 

Melt blending, 

compression molding 

- 140 

PHBV Poly (butylene 

succinate) (PBS) 

Melt mixing - 141 

PHBV Coffee Silverskin 

(CS), acetyl tributyl 

citrate (ATBC) 

Melt extrusion technique, 

injection molding 

- 142 

PHBV Glycerol Solvent casting method - 143 

PHBV Ceiba pentandra 

bark fibers 

Solvent casting technique S. aureus and E. coli 144 

PHBHV Kraft lignin Melt compounding, 

thermoforming 

- 145 

PHBV/PBAT Nanoclay  Compression molding and 

cast film extrusion 

- 146 

PHBHHX Organo-modified 

montmorillonite 

clay (OMMT) 

nanocomposites 

Melt blending, solvent-

casting, and compression 

molding 

- 147 

PHBHHX Graphene oxide 

(GO) 

nanocomposites 

Solvent casting method E. coli and B. 

cepacia (Gram 

negative), S. 

aureus and B. 

subtilis (Gram 

positive) 

148 

PHB/PCL Organo-clays 

(Cloisite® 30 B and 

10A) 

Nisin activation, 

Compression molding at 

175 °C 

Lactobacillus 

plantarum CRL691 

149 

PHB/PCL Cellulose 

nanocrystals 

1) solvent casting 

followed by 2) melt 

compounding and finally 

- 150 
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3) thermocompressing 

process 

PHA 

/CHITOSAN  

Cinnamaldehyde 

(Ci) 

Poiseuille flow principle, 

Molding PHA/CS 

composite scaffolds 

Staphylococcus aureus 

and Escherichia coli 

151 

PHB / PLA Tributyrin (TB) Compression molding - 152 

PHB / PLA - Cast solution 

methodology 

- 153 

PHB / PLA Poly (ethylene 

glycol) (PEG) and 

acetyl (tributyl 

citrate) (ATBC) 

Melt blending and 

compression molding 

- 154 

PBAT/PHB Babassu Flat-die extrusion - 155 

 
PBAT: Poly (butylene adipate-co-terephthalate)   

 

2.3. Fabrication approaches of PHA-based materials with antibacterial functionality 

As bacterial infections are one of the major causes of chronic diseases, antibacterial 

materials are urgently needed. The nanofibers have a large surface area and are well-suited for 

incorporating antibacterial agents. As previously described, the antibacterial character is crucial for 

materials used in medical fields such as drug delivery and tissue engineering or the packaging 

domain, especially for food packaging. In literature, antibacterial PHA materials are used as 

scaffolds for soft and hard tissues and particles for drug delivery or catalyst immobilization. 

However, a few studies report the fabrication of antibacterial PHA fibers. Therefore, this section 

focuses on different fabrication methods to produce PHA polymeric fibers that can be used as 

antibacterial materials.    

Polymeric nanofibers loaded with drug vectors of antibiotics destructive to the growth of 

bacteria have recently enticed the attention of scientists. Various studies reviewed nanofibers' 

tunable and intrinsic structure, properties, and components, providing sustained drug deliveries 156, 

157. The nanofibers can suppress the growth of bacteria due to their topographic characteristics 158. 

Nanofibrous structures have various inherent properties, making them exceptionally functional for 

antimicrobial applications 156, 159. Indeed, they have a large surface area-to-volume ratio as well as 

interconnecting and tiny interstitial space due to their small size, making them more beneficial than 

their wholesale form 158. Furthermore, their high surface area can advance the hemostasis of 
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wounded tissues and fluid absorption 160. The nanofibers are also effective at targeted drug delivery 

161. 

The porosity of nanofibers (60–90%) significantly influences their performance 158, 162, as 

it provides a high surface and wetting permeability. Successively, it affects vascularization, cell 

proliferation, and mechanical stability 163. Moreover, their interconnected nanopores, coupled with 

exceptional surface reactivity, surface energy, and high electric and thermal conductivities, can 

inhibit the penetration of microbes 164. These facts confirm that nanofibers are potentially 

advantageous as antimicrobial materials 158, 165.  In general, the significant applications of polymer 

nanofibers cope with various rising health, energy, and environmental challenges. Several 

techniques have been stated to produce submicron nanofibers, such as electrospinning 166, flash 

spinning 167, melt-blowing 168,  multi-component spinning 168, template synthesis 169, 

nanolithography 157 and self-assembly 170. To judge the efficiency of these techniques, an overall 

consideration of suitable polymers, possible fiber assembly, production cost, and production rate 

157 are determined. Among the methods deployed for the manufacture of nanofibers, 

electrospinning is one of the most popular ones. 

2.3.1. Electrospinning  

Electrospinning has been created since the 1930s. However, it was widely recognized in the 

mid-1990s when the term electrospinning was conceived 171. As a result, several natural and 

synthetic polymers have been effectively electrospun 172. This technique gained popularity due to 

its simplicity, cost-effectiveness, and admissibility. It applies to mostly synthetic polymers and 

numerous natural polymers (e.g., carbohydrates and proteins).  

The electrospinning process is considerably documented in the literature 72, 173. As shown 

in Figure 2.2, an electrospinning system includes a high-voltage source, polymer pump, nozzle 

with a needle, a grounded collector, and preferably an air conditioning unit. While a sufficiently 

high voltage is applied, the polymer solution is pressed through a metal needle via the syringe 

pump. Thus, a potential difference is generated between the needle and the collector. The electric 

field drives the polymer jet as the solvent evaporates, and electrospun fibers are collected 174, 175. 

Numerous parameters impact the morphology of the obtained fibers, mainly the applied voltage 

polarity 176, the flow rate of the polymer 177, the distance between the needle tip and the collector 

175, the polymer solution characteristics 177, and environmental conditions such humidity and 
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temperature during the electrospinning process 178, 179. Furthermore, an advanced spinning needle 

system can generate innovative electrospun fibers with unconventional shapes like core-shell 180, 

twisted, hollow, or multilayer structures 178.  

 

 
Figure 2.2: Schematic illustration of electrospinning technique 181 

Electrospinning studies using PHAs were not conducted until quite recently 182. The first 

published studies reported the usage of this technique to produce super microfibers from poly-3-

hydroxybutyrate and copolymers of 3-hydroxybutyrate with 3-hydroxyvalerate were performed in 

2006 183. Previously, P(3HB-co-3HV) copolymers were mainly reported in electrospinning studies. 

Sombatmankhong et al. 183, 184 and Tong et al.  185 investigated the effects of the electrospinning 

conditions on the properties of electrospun fibers produced from P(3HB-co-3HV). They further 

evaluated the possible potential of mats and ultrafine fibers as cell scaffolds and the effects of the 

process parameters on the morphology and mechanical behaviors of fibers and fibrous scaffolds. 

Similarly, depending on the type and the molecular weight of the used polymer, Ying et al. 

186 compared three types of electrospun PHA scaffolds – P(3HB), P(3HB-co-3HHx), and P(3HB-

co-4HB) – and reported their morphology, their diameter of the fibers and their mechanical 

properties (such as Young’s modulus).  The substantial contribution of nanofibers is the prevention 

of infection or bacterial growth. Several works have been performed in recent years in assembling 

antibacterial nanofibers loaded with various biocides or antibiotics 187. Generally, the antibacterial 
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effect is provided by a biocide incorporated in the fibers. It can include i) blending the active drug 

in the polymer solution before electrospinning, ii) enclosing the active agent in the core of the fiber 

using coaxial electrospinning, iii) encapsulating the antibiotics in nanostructures before dispersing 

them in the electrospinning solution, iv) post-treatment of the fiber after electrospinning, so the 

precursor converts to its active form or v) attachment of the effective substance onto the fiber 

surface (Figure 2.3) 187.  

 

Figure 2.3: Different strategies of incorporating biocides into electrospun nanofibers: 1. blending 

the active drug in the polymer solution before electrospinning, 2. enclosing the active agent in the 

core of the fiber using coaxial electrospinning, 3. encapsulating the antibiotics in nanostructures 

prior dispersing them in the electrospinning solution, 4. post-treatment of the fiber after 

electrospinning, so the precursor converts to its active form, 5. attachment of the effective 

substance onto the fiber surface 187.  

Diverse remarkable active agents have been documented, including antibiotics, 

chlorhexidine, triclosan, biguanides, QACs, metal oxide, and Ag NPs 187. Adding biocides to the 

electrospinning solution is technologically the most straightforward approach for treating 

nanofibers compared to subsequent post-treatment. However, the presence of biocides modifies the 
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spinning solution conductivity and viscosity, thus affecting the morphology and diameter of 

nanofibers. In recent years, the novel core/shell technology with coaxial electrospinning for the 

preparation of nanofibers was exhibited as suitable for biocides in the core of fibers 187, 188. 

Furthermore, the surface of nanofibers can be modified and functionalized via coating with 

antibacterial substrates. These modifications can further improve the nanofibers' topography and 

promote specific interactions between nanofibers and bacteria 158, 189. Many electrospun fibrous 

membranes have been fabricated as antimicrobial materials, such as nylon, ultrafine 

polyacrylonitrile, and polyethylene oxide nanofibers 190, 191. However, a few fibrous membranes 

from biopolymers have been studied so far. Despite this, a recent tendency toward nontoxic, 

sustainable eco-materials has emerged in innovative textile manufacturing techniques. Cellulose, 

starch, polylactide (PLA), PHAs, and polyhydroxybutyrate (PHB) are the most considered 

biodegradable biopolymers. PLA and PHB are the most advantageous as they are extracted from 

sustainable materials 191, 192. However, due to their low elongation properties and high brittleness, 

these neat polymers are restrictive. Fernandes et al. 193 produced electrospun meshes of 

poly(hydroxybutyrate) (PHB) and poly(hydroxybutyrate)/poly(ethylene oxide) (PHB/PEO).  They 

used chlorhexidine (CHX) as an antibacterial agent for drug delivery systems. It was concluded 

that exceeding 5 wt% of CHX concentrations, the electrospinning operation was unstable because 

of added charges by the drug into the polymer solution and the poor polymer entanglement. 

However, for 1 wt% CHX, PHB/PEO-1%CHX displayed a high antibacterial reduction rate of 100 

% and 99.69 % against E. coli and S. aureus, respectively. 

As a member of the polyhydroxyalkanoates family, PHB has received considerable 

attention for several medical applications because of its advantageous properties, such as good 

biocompatibility, nontoxic degradation products, and excellent mechanical strength compared to 

other polymers in different fields, including tissue engineering. For example, PHB was used as 

alloy scaffolds coated with ceramic-based stands to improve degradation rate, hydrophobicity, and 

brittleness 194. In addition, PHB electrospun fibers were used in various medical applications, as 

described in Figure 2.4. 

 

https://www.sciencedirect.com/topics/chemistry/chlorhexidine
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Figure 2.4: Electrospinning of antibacterial fibers. A)   PHB electrospun mat, hydroxyapatite 

(HAp), and protein-based hydrogel combined in a single tri-layered scaffold for tissue engineering 

scaffold in vivo 195. B) nano-P(3HB-co-4HB)-RGD scaffold fabrication as a potential future 

application for building cardiac tissue 196. C) Antibacterial PHB electrospun fibers with TiO2 NPs 
197.  

Electrospinning technology allows micron and nano fibers to simulate the extracellular 

substrate (ECM) of biodegradable polymers and proteins in a single scaffold and evaluate their 
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ability to treat diabetic wounds. Sanhueza et al.  198 used PHB and gelatin to make microns and 

nanofibers, respectively. After 1, 3, and 7 days, all scaffolds showed excellent fibroblast vitality 

and adhesion. Electrospun PHB proved to be a suitable scaffold for treating more complex tissue 

regeneration comprising drug delivery of different polarities to improve skin wound healing.  

However, the electrospinning technique is not ready for the large-scale industrial 

production of antimicrobial fibers that the market demands. Furthermore, the fabrication process 

of nanofibers with complex morphologies, such as multiaxial fibers and/or multicomponent, still 

has some difficulties relating to large-scale feasibility. Therefore, further studies are required to 

facilitate the entrapment mechanism and fabrication process. 

2.3.2. Casting method 

Different methods exist to develop active antimicrobial materials. In general, migratory and 

non-migratory techniques were proposed for this purpose 199, 200. In the migratory system,  the 

antimicrobial agents are released from the polymeric matrix to the surface, and, in the other case, 

the active elements are linked to the polymer material 201. For example, using a solution casting 

technique, zinc oxide (ZnO) NPs, which are effective UV hinders, were loaded with PHB 202. Díez-

Pascual et Díez-Vicente 202 have successfully prepared novel PHB/ZnO biodegradable 

nanocomposites using a primary solution casting method. The resulting nanocomposites increased 

antimicrobial activity against E. coli and S. aureus by increasing ZnO concentration. In a similar 

study 203, ZnO NPs were also used to reinforce (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 

via the solution casting technique. As a result, the optimum balance between barrier, mechanical, 

migration, and antibacterial properties was obtained at a critical ZnO concentration of 4.0 wt % 

against 5.0 wt % in their previously stated study. However, the antibacterial effect of PHBV/ZnO 

films was proved more efficient against E. coli than against S. aureus. 

In most previous methods stated so far, significant amounts of solvents such as chloroform 

are used to prepare PHB antimicrobial membranes, which may cause health problems and/or 

environmental issues. Moreover, a large amount of metal nanoparticles is used in the whole PHB 

matrix, which generates the same effect when attached only to the surface. However, antibacterial 

agents on the surface proved to be more efficient 201. PHB's high crystallinity provokes complex 

migration of antimicrobial nanoparticles from the bulk to the surface of the polymer. Further 

additives like plasticizers, lubricants, and surfactants are used for better nanoparticle migration. In 
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this case, surface modification is urgently required to enhance the attachment of antibacterial agents 

to the PHB matrix. Various surface modification exists, such as physical, wet chemical, corona, 

ultraviolet, annealing, and patterning treatments 204.  Otherwise, PHB surface treatment with 

plasma presents an innovative eco-friendly method to obtain antimicrobial activity without 

significantly changing bulk characteristics.  

2.3.3. Modification of electrospun nanofiber membranes with plasma treatment 

In recent years, plasma technology has emerged as a new surface modification treatment 

due to its simplicity and green character. This technique generates ionized gas consisting of 

negative and positive charges, including ions, electrons, radicals, UV photons, and excited 

molecules (Figure 2.5). The plasma qualities and the surface effects are determined by several 

parameters, such as the substrate properties, the gas introduced, and the treatment condition 

(pressure, power, and exposure time) 205. Preliminary studies reported the use of plasma with 

electrospun nanofiber membranes 206, 207. However, few reports have stated the effect of plasma in 

enhancing the antibacterial activity and release efficiency of electrospun nanofibers. For instance, 

Cui et al. 207 studied the effects of plasma exposure time and operation power with poly (ethylene 

oxide) (PEO) electrospun nanofibers containing Beta-cyclodextrin (β-CD) and tea tree oil (TTO) 

as antibacterial agents. They demonstrated that the antibacterial effects were in a good correlation 

with the intensity of the plasma under high plasma power. It might be explained by the fact that 

plasma treatment enhances the release rate of nanofibers' biocomponents and also generates 

reactive ingredients such as ions, photons, atoms, free electrons, and free radicals 208.  
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Figure 2.5: Potential surface modifications with plasma treatment. 

Some researchers documented the plasma treatment of PHA electrospun nanofibers to 

enhance their antibacterial effect. For example, PHB modified with bacterial cellulose nanofibers 

was treated by a plasma or ZnO nanoparticle plasma coating 201. Higher antibacterial activity was 

observed after the plasma treatment and total inhibition of S. aureus growth after ZnO nanoparticle 

plasma coating. Moreover, the plasma treatment did not alter the nanocomposites' crystallinity, 

thermal stability, and melting behavior. In another study, PHB was plasma-activated and silver-

coated to be used in packaging 209. The plasma-modified PHB fabric immersed in Ag nanoparticle 

solutions showed an enhancement of antibacterial efficiency against E. coli.  

The effect of low-pressure plasma treatment in the surface modification of PHB by 

polymerization, grafting, or functionalization in medical fields, such as increasing cell adhesion 

and proliferation for scaffolding, was early documented 210. Indeed, low-pressure plasma 

treatments were mainly exploited to enhance cell compatibility 211  by improving the surface 

hydrophilicity of PHB/PHBV films. However, low-pressure plasma processes have limitations due 

to the complicated installations and high costs inherent to vacuum technology 201. 

Different methods of manufacturing sequential or simultaneous deposition of fibers and/or 

nanoparticles 212, 213 have been optimized to introduce antibacterial material. In this context, over 

fiber morphology, antibacterial agent loading highly affects the release curve 213. However, 

constant rate release is strictly conditionally limited by the polarity of the polymer, the drugs (i.e., 

they must be similar), and the solubility of the antibacterial agent in the polymer solution.  



31 
 

 
 

2.4. Integration of PHA-based nanofibers with antibacterial agents 

The intrinsic antimicrobial action and mechanism of nanofibers alone have not been 

extensively examined. Some nanofiber properties are responsible for bacterial adhesion (Figure 

2.6 A): (1) Fiber porosity (nanoscale) leads to early biofilm formation, allowing bacterial cells to 

attach to highly porous nanofibers; (2) Nanofibers with positively charged surfaces also attract the 

negatively charged surfaces of bacterial cells; (3) The rough surface of the nanofibers also provides 

a larger contact area for bacterial cell attachment; (4) The diameter of fibers (smaller than the size 

of bacteria) allows for changes in the conformation of bacterial cells. The surface wettability of 

nanofibers has an essential role in the bacterial attachment; (5) Hydrophobic bacterial cells adhere 

to hydrophobic nanofibers' surfaces due to hydrophobic interactions 214. 

Among antimicrobial nanofibers most well documented, chitosan nanofibers are almost the 

only natural polymer with intrinsic antimicrobial properties 215, 216. Therefore, the antimicrobial 

activity against E. coli, S. aureus, S. typhimurium, and L. innocua is implied to be granted by the 

protonated amino groups of chitosan nanofibers. However, an antimicrobial test conducted by 

Shahini Shams Abadi et al. 216 of chitosan nanofibers with Clostridium difficile assumed that the 

destruction of protein synthesis is not responsible for the antibacterial action of chitosan nanofibers. 

The consequence is that nanofibers alone cannot kill bacteria 158. Therefore, functionalization with 

antimicrobial agents is requisite to ensure an antibacterial effect.  

The bactericidal effect of functionalized nanofibers depends on the primary material used, 

its morphology, and its surface chemistry 188, 217. In addition, functionalized nanofibers display 

enhanced cell membrane penetration and improved potential to regulate cellular interaction 218, 219. 

However, their exact antimicrobial mechanism is still unknown in the literature, and several 

assumptions from earlier investigations vary as a function of the additional antibacterial component 

used 220, 221. 

Theoretically, it has been reported that the antimicrobial mechanisms of antimicrobial 

agents include cytoplasmic membrane disintegrations that alter the structure and morphology of 

microbial cells 200, leading to the leakage of proteinaceous intracellular components and respiration 

inhibition. Subsequently, the ATPase enzyme activities are restrained, responsible for nutrient 

transport across the microbial cytoplasmic membrane, energy production, and structural 

component synthesis in the microorganism 200 (Figure 2.6 B).  
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Figure 2.6: Bacterial interaction with fibers: A) Illustration of bacterial adhesion on nanofibers. 

B) Illustration of different mechanisms of action by antimicrobial agents incorporated in nanofibers 

on bacteria cells via (1) disruption of the cell membrane/cell wall. (2) Inhibition of cellular 

metabolic pathways. (3) Inhibition of DNA and gene expression. (4) Instigation of cellular 

oxidative stress. (5) Metal-based nanomaterial toxification. (6) Cellular hyperpolarization 214. 

The therapeutical action of antibacterial treatment consists of cell wall synthesis inhibition, 

interference with essential proteins, and disruption of the DNA reproduction mechanism. However, 

in many cases, bacteria have successfully transformed and enhanced their ability to resist the 

bacterial destruction mechanism 220, known as antibacterial resistance. Although, it was recognized 

for over 50 years and is a significant cause of increased morbidity, mortality, and healthcare costs 

222. The primary antibacterial resistance mode of action is destroying the antibiotic target. 

Moreover, bacteria can over-product enzymes such as aminoglycosides and β-lactamases to 

destroy antibiotics 220. 
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Additionally, to escape from the antibiotics, mostly limited to the extracellular area, several 

pathogens like Chlamydophila pneumonia remain inside the cellular compartments of the host cells 
223. Alternatively, nanomaterials can be an excellent substitute to overcome antibiotic-resistance 

action due to their unique physio-chemical characteristics, enabling them to establish a novel 

antibacterial mechanism. Indeed, nanomaterials can attach and destroy bacterial membranes, 

leading to the cytoplasmic components discharging 218, 224. Subsequently, once they penetrate the 

bacterial membrane, nanomaterials can bind to intracellular constituents such as DNA, enzymes, 

and ribosomes to destroy the conventional cellular mechanism (Figure 2.6 B). 

2.4.1. PHA-based nanofibers integrated with metal (metal oxide) nanoparticles 

Metal and metal oxide nanoparticles are recognized to penetrate the bacterial membrane 

and destroy cellular activities. Ag ions are released from nanofibers to adhere to the bacterial 

membrane, destroy it, and cause the leakage of intracellular materials. In addition, Ag ions interact 

with DNA and intracellular proteins by penetrating the bacterial cells and causing their inactivation. 

Nevertheless, Ag ions can bind to amino groups of DNA nucleotides and break their hydrogen 

bonds, which disturbs the DNA base pairing 9. 

Apart from these mechanisms, Ag species can attack bacteria through the generation of 

reactive oxygen species (ROS), such as hydroxyl radicals (OH•), oxygen superoxide radicals (O2
•–

), and hydrogen peroxide (H2O2) 
9, 214. The over-production of ROS species will generate severe 

oxidative tension that causes bacterial cell membrane damage, protein synthesis disruption, and 

DNA-specific site destruction, eventually resulting in cell lysis 225, 226. Recently, metal NPs such as 

gold and silver, added to metal oxide NPs such as iron oxide, zinc oxide, copper oxide, and titanium 

dioxide, have been extensively reviewed for their antimicrobial applications 227, 228. In addition, 

composite materials involving nanofibers and metal nanoparticles are well documented with 

convincing evidence of antimicrobial activity 229. 

2.4.2. PHAs with silver nanoparticles 

Due to their excellent thermal stability and antimicrobial properties, Ag NPs have been one 

of the most documented nanomaterials. The most standard approach to preparing antimicrobial 

polymeric films has been directly blending the nanometal with the matrix 230 and solvent casting 
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231, 232, as previously described. Nevertheless, synthesizing stable NPs in the polymer solution 

remains the main challenge, as their antimicrobial efficiency depends on the agglomeration state 

and size distribution 233. In addition, the effects of Ag NPs on health and environment 234 evoke an 

increasing interest, mainly when these NPs are used in biomedicine or pharmaceutical applications. 

In these cases, the cytotoxicity properties become particularly important. Latest investigations 

pointed out that detached NPs may penetrate cells of living organisms, possibly leading to cell 

damage 235. In this context, Składanowski et al. 236 confirmed that Ag NPs could be safely used as 

an antibacterial agent after being proved harmless for eukaryotic cells. Salama et al. concluded a 

similar outcome 237. Also, Chairuangkitti et al. 238 demonstrated that if Ag load concentrations are 

below 25 ppm, they do not affect the ROS generation of human lung carcinoma (A549) cells or the 

cell viability. At all events, Ag NPs are very unlikely to be released from polymeric films that do 

not highly plasticize or dissolve in the contact media 124.  

Regarding incorporating Ag NPs into submicron polymer fibers, only a few studies have 

been reported, such as poly-(L-lactide) 239, ethylene vinyl alcohol 240, poly(ε-caprolactone) 241, 

polyacrylonitrile 242, or polypropylene 243. Furthermore, few studies about the preparation of Ag 

NPs and polyhydroxybutyrate electrospun fibers 244. For example, Castro-Mayorga et al. 124 used 

the electrospinning coating technique to develop active PHA–Ag NPs with bactericidal efficiency 

against Salmonella enterica. Similarly, PHB–Ag NPs composite was synthesized by Jayakumar et 

al. 200. The nanocomposite was stable, polydisperse, and exhibited high antimicrobial resistance 

against E. Coli and Pseudomonas sp. Moreover, the PHB polymer maintained its original structure 

after adding Ag NPs. A more complex study was conducted by Yu et al. 232, whose synthesized 

poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and cellulose nanocrystals/Ag (CNC-Ag) 

nanohybrids. They concluded that the homogeneously dispersed CNC-Ag was considered 

bifunctional reinforcement as it improved the mechanical, thermal, and antibacterial properties of 

PHBV. However, despite the actual progress, the application of these materials specially in food 

legislation is still restrained.  

2.4.3. PHAs with Titanium dioxide  

Titanium dioxide (TiO2) received particular attention, as a nanofiller, due to its inert, 

nontoxic, and eco-friendly properties 245. Also, it is inexpensive material with good accessibility 

and thermal and environmental stability 246. Furthermore, due to its photocatalytic activity, it has a 
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high potential action against different micro-organisms 247. TiO2 is an inorganic material collected 

from various natural ores containing rutile, ilmenite, leucoxene, and anatase. It is mainly utilized 

in solar energy conversion 248, UV detection, photoelectrochemical activity 249, and photocatalysis 

250, and it offers a promising solution for water or wastewater treatment 251. It has significant 

advantages over metals (commonly Ag)-based systems 252 and chemical (H2O2, NO) 253. Moreover, 

polymeric nanocomposites containing TiO2 are eco-friendly and exert biocidal effects with non-

contact action. Thus, no potential risk of nanoparticle release, which can cause unpredictable 

effects on human health, is observed 254. 

Matsunaga et al. 255 were the first to discover the antimicrobial effect of photocatalytic 

TiO2. The antimicrobial effectiveness of the photocatalytic oxidation under UV irradiation was 

evaluated against different microorganisms such as yeast (Saccharomyces cerevisiae), green algae 

(Chlorella vulgaris), Gram-positive bacteria (Lactobacillus acidophilus) and Gram-negative 

bacteria (Escherichia coli). Afterward, numerous studies on photocatalytic disinfection have been 

extensively performed on various microorganisms such as fungi, viruses, and many species of 

bacteria 256. The antibacterial activity of TiO2 is induced by UV light irradiation, which activates 

this material to generate charge carriers, including electrons and holes. These charge carriers then 

reduce atmospheric oxygen and/or oxidize water molecules, producing ROS that participates in 

antimicrobial activities 257, 258. Some studies have proposed that the photo-oxidation of coenzyme 

A, derived from pantothenic acid and considered influential in respiration and many other 

biochemical reactions of microbial cells, will inhibit cell respiration and cause cell death 257. Other 

studies have demonstrated that the cell membrane leading to lipid peroxidation is the elementary 

site to be invaded by (ROS) species 257, 259. Cell damage and further oxidative attack of intracellular 

constituents inevitably cause cell death. In general, TiO2 is three times more efficient in disinfection 

than chlorine and one and a half times more than ozone 258, 260. The antibacterial efficiency of TiO2 

can be significantly improved in the case of the presence of TiO2 in nanometric form. TiO2 NPs 

presented high-toxic behavior against P. aeruginosa and Escherichia coli after photoactivation 261. 

The peptidoglycan content and cell configuration of the microorganism control the degree of 

toxicity 228. Gram-negative bacteria (E. coli) were more vulnerable to TiO2 NPs than Gram-positive 

microorganisms (S. aureus and E. faecalis), which were more susceptible than the fungi Aspergillus 

niger and C. Albicans 262. It is assumed that different cell walls are the reason for this phenomenon. 

The bacterial cells of Gram-negative bacteria,  such as E. coli, are covered with a layer of 

peptidoglycans (~8 nm thick) and lipopolysaccharides (1-3 µm thick) 263. This disposition may 



36 
 

 
 

advance the entry of ions released from the NPS into the cell. Conversely, Gram-positive bacteria 

such as S. aureus have a much thicker peptidoglycan layer than Gram-negative bacteria, extending 

over 80 nm with teichuronic and teichoic acids covalently attached 264  (Figure 2.7). The 

destruction of the cell wall, which occurs from the physical interaction between the NPs and the 

cell wall, is more damaging to Gram-negative bacteria due to the lack of the thick layer of 

peptidoglycan found in Gram-positive bacteria that could potentially serve as a shielding layer 225. 

 

Figure 2.7: Gram-negative and Gram-positive comparison of the bacterial cell wall structure. 

Several studies have reported using TiO2-organic hybrid materials in different biomedical 

fields 265. A recent scientific trend is using the electrospinning technique to produce multi-mats 

with nano-TiO2NPs with an antibacterial activity which can be potentially applied in tissue 

engineering using in vitro approaches. In this regard, PVA/nano-TiO2 composite fibers have been 

prepared by Lee et al. 266, which exhibited excellent antibacterial activity against K. pneumonia 

and S. aureus.  

However, there are scarce studies evaluating the antibacterial activity of TiO2 NPs with 

PHA fibers. Korina et al. have 267 effectively developed a novel recyclable hybrid fibrous material 

designed for water and air purification from organic pollutants. The studied material consists of 

magnetic poly(3-hydroxybutyrate)-based core-shell fibers decorated with (TiO2) which displayed 

excellent stability in the presence of a model organic pollutant and kept almost all its photocatalytic 
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activity after three uses under UV irradiation. Another study combined three techniques: 

electrospinning, electrospraying, and impregnation to prepare PHB/nanoTiO2/chitosan oligomers 

(COS) fibrous materials 268. The designed hybrid biomaterials presented a significant biocidal 

effect against E. Coli and effectively killed the bacterium. 

Additionally, it was demonstrated that PHB/TiO2 fibrous materials could be used as 

scaffolds for tissue engineering and regenerative medicine as the content of TiO2 NPs (5–10%) did 

not affect the proliferation of different cell lines 269. The antibacterial activity against E. Coli was 

also confirmed using PHB–TiO2 composite film with ameliorated photocatalytic sterilization 

action over time in a further study by Yew et al. 270. Titanium dioxide (TiO2) antibacterial 

effectiveness can be enhanced by adding Ag to create a double-antibacterial hybrid agent.  

2.4.4. PHAs with hybrid nanoparticles  

Nowadays, antibiotic resistance is one of the most severe threats to global health, food 

security, and development. Indeed, antibiotic resistance is reaching dangerously high levels in all 

regions worldwide. New resistance mechanisms are emerging and spreading, compromising our 

ability to treat common infectious diseases. The unrestrained and inappropriate usage of 

antimicrobial drugs results in more threatening mutated strains that develop antimicrobial 

resistance, defined as the ability of microorganisms to defend themselves against the biocidal 

action of antimicrobials 271. Thus, the hybridization and combination of bactericidal nanoparticles 

would constitute an effective new technique to combat these resistant bacteria 272. Different 

entities are combined to form a nano-component with unique, desirable characteristics not 

provided by their correspondents when used individually. Some researchers have realized that the 

antibacterial efficiency of ZnO NPs against Gram-positive bacteria (e.g., S. aureus) is better than 

that against Gram-negative bacteria (e.g., E. Coli). When combining ZnO NPs and AgNPs, the 

nanohybrid materials show a more evident antibacterial effect and a reduced cytotoxicity level 

273. Additionally, the hybridization of Ag NPs with Fe3O4 NPs (or MnO2 NPs) could increase the 

ionization rate and thus ameliorate the antibacterial activity. Nonetheless, the ROS generation rate 

was also enhanced when the semiconductor oxides such as TiO2 or ZnO were combined with 

noble metals such as Au or Ag, thus enhancing the biological activity 272. 

Few data were found in the literature concerning the preparation of antibacterial polymer 

fibers issued from renewable sources with hybrid NPs. The standard method consists of 
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electrospraying metal oxide (MgO, TiO2, or Al2O3) suspensions, generally stabilized with 

surfactants, onto premade nanofibers 274. The major drawback of this method is the low 

concentration of the antibacterial agents in the suspensions used for electrospraying (0.6 wt%) 275. 

Based on this method combined with the impregnation technique, Korina et al. 275 developed a 

novel hybrid fibrous material from biodegradable PHB, chitosan oligomers, and TiO2, which can 

be used in different fields such as tissue engineering and regenerative medicine, as well as in air 

and water purification from organic pollutants. In another study, Gouvêa et al. 136 prepared a hybrid 

material of PHBV with graphene oxide-zinc oxide (rGO-ZnO) recommended for active food 

packaging because of effective antibacterial property against E. Coli.  

2.5. Summary and outlook 

PHAs have unique characteristics, making them suitable for several applications, such as 

medical and packaging. In addition, they present a promising alternative to petroleum-derived 

plastic products as a degradable biopolymer. In this chapter, PHA-based materials proved to be 

an emerging biodegradable polymeric family for antibacterial applications. The polymer 

characteristics and production were first discussed. Therefore, this study was conducted to better 

document the actual state of knowledge on PHA biopolymers by reviewing the existing 

technologies currently used for production. In addition, particular attention was paid to collecting 

scientific information on antibacterial agents that can potentially be integrated into PHA material 

for biological and sustained antimicrobial protection. This chapter discussed the critical role of 

nanomaterials in ensuring antibacterial effectiveness. Integrating PHAs with various antibacterial 

agents presents a significant challenge as their type and incorporation method highly influence 

the biological efficiency and final properties of the PHA material. The bactericidal effects of 

PHA-based materials are related to the morphology, the physical characteristics of PHA-based 

materials, and the antimicrobial agents added to the structure. Further studies are required to 

deeply understand the interactions of these antimicrobial nanomaterials with the target bacteria, 

as bacteria are complex microorganisms that can rapidly customize to their surroundings to 

survive. Similarly, as surface modification of PHA-based materials can enhance the surface 

coating with antibacterial agents, plasma treatment should be cautiously adjusted to minimize 

degradation, as detailed in this work.  
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The commercial upscaling of PHA-based materials is limited due to the high cost of the 

feed, the lack of industrial production facilities, and their chemical and physical characteristics. 

Based on the knowledge gathered and discussions on the current gaps in studies, the efforts still to 

be made and the strategies to be adapted were proposed. Finally, using biodegradable, antibacterial 

materials to face coronavirus spread and to address environmental issues brought on by the 

accumulation of COVID-19-related trash can be achieved using promising PHA materials, as 

proposed in this work. 

Finally, the development of PHB and hybrid antibacterial agents for antimicrobial 

applications has remained considerable challenges and unique aspects that are still unexplored. 

These features encourage studies presented in chapters 4-6 of this thesis. 
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3. Chapter 3: Materials and Methods 
 

This chapter summarizes the materials and methodology adopted in this thesis. However, 

they are detailed in the scientific papers included in Chapters 4 to 6. 

 

  



41 
 

 
 

3.1. Materials 

Pellets of poly(3-hydroxybutyrate) (PHB) with a weight-average molecular mass (Mw) of 

550 kg/mol and a polydispersity index (PI) of 1.2 were acquired from Goodfellow (Huntingdon, 

England). Commercial ZnO NPs, ranging in size from 10 to 30 nm in powder form, were supplied 

by SkySpring Nanomaterials. Thermo Scientific (United States) and Alfa Aesar (Mississauga, 

United States) provided the chloroform (purity ≥99.8%) and dichloromethane (purity ≥99.8%), 

which were used to dissolve PHB, respectively. For biological tests, Escherichia Coli (ATCC 

11229) and Staphylococcus epidermidis (ATCC 12228) were purchased from Cedarlane (Southern 

Ontario, Canada). Bactotryptic soy broth (TSB) and tryptic soy agar (TSA) were also supplied by 

Sigma Aldrich. For bacteria cell fixation, we purchased glutaraldehyde 5% from Sigma Aldrich 

and Sodium Cacodylate buffer (0.2 M, pH 7.4) from Fisher Scientific. The Live/Dead Bacterial 

Viability Kits (L7012) was purchased from Thermofisher Scientific. Demineralized water was used 

in this work, and all chemicals were used without further purification. 

3.2. Methods 

3.2.1. Synthesis of AgTiO2 hybrid nanoparticles 

The process developed by our group for the synthesis of AgTiO2 NPs consists of two 

primary steps: the preparation of TiO2 NPs and the photodeposition of Ag NPs. In the presence of 

H2O2, a water-soluble titanium peroxo complex was formed by the hydrolysis of titanium (IV) iso-

propoxide. This complex was obtained by dehydrating the solution and subsequently calcining it 

at 400°C for 4 hours to produce TiO2 NPs. The NPs were dispersed in a 10% ethanol solution that 

contained AgNO3 (Ag amounts account for 6% (wt) of the TiO2). The solution was subsequently 

exposed to UV light (100W) for 45 minutes. NPs were deposited on the surface of TiO2 NPs, which 

were activated by the illumination to reduce Ag+ to Ag0.  

3.2.2. Green synthesis of ZnO microporous particles 

ZnO MPs are synthesized using a process devised by our group. In particular, a double-

necked round-bottom flask containing a mixture of ethanol and Melaleuca Cajuputi essential oil 

(65 mL, v/v = 1.5/5) was filled with an optimal amount of Zn(NO3)2.6H2O. At 80°C, the mixture 

was refluxed while being stirred. The condenser was removed after an hour, and the mixture was 

swirled for two more hours at the same temperature until a precipitate formed and the color 



42 
 

 
 

darkened. After quickly adding 5 ml of deionized water and stirring the mixture for 15 minutes, it 

was allowed to cool to room temperature. ZnO MPs were obtained by centrifuging the precipitate 

and repeatedly washing it with a 95% ethanol solution.   

3.2.3. Electrospinning PHB fibers 

The electrospinning process was performed using laboratory-built equipment, including a 

high-voltage direct current (DC) source with a working range of approximately 0-25 kV (Figure 

SI2). A syringe pump propelled the polymer spinning solution through the needle's positively 

charged tip. The collector, a plexiglass substrate with a flat aluminum foil, acquired a negative 

charge. Each new electrospun membrane was placed on a new aluminum sheet. To ensure total 

solvent evaporation, PHB membranes were kept in a vacuum oven for 24 hours in the air and 10 

hours at 40 degrees. 

3.2.4. Methodology 

The methodology adopted in this thesis is summarized in Figure 3.1.  
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Figure 3.1: Summary diagram of the methodology adopted in this thesis  
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Résumé 

Le développement de matériaux avancés dotés d'activités antibactériennes et antifouling 

offre une solution de protection adéquate contre la contamination bactérienne de surface - une cause 

courante d'infection menaçant la santé humaine. Les travaux actuels portent sur la préparation de 

membranes en microfibres de polyhydroxybutyrate (PHB) décorées de nanoparticules d'Ag-TiO2 

photoactives en utilisant l'électrofilage couplé à des méthodes de revêtement par immersion. La 

décoration de nanoparticules d'Ag-TiO2 améliore fortement les propriétés antibactériennes des 

membranes préparées, en particulier sous illumination lumineuse, grâce à leur activité 

photocatalytique. L'échantillon le plus performant présente une efficacité antibactérienne puissante 

supérieure à 99 % contre Escherichia coli et Staphylococcus epidermidis après trois heures et une 

heure d'exposition à une lumière LED commerciale de faible puissance, respectivement. Les 

échantillons préparés présentent également une excellente réutilisabilité avec une diminution 

insignifiante de l'activité antibactérienne après trois cycles (<2% de perte d'efficacité 

antibactérienne). En outre, ces échantillons empêchent efficacement le colmatage bactérien grâce 

à leurs puissantes propriétés antibactériennes. Notamment, malgré le fort effet antibactérien, les 

nanoparticules Ag-TiO2 décorées favorisent l'adhésion des micro-organismes, accélérant la 

biodégradation des microfibres de PHB. Par conséquent, les membranes en microfibres préparées 

avec des nanoparticules décorées présentent une biodégradabilité comparable à celle des 

membranes non décorées, avec des taux de dégradation du sol atteignant presque 99 % après 

seulement six semaines. 
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Abstract 
 

Developing advanced materials with antibacterial and antifouling activities offers an 

adequate protection solution against surface bacterial contamination – a common cause of infection 

threatening human health. The current work reports the preparation of polyhydroxybutyrate (PHB) 

microfiber membranes decorated with photoactive Ag-TiO2 nanoparticles using electrospinning 

coupled with dip-coating methods. The decoration of Ag-TiO2 nanoparticles strongly enhances the 

antibacterial properties of prepared membranes, particularly under light illumination, thanks to 

their photocatalytic activity. The best-performing sample exhibits potent antibacterial efficiency 

exceeding 99% against Escherichia coli and Staphylococcus epidermidis after three hours and one 

hour of exposure to low-power commercial LED light, respectively. The prepared samples also 

display excellent reusability with an insignificant antibacterial activity decrease after three cycles 

(<2% loss in antibacterial efficiency). Furthermore, these samples effectively prevent bacterial 

fouling due to their potent antibacterial properties. Notably, despite the strong antibacterial effect, 

decorated Ag-TiO2 nanoparticles promote the adhesion of microorganisms, accelerating the 

biodegradation of PHB microfibers. As a result, the prepared microfiber membranes with 

nanoparticle decoration exhibit biodegradability comparable to the non-decorated membrane, with 

the soil degradation rates reaching almost 99% after only six weeks.   
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4.1. Introduction 
 

Protective equipment (PE), including face masks, protective suits, and shields, effectively 

reduces the risk of respiratory infectious diseases transmitted primarily through aerosol droplets. 

However, the actual PE can merely provide physical obstruction or electrostatic rejection of 

pathogens 1. In addition, live infectious pathogens on the contaminated PE surface can lead to 

cross-contamination after reuse and even disposal. Communicable diseases include illnesses 

caused by bacteria, viruses, fungi, and other microorganisms. The new generation of PE should 

provide better antimicrobial protection that inhibits the transmission of pathogens and be reusable 

or disposable as required. With the growing threat of infectious diseases, developing new and 

improved PEs is essential to guarantee the highest level of safety. 

Medicine, food, and textiles are the primary industries where antimicrobial agents are used. 

Different antimicrobial materials exist, such as coatings, membranes, ceramics, and plastics 2. 

Polymeric materials, particularly biobased polymers, are attracting increasing attention from the 

scientific community for investigation and development in antibacterial applications. One of the 

main options considered is Poly([R]-3-hydroxyalkanoates) (PHAs), a large family of bio-

polyesters produced instinctively by bacteria demonstrating biocompatibility and biodegradability 
3. Depending on the medicinal substance incorporated or conjugated, the application of PHAs has 

improved in controlled-release medication delivery, anti-inflammatory, antifungal, antimicrobial, 

anti-biomembrane, and virucidal fields 3.  

Compared to non-biodegradable polymers, biodegradable polymers offer a significant 

advantage in terms of sustainability. As they can be naturally decomposed with microbes and added 

back to the soil to improve it, their usage can lower the labor costs of removal, stabilize the 

environment, and lengthen the lifespan of landfills. Moreover, through microbiological, enzymatic, 

and hydrolytic processing, they can be transformed back into functional oligomers for other 

applications. The simplest poly (3-hydroxy alkanoates) family member is the semi-crystalline 

thermoplastic biopolyester known as poly (3-hydroxybutyrate, or PHB). This polymer has similar 

properties to conventional plastics, but it is a renewable, biocompatible, and linear thermoplastic 

with low oxygen and water permeability, which provides attractive barrier properties compared to 

other polyesters 3. Moreover, it exhibits superior renewability, biodegradability, and 

biocompatibility compared to other biodegradable aliphatic polyesters (such as polylactic acid PLA 

and polycaprolactone PCL) 4. These characteristics make PHB ideal for various applications. PHB 
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membranes have been extensively produced using the electrospinning technique. This method can 

produce materials by creating ultrafine fibers, forming a dense, highly porous structure. These 

materials are ideal for applications such as filters, face masks, and other similar protective gear that 

offer excellent barrier properties against pathogens, chemical substances, and other hazardous 

materials 3. The major limitation of PHB is that it does not possess intrinsically antibacterial, 

antifungal, or antioxidant capabilities.  

Interest in creating potent antibacterial properties for polymeric materials by incorporating 

metal-based nanoparticles (NPs) have received considerable attention in recent years. Metal-based 

NPs can induce various antibacterial mechanisms, leading to strong antibacterial potency against a 

wide range of bacteria 5. In addition, the nanometric size and large surface area facilitate their 

incorporation onto various types of surfaces to form antibacterial coatings (e.g., fibers, and films), 

which are potential for fabricating PE 6, 7. Among various developed NPs, Ag NPs have been 

extensively employed for biological applications due to their potent antibacterial activity at lower 

concentrations and their being non-toxic and non-allergic. Several types of Ag NPs have been 

administered by the US Food and Drug Administration (FDA) for commercial use 8. Notably, 

owing to the surface plasmonic resonance (SPR) effect, Ag NPs can generate charge carriers like 

electrons (e-) and holes (h+), which trigger redox reactions, producing reactive oxygen species – 

strong antibacterial agents 9. More interestingly, depositing these NPs on TiO2 NPs induces a 

hybrid composite nanostructure that effectively promotes the separation of charge carriers to 

enhance the production of Reactive Oxygen Species (ROS), resulting in excellent antibacterial 

activity 10, 11. For these reasons, incorporating hybrid Ag-TiO2 NPs into polymeric materials could 

generate efficient and stable antibacterial performance based on the photoactive effect of these 

NPs. To date, submicron polymer fibers composed of vinyl alcohol 12, poly-(L-lactide) 13, or 

poly(ε-caprolactone) 14 and PHB 15, 16, incorporated with Ag NPs have been widely developed for 

antibacterial applications. However, reports on the fabrication of electrospun fibers incorporated 

with AgTiO2 NPs and assessment of their antibacterial activity have still been limited. 

The work herein reports an ecological preparation of innovative PHB microfiber 

membranes decorated with hybrid Ag-TiO2 NPs (Ag@T NPs) using the electrospinning technique 

coupled with a simple dip-coating process. The introduction of Ag@T NPs enhanced the 

antibacterial activities of prepared membranes against two bacterial strains, including Escherichia 

coli and Staphylococcus aureus. These prepared membranes also displayed strong antifouling 
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properties and excellent biodegradability. The current work could inspire the development of 

reusable and sustainable PEs with significant bioprotective and biodegradable characteristics.  

4.2. Materials and methods 

4.2.1.  Materials 

Poly(3-hydroxybutyrate) (PHB) with a weight-average molecular mass (Mw) of 550 

Kg/mol and polydispersity index (PI) of 1.2 was purchased in pellet form from Goodfellow 

(Huntingdon, England). Dichloromethane (purity ≥99.8%) and chloroform (purity ≥99.8%), used 

to dissolve PHB, were supplied by Alfa Aesar (Mississauga, United States) and Thermo Scientific 

(United States), respectively. For biological tests, Escherichia Coli (ATCC 11229) and 

Staphylococcus epidermidis (ATCC 12228) were purchased from Cedarlane (Southern Ontario, 

Canada). Additionally, tryptic soy agar (TSA) and bactotryptic soy broth (TSB) were provided by 

Sigma Aldrich. Ag@T NPs (Figure SI1) are prepared following the process developed by our 

group, which is summarized in Supporting Information. 

4.2.2.  Preparation of AgTiO2-Based Coatings on PHB electrospun membranes 

PHB pellets were dissolved in a (1:1) chloroform/dichloromethane co-solvent and stirred 

for 24 hours by heating at 60 °C using a reflux condenser before the next steps. The final polymer 

solution of (1,4 g; 7% by w/v) PHB was spilled into a syringe with a metallic needle to prepare 

fiber membranes. The electrospinning technique was achieved with a laboratory-built device 

containing a high-voltage direct current (DC) source with a working range of about 0-25 kV) 

(Figure SI2). A syringe pump drove the polymer spinning solution through the needle's tip 

positively charged. The collector, a plexiglass substrate covered by a flat aluminum foil, received 

the negative charge. Each new electrospun membrane was collected on a new aluminum sheet. 

Table SI1 describes the electrospinning process conditions. To ensure solvent evaporation, PHB 

membranes were left in a vacuum oven for 24h in air and 10h at 40°C. 

Surface activation of PHB membranes was performed under oxygen plasma at 

radiofrequency electromagnetic radiation (RF) of 80W for 2 minutes using PE-50 Venus Plasma 

Etcher. After the plasma treatment, these membranes were coated with Ag@T NPs using Ossila 

Dip Coater L2006A1-UK. In detail, plasma-treated PHB membranes were immersed in the 

suspension of Ag@T NPs (0,06 mg/mL) at room temperature (23°C) for 30 minutes at a constant 

speed of 20 mm/s and extracted with a controlled withdrawal speed of 10 mm/min. This dip-coating 
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was repeated 2-3 times to increase the deposition of Ag@T NPs. Between each time, PHB 

membranes were air-dried for 30 minutes. After the dip-coating, treated membranes were air-dried 

for 24 h (Figure 4.1). Obtained PHB membranes were named PATx, where x is the number of dip-

coating cycles.  

 

Figure 4.1: Different PHB-Ag@T membrane preparation steps. 

4.2.3. Characterization 

Morphological analysis of prepared PHB electrospun fibers was examined using a scanning 

electron microscope (SEM) (JEOL-JSM 5500). PHB samples were cut into 1 cm × 1 cm pieces 

mounted on aluminium stumps, and a thin coating of (around 2–20 nm) was applied for 15 seconds. 

The structural interaction of PHB membranes was studied by Attenuated Total Reflectance-Fourier 

transform infrared spectroscopy FTIR, ATR mode using an infrared spectrophotometer (FTS 45). 

The membrane membranes were attached to the sample holder, and the recorded spectra were 

measured over a wavenumber starting from 400 to 4000 cm-1 at room temperature. The surface 

wettability of prepared PHB membranes was established using the Surface Energy (Theta Flex 

optical tensiometer by Attension) to measure the water contact angle (WCA). The 5.0 ± 0.2 μL 

volume water drop was deposited on a 4 cm2 PHB membrane by automatic pipetting. The 

grammage and thickness of membrane membranes were investigated according to the reported 

method 17. First, according to ISO 536:1995, the membranes' mass-to-area ratio (g/m2) was used to 

determine their grammage. Then, the thickness (μm) was measured using a micrometer (TMI, 
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model 549E, Amityville, New York, USA) following ISO 534:2011., with ten random 

measurements being tested. Thermogravimetric analysis (TGA) tests in a nitrogen atmosphere with 

a 20 mL/min gas flow rate were realized using a Perkin Elmer TGA (Perkin Elmer Instruments, 

USA) to test the control and treated membranes' mass loss and derivative mass loss. PHB 

membranes were heated at 10°C/min from 30 to 600°C. 

4.2.3.1. Water vapor permeability (WVP), moisture content, and solubility in water 

Water vapor permeability (WVP) (g.mm/h. m2.Pa) of the prepared PHB membranes was 

determined using a simple method reported previously 18. Initially, 4 cm2 of treated membranes 

were placed to seal the heads of glass bottles filled with distilled water (10 mL). After that, these 

bottles were set in the desiccator containing silica gel lumps to determine their weight loss as a 

function of time and were weighed every two hours until they created a steady state. The following 

equation was used to determine the WVP of the PHB membranes: 

 

 𝑊𝑉𝑃 =  (𝑆 ×  𝑑)  ÷  (𝐴 × ∆𝑃) Equation 4.1 

 

where S (g/h) is the weight loss slope vs. time, d (m) is the membrane thickness, and A (m2) 

is the permeation area. The water vapor pressure differential across the membranes is represented 

by ΔP, which equals 2.33 × 103 Pa, assuming that the relative humidity on the silica gel is 

negligible. 

4.2.3.2. Antibacterial activity and reusability study 

The antibacterial efficacy of prepared PHB membranes was evaluated against S. 

epidermidis and E. coli using an agar plate test, following the procedure reported previously 19. 

Before starting the test, all materials and equipment were sterilized under UV light for 30 minutes. 

The prepared samples (2 cm x 2 cm), including non-treated PHB membranes and PHB membranes 

treated with Ag@T NPs, were placed in wells (Inner diameter = 3.5 cm, Dept = 1.7 cm) of the 6-

well plate. Next, two wells were dropped with 100 μL bacterial suspension (1.5 105 CFU mL), 

followed by adding 1 mL of physiological saline to all wells. The 6-well plate was then placed 

under the white light irradiation produced by the LED-L16 Photoreactor (4,8 mW/cm2 of intensity, 

Luzchem Inc.). After specific irradiation periods, 2 mL of physiological saline was added to each 



52 
 

 
 

well, and 100 μL of the combined solution was spread onto agar plates, followed by a 24-hour 

incubation period at 37°C. The average of three replicates is used to report the results. The 

antibacterial activity of these samples was also performed in a similar procedure but in the dark. 

For reusability tests, treated membranes were rinsed after the antibacterial tests with 

deionized water and dried overnight at room temperature for subsequent antibacterial tests. Before 

starting each new antibacterial test, the membranes were sterilized with UV light. Then, the 

following tests were carried out. The reusability test against E. coli was performed for 3 hours of 

treatment, while it was one hour against S. epidermidis. 

4.2.3.3. Biofouling tests 

To evaluate bacterial adhesion and biomembrane formation onto the treated PHB 

membranes, they were dipped into tubes containing 100 μL of bacteria culture (108 cells/mL) and 

2 ml of TSB. The resulting tubes were incubated at 37 °C for five days. Afterward, samples were 

washed three times with distilled water to remove detached cells. First, the cells were immobilized 

in the specimens for 1 hour using 5% (v/v) formaldehyde in a sodium cacodylate buffer (0.2 M, 

pH 7.4) at room temperature in preparation for SEM analysis. After multiple washes with sodium 

cacodylate buffer, they underwent sequential treatments with 25, 50, 70, 90, and 100% ethanol 

concentrations to dehydrate. Finally, the samples were sputter-coated with gold membrane and 

analyzed with a scanning electron microscope (JEOL-JSM 5500). 

4.2.3.4. Biodegradability 

A soil burial degradation test was performed, as reported by Kumar et al. 20. The membranes 

of 4 cm2 were buried in a rectangular container containing natural soil (from UQTR University 

Campus, Canada). The membranes were buried at a depth of 8 cm from the surface. The 

temperature was 23 °C, and the relative humidity was around 40%. At predetermined intervals of 

2 weeks, the samples were removed from the soil, cleaned thoroughly with deionized water, and 

then dried for 24 hours at 50°C in an oven. Finally, the membrane samples were weighed to 

determine the weight loss using the equation 4.2: 

 Weight loss (%) = (Winitial - Wfinal) ÷ Winitial×100 Equation 4.2 

Where Winitial is the initial mass, Wfinal is the final mass (after burial and drying) at a predetermined 

time t. 
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4.3. Results and discussions 

4.3.1. Membrane characterizations 

The main electrospinning parameters, including solution and apparatus parameters, were 

carefully adjusted to avoid creating solid particles generated by electrospraying, a combination of 

fibers and particles (electrospraying/electrospinning effect), or beaded fibers (Table SI 4.1).  

Figures 4.2 (a, c, d, e, and f) show SEM images of PHB randomly oriented microfibers 

with an average fiber diameter of 1,19 ± 0,24 µm. The increased immersion into the suspension of 

Ag@T NPs resulted in more significant loading with antibacterial agents, as seen in the SEM 

images of the treated samples in Figures 4.2 (b, c, and d). Additionally, it can be seen that Ag@T 

NPs are gathered in agglomerated clusters. The treatment of PHB membranes with oxygen plasma 

led to a slight change in the microfibers' physical structure, as reported 21. As seen in Figure 4.2 e, 

the plasma process caused etching and a slight diameter reduction of the fibers. Even though plasma 

modification has been employed extensively over the past ten years, it can still add originality and 

difference to the field of fiber surface engineering if the modification parameters are appropriately 

regulated. Generally, the plasma treatment initiates only the surface modification, affecting a depth 

range of several hundred Å to 10 μm without altering the material's natural properties 22.  Although, 

a severe fiber etching and diameter reduction could be observed at harsh plasma conditions, 

resulting in fiber rupture at higher voltages or a more prolonged treatment time. In fact, for plasma 

treatment exceeding 3 min, an extreme fiber degradation resulting in fiber rupture was detected 

(Figure 4.2 f).  
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Figure 4.2: SEM images of electrospun membranes: (a) unmodified PHB fibers, (b) PAT1, (c) 

PAT2, and (d) PAT3, (e) Mild surface etching of PAT1 fibers, (f) extreme PAT1 fiber degradation 

after 4min of plasma treatment, RF 80W, EDX tabulated data of: (g) unmodified PHB fibers, (h) 

PAT1, (i) PAT2, and (j) PAT3 membranes. 

The chemical composition of treated PHB was evaluated using the EDX technique, as 

presented in Figures 4.2 (g, h, i, and j). The analysis of these spectra indicates the existence of 

different amounts of titanium, oxygen, carbon, and silver elements. The titanium and silver content 

values increase in membranes with the number of dip-coating. 
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Figure 4.3: (a) TGA and (b) Derivative thermogravimetry (DTG) curves of PHB, PAT1, PAT2, 

and PAT3 

To ascertain the ideal processing temperature, the membranes' shelf life, their capacity for 

recycling, and the best way of disposal, thermal degradations of untreated PHB and dip-coated 

membranes were studied by TGA and DTG analysis. Figures 4.3 a and b display curves in weight 

loss due to controlled heating (versus temperature) for untreated PHB and dip-coated membranes. 

The onset degradation temperature (Tonset) at which thermal degradation starts, the temperature at 

the maximum degradation rate (Tmax), the temperature at which thermal degradation is complete 

(Tendset), and the residue at 500°C (R) are summarized in Table 4.1.  

Table 4.1: Thermal parameters obtained from thermogravimetric analysis. 

Designation Decomposition temperature 
(°C) 

 Residual weight (%) at 
500 °C 

 

 Tonset Tmax Tendset  
PHB 260.34 272.95 387.33 0.07 
PAT1 273.70 286.25 388.82 0.25 
PAT2 274.60 287.88 394.25 0.41 
PAT3 223.43 241.80 395.85 0.93 
 

As was observed in Figure 4.3, the thermal degradation mechanism of electrospun 

membranes involves two degradation stages. In the first stage, ranging between 100º-200ºC, PHB 

membranes degraded according to a random scission kinetic model, but eventually, low molecular 

weight compound function caused auto-acceleration of pyrolysis 23, 24. In the second stage, severe 
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degradation of olefinic and carboxylic acid compounds, such as crotonic acid and different 

oligomers, followed by the production of their degraded products through the random chain 

scission reaction, which involved a six-member ring transition and a b-CH cis-elimination 

response. Then, the free carboxylic acid of the 3-hydroxybutyric acid unit released proton acid 

(H+), which acts as an electrophile and increases with the rise of the low molecular weight 

degradation products. Thus, the chain scission reaction of PHB molecules may be accelerated with 

degradation time 24.  

The TGA analysis examined the effect of Ag@T NPs on the thermal degradation behaviors 

of PHB membranes with increased Ag@T NPs concentrations. The starting temperature of thermal 

decomposition rises with the increase in Ag@T NPs content expressed by Tonset (Table 4.1), 

indicating that the degradation temperature of PHB samples strongly depends on the amount of 

Ag@T NPs. As described by Abe 24, metal ions like Ag2+ are known to be Lewis acids, and they 

act as electrophiles. By removing the β -hydrogen, the Lewis acid interacts with carboxyl groups 

to enable the production of the double bond found in the crotonyl unit. Therefore, in the presence 

of metal compounds like Ag2+, a chain scission reaction of PHB molecules was enhanced. 

Moreover, as Moon et al. 23 reported, TiO2 nanofillers boost the heat transfer characteristics from 

the heat source toward the inside of the polymer. For these reasons, the thermal degradation of 

PHB increased, as is the case for PAT3. Regarding low Ag@T NP concentrations, PAT1 and PAT2 

exhibit higher thermal stability. Finally, it should be highlighted that no degradation occurred under 

200 °C. PAT membranes are thermally stable and do not risk thermal degradation. 

The unmodified PHB membrane is a hydrophobic material with a surface contact angle of 

145.7° 25-27. The plasma modification of the PHB membrane surface (RF 80W and 2 min), used as 

the first step of the modification process, induced a sharp decrease in the original contact angle, 

and the surface became utterly hydrophilic (contact angle < 30°) (Figure 4.4 a). Plasma treatment 

can form new chemical groups that are naturally hydrophilic, like carboxylic acid (-COOH) groups, 

on the polymer surface by bond-breaking reactions 28. For plasma treatment exceeding 3 min 

(Figure 4.4 a), notable damage to the PHB membrane was observed, as shown in Figure 4.2 f. 

Then, the plasma-activated samples were used as substrates for consequent coating with 

antibacterial agents by dip-coating into the dispersion of Ag@T NPs. The influence of increasing 

Ag@T NPs concentrations on the wettability of plasma-modified membranes is introduced in 

Figure 4.4 b. With the increasing immersion of the plasma-treated membrane into the dispersion 
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of Ag@T NPs, the contact angle of the coated surfaces decreases for PAT1 and PAT2. This effect 

corresponds to the formation of discontinuous metal clusters on the polymer surface. The contact 

angles of the coated surface were determined to be 126.9° and 122.3° for PAT1 and PAT2, 

respectively. For PAT3, the WCA of the coated surfaces remarkably decreases to 37.92°. This 

effect corresponds to the formation of metal clusters agglomeration on the polymer surface (as 

observed in Figure 4.2 d), which could leave free hydrogen bonds produced by plasma treatment 

to be linked to water drop. 

 

Figure 4.4: (a) WCA of untreated PHB membrane varying the plasma-treatment time, (b) WCA 

of untreated PHB and dip-coated membranes, (c) water vapor permeability (WVP) of membranes, 

and (d) schematic diagram of water vapor transmission. 

Water vapor permeability (WVP) is an important parameter to evaluate the barrier ability 

of membranes to water molecules, generally referred to as the breathability parameter. An optimal 

WVP value for personal protective equipment is needed as it influences wearing comfort. Several 

parameters, such as chemical structure, molecular weight, size, etc., affect the membrane matrix's 
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moisture content and molecules' mobility 29. In this current study, all the membranes depict WVP 

values between 1 and 10 g.mm/h. m2. Pa, indicating that they are semi-permeable materials. As 

observed in Figure 4.4 c, with the addition of Ag@T NPs in PHB membranes, the WPV decreases. 

In addition, the WVPs of the plasma-treated membranes dip-coated with Ag@T NPs are smaller 

than that of the untreated PHB membrane without the antibacterial nanoparticles. For both PAT1 

and PAT2, their WVP values gradually decrease with the increase in the Ag@T concentration. 

This reduction is reportedly due to the formation of hydrogen bonding between plasma treated PHB 

membrane and Ag@T NPs, which decreases the water affinity of coated membranes. These 

interactions may decrease the polymeric matrix's free volume and create a denser matrix, reducing 

the rate at which water molecules diffuse through the electrospun membrane 30. In agreement with 

our findings, increasing gallnut extract from 2.5 to 50 wt% decreased the WVP of sodium alginate 

membranes 31. The same results were found when increasing Chinese hawthorn extract from 2 to 

4 wt% into chitosan-gelatin blend membranes 32. As depicted in Figure 4.4 e, adding Ag@T NPs 

filled the inter-fiber voids. Subsequently, it provided more tortuous paths for the water vapor to 

pass through 31, 33, thus decreasing the WVP value. However, the WVP value of PAT3 is slightly 

higher than that of PAT2, considering many more nanoparticles aggregated in the PHB matrix. It 

was assumed that agglomerating particles may have forced the polymer chains apart, creating a 

wider passageway for the water molecules. Despite the slight increase, the WVP value remained 

lower than the untreated PHB membrane, as explained similarly in Ref 34.  

4.3.2. Antibacterial activity and reusability potential of the prepared microfibers 

The antibacterial properties of untreated and treated PHB fibers against E. coli and S. 

epidermidis were determined using agar plate tests. Figures 4.5 a and b show the antibacterial 

properties against E. coli, and Figures 4.5 c and d show the antibacterial properties against S. 

epidermidis. Untreated PHB exhibited less antibacterial activity than treated membranes against 

both strains. Figure SI 4.5 shows almost no colonies on samples PAT2 and PAT3. Furthermore, 

the colonies' number of bacteria is reduced from PAT1 to PAT3, with significant bacterial 

development suppression with PAT2 and PAT3 samples. This indicates that decorating Ag@T NPs 

on PHB fibers increases the antibacterial activity of electrospun membranes. Moreover, using 

Ag@T NPs on a nanometric scale produces larger surface areas, which could accelerate the damage 

and wrinkling of bacterial cell walls 35. Moreover, when exposed to visible light, Ag@T NPs can 

generate (ROS) via oxidation-reduction reactions, and these include hydroxyl radicals (•OH) and 
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superoxide radicals (O2
•−). ROS are highly oxidative molecules that can rupture bacterial cell 

membranes and damage biomolecules, contributing to cell death 36. 

The Ag@T NPs content was the main factor influencing the antibacterial activity of 

membranes. The treated PHB membranes demonstrated efficient bacterial death against E. Coli 

under the 3 hours light irradiation condition while only 1-hour light irradiation condition against S. 

epidermidis. This difference in antibacterial impact between Gram-positive and Gram-negative 

bacteria is mainly caused by variations in their cell wall structures, as previously reported by 

Siripatrawan and Vitchayakitti 37. The peptidoglycan and acidic polysaccharides (teichoic acids) 

that make up the exterior cell wall of gram-positive bacteria have many pores that may facilitate 

the adherence or penetration of bioactive molecules into the cell. Moreover, gram-negative bacteria 

have an additional outer membrane, in addition to their cell membrane, made of proteins, lipids, 

and lipopolysaccharide that may serve as a barrier to the entry of bioactive chemicals into the cell 
31, 38. Kundrat et al. 39 also reported a difference in bacterial efficiency between gram-negative and 

gram-positive bacteria when incorporating levofloxacin into PHB electrospun meshes.  

Furthermore, the bacterial survivability was evaluated using light irradiation. In the absence 

of light, the antibacterial activity of PHB membranes was only affected by the content of Ag@T 

NPs. The resulting PHB-Ag@T displayed light-enhanced and time-dependent antibacterial activity 

against E. coli and S. epidermidis. The best antibacterial effect was found for PAT2 and PAT3 

against E. coli after 3 hours of treatment, with 98.59% and 99.60%, respectively, in the dark and 

99.49% and 99.98% under the light. On the other hand, bacterial tests against S. epidermidis 

showed more effective antibacterial efficiency after only 1 hour for PAT2 and PAT3, with 97.03% 

and 99.90% %, respectively, in the dark and 99.5% and 99.95%, respectively, under the light. In 

fact, Ag@T NPs may produce ROS during light irradiation. ROS are proven to cause oxidative 

stress, which may deteriorate bacterial membrane integrity and, as a result, present more significant 

antibacterial activity 40. A rapid test was performed to confirm the formation of hydroxyl radicals 

(OH·), the most potent oxidant among the ROS species 41, using the p-nitrosodimethylaniline (p-

NDA) – one of the selective scavengers of these radicals 42. The procedure of this test was 

illustrated and detailed in SI. As seen in Figure SI 4.3, the concentration of p-NDA was 

considerably decreased after contact with PAT membranes. Moreover, this decrease is much higher 

than that induced by the untreated PHB membrane. This result reveals the effective formation of 
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OH· due to the photocatalysis triggered by incorporated Ag@T NPs, which led to the high 

antibacterial activity of treated membranes under light irradiation.  

Also worth noting is that the plasma treatment has little effect on antibacterial efficacity, as 

Slepička et al. 43 reported, stating that plasma activation did not affect Gram-negative bacteria of  

E. coli and had a moderate impact on the inhibition of bacterial growth of S. epidermidis. Overall, 

PHB-Ag@T membranes showed good antimicrobial efficacy against both gram bacteria, 

indicating their good potential as an antibacterial material.  
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Figure 4.5: (a) survival rate (%) of E. Coli by different membranes for 2 hours of treatment in dark 

and light conditions, (b) survival rate (%) of E. Coli by different membranes for 3 hours of 

treatment in the dark and light conditions, (c) survival rate (%) of S. Epidermidis by different 
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membranes for 30 minutes treatment in the dark and light conditions, (d) survival rate (%) of S. 

Epidermidis by different membranes for 1-hour treatment in the dark and light conditions, (e) 

Reusability performance of treated PAT2 under light and dark conditions for three following 

antibacterial tests against E. Coli, (f) Reusability performance of treated PAT2 under light and dark 

conditions for three following antibacterial tests against S. Epidermidis 

The reusability of nanofibrous membranes is a critical aspect of antibacterial efficiency, as 

it is an essential issue for long-term use in practical applications and economic improvement, 

especially on an industrial scale. Thus, multiple antibacterial tests were carried out to evaluate the 

performance of the treated PHB membranes. Figures 4.5 e and f show the antibacterial properties 

of PAT2 membranes are slightly reduced after three subsequent antibacterial measurements.  

On the other hand, PAT2 and PAT3 show the best antibacterial stability after three 

successive tests, especially under light, with 96.77% and 97.09% against E. Coli and 96.42% and 

97.89%, respectively, against S. Epidermidis (Figure 4.6). Nevertheless, the results demonstrate 

that the treated PHB electrospun membranes can be reused several times without significant loss 

of antibacterial efficacity. This is, therefore, opening meaningful opportunities for industrial 

applications. Furthermore, it presents a promising new nonwoven material that can be used in 

reusable and antibacterial protective equipment for improving protection against the transmission 

of infectious diseases. 
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Figure 4.6: (a) Reusability performance of treated PAT1, PAT2, and PAT3 under dark conditions 

for three following antibacterial tests against E. Coli, (b) Reusability performance of treated PAT1, 

PAT2, and PAT3 under light conditions for three following antibacterial tests against E. Coli, (c) 

Reusability performance of treated PAT1, PAT2, and PAT3 under dark conditions for three 

following antibacterial tests against S. Epidermidis, (d) Reusability performance of treated PAT1, 

PAT2, and PAT3 under dark conditions for three following antibacterial tests against S. 

Epidermidis. 

4.3.3. Anti-Biofouling performance of PHB-Ag@T membranes 

Biomembranes are created on the membrane surfaces due to the colonization and 

proliferation of biologically active organisms, known as biofouling. It reduces membrane 

efficiency and the lifespan of the membranes. Figure 4.7 shows that bacterial adhesion of the two 
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bacteria strains, E. Coli and S. Epidermidis, is extreme on untreated PHB membranes surface. 

However, many bacteria do not entirely cover all membrane samples, and severe biomembrane 

cannot be formed. Compared to untreated PHB membranes, the number of bacteria adhering to 

PAT1, PAT2, and PAT3 surfaces is relatively low. Furthermore, the bacterial adhesions on the 

PAT surface effectively diminished with the increase of Ag@T content, while that of PAT2 is 

slightly higher than that of PAT3. The above result demonstrates that the antibacterial NPs could 

enhance the membrane resistance to bacterial adhesion. Furthermore, it was visible that coating 

PHB membranes with Ag@T NPs effectively strengthened the anti-biofouling performance of the 

membrane. 

In fact, two surface modification techniques to reduce the biofouling potential of polymer 

membranes exist 44. The first strategy uses an anti-adhesion method to reduce membrane 

biofouling. For example, hydrophilic substances, polyelectrolytes, or surface modification might 

lessen bacterial adhesion to polymer membrane surfaces. The second technique, which uses 

biocides to prevent membrane biofouling, is the antibacterial strategy. Antibacterial agents are 

integrated into membranes to efficiently destroy microorganisms on the membrane surfaces. In our 

study, the first technique, plasma surface modification and coating with Ag@T NPs, has little effect 

on anti-biofouling performance as PAT1 and PAT2 presented a hydrophobic surface (contact angle 

> 90°). In contrast, PAT3 only showed a hydrophilic surface. This situation revealed that the 

membrane anti-biofouling performance varied with hydrophilicity due to the influence of plasma 

treatment and Ag@T NPs loading, forming a hydrated shell to prevent bacterial adhesion. On the 

other hand, the second approach, using antibacterial agents, so far substantially strengthened the 

anti-biofouling property. PHB-Ag@T membranes imparted intense anti-biofouling activities. 

Ag@T NPs formed a protected shell, avoiding resisting protein and bacteria from approaching the 

PHB membrane. 
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Figure 4.7: SEM photographs of the bacterial adherence on: (a) untreated PHB membrane in 

contact with E. Coli, (b) PAT1 membrane in contact with E. Coli, (c) PAT2 membrane in contact 

with E. Coli, (d) PAT3 membrane in contact with E. Coli, (e) untreated PHB membrane in contact 

with S. Epidermidis, (f) PAT1 membrane in contact with S. Epidermidis, (g) PAT2 membrane in 

contact with S. Epidermidis, (h) PAT3 membrane in contact with S. Epidermidis 

4.3.4. Biodegradability of prepared antibacterial membranes 

The biodegradability of untreated and treated PHB membranes was investigated using soil 

burial. Figure 4.8 a shows the images of the membrane samples before and after the soil burial 

test, and the corresponding weight loss percentage is shown in Figure 4.8 b. The weight loss of 

the PHB membrane is an obvious indicator of the biodegradation process in the soil due to the 

presence of moisture and microorganisms. As can be observed from Figure 8a, treated membranes 

started large cracks on the surface of treated PHB membranes beginning in the second week. At 

the same time, no considerable damage can be observed on the surface of the untreated PHB 

membrane. In addition, as shown in Figure 8b, the weight loss percentage of the PHB-Ag@T NPs 

is dependent on the Ag@T content. Interestingly, increasing Ag@T NPs content led to a higher 

degradation of PHB membranes. Overall, the weight loss of all PHB membranes was 50% after 5 

weeks of soil burial, reaching almost 99% after only 6 weeks. The fast degradation noticed within 

the 5th week can be explained by the notable increase in microorganism number in the soil, as 

described by Altaee et al. 45. With longer incubation times, the microbial population grew, which 

accelerated the degradation of the polymeric membranes. The depolymerase enzymes in the soil 

bacteria can hydrolyze PHB polymer, using the resulting metabolic breakdown products as a source 

of energy and nutrition. All common plastics are, in theory, primarily biodegradable, but because 
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of their sluggish breakdown, they are not considered biodegradable. Recent developments suggest 

that (PHAs) are an excellent alternative to traditional plastics because of their biocompatible and 

biodegradable characteristics. 

Figures 4.8 c and d show the PHB membrane's surface after degradation. It unmistakably 

denotes a non-rank surface with pores, grooves, cavities, extended items like fungal hyphae, 

spherical objects like bacteria, and apparent ruptures of most nanofibers. Also, it was clear that the 

PHB membranes' fiber diameters degraded around 500 nm. This indicates that the fibers got thinner 

after degradation than their corresponding fibers before soil burial. 

  

Figure 4.8: (a) Soil burial test of untreated and treated PHB membranes after 2, 4, 6, and 8 weeks, 

(b) Weight loss of untreated and treated PHB membranes after 2, 4, 6, and 8 weeks, (c) SEM 

micrographs for PHB membrane after 6 weeks of soil burial and (d) SEM micrographs for PHB 

membrane after 8 weeks of soil burial  

This notable degradation of nanofibers could be due to the high porosity level, large surface 

area, and three-dimensional structure, which made it possible for a more significant number of 

microorganisms to adhere to the polymeric sheets 45. In addition, the following factors, including 

increased aggregation and the development of large cavities by Ag@T NPs on the membrane 
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surface, as described previously, may impact the improvement in biodegradability. This reason 

agrees with the reported results of some research groups 18, 46. Similarly, the literature demonstrated 

that adding SiO2 NPs, halloysite nanotubes, and TiO2 NPs somehow boosted the bio-sustainability 

rates of membranes 46-48. Indeed, Zan et al. 49 synthesized a photodegradable polystyrene-TiO2 

nanocomposite membrane. They noticed that TiO2 nanoparticles significantly accelerated the 

photocatalytic degradation of polystyrene material. On the other hand, the membrane composition 

and several variables involving the amount and type of microorganisms present, the degrading 

circumstances (i.e., oxygen, humidity, pH, and temperature), the amount of pollutants, and the soil 

characteristics affect the weight loss (e.g., particle size distribution in the soil) 18, 50. Finally, the 

results indicate that the electrospun membranes are biodegradable, and it is possible to blend PHB 

with Ag@T NPs to improve their biodegradability. 

In this work, when compared to the non-decorated membrane, the produced microfiber 

membranes with Ag@T NPs PAT2 and PAT3 show good antibacterial activity and 

biodegradability. The results show that increasing the dip coating number of PHB membranes 

strongly influenced their antibacterial activity and their anti-biofouling properties. The presence of 

Ag@T NPs did not prevent the biodegradation process of the coated fiber, even at the highest 

concentration. Unlike other studies, adding antibacterial agents can slow or halt biodegradation 51. 

This work studies a more sustainable, environmentally friendly environment with a minor 

environmental impact. Bio-based and biodegradable bioplastics PHB can offer features similar to 

traditional plastics while yielding additional benefits due to their reduced carbon footprint. To 

minimize waste management issues and environmental contamination, interest in competitive 

antibacterial and biodegradable materials is developing. PHA materials are the primary resource 

used in most engineering application domains to replace conventional plastic consumption 52.  

4.4. Conclusion 

This work presents a new approach for fabricating PHB membranes via electrospinning, 

plasma surface modification, and dip-coating with hybrid antibacterial nanoparticles. The 

antibacterial coating was successfully achieved after the plasma treatment as the membrane's 

surface was converted to hydrophilic materials, which revealed the potential to serve as a platform 

for developing antibacterial materials. Furthermore, the antibacterial results showcased a highly 

efficient antibacterial effect of daylight treatment for 3h and 30 min against E. Coli and S. 

Epidermidis, respectively. Herein, the resulting PHB-Ag@T displayed light-enhanced and time-
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dependent antibacterial activity against bacteria. On the other hand, the PHB-Ag@T membranes 

showed good reusability (up to 3 times) and rapid biodegradation (6 weeks). Moreover, the 

biofouling test demonstrated that the introduction of Ag@T NPs effectively prevented bacterial 

fouling on the surface of prepared PHB membranes. The anti-biofouling properties of the PHB-

Ag@T were more significant than those of the non-decorated PHB membrane. Our results 

demonstrated that the PAT microfibers could enhance the anti-biofouling characteristic of the 

membrane through both anti-adhesive and antibacterial surface properties. 

Overall, considering the characterizations' results, PAT2 displayed the best performance, 

such as thermal and physical stability, with an excellent antibacterial efficiency of 99,50% against 

E. Coli and S. Epidermidis under LED light and good anti-biofouling performance. This work is 

anticipated to offer a technique to create antibacterial and biodegradable functional materials for 

PE advances. 
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4.9. Supporting Information 

Synthesis of AgTiO2 hybrid nanoparticles 

The synthesis of AgTiO2 NPs follows the process developed by our group, including two main 

steps: preparation of TiO2 NPs and the photodeposition of Ag NPs. Titanium (IV) iso-propoxide 

was hydrolyzed in the presence of H2O2 to form a water-soluble titanium peroxo complex. This 

complex was acquired by drying the obtained solution before calcined at 400oC for 4 h to form 

TiO2 NPs. These NPs were dispersed in ethanol solution (10%) containing AgNO3 (Ag amount 

accounts for 6% (wt) of the TiO2), which was then illuminated under UV light (100W) for 45 

minutes. The illumination activated TiO2 NPs to reduce Ag+ to Ag0 in the form of NPs deposited 

on their surface. Figure SI4.1 shows a TEM image of obtained AgTiO2 NPs.  

 

 
Figure SI.  4.1: TEM image of AgTiO2 NPs. The result is extracted from our progressing article. 
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Table SI. 4.1: Setting conditions for PHB electrospinning solution 

Applied voltage (DC) 13 kV 

Internal Needle diameter  0,9 mm 

Distance from the needle tip and the collector 12 cm 

Supply flow rate 0.5 mL/min 

Average temperature 23°C 

 

 
Figure SI.  4.2: Electrospinning equipment 
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Figure SI.  4.3: Generation of hydroxyl radicals (OH·) by bleaching p-nitroso dimethylaniline (p-

NDA) using UV light. (a) (p-NDA) bleaching experiment conditions, (b) Photograph of (p-NDA) 

bleaching in the presence of PAT2, and (c) UV-Vis absorption spectra of p-NDA with PAT 

membranes. 
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Figure SI.  4.4: ATR-FTIR spectra of PHB membranes. 

Figure SI4.4 shows the FTIR spectra of the untreated PHB and samples treated with plasma and 

dip-coated with suspensions of Ag@T NPs. The ATR spectrum of treated membranes displays no 

difference from that of the untreated PHB membrane. All the spectra show a broad peak at 3430 

cm–1, which is characteristic of hydrogen-bonded O–H absorption. The FT-IR spectrum of all 

membranes presents peaks in 3020–2830 cm−1, indicating the presence of methyl and methylene 

groups. The strong band indicates the carbonyl stretching of an ester group at 1720 cm−1. The bands 

indicate methyl groups stretching symmetrically and asymmetrically at 1450 and 1376 cm−1. The 

aliphatic ester group vibrations (in the crystalline and amorphous phases) are represented by the 

bands at 1276, 1226, and 1126 cm−1 in FTIR spectra. Furthermore, the dip-coated membranes with 

Ag@T NPs did not confirm distinctive peaks of AgTiO2. It suggests that the antibacterial NPs were 

possibly adsorbed on the surface of the electrospun fiber and were little incorporated inside the 

meshes. Finally, ATR-FTIR spectroscopic, coupled with SEM and EDX analysis, verified the 

existence of Ag@T NPs in PHB electrospun membranes. 
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Figure SI.  4.5: (a) Photographs of plate count of untreated PHB, PAT1, PAT2, and PAT3 under 

dark and light conditions against E. Coli, (b) Photographs of plate count of untreated PHB, PAT1, 

PAT2, and PAT3 under dark and light conditions against S. Epidermidis. 
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Résumé 

Le développement de matériaux à base de polymères respectueux de l'environnement, dotés 

de propriétés antibactériennes et biodégradables, apporte des avantages significatifs à l'industrie de 

l'emballage. Dans le présent travail, des particules microporeuses d'oxyde de zinc (ZnO MPs) 

synthétisées de manière écologique sont dispersées dans la matrice de poly(3-hydroxybutyrate) 

(PHB) à l'aide d'une méthode de coulée simple afin de préparer des films bioactifs aux propriétés 

antibactériennes et anti-fouling. Les films obtenus présentent une morphologie microporeuse avec 

une dispersion uniforme des particules de ZnO dans la matrice polymère. L'incorporation de 

particules de ZnO synthétisées par ume méthode verte (3 % en poids) dans des films de PHB 

entraîne une puissante activité antibactérienne, notamment sous lumière LED, avec des efficacités 

d'inactivation bactérienne de 97,5 % et 76,2 % contre E. coli et S. epidermidis, respectivement, 

après 90 minutes d'irradiation lumineuse. Cette activité antibactérienne est supérieure à celle 

induite par des films chargés de la même quantité de nanoparticules de ZnO commerciales. En 

outre, la puissante activité antibactérienne permet aux films préparés de mieux lutter contre la 

contamination biologique et la formation de biofilms à leur surface. Notamment, l'incorporation de 

ZnO MPs améliore l'adhésion des microbes, accélérant la biodégradation des films développés, 

avec des taux de biodégradation du sol atteignant 99% en 10 semaines. Le présent travail offre une 

approche simple et rentable pour produire des composites prometteurs avec une durée de 

conservation prolongée et la capacité de réduire la contamination bactérienne pour les applications 

de l'industrie de l'emballage. 
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Abstract 

The development of environmentally friendly polymer-based materials with antibacterial 

and biodegradable properties is bringing significant benefits to the packaging industry. In the 

present work, green-synthesized zinc oxide microporous particles (ZnO MPs) are dispersed in the 

poly(3-hydroxybutyrate) (PHB) matrix using a simple casting method to prepare bioactive films 

with improved antibacterial and anti-biofouling properties. The resultant films display a 

microporous morphology with a uniform dispersion of ZnO MPs within the polymeric matrix. The 

incorporation of green-synthesized ZnO MPs (3% wt) into PHB films leads to potent antibacterial 

activity, notably under LED light, with bacterial inactivation efficiencies of 97.5% and 76.2% 

against E. coli and S. epidermidis, respectively, after 90 minutes of light irradiation. This 

antibacterial activity is superior to that induced by films loaded with the same amount of 

commercial ZnO nanoparticles. Furthermore, the potent antibacterial activity gives rise to 

improved anti-biofouling for prepared films, in which the biofilm formation on their surface is 

effectively eliminated. Notably, the ZnO MP incorporation improves the microbe adhesion, 

accelerating the biodegradation of developed films, with soil biodegradation rates reaching 99% in 

10 weeks. The present work offers a simple and cost-effective approach to producing promising 

composites with prolonged shelf-life and the capability of reducing bacterial contamination for 

packaging industry applications.      
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5.1. Introduction 

Antimicrobial activity is one of the most essential functional features of packaging 

materials, as they risk being contaminated by bacteria and fungi 1. These microorganisms' surface 

adhesion and contamination can cause health and hygiene issues 2-4. Meanwhile, with its 

withdrawal from petroleum-based plastics, biodegradable packaging helps to foster a circular 

economy, wherein the materials eventually return to nature without harming it 5.  

Because of their excellent mechanical qualities, thermal stability, and ability to act as 

effective barriers to carbon dioxide, oxygen, and aromatic chemicals, synthetic petrochemical-

based polymers have been in greater demand as packaging materials. The primary factors 

influencing the selection of synthetic polymers based on petrochemicals as packaging materials are 

their widespread availability and comparatively low cost. The drawback of synthetic 

petrochemical-based polymers is that, despite their widespread use in packaging materials, their 

poor biodegradability makes them a significant source of trash after use. The major amount of 

extremely harmful emissions, problems with composting, and changes in the carbon dioxide cycle 

are the main causes of this environmental threat 6. Furthermore, because of socioeconomic 

limitations and technical difficulties, discarded packaging plastics are rarely recycled in many 

nations, resulting in a significant amount of used plastic material either dumped in landfills or 

added to the litter surrounding the environment, which ultimately strains and stresses the balance 

of the environment.  As a result, this phenomenon has drawn the interest of numerous researchers 

working to create active, sustainable packaging materials. Thus, in addition to shelf-life, cost, and 

protection, the packaging design should consider user-friendliness and environmental 

sustainability. 

Therefore, examining packaging materials made of naturally degradable polymers has 

drawn more attention. This is an essential movement towards a greener, more sustainable world. 

Among biodegradable biomaterials, polyhydroxyalkanoates (PHAs) attracted particular attention. 

PHAs are thermoplastic, biocompatible, and biodegradable microbial polymers of hydroxy-derived 

fatty acids in biological medium 7. Due to their characteristics, they are very promising for various 

antibacterial applications, including drug delivery systems, patches for wound healing, implantable 

medical devices, tissue engineering cell scaffolds, etc. 8. PHAs are represented by polymers with 

different monomer units and a range of physicochemical characteristics, such as highly crystalline 

thermoplastic materials or rubber-like elastomers 9. Poly(3-hydroxybutyrate) (PHB), the first PHA 
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found in the 1920s 10, represents the most explored microbial polyesters because of their 

thermoplastic behavior and mechanical qualities suited for load-bearing applications. Specifically, 

PHB is known as an environmentally friendly polymer because of its excellent biodegradability. 

Nonetheless, the major limitation of this material is its weak antimicrobial activity. Therefore, 

improving antimicrobial properties is critical to make PHB suitable for packaging applications.  

However, when making antimicrobial and biodegradable films, there appears to be a greater 

risk that incorporating an antimicrobial agent will destroy the film polymer's biodegradability, a 

prominent feature and significant advantage of bioplastic from an environmental standpoint. As a 

result, achieving antimicrobial activity while maintaining the material's biodegradability remains a 

considerable issue, requiring important consideration when choosing an antibacterial agent and its 

concentration.  

As PHB's main weakness is its lack of inherent antimicrobial properties, metal-based 

particles have gained attention due to their potential to enhance the antibacterial properties of 

polymeric materials 11. Recently, metal nanoparticles (NPs) such as silver and gold and metal oxide 

NPs such as zinc, iron, copper, and titanium dioxide have been intensively studied for antibacterial 

applications 12-14. In our recent study 15, we reported the preparation of PHB microfiber membranes 

decorated with photoactive AgTiO2 NPs with advanced antibacterial and anti-biofouling activities. 

Because of their photocatalytic activity, AgTiO2 NPs significantly improved the antibacterial 

properties of produced membranes, especially when exposed to light. The top-performing sample, 

exposed to low-power commercial LED light for three hours and one hour, respectively, showed 

strong antibacterial efficacy, surpassing 99% against Escherichia coli and Staphylococcus 

epidermidis. Furthermore, these samples successfully avoid bacterial biofouling because of their 

strong antibacterial qualities. 

Among various developed metal oxide particles, zinc oxide (ZnO) has been extensively 

employed for biological applications due to its low toxicity and being ecologically benign 16-18. It 

is frequently used in dermatological products such as lotions, ointments, and creams 8. ZnO also 

possesses antimicrobial qualities in both microscale and nanoscale compositions 9. The ZnO 

antibacterial mechanism is based on the well-established paradigm of induced reactive oxygen 

species (ROS) generation and oxidative damage inside bacterial cells 19.  

Díez-Pascual 20 prepared biodegradable nanocomposites via solution casting technique by 

adding ZnO NPs to bacterial polyester poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). 

The resulting PHBV/ZnO films demonstrated antibacterial activity against human pathogen 
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bacteria, more substantially affecting E. Coli than S. aureus. In another similar study 21, ZnO NPs 

were incorporated in electrospun poly (3-hydroxybutyrate-co-3-hydroxyvalerate) 

(PHBV)/polyethylene oxide (PEO) microfibers for antibacterial, antibiofilm for wound dressing 

application. The composites showed antibacterial action against pathogenic bacteria that cause 

wound infections, with more significant effects on S. aureus than P. aeruginosa at higher ZnO 

concentrations. At a concentration of 5wt% ZnO NPs, antibiofilm activity was more vigorous 

against S. aureus and P. aeruginosa compared to 1 and 3 wt% ZnO NPs. 

Traditional approaches for creating ZnO particles involve various physical and chemical 

techniques. Chemical techniques are the most commonly used, including liquid ultrasonication, 

sol-gel, and electrochemical reactions 22-24. These processes necessitate high vacuum and energy 

and may involve using hazardous chemical reagents while producing products with low 

biocompatibility 25. The issues with physical and chemical processes can be resolved using green 

synthesis to create sustainable ZnO MPs. Furthermore, as the green synthesis process needs plant 

extracts, it doesn't require any hazardous chemicals to act as reducing or oxidizing agents 26. One 

of the most environmentally friendly, non-toxic, biocompatible, and cleanest ways to produce 

antibacterial agents is through green synthesis, which uses plant extracts 27-28. The primary 

ingredient in plant extracts, polyol, stabilizes the creation of metallic nanoparticles and functions 

as a chelating and capping agent for prompt nanoparticle synthesis 29. The goal of green practices 

is to minimize or get rid of hazardous materials. For these reasons, incorporating green-synthesized 

ZnO NPs into PHB materials could generate effective antibacterial action. 

In this work, we develop an eco-friendly polymer-based material for packaging 

applications. Green-synthesized zinc oxide microporous particles (ZnO MPs) are effectively 

loaded into a poly(3-hydroxybutyrate) (PHB) matrix using a simple casting technique without 

additional surfactants. The PZ biofilms showed improved antibacterial and anti-biofouling 

properties due to the uniform dispersion of micropores and the efficient dispersal of ZnO MPs. 

When exposed to light due to the photocatalytic activity of ZnO MPs, the films are more effective 

at killing bacteria than commercial antibacterial agents. Although the PZ films promote microbe 

attachment, they also accelerate biofilm biodegradation, resulting in up to 99% soil biodegradation 

rates over ten weeks. Our findings mainly aim to provide an excellent simple antibacterial material 

using green ZnO MPs to inhibit bacterial growth and biofilm formation, demonstrating the 

possibility of low-cost PHB-ZnO films for packaging applications. 
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5.2. Results and Discussion 

5.2.1. Morphological structure of porous films 

Scanning electron microscope (SEM) images acquired at various magnifications were used 

to record surface images and cross-sections of neat PHB and ZnO MPs added films (PZ0, PZ1, 

PZ3, and PZ5). (Figure 5.1) revealed a homogenous distribution of irregular, micro-sized pores, 

nearly spherical, across the entire surface of the film. (Figure 5. 1. b3) shows that the pores were 

only generated on the top surface of the PHB film, while the bottom surface was almost smooth 

and devoid of any apparent porosity. This was proposed to be caused by the pore generation 

mechanism shown in (Figure 5.2), where pores were left behind during the drying process when 

agitation-formed chloroform microbubbles and trapped air moved toward the surface. The kinetics 

of highly viscous polymer solution settling down at the bottom surface and migration of partially 

diluted polymer solution accompanied by microbubbles toward the top surface must be quick 

enough for pore-forming during the drying stage. The addition of ZnO MPs (3 and 5 %) produced 

bulkies with irregular surfaces and aggregates at the bottom of the films, as shown in (Figures 5.1. 

c3 and d3) 
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Figure 5.1: SEM images of 1) the surface of the film (100x), 2) the surface of the film (1.00Kx), 

and 3) cross-sectional (500x), a) PZ0; b) PZ1; c) PZ3; and d) PZ5. 
 

PZ films, with 0,5 ± 0,01 mm of thickness, have a cross-sectional structure of three layers. 

A dense polymer intermediate layer is formed between the solution-air interface (the top layer) and 

above the solution-glass contact (the bottom layer). The pore size in the intermediate layer is 

comparatively smaller than the average in the top layer. This portion of the solution rapidly 

becomes more viscous due to the quick evaporation of solvent from the top layer, which also stops 

polymer-lean nuclei from forming and growing 30. However, the casting parameters, such as the 

casting film thickness and exposure duration in air, significantly impact the membrane properties 

regarding pore size and total porosity. Therefore, due to the addition of different concentrations of 

ZnO MPs, the PHB films may have distinct pore properties. 
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Figure 5.2: Different steps of PZ microporous film preparation. 

The particles in the mixture containing 1wt % ZnO MPs (Figure 5.3 b) are dispersed 

uniformly and without clumping together with a narrow-size distribution. In contrast to the sample 

with a lower filler level, the particle dispersion is less uniform at 3 wt % and 5 wt % loading 

(Figures 5.3 c and d). The ability of ZnO MPs's surface hydroxyl groups to establish hydrogen 

bonds with other nanoparticles increases the tendency for aggregation 31. This can lead to the 

flocculation of the fillers and the development of tiny clusters, which are consistent with SEM 

results. 

Energy-dispersive X-ray spectroscopy (EDS) images and mapping of ZnO MPs were 

performed further to examine the formation of ZnO tiny cluster structures, as shown in Figure 5.3. 

The analysis of PZ spectra indicates the existence of different amounts of zinc, oxygen, and carbon 

elements. The zinc content values were higher at 5 wt% with PZ5.  Figure 5.3 presents the selective 

area of the PZ films, revealing the presence of ZnO MP (Zn as a blue color) along with O (green 

color) and C (red color). Elemental analysis also confirmed the ZnO cluster structure with PZ3 and 

PZ5 films.  
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Figure 5.3: Mapping and EDX tabulated data of a) PZ0, b) PZ1, c) PZ3, and d) PZ5. 

Overall, statistical analysis shows that at low concentrations, ZnO MPs disperse in PHB as 

single particles; at the more significant loading examined, ZnO MPs disperse as single particles 

and tiny clusters. Most importantly, ZnO MPs dispersion within the biopolymer was accomplished 

without the requirement for coupling agents or surfactants, which shortened, simplified, and 

reduced the cost of fabricating these bioactive materials. 

The FT-IR spectra of PZ films and ZnO MPs are presented in (Figure SI5.1) to analyze the 

interactions between PHB polymer and ZnO MPs. ZnO's spectrum exhibits a broad band in the 

3650-3000 cm−1 range, attributed to the surface stretching of the nanoparticle's hydrogen-bonded 

(-OH) groups. Further, an intense band is found at 1400 cm−1 that corresponds to C-H bending 
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vibration in methyl (CH3) and methylene (CH2) groups. On the other hand, a noticeable band is 

seen at 1720 cm−1 in PZ0 due to the ester group C=O stretching 32. C–O–C stretching vibrations 

are represented by bands in the 1280–1097 cm−1 range, while C–H stretching bands are associated 

with bands at approximately 2900 cm−1. The O–C–H in-plane bending is located at 1380 cm−1, 

while the CH3 asymmetric bending is visible at 1457 cm−1. The distinct bands of PHB and ZnO are 

more visible in the PZ3 and PZ5 spectra than in PZ1. The signal attributed to hydroxyl stretching 

appears to be broadened in the samples with 3 and 5 weight percent loading, and it is centered at 

around 3435 cm−1. Ultimately, the presence of ZnO MPs in PHB film was confirmed by ATR-

FTIR spectroscopy coupled with SEM and EDX examination. 

Figure 5.4 a gives the statistical characteristics for the surfaces estimated by roughness 

analysis of the 3D laser confocal microscope (LCM) images. The study found that the film's surface 

roughness gradually increased with increased ZnO MPs content. The influence of the ZnO MPs 

content in the membrane was also observed in the surface pores. The image analysis software 

package ImageJ was utilized to get quantitative evaluations of porosity percentages (Figures 5.3 b 

and c). 
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Figure 5.4: a) Confocal profiler 3D image of PZ3 surface, b) Image analysis using ImageJ for 

percentage area (porosity) measurement estimation of PZ3, c) Surface roughness (Sa) and the 

porosity of PZ films, and d) Contact angle of PZ films. 
 

The pores were masked with red color on a white backdrop (Figure 5.4 b). The surface 

pores, with an almost circular shape with 2,3 ± 0,52 μm of average diameter, were more noticeable 

than those in ZnO MPs-free films (Figure 5.4 c). Also, the average porosity of PZ1, PZ3, and PZ5 

was almost identical. Particles incorporated in the polymeric material (whether aggregates, 

agglomerates, or non-aggregated nanoparticles) impact the polymer's porosity 33. 

Incorporating ZnO MPs into PHB films via the simple casting method increases porosity 

and roughness due to several critical processes during film formation. PHB typically forms a 

smooth, compact film when cast from a solution as the solvent evaporates and the polymer chains 

align and settle homogeneously. However, the introduction of ZnO MPs disrupts this process. First, 

the mapping results show that ZnO particles are insoluble in PHB and remain solid inclusions 
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within the polymer matrix. These particles aggregate or cluster during casting, preventing the 

polymer chains from packing uniformly. As the solvent evaporates, the ZnO MPs act as nucleation 

sites, leading to localized variations in the polymer's packing density. The polymer chains are less 

densely packed in areas around these particles, forming voids or pores. These voids increase the 

overall porosity of the film, as the polymer does not fill the spaces around the particles. Second, 

the presence of ZnO MPs affects the film's surface morphology. Since the particles do not dissolve 

and remain embedded in the polymer matrix, they cause localized disruptions on the film's surface. 

As a result, the film surface becomes more irregular, with a rougher texture. Surface roughness is 

mainly determined by the size, shape, and distribution of ZnO particles, as more significant or 

poorly dispersed particles lead to greater surface unevenness. In contrast, smaller, more uniformly 

distributed particles might produce finer roughness. Additionally, the casting method, which 

involves the slow evaporation of the solvent, might not allow the polymer chains to fully relax and 

reconfigure around the ZnO MPs. This slower process can enhance surface roughness formation 

and increase porosity compared to faster evaporation methods, potentially leading to more uniform 

film structures. In conclusion, the ZnO MPs disrupt the normal film-forming process of PHB, 

increasing both porosity and surface roughness due to the incomplete integration of the particles 

into the polymer matrix and their effect on the polymer's microstructure during film formation.  

The decrease in water contact angle (Figure 5.4 d) following the addition of ZnO MPs to 

the PHB polymer solution can be attributed to several interconnected factors influencing the 

surface properties of the PZ film. First, because of their size and distribution, ZnO MPs are 

primarily responsible for surface roughness in the polymer matrix. The observed hydrophobicity 

is decreased due to the increased roughness, increasing the surface area with which water molecules 

can interact. Second, ZnO MPs' potential polar surface groups, such as hydroxyl groups, may raise 

the composite's surface energy, increasing wetting behavior and fostering a stronger affinity for 

water molecules. 

5.2.2. Antibacterial activity 

Figure 5.5 displays the outcomes of the antibacterial activity. First, the antibacterial effect 

observed in PHB films without ZnO MPs can be attributed to the intrinsic properties of the PHB 

polymer. PHB's natural hydrophobicity has the potential to damage bacterial cell membranes upon 

contact 4, leading to the death of the cells. These intrinsic properties contribute to its ability to 

inhibit bacterial growth, demonstrating that PHB alone has an inherent antibacterial potential even 
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though its antibacterial efficacy is not as strong as that of PHB loaded with ZnO MPs. Moreover, 

it was found that antibacterial activity was more effective against E. coli than against S. 

epidermidis, regardless of the amount of ZnO MPs component in the film matrix. PHB films loaded 

with ZnO MPs obtained sufficient antibacterial activity with bacterial reduction superior to 95% 

against E. coli. This activity rose marginally when the ZnO MPs content was increased from 1wt% 

to 5wt% in PHB samples. This could indicate that it has a bacteriostatic effect on E. Coli. However, 

despite the ZnO MPs concentration, a slight bacterial decrease against S. epidermidis was seen for 

all investigated samples (Figure 5.5 a). This was unexpected because it is usually accepted that 

ZnO MPs are more efficient against Gram-positive bacteria than against Gram-negative bacteria 
34-37. However, our finding follows Malis D. et al. 1, which reported that gram-negative bacteria 

were more sensitive to ZnO MPs than gram-positive bacteria. The bacterial reductions caused by 

PZ3 and PZ5 are very similar to those obtained for the PZ1, marking the excellent antimicrobial 

activity of ZnO MPs even at lower concentrations. The antibacterial activity against E. Coli 

drastically increased when ZnO MPs were included in the film matrix. This was not the case against 

S. epidermidis, where there was a slight enhancement with progressively increasing ZnO MPs 

content, reaching a maximum antibacterial efficacy of 76.5% for PZ5 (Figure 5.5 a). The disparity 

in antibacterial activity of ZnO microparticles (MPs) against Gram-positive and Gram-negative 

bacteria can be related to various factors influencing antibacterial test results. Changes in the 

interaction mechanisms of ZnO MPs with bacterial cells can explain the difference in susceptibility 

between Gram-positive and Gram-negative bacteria 38. These findings coincide with several earlier 

findings 1. It is claimed that variations in the cell walls' structure play an important role. It is 

commonly known that Gram-positive bacteria are less vulnerable to the membrane damage caused 

by ZnO MPs because their cell walls include peptidoglycan that is substantially thicker than that 

of Gram-negative bacteria. Moreover, Applerot et al. 39 demonstrated that E. Coli showed a greater 

vulnerability to ZnO MPs than S. aureus. The difference in the internal antioxidant content, such 

as carotenoid pigments, and the presence of detoxifying solid agents, like antioxidant enzymes, 

could be a further reason.  

Several variables could account for this, including ZnO MPs' particle size and surface area, 

significantly impacting their antibacterial activity. Smaller ZnO particles have a higher surface area 

and are more likely to penetrate bacterial cell walls, potentially providing easier access to gram-

negative bacteria's weaker peptidoglycan layer and increasing their sensitivity. Second, ZnO MPs' 

synthesis technique and shape can affect their dispersion, aggregation, and surface charge, 
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influencing their interactions with bacterial membranes. Well-dispersed ZnO particles are more 

likely to produce ROS, which can harm bacterial cells. Furthermore, bacterial strain changes and 

test conditions (medium composition, pH, and temperature) can influence the observed 

antibacterial activity, as various strains of bacteria may have varying degrees of resistance to ZnO. 

Notably, despite their protective outer membranes, gram-negative bacteria may be more vulnerable 

to oxidative stress and ROS production caused by ZnO particles, potentially leading to more potent 

antibacterial effects. Finally, the aggregation status of ZnO particles during the test could be 

significant, as aggregated particles have a smaller surface area and are less effective at penetrating 

bacterial membranes or producing ROS, resulting in less antibacterial action. In conclusion, while 

gram-positive bacteria are typically more sensitive to ZnO MPs, these factors—particle 

characteristics, bacterial strain, and environmental conditions—can cause variations, and in some 

cases, gram-negative bacteria may exhibit higher sensitivity, as demonstrated by our findings. 

Furthermore, it is commonly recognized that ZnO with higher concentrations and smaller 

sizes may have superior bactericidal effects 40. Numerous studies have examined the mechanism 

of ZnO's light-induced antibacterial action. It is thought to be related to ROS generation 41, zinc 

ion dissolution 42, and internalization of NPs, which ultimately results in cell death 43. ROS is 

thought to be the primary mechanism among them. This study examined the antibacterial activity 

of PHB loaded with ZnO MPs in the presence and absence of visible light. 
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Figure 5.5: a) survival rate (%) of E. Coli and S. epidermidis by different PHB films for 60 min at 

visible light; b) survival rate (%) of E. Coli by PZ0 and PZ3 I dark and light conditions for 30, 60, 

and 90 min at visible light; c) survival rate (%) of S. epidermidis by PZ0 and PZ3 in dark and light 

conditions for 30, 60, and 90 min; and d) survival rate (%) of E. Coli and S. epidermidis by different 

PZ3 and PZ3-C films for 60 min at visible light. 

 

As 3wt% ZnO MPs content exhibited the optimum antibacterial activity, PZ3 was chosen 

for further antibacterial characterization. (Figures 5.5 b, c and 6d) shows better antibacterial 

activity with increased time radiation under visible light. The resulting PZ3 films displayed light-

enhanced and time-dependent antibacterial activity against E. coli and S. epidermidis. The best 

antibacterial effect was found for PZ3 against E. coli after 60 and 90 min of treatment, with 96% 

and 97.5%, respectively. On the other hand, bacterial tests against S. epidermidis of PZ3 showed 
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less effective antibacterial efficiency after 90 min with 76.2%. 

Accordingly, ZnO particle size, crystal structure, and environmental factors significantly 

impact the mechanism underlying the antibacterial action of ZnO MPs. It is important to note that 

the antibacterial activity of ZnO MPs is thought to be primarily due to Zn2+ cations. Zn2+ cations 

can penetrate bacterial cells and inhibit their action. The photocatalytic treatment of metallic oxide 

particles for sterilization using light as a substitute for chemical or thermal methods to prevent the 

growth of undesired microbes has garnered heightened interest in various fields such as medicine, 

food and agriculture, water treatment, and hygiene practices 44. UV radiation is widely employed 

to deactivate harmful and spoilage microorganisms, such as fungi and yeasts 45. Nevertheless, its 

efficacy in diminishing the quantity of microbes is restricted, primarily because of its limited ability 

to permeate through non-transparent liquids and solids. In addition, exposure to excessive amounts 

of UV light might harm the human skin and eyes 46. Considering these drawbacks and supported 

by the advancement and affordability of light-emitting diodes (LED), the use of LED technology 

in the visible light range (400–760 nm) has been emphasized 47. Preliminary research indicates that 

LED therapies are efficacious in deactivating harmful germs, including Gram-positive, Gram-

negative, and mycobacteria. More precisely, the blue LED (b-LED) with a wavelength range of 

400-470 nm appears to possess inherent antibacterial characteristics due to natural photosensitizing 

chromophores in disease-causing microorganisms 48. However, limited research studies have 

studied the application of LED technology in the visible light range (420 -780 nm) for antibacterial 

properties. In line with previous findings, one potential explanation for the biological impact of 

ZnO MPs under LED visible light is the existence of b-LED, which is associated with 

photochemical reactions that occur when photoreceptor molecules absorb light of a specific 

wavelength. Light absorption in the visible light spectrum, specifically between 400 and 500 nm 

wavelengths, can produce reactive oxygen species (ROS). The physiological effect of incomplete 

reduction of molecular oxygen is the creation of reactive oxygen species (ROS), which include 

superoxide anions (O2
−), hydrogen peroxide (H2O2), extremely reactive hydroxyl radicals (OH°), 

and hydroxide ions (OH−) 49.  These ROS are harmful to bacteria and responsible for the potent 

antimicrobial effect. Excessive ROS generation can damage bacterial cell membranes, impair 

protein synthesis, and destroy particular DNA sites, leading to cell lysis 50. ROS demonstrated 

antibacterial properties against S. aureus and Escherichia coli 51, supporting the notion of utilizing 

ROS species formation for antimicrobial oxidative treatment. However, ROS is believed to have a 

secondary role. Nevertheless, previous research suggests that a b-LED light appears effective in 
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attenuating gram-negative bacteria compared to positive gram bacteria 44, which aligns with our 

results. Our findings indicate that exposure to b-LED irradiation leads to a partial deactivation of 

bacteria, although it is not enough to eradicate the microorganisms. In conclusion, the presence of 

b-LED, together with the bactericidal efficacy of ZnO MPs, makes this a promising, innovative 

approach for antibacterial efficiency. Therefore, the photocatalytic antibacterial mechanism's 

confirmation of green ZnO MPs needs to be further verified by experimental analysis. 

To compare the antibacterial effectiveness of our green synthesized ZnO MPs with 

commercial ones, the antimicrobial activities of PZ3 and PZ3-C were measured under 60 min of 

light irradiation. As seen in (Figure 5d), PZ3, loaded with a green antibacterial agent, is 10.5 times 

better than PZ3-C against E. Coli and 1.4 times against S. epidermidis, making them 

environmentally friendly and a sustainable replacement for commercial antibacterial agents. 

Moreover, in contrast with PZ3, which showed a significantly better antibacterial efficiency against 

E. Coli than S. Epidermidis, PZ3-C antibacterial activity didn't considerably differ from gram-

negative to gram-positive bacteria. However, both ZnO tend to be more destructive to gram-

negative than gram-positive bacteria. This difference in susceptibility is primarily due to the 

structural characteristics of their cell walls. Gram-negative bacteria possess an outer membrane 

that may render them more vulnerable to specific antimicrobial agents. The lipopolysaccharide 

layer in gram-negative bacteria can also facilitate the uptake of Zn2+ cations, allowing them to exert 

their toxic effects more effectively. In contrast, Gram-positive bacteria have a thicker 

peptidoglycan layer that provides more structural integrity and can act as a barrier to some 

antimicrobial agents. However, the effectiveness can vary based on specific strains and 

environmental conditions. While both types can be affected, E. coli was more susceptible to the 

antimicrobial effects of Zn MPs in this work. 

The antibacterial efficacy of ZnO-loaded materials has been evaluated in many research, 

although the findings appear to vary. Table 5.1 compares the antibacterial efficiency of various 

antibacterial materials loaded with ZnO as an antibacterial agent from the literature to our PZ films 

against bacteria. 

 

Table 5.1: Different ZnO-loaded materials and their antibacterial efficiency against bacteria 

Matrix/Polymers 

description 

Testing method Antibacterial 

efficiency 

Reference  
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PHB/ZnO NPs, 

solution casting 

technique 

survival ratio 97% growth 

inhibition for E. coli 

and 94% for S. 

aureus with 10.0 wt 

% ZnO loading 

 

52 Stronger 

inhibiting 

effect against 

Gram-

negative than 

Gram-

positive Our study, PHB/ZnO 

MPs, solution casting 

technique 

survival ratio with 

light irradiation 

97,5% growth 

inhibition for E. coli 

and 76.2% for S. 

epidermidis with 3.0 

wt % ZnO loading 

 

PLA/ZnO NPs, melt-

extrusion composite 

Log reduction in 

24 h (CFU/mL) 

6.67 for K. 

pneumoniae and 4.3 

for S. aureus with 3 

wt% ZnO loading 

53 

PLA/ZnO NPs, 

solvent cast on paper 

surface 

Log reduction in 

24 h  

(CFU/mL)with 

light irradiation 

3.55 for E. coli and 

1.68 for S. aureus 

with 1 wt% ZnO 

loading 

54 

Nanofibrillated 

Cellulose 

(NFC)/ZnO NPs, 

coating on a paper 

surface 

Log reduction in 

24 h (CFU/mL) 

3.8 for K. 

pneumoniae and 1.6 

for S. aureus with 

1.37 wt% ZnO 

loading 

55 

Calcium 

alginate/ZnO NPs, 

solution casting 

technique 

Agar diffusion 

method 

A larger inhibitory 

zone diameter was 

detected on the agar 

plate of S. aureus 

compared to that of S. 

typhimurium 

56 Stronger 

inhibiting 

effect against 

Gram-

positive than 

Gram-

negative Gelatin/ZnO NPs, Shaking flask More potent 57 
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solvent casting 

method 

method inhibitory action 

against L. 

monocytogenes 

compared to E. coli 

Polyethylene/ZnO 

NPs 

monitoring the 

evolution of 

Optical Density 

over time till 24 h 

More pronounced 

inhibitory impact 

against B. subtilis 

compared to E. 

aerogenes. 

58 

 

As reported previously, ZnO showed inconsistent results of the antimicrobial activities against 

gram-negative and gram-positive, which agrees with the results reported in this study. 

Thus, synthesizing green ZnO MPs can lower ecological disturbances and exert less influence on 

humans than synthetic chemical agents. Also, the bio-active PHB materials, loaded with green-

synthesized agents, are claimed to be effective in minimizing the side effects and less efficient in 

creating antibiotic resistance, a global concern worldwide. In addition, these synthesized agents are 

economical as they can be made from extra green renewable resources with eco-friendly processes. 

To summarize, green-synthesized ZnO MPs are way ahead of synthetic chemical agents for a 

healthier environment and population. Overall, the findings show promising results for creating 

bioactive materials to prevent microbiological contamination, which is particularly important for 

packing applications. 

5.2.3. Biofilm analysis and bacterial viability assay 

Biofilms have a significant clinical impact on chronic and persistent infections by 

decreasing the effectiveness of antibacterial agents 59. To visualize the inhibitory effect of ZnO 

MPs on the biofilm of the tested microbes, the SEM showed the disappearance of the accumulation 

of biofilm microbial cells on the PHB surface loaded with ZnO MPs for E. Coli. Similarly, for S. 

epidermidis, there were no or some separated cells on the PZ film surface (Figure 5.6). 
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Figure 5.6: SEM images of bacterial adherence on a) PZ0, b) PZ1, c) PZ3, and d) PZ5; 1) the 

surface of the film (2.5Kx) in contact with E. Coli; 2) the surface of the film (5Kx) in contact with 

E. Coli; 3) the surface of the film (2.5Kx) in contact with S. epidermidis; and 4) the surface of the 

film (5Kx) in contact with S. epidermidis. 
 

In (Figure 5.6 a), it was visible that bacterial adhesion on the PHB film surface was 

extreme. The SEM micrographs show that bacteria colonized a large, neat PHB film surface, 

developing a compact system where each cell supports the adjacent ones, creating aligned cells. 

Agglomeration of bacterial cell colonies is also found around the pores, forming various layers of 

extracellular polymeric substance (EPS). Multiple studies of biofilm formation were examined in 

porous media 60. Biofilm development in porous materials influences porosity and permeability, 

leading to clogging membranes 61. Compared to PZ0, the ZnO MPs significantly decreased the 

number of biofilm-producing cells, causing a noticeable cellular shape contraction and fewer 

apparent colonization regions. The EPS was lost, and the cytoplasmic content was released, 

reducing the cells to single layers. This demonstrates that the ZnO MPs significantly reduce the 
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biofilm and eradicate the sessile microcolonies. Moreover, the bacterial adhesions on the PZ films 

effectively diminished with the increase in ZnO MPs content. PZ3 and PZ5 showed no 

susceptibility to bacteria colonization, indicating that ZnO-incorporated PHB films favor the 

antibacterial properties. 

CLSM images of bacteria on PZ films are presented in Figure 5.7, showing live bacterial 

cells (green emission) and damaged cells (red emission) (contact time = 30 min) to evaluate the 

antibiofilm efficacy and bacterial viability. Live/Dead BacLight staining may cause bacterial cells 

that have been injured to become red due to penetration into their cell membranes 62. The green 

bacterial cell population was larger on PZ0 than on the ZnO-charged films (Figures 5.7 a1 and 

b1), indicating that gram-negative and positive bacteria were alive. In contrast, visual examination 

showed that most bacteria in PZ3 were dead. This finding was more noticeable in PZ5. The PZ 

films showed a dispersed appearance, a significant drop in the number of cells, and a substantial 

reduction in biofilm. When the ZnO MPs content increased, the bacterial cells turned red, 

signifying that they had been destroyed. 

 
Figure 5.7: Confocal laser scanning microscopy of bacterial biofilms after 18h of growth of a) E. 

Coli and b) S. epidermidis adhered on the surface of 1) PZ0, 2) PZ1, 3) PZ3, and 4) PZ5. 
 

This study presents novel data showing that biosynthesized ZnO MPs could broadly 

antagonize the growth of gram-negative and gram-positive bacteria. Thus, according to our 

research, PZ films effectively prevent biofilm formation, which may be used in health and food 
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preservation. 

5.2.4. Biodegradation analysis 

Studies on biodegradation provide new approaches to non-biodegradable polymers' 

extended natural life cycle. Utilizing microbes is an environmentally friendly approach because it 

speeds up the breakdown of materials and could promote the creation of new compounds for 

commercial use 63. Because of the moisture and the presence of microorganisms in the soil, the 

weight loss of polymeric films is a clear indicator of the biodegradation process. The creation of a 

layer of biofilm—a layer made up of bacteria and their polysaccharides—on the polymer surface 

is evidence that the microorganisms are growing and using the polymer surface as food throughout 

the biodegradation process 64. Polymer properties, including crystallinity, tacticity, molecular 

weight, organism type, functional group type, and pre-treatment type, are among the various 

parameters influencing biodegradation 65. 

As revealed by (Figures 5.8 a, b, and c), treated membranes started large cracks on the 

surface from week 4. However, it can be seen that the degradation of PZ films was a little faster 

than that of uncharged films (Figure 5.8 d). In addition, starting from week 6, the film's weight 

loss percentage depends on the ZnO MPs content. Increasing ZnO MPs content led to faster 

degradation. The apparent changes in the surface morphology of polymeric films were detected 

using 3D LCM and SEM (Figures 5.8 c and e). (Figure 5.8 e) displays the SEM micrographs of 

PZ3 films after degradation, which validated several surface alterations in the polymer surface. It 

was observed that inert spherical items had degraded. The analysis also indicated the presence of 

microcracks and the detection of fungal hyphae inside the material. Previous studies also reported 

that fungi could adhere to the plastic surface 66. 

After ten weeks, PHB and ZnO-Charged films were discovered to be deteriorated. A link 

was seen between the physical changes in surface morphology and the weight loss percentage. It 

was observed that this association grew each week. The antibacterial materials had degraded 

entirely in ten weeks, and 100% of the weight had been lost. According to Ryan et al. 51, the process 

of biodegradation consists of the following steps: (i) microbe attachment to the polymer surface 

initiating the hydrolysis, (ii) microorganism growth using the polymer as a carbon source leading 

to surface erosion, (iii) polymer primary degradation provoked by moisture-induced cracking, and 

(iv) polymer final degradation. Moreover, the presence and size of membrane pores significantly 

influence biodegradation. Larger pores allow better microbial access, leading to more pronounced 
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enzymatic activity. As degradation progresses, biofilms form within the pores, potentially clogging 

smaller ones. Continuous microbial activity weakens the membrane structure, causing cracks, pore 

enlargement, and fragmentation (Figure 5.8 b). The biodegradation process corroborates our study, 

where it is evident that the PZ3 film thickness decreased progressively during degradation (Figure 

5.8 c).  

 
Figure 5.8: a) Photographs of PZ films after soil burial test, b) LCM  images of PZ3 after eight 

and twelve weeks of burial test, c)  3D LCM  images of PZ3 after two, four, eight, and ten weeks 

of soil burial, d) Weight loss of PHB and PZ films after two, four, six, eight, ten, and twelve weeks, 

and e) SEM micrographs of PZ3 after 1) two weeks, 2) four weeks, 3) six weeks, and 4) eight 



103 
 

 
 

weeks of soil burial. 
 

Overall, their increased roughness and decreased hydrophobicity significantly affect the 

antibacterial activity and biodegradability of PHB-ZnO films. Because of its reduced 

hydrophobicity, ZnO MPs may be more effective in rupturing bacterial membranes and causing 

cell death due to the improvement in bacterial adherence, enabling closer contact between bacteria 

and the film surface [67]. Simultaneously, ZnO MPs' increased surface roughness makes more 

surface area available for microbial colonization, which speeds up microbial adhesion and biofilm 

formation. However, as previously discussed, the CLSM analysis confirmed the effective 

antibacterial efficiency of ZnO MPs as the bacterial biofilm developed onto the PZ films was 

mainly destroyed. Even though higher surface roughness facilitates biofilm development and early 

microbial adhesion, it also encourages microbial enzymatic breakdown of the PHB matrix, which 

may hasten the biodegradation process. Nonetheless, ZnO MPs influence biodegradation rates; 

their size, concentration, and surface characteristics determine whether they impede or promote 

microbial activity. These multiple interactions highlight the importance of surface properties in 

influencing the antibacterial efficacy and ecological fate of PHB-ZnO films, which is vital for 

improving their performance in packaging and environmental applications.  

Finally, the primary outcome of this study is that the ZnO MPs content did not negatively 

impact the biodegradation characteristics of the antibacterial materials. In conclusion, bioplastics 

are one of the most cutting-edge biobased and biodegradable materials. More research is also hoped 

to produce a biomaterial for packaging applications that is strong antibacterial but environmentally 

friendly. 

5.3. Experimental section 

5.3.1. Materials  

The PHB used is a 5 mm granule with a molecular weight of 550 Kg/mol supplied by Good 

Fellow. Chloroform purchased from Thermos Scientific was used to dissolve the polymer. Two 

types of ZnO MPs were used for the antibacterial effect: 1) Commercial ZnO NPs, ranging in size 

from 10 to 30 nm in powder form, supplied by SkySpring Nanomaterials, and 2) Green ZnO MPs 

synthesized by our group using Allium schoenoprasum and Melaleuca Cajuputi essential oil, 

subject of a forthcoming publication (Figure SI5.2). For biological tests, Staphylococcus 

epidermidis (ATCC 12228) and Escherichia Coli (ATCC 11229) were purchased from Cedarlane 
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(Southern Ontario, Canada). Glutaraldehyde 5% from Sigma Aldrich and Sodium Cacodylate 

buffer (0.2 M, pH 7.4) from Fisher Scientific were used for bacteria cell fixation. The Live/Dead 

Bacterial Viability Kits (L7012) was purchased from Thermofisher Scientific.   

5.3.2. Fabrication of PHB active films 

The environmentally friendly and sustainable films were fabricated using conventional 

solution casting. The polymer solution was prepared by dissolving PHB (1% w/v) in Chloroform 

under stirring for 1 h at 60 °C until complete dissolution using a reflux condenser. The antibacterial 

agent was incorporated in PHB film by adding ZnO MPs into casting liquid at 1, 3, and 5 % (w/v) 

concentrations and named PZ1, PZ 3, and PZ5, respectively. Casting liquid with ZnO MPs was 

mixed thoroughly under stirring for 60 minutes and kept in a sonic bath for 15 minutes to eliminate 

trapped air bubbles. The degassed casting solution was transferred to a 9 cm glass petri dish and 

permitted to dry for 24h at 23°C. The dried films were then peeled off for further analysis. A neat 

film was also prepared without ZnO MPs and named the PZ0 film. The antibacterial activity of the 

green ZnO MPs was compared with those of commercial ZnO MPs at 3 % (v/v) concentration. The 

film with commercial ZnO MPs was named PZ3-C. 

5.3.3. Characterization Techniques 

The pore morphology and layer structure of the PHB films were investigated using a (JEOL-

JSM 5500) scanning electron microscope (SEM) operating at a voltage of 15 kV to examine the 

surface morphology of the films. Samples were cut in 1 cm2, mounted on aluminum stumps, and 

then coated with a gold cover layer (~ 5 nm) for 15 seconds to prevent charging effects. For cross-

section analysis, a sharp, high-quality razor blade is used to make a single, clean cut through the 

film, minimizing mechanical stress that might distort the polymeric structure. To prepare, we 

carefully place the membrane onto a flat, clean surface to ensure stability. Next, in one smooth, 

controlled motion, we used the razor blade to create the cross-section by applying minimal 

pressure. The cut section is then carefully mounted onto an SEM sample holder. The imaging was 

conducted at an optimized working distance at various magnifications to capture detailed surface 

and cross-sectional morphologies. ImageJ processing techniques were used to analyze pore size 

distribution. X-ray spectrometer (SEM-EDX) line mapping analysis was utilized to ascertain the 

elemental content of ZnO MPs. The film's surface roughness was assessed using a laser confocal 

microscope (VK-X1000 3D laser confocal microscope). High-resolution 3D images can be 
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obtained to evaluate and characterize the surface before and after biodegradation. Small samples 

cut from the active films were examined at a room temperature of 23 ± 1 °C without prior treatment. 

FT-IR spectra of the attenuated total reflectance were obtained using an (FTS 45) fitted with a 

Universal ATR sampling attachment (diamond crystal) to study the structural interaction between 

the PHB matrix and ZnO MPs. For every sample, scans were obtained within the 4000 to 400 cm−1 

wavelength range. The sample was pressed against the diamond crystal to ensure optimal contact 

and background spectra were recorded. The resulting spectra were analyzed for characteristic 

functional groups, with particular attention given to shifts in absorption bands that indicate 

interactions between the PHB and ZnO MPs. The surface wettability of PZ films was determined 

using the Surface Energy (Theta Flex optical tensiometer by Attension) to measure the water 

contact angle (WCA). A 5.0 ± 0.2 μL water drop was placed on 4 cm2 PZ films using automatic 

pipetting.  

5.3.4. Antibacterial Activity 

Two test organisms were used to evaluate the antibacterial activity of the films: Gram-

negative Escherichia coli (ATCC 11229) and Gram-positive Staphylococcus epidermidis (ATCC 

12228). using a simple method reported previously 15. The survival ratio (SR) was determined by 

applying the following formula:  
 𝑆𝑅 =  (𝑁/𝑁𝑜)  ×  100) Equation 5.1 

N and No represent the average number of bacteria on the control untreated PHB and PZ films, 

respectively. The average of the three replicates is used to provide findings. 

5.3.5. Anti-biofouling test 

To measure bacterial adherence and biofilm formation on the active films, 1 x 1 cm samples 

were dipped in 1 mL of bacterial culture (106 cells/mL). The bacterial tubes were cultured at 37°C 

for eighteen hours without stirring. After removing the bacterial culture, the films underwent three 

rounds of rinsing with distilled water to eliminate unattached cells. Next, samples were scanned 

using (SEM), and Confocal Laser Scanning Microscopy (CLSM) was used to track living and dead 

bacteria. 

The cells were initially immobilized for SEM analysis into the specimens using 5% (v/v) 

glutaraldehyde diluted in 0.2 M sodium cacodylate buffer (pH 7.4) for one hour at room 

temperature. Following two rounds of washing with sodium cacodylate buffer, samples were 
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progressively treated with 25%, 50%, 70%, 90%, and 100% ethanol to dehydrate them. After being 

sputter-coated with a gold film, the film samples were scanned using (SEM) microscope at an 

accelerating voltage of 10 kV.  

CLSM analysis involved uniformly applying 200 µL of 1:1 SYTO 9: Propidium Iodide (PI) 

dyes in 3 mL of PBS to the surface of each sample. At room temperature, incubation was done in 

the dark for 15-30 minutes. The green fluorescence (SYTO 9, all cells) was excited at 488 nm and 

emitted at 575 nm. Red fluorescence (PI, dead cells) was excited at 552 nm and emitted at 620 nm. 

5.3.6. Biodegradation of the films 

Biodegradation of the neat and active films was carried out using a soil burial test. The 4 

cm2 films were buried in a rectangular container containing natural soil at 23°C and the relative 

humidity at 40%. The membranes were buried 8 cm below the surface. At two-week intervals, the 

samples were withdrawn from the soil, carefully cleaned with deionized water, and dried in an 

oven for 24 hours at 50°C. Finally, the PZ samples were weighed to calculate their weight reduction 
15. 

5.4. Conclusion 

In this study, a new sustainable bio-material was developed. We prepared a ZnO MPs-

charged PHB porous film to explore its antibacterial and anti-biofouling performance and 

biodegradability. This study demonstrates a simple solvent-casting approach for creating porous 

polymer films using a single chloroform solvent. Microbubbles are generated after thorough 

mixing, leaving behind pores through solvent evaporation during the drying stage. The 

microstructure of the PZ films was analyzed to find critical morphological and antibacterial 

properties. Our findings reveal that ZnO MPs can potentially eliminate individual bacterial cells 

and significantly reduce biofilm formation. The PZ films demonstrated antibacterial activity 

against pathogenic bacteria, which was enhanced by increasing ZnO MPs concentration and light 

exposition. The effect on E. coli was consistently more substantial than that on S. epidermidis. 3 

wt% of green synthesized ZnO MPs was the best composition regarding antibacterial and anti-

biofouling properties. Compared to films loaded with commercial ZnO NPs, PZ films exhibits a 

better ability to deactivate and destroy pathogenic bacteria. Moreover, the role of ZnO MPs in 

biodegradation control was systematically elucidated with 99% soil biodegradation rates in ten 

weeks. Our study offers new strategies for practical antibacterial and biodegradable materials. 
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These biofilms with antimicrobial properties are a fascinating substitute for artificial plastic 

packaging materials. They help reduce the growth of contaminating bacteria and prolong the shelf 

life. They are especially appropriate for usage in disposable and packaging applications such as 

laminating films, blister packages, overwraps, disposable flatware, cups, and utensils for food and 

beverages. Environmentally, biodegradable packaging will significantly mitigate pollution and 

ecological degradation by breaking down more quickly in natural environments, thus reducing 

landfill accumulation and the persistence of microplastics, which pose severe risks to wildlife and 

ecosystems and thus reduce the ecological footprint of the packaging industry. Although, research 

is required to improve the antibacterial effect. For example, converting ZnO MPs into nanoparticles 

will offer several advantages over their microscale counterparts, primarily due to their increased 

surface area-to-volume ratio, enhanced reactivity, and improved interaction with bacterial cells by 

penetrating bacterial membranes more easily and disrupting cellular functions more effectively. 

This heightened activity often leads to lower concentrations required for effective bacterial 

inhibition, reducing the potential for toxicity and environmental impact. Additionally, nanoscale 

antibacterial agents can be engineered to release their active components in a controlled manner, 

providing prolonged antibacterial effects and minimizing the risk of resistance development.  
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5.6. Supporting Information 
 

 
 

Figure SI.  5.1: ATR-FTIR spectra of PZ films and ZnO MPs 
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Green synthesis of ZnO microporous particles 

The synthesis of ZnO MPs follows a procedure developed by our group. Specifically, an 

optimized amount of Zn(NO3)2.6H2O was added to the double-necked round-bottomed flask 

containing a mixture of Melaleuca cajuputi essential oil and ethanol (65 mL, v/v = 1.5/5). The 

mixture was refluxed at 80oC with stirring. After 1h, the condenser was removed, and the mixture 

was stirred for a further 2h at the same temperature until the color darkened and a precipitate 

appeared. 5 ml deionized water was quickly added to the mixture, which was stirred for 15 minutes 

before being cooled to room temperature. The precipitate was collected by centrifugation and 

washed several times with ethanol solution (95%) before heating to 200oC to obtain ZnO MPs. 

 It is worth noting that the Melaleuca cajuputi essential oil is rich in terpenoids, such as 

eucalyptol and terpineol. During the reaction, these compounds complex with Zn2+ to form Zn2+-

terpenoid complex, which subsequently underwent hydrolysis with the addition of water, 

producing hydroxyl nitrate compounds of Zn 1. These compounds then decomposed to ZnO 

particles during the heating step 2.  

 

Figure SI.  5.2: TEM image of ZnO microporous particles selected from our unpublished article. 
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Résumé 
 

L'augmentation des microbes résistants aux antibiotiques et les préoccupations concernant 

les déchets non biodégradables soulignent le besoin de matériaux innovants avec des 

fonctionnalités intégrées qui répondent à ces problèmes critiques. Dans cette étude, nous avons 

synthétisé des nanofibres électrofilées de polyhydroxybutyrate (PHB) mélangées à de la gélatine 

(GE) et chargées de nanoparticules photoactives d'AgTiO2 aux propriétés mécaniques et 

biologiques améliorées. Les tests biologiques ont révélé une excellente activité antibactérienne de 

la membrane préparée, avec une efficacité supérieure à 99 % contre Escherichia coli et 95 % contre 

Staphylococcus epidermidis après 90 et 60 minutes d'exposition à des lampes LED commerciales 

de faible puissance, respectivement. Des études de filtration utilisant une cellule en acier 

inoxydable sans issue révèlent que les deux bactéries sont éliminées (> 99 % après un cycle de 

filtration). Les résultats du test de viabilité ont montré que le mélange de PHB et de gélatine 

améliore les propriétés anti-bio-fouling de la membrane. Les membranes ont également été 

caractérisées à l'aide des techniques de cartographie SEM et EDX pour l'analyse morphologique et 

élémentaire, DSC et TGA pour évaluer les propriétés thermiques et la cristallinité, et FTIR pour 

confirmer la structure chimique. En outre, les membranes électrofilées ont présenté des propriétés 

mécaniques améliorées avec l'ajout de gélatine. L'échantillon PHB/GE/3wt% AgTiO2 a montré une 

résistance à la traction 2,2 fois supérieure et un module de Young 1,89 fois supérieur à celui des 

membranes PHB. Enfin, la dégradation des membranes PHB/GE/AgTiO2 s'est produite 

progressivement en seulement 8 semaines, démontrant la nature verte et durable des membranes.   
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Abstract 

The rise of antibiotic-resistant microbes and concerns over non-biodegradable waste 

highlight the need for innovative materials with integrated functionalities that address these critical 

issues. In this study, we synthesized polyhydroxybutyrate (PHB) electrospun nanofibers blended 

with gelatin (GE) and loaded with photoactive AgTiO2 nanoparticles with improved mechanical 

and biological properties. Biological tests revealed excellent antibacterial activity of the prepared 

membrane, with efficiency exceeding 99% against Escherichia coli and 95% 

against Staphylococcus epidermidis after 90 and 60 minutes of exposure to low-power commercial 

LED lights, respectively. Filtration studies using a dead-end stainless-steel cell reveal that both 

bacteria are eliminated (> 99% after one filtration cycle). Results of the viability test showed that 

blending PHB with gelatin improves the membrane's anti-biofouling properties. The membranes 

were also characterized using SEM and EDX mapping techniques for morphological and elemental 

analysis, DSC and TGA to evaluate thermal properties and crystallinity, and FTIR to confirm 

chemical structure. Moreover, the electrospun membranes exhibited enhanced mechanical 

properties with the addition of gelatin. PHB/GE/3wt% AgTiO2 sample showed 2,2 times better 

tensile strength and 1,89 times improved Young's modulus compared to PHB membranes. Finally, 

the breakdown of PHB/GE/AgTiO2 membranes occurred progressively over only 8 weeks, 

showing the membranes' green and sustainable nature.  
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6.1. Introduction 

Clinical or other healthcare equipment, a hospital-acquired infection, often known as 

nosocomial, is an infection contracted when obtaining medical treatment 1. Bacterial infections are 

collected in surgical operating rooms, clinics, hospitals, and diagnostic labs. Microbes in large 

quantities can be harmful to humans and cause death 2,3. Combining chemical entities to achieve 

antibacterial effects is an innovative method for minimizing the spread of infectious pathogens. 

Microbes adhered to manufactured surfaces tend to survive and multiply in a humid environment. 

Meanwhile, microbial cells form a biofilm, which grows in number on the surface. The biofilm 

consists of polysaccharides and encapsulated cells, nourishing microbial cells and allowing them 

to endure harsh environments 4. Controlling microbial development on artificial surfaces is a 

crucial focus of health and material science. Sterilizing the surrounding environment can prevent 

surface infection. The most often used disinfectants include hydrogen peroxide, hypochlorite, and 

reactive oxygen species (ROS). Other often-used chemicals include alcohols, quaternary 

ammonium compounds, silver, and triclosan 5. Regular use of disinfectants, particularly triclosan, 

can lead to significant environmental issues, as the aseptic state is temporary 6. Another option is 

to use antimicrobial surfaces to avoid bacteria biofilm formation. Corresponding surfaces reject or 

kill microorganisms, preventing adhesion 7. Using antibacterial materials to prevent bacterial 

contamination in some medical areas is one of the most promising methods for managing 

pathogenic bacteria 8. As antibiotics lose efficacy, resulting in treatment failure, infectious diseases 

become more difficult to treat 9,10. Various prominent antimicrobial compounds, such as carbon 

nanotubes, metallic oxide nanoparticles, metal-organic frameworks (MOF), and anti-biofilm gel, 

have evolved as substitutes for antibiotics to stop bacterial resistance 11,12.  

The current drive to discover novel antimicrobial products with unique properties, such as 

the capacity to combat bacteria resistant to multiple drugs, makes it imperative to enhance the 

productive techniques for creating nanostructured materials with antibacterial qualities for human 

health and environmental fields. Specifically, the characteristics of electrospun nanofibers, like 

their diameter, alignment, high porosity, high surface area to volume, linked pores, controlling the 

release of active compounds, and increasing the dispersion of nano-additives into biopolymer 

matrices can be engineered to kill bacteria 13-15. Poly(3-hydroxybutyrate) (PHB), the simplest 

member of the poly (3-hydroxy alkanoates) family, is one of the most studied microbial polyesters 

due to its thermoplastic behavior and mechanical properties that make it suitable for drug-loading 
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applications. Furthermore, it has better renewability, biodegradability, and biocompatibility than 

other aliphatic polyesters (such as polylactic acid PLA and polycaprolactone PCL) 12,16. However, 

the surface hydrophobicity of materials based on PHB is one of its drawbacks. Regarding 

biomedical applications, PHB's hydrophobic properties influence its regulated biodegradation and 

effective interactions with biological media and cells 17,18. Furthermore, due to its high crystallinity, 

PHB is stiff and brittle 19, resulting in poor mechanical characteristics and a limited extension at 

the break, limiting its applicability. Another barrier to the successful use of these polymers is their 

production costs, determined mainly by the costs of the beginning feedstocks. Since the discovery 

of PHB, researchers have tackled these challenges, and numerous ways to improve the polymer's 

processability and reduce brittleness have been developed. Blending with other bio-based polymers 

provides a diverse way to modify polymer characteristics while maintaining biodegradability 20, 

specifically gelatin. Gelatin is a biodegradable, biocompatible polymer that is hydrophilic and non-

antigenic. It also demonstrates plasticity, and due to the qualities mentioned, it is frequently used 

in several biomedical applications 21. In addition to being non-toxic and biodegradable, gelatin, 

derived from collagen, is commonly chosen as a biofunctionalization agent because of its 

bioaffinity to bio-cells and its lack of antigenicity 22. The literature states that gelatin reduces the 

intermolecular interactions that hold PHB structures together 23. Hence, electrospinning of blend 

PHB/gelatin will mitigate potential issues by overcoming the limitations of individual polymers, 

resulting in a novel biomaterial with high biocompatibility and better mechanical and 

physical/chemical qualities. Nonetheless, although this blended material presents improved 

properties, it still lacks antibacterial activity. As a result, enhancing antibacterial characteristics is 

crucial to make PHB/Ge appropriate for antimicrobial and biodegradable applications. 

In recent years, nanotechnology has presented numerous chances to control compounds at 

the nanoscale, transforming them into potential antibacterial agents. Nanomaterials can disrupt 

bacterial membranes, form holes and pits on cell walls, generate reactive oxygen species (ROS), 

bind to sulfhydryl groups of metabolic enzymes, inhibit respiratory activity, and integrate with 

DNA 24. This prevents microorganisms from developing resistance against them and would be 

more effective than antibiotics at inhibiting bacterial resistance. As a result, nanomaterials are 

particularly effective at killing multi-drug-resistant bacteria strains. In particular, photocatalysts, 

such as titanium dioxide (TiO2)-based nanomaterials, have been developed and altered to improve 

their photocatalytic antibacterial performance in antibacterial research  25. UV light can activate 

TiO2 photocatalytic activity, which then goes through electron transfer processes and produces 
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photogenerated electron holes. Consequently, many reactive oxygen species (ROS) are produced, 

including hydroxyl (HO·) and superoxide radical (O2
−), which then interact with biological 

molecules such as proteins, macromolecules, DNA, and phospholipids in the cellular membrane to 

cause bacteria cell death. It has been discovered that the antibacterial activity of TiO2 can be 

enhanced through assembly with functional nanomaterials, which also helps to separate charges 

and maximizes their use in visible light for a variety of practical applications. Silver nanoparticles 

(Ag NPs) are a class of functional nanomaterials well-known for their antibacterial properties. They 

have been applied extensively in the biomedical area to eradicate germs 26,27. Ag exhibits 

antibacterial action without light activation, in contrast to TiO2. Due to these factors, the 

photoactive impact of hybrid Ag-TiO2 NPs, when added to polymeric materials, may produce 

effective and consistent antibacterial activity.  In our recent study 28,  Ag-TiO2 hybrid NPs 

decorating an electrospun PHB microfiber membranes were found to improve their antibacterial 

characteristics, especially when exposed to low-power commercial LED light, where the best-

performing sample demonstrated over 99% antibacterial efficacy against Escherichia coli and 

Staphylococcus epidermidis. In another study, Rodríguez-Tobías used PHB to create nanofibers by 

the mixing and electrospinning-electrospray methods while using the same concentration of ZnO 

NPs 29. The former had an antibacterial efficiency value of 3.20 ± 0.15, while the latter had only 

1.20-1.40. Although nanofibers generated utilizing the electrospinning-electrospray approach did 

not show the expected enhanced antibacterial characteristics. Thus, the antibacterial effectiveness 

against E. coli and S. aureus depended on the elaboration technique. The design of ZnO-embedded 

PHB fibers was more suitable for bactericidal effects. 

PHB/gelatin composite scaffolds have been investigated in hybrid PHB-based materials for 

regenerative tissue and controlled drug release in medical applications 30,31. They show decreased 

hydrophobicity, reduced burst effect, and more regulated drug release, but studies of their 

antibacterial properties have not yet been investigated. In addition, attempts to create hybrid 

antibacterial materials using PHB, gelatin, and AgTiO2 NPs have been still limited. Thus, this work 

focuses on the fabrication of hybrid PHB membranes doped with both gelatin and AgTiO2 NPs and 

a thorough examination of their structure, morphology, thermal and biological properties, and 

biodegradability as potential materials for various biomedical applications. 

Herein, PHB is produced and blended with gelatin, loaded with hybrid Ag-TiO2 NPs, and 

optimized for antibacterial activity against E. coli and S. epidermidis. SEM, FTIR, DSC, and TGA 

were used to characterize the electrospun nanofibers. The contact angle is determined using the 
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drop method to determine the wettability of the nanofibers. Furthermore, the antibacterial activity, 

microfiltration, and cell viability of the functionalized nanofibers' efficiency are assessed. These 

produced membranes also exhibited excellent antifouling capabilities and high biodegradability. 

Our studies primarily seek to create an efficient, simple antibacterial material that employs hybrid 

Ag-TiO2 NPs to suppress bacterial growth and biofilm formation, demonstrating the feasibility of 

low-cost biodegradable PHB/Ge membranes and a comprehensive study of their structure, 

morphology, thermal, mechanical, and biological properties. With such high antibacterial 

properties, enhanced mechanical strength, effective antibiofilm formation, and biodegradability, 

these membranes could be considered in biomedical applications, water filtration, and 

environmental protection.  

6.2. Materials and Methods 

 6.2.1. Materials 

The polymer Poly(3-hydroxybutyrate) (PHB) was acquired in the form of pellets from 

Goodfellow (Huntingdon, England). It has a weight-average molecular mass (Mw) of 550 Kg/mol 

and a polydispersity index (PI) 1,2. Gelatin was purchased in granular form from Fisher Scientific 

(New Jersey, USA). Dichloromethane with a purity of at least 99.8% and chloroform with a purity 

of at least 99.8% were provided by Alfa Aesar (Mississauga, United States) and Thermo Scientific 

(United States), respectively. These solvents were used to dissolve PHB. Acetic acid was used to 

dissolve gelatin. The biological assays utilized Escherichia Coli (ATCC 11229) and 

Staphylococcus Epidermidis (ATCC 12228) obtained from Cedarlane in Southern Ontario, 

Canada. In addition, the bacteria cell fixation process involved using Glutaraldehyde 5% obtained 

from Sigma Aldrich and Sodium Cacodylate buffer (0.2 M, pH 7.4) purchased from Fisher 

Scientific. The Live/Dead Bacterial Viability Kits (L7012) were acquired from Thermofisher 

Scientific. AgTiO2 NPs synthesis is summarized in our previous published research 28. 

 6.2.2. Preparation of PHB/Ge/AgTiO2 complex electrospun microfibers 

PHB pellets (1,4 g; 7% w/v) were dissolved in a co-solvent of chloroform/dichloromethane 

(1:1) and heated to 60°C using a reflux condenser for 24 hours. Meanwhile, Ge powder (0,2 g; 2% 

w/v) was dissolved in acetic acid by heating at 70°C for 30 minutes. The two polymer solutions 

were left to cool down at room temperature. 7 ml of PHB solution was gradually mixed with 2 ml 

gelatin solution while stirring gently. Then, AgTiO2 NPs were added to the mixture. The final 
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solution was maintained at a consistent temperature at room temperature and agitation for 15 

minutes, as sudden changes can cause phase separation. The mixture was injected into a syringe 

using a metallic needle to create fiber membranes. The electrospinning procedure was performed 

using a custom-made laboratory instrument with a high-voltage direct current (DC) source capable 

of generating voltages ranging from 0 to 25 kV. The electrospinning process was carried out with 

the following parameters: applied voltage 13 kV, average temperature 23°C, average relative 

humidity 30%, distance between needle tip and collector 12 cm, needle diameter 0.9 mm, and feed 

rate 0.5 mL/min.  To ensure the evaporation of the total solvents, PHB membranes were put in a 

vacuum oven for 24 hours at room temperature and 10 hours at 40°C. Obtained PHB/Gelatin 

membranes were named PGx, where x is the wt% of AgTiO2 NPs added to the blended polymer 

solution. Control bio-based samples, PHB with 0%AgTiO2 NPs and 4%AgTiO2 NPs, P0 and P4, 

respectively, are examined to determine the role of gelatin in the antibacterial effect and bacterial 

adhesion. 

 6.2.3. Characterizations 

The scanning electron microscope (JEOL-JSM 5500), SEM, was used to analyze the 

surface morphologies of the electrospun fibers both before and after the addition of AgTiO2 NPs. 

Briefly, a small portion of a microfiber sample was vacuum coated with gold after being attached 

to a brass stub with double adhesive tape. The specimens were examined with a magnification of 

2500 times. The elemental composition of AgTiO2 NPs was determined using an X-ray 

spectrometer (SEM-EDX) line mapping analysis. The average diameter of each sample was 

determined by measuring the diameters of 100 randomly selected nanofibers using ImageJ 

Software. This software was also used to measure the electrospun membranes' porosities. SEM 

images of the membranes were first acquired at high magnification, ensuring clear resolution of 

individual pores, and then they were imported into ImageJ. At least 10 regions of each image were 

analyzed to obtain statistically reliable results, and measurements were repeated across 3 SEM 

images from different membrane areas. The average pore size was then calculated and analyzed 

for consistency. The membrane surface was evaluated using a high-resolution 3D laser confocal 

microscope (VK-X1000 3D laser confocal microscope). The nanofiber samples were analyzed 

using FTIR to identify their functional groups within a 500–4000 cm–1 spectral range using an FTS 

45 instrument equipped with a Universal ATR sample adapter with a diamond crystal. The 

wettability of the nanofibers utilizing the Surface Energy (Theta Flex optical tensiometer 
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manufactured by Attension) was gauged by measuring the contact angle of water using the drop 

method. In this procedure, deionized water was placed on the surfaces of the membranes. The 

measurements were conducted three times for each sample, and the mean contact angle was 

calculated. A Perkin Elmer thermogravimetric analysis TGA (Perkin Elmer Instruments, USA) was 

employed with a gas flow rate of 20 mL/min and a 10 °C/min heating rate in a nitrogen atmosphere. 

Differential scanning calorimetry (DSC) studies were conducted on a (TA Waters D.S.C. 25, 

dynamic) in a nitrogen atmosphere. An axial tensile testing equipment was used to measure the 

mechanical properties of the PG membranes. Before measurements, samples were preconditioned 

for 24 hours at 50% relative humidity. The specimen was divided into 30 × 15 mm pieces and 

affixed between two clamps. Tensile strength refers to the highest force a test specimen creates 

before rupture. The measurement was conducted on an Instron 4201 universal testing instrument 

with a 500 N load cell and a 10 mm/min crosshead speed. The length of the gauge was continuously 

measured until the sample failed at room temperature. The measurements were conducted five 

times for each sample. As reported, the electrospun membranes were subjected to biodegradation 

by a soil burial test 28. The samples were extracted from the soil every two weeks, meticulously 

washed with deionized water, and subsequently subjected to a 24-hour drying process in an oven 

set at 50°C to determine their weight decrease. 

 6.2.4. Antibacterial performance 

6.2.4.1. Bacterial reduction assays 

Gram-positive Staphylococcus epidermidis (ATCC 12228) and Gram-negative Escherichia 

coli (ATCC 11229) were the two test organisms used for assessing the antibacterial activity of the 

membranes, applying a straightforward technique previously described 28. First, all the (2 x 2 cm) 

samples were sterilized with UV light for 30 minutes, then they were put in a 6-well plate. Next, 

100 μL bacterial solution (1.5×105 CFU/mL) and 1 mL of physiological saline were added to all 

wells. The 6-well plate was then exposed to white light irradiation provided by the LED-L16 

Photoreactor (4,8 mW/cm2 intensity, Luzchem Inc). After appropriate irradiation times, 2 mL of 

physiological saline was added to each well, and 100 μL of the combined solution was dispersed 

on agar plates. Finally, the well plates were incubated at 37°C for 24 hours. The average of three 

replicates for each sample is given for the results. The following formula was used to calculate the 

survival ratio (SR): 
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𝑆𝑅 =  

𝐴

𝐴0
 𝛸 100 % Equation 6.1 

The average number of microorganisms on the control untreated and antibacterial membranes is 

denoted by A and A0, respectively. The findings are derived from the average of the three replicates. 

6.2.4.2. Microfiltration analysis 

The microfiltration performance was evaluated using a dead-end stainless-steel filtration 

unit (HP4750 from Sterlitech, U.S.A.) with a total surface area of 14.6 cm2, as reported in 32. Before 

conducting studies, electrospun membranes were sterilized using UV light for 10 minutes, while 

the filter unit was autoclaved at 120°C for 15 minutes. Before filtering, the specimens were 

moistened and compressed at a pressure of 69 kPa for 10 minutes. This process ensured a consistent 

water flow, and all the pores were fully open. Next, 10 ml of liquid bacterial cultures containing 

(104 cells/ml) was passed through the specimens at room temperature at a pressure of 69 kPa. The 

bacterial concentration decrease following each filtration was assessed using the pour plate 

technique and quantified using the Log reduction value (LRV, eq. 6.2) and the microfiltration 

efficiency (eq. 6.3). Every microfiltration test was repeated three times. 

 𝐿𝑅𝑉 =  𝐿𝑜𝑔 𝐴 –  𝐿𝑜𝑔 𝐵 Equation 6.2 

 

A 1-log reduction signifies the deactivation of 90% of the bacteria. Consequently, the quantity of 

bacteria is decreased by a factor of 10. Similarly, a 2-log drop represents a 99% decrease, indicating 

a reduction of germs by a factor of 100, and so forth. 
 𝑀𝑖𝑐𝑟𝑜𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 

=  
𝐴 − 𝐵

𝐴
 𝛸 100 %  

Equation 6.3 

 

A and B represent the feed and filtrate bacteria concentrations, measured in CFU/mL. 

6.2.5. Antibiofouling tests 

To assess bacterial adherence and biofilm formation on the specimen, 1 mL volume of 

bacterial culture containing 106 cells/mL was applied to the surface of the samples in a 6-well 

polystyrene culture plate, and then they were incubated for 18 hours at 37 °C without agitation. 

Subsequently, the bacteria culture was extracted, and the samples were washed three times with 
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distilled water to eliminate nonadherent cells. The samples were further examined using Scanning 

Electron Microscopy (SEM) to capture images, while Confocal Laser Scanning Microscopy 

(CLSM) was used to monitor both living and dead bacteria. For SEM analysis, the bacterial cells 

were initially fixed in the samples at room temperature for 1 hour using a 5% (v/v) glutaraldehyde 

in a 0.2 M sodium cacodylate buffer. After being washed twice with sodium cacodylate buffer, the 

samples were gradually dehydrated with 25%, 50%, 70%, 90%, and 100% ethanol. Finally, the 

samples were scanned with a SEM microscope at a voltage of 10 kV. 

The assay to determine the viability of bacteria cells was conducted using the LIVE/DEAD 

L7012 Kit. The staining solutions were made following the manufacturer's directions. In summary, 

two dyes, SYTO 9 and Propidium iodide dyes, were utilized for staining. The components (A and 

B) were thoroughly combined in a microfuge tube at a 1:1 ratio. Subsequently, 6 μl of the pre-

mixed staining solution was introduced into 2 ml sterile 0.85% sodium chloride solution (NaCl). 

Subsequently, the microfiber sample was submerged in 200 µL of the staining solution for 30 min 

at 37 °C in dark conditions. The staining was eliminated, and the sample was washed once with a 

0.85% NaCl solution and seen using CLSM. The filters employed are FITC, which has an 

excitation range of 480–500 nm, and Propidium iodide, which has an excitation range of 550–650 

nm. 

6.3. Results and discussion 

 6.3.1. Morphological screening of the electrospun membranes 

SEM studied the influence of adding gelatin and AgTiO2 NPs on the electrospun 

membrane's morphology, structure, and properties. The electrospinning conditions (applied field, 

inner needle diameter, and flow rate) were kept constant for the different experiments. The surface 

morphologies of the electrospun samples (Figure 6.1) reveal the production of homogenous, 

uniform, and bead-free fibers. P0 shows a well-distributed surface with a primarily open pore 

network, while blended PHB/Ge membranes show a straightened pore arrangement. The size-

distribution histograms demonstrate that the diameter distribution of the fibers is in the micron 

range, with P0 and P4 fibers, and in the nano range with the blend PHB/Ge fibers. The average 

fiber size of pure PHB is about 1.3 μm, possibly because PHB has a higher molecular weight 

(Figure 6.1 B). The combined PHB/Ge fibers are thinner than the pure PHB fibers; their average 

diameter is around 786.5 nm ± 221 nm (Figures 6.1 D, F, G, and K). The decreased diameter of 

electrospun fibers compared to the neat PHB sample could be attributed to the addition of gelatin, 
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which reduced the viscosity of the spinning solution 33. The gelatin was added at a low 

concentration, so the solution was less viscous, mainly when dissolved in acetic acid 34,35. 

Electrospinning often produces finer fibers because lower solution viscosity influences the jet's 

stretching and thinning as it moves from the needle to the collector. Moreover, histogram analyses 

revealed a reduction in the diameters of PHB/Ge fibers upon the introduction of AgTiO2 NPs. The 

fibers' diameters dropped from 969 nm of PG0 to 512 nm of PG4 as the concentration of AgTiO2 

NPs increased. The decrease in nanofiber diameter could be attributed to an elevated electric field 

resulting from a higher charge density and the conductivity of the electrospinning fluid during the 

operation. The higher the charge density, the smoother and thinner the resulting fibers due to 

increased jet-whipping instability 36. The charge density of the solution increased according to the 

concentration of AgTiO2 NPs in the mixed polymer solution compared to the neat PHB solution. 

Consequently, thinner fibers were generated.  It is hypothesized that this phenomenon can be 

explained by the increased concentration of repulsive charges resulting from residual ions and 

charges produced on the NPs when a voltage bias is applied. This promotes the formation of 

consistent and thinner fiber structures, which have a greater ratio of surface area to volume 37. An 

additional cause of diameter reduction in PHB/Ge nanofibers is enhanced electrical conductivity 

when adding NPs 38. However, PG5 showed an increase in fiber diameter. Our investigation 

demonstrated comparable findings with previous research 23, in which the incorporation of 5% w/v 

AgTiO2 NPs led to increased fiber diameters, indicating successful integration of AgTiO2 NPs with 

the PG nanofibers. Furthermore, the accumulation of AgTiO2 NPs during the electrospinning 

procedure can also result in the extensive dispersion of nanofibers of diverse dimensions 39. 

Meanwhile, the agglomeration of AgTiO2 NPs was detected within the PG5 fibers. The distribution 

of AgTiO2 NPs within the PG fibers was examined using energy dispersive spectroscopy EDS 

(Figure 6.1 G). The distribution of AgTiO2 components in agglomeration clusters indicates that 

AgTiO2 was effectively loaded into the PG fibers through electrospinning. However, due to their 

low concentration in the PG matrix, AgTiO2 NPs did not significantly appear on the surfaces of the 

PG3, PG4, and P4 fibers. Moreover, considering the SEM sensitivity depth of up to 3 nm, the 

AgTiO2 NPs were located within the polymer fibers at a more significant depth than the SEM 

study's sensitivity. 
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Figure 6.1: SEM images and histograms of the fiber diameter distribution of A) P0, B) PG0, C) 
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PG3, D) PG4, E) P4, and F g) PG5 fibers. Each histogram was plotted with 100 fibers measured. 

G) Energy Dispersive Spectroscopy (EDS) mapping of PG5. 
 

 6.3.2. Composition and physical-chemical analysis 

The water contact angle (WCA) measurements (Figure 6.2 A) were used to examine the 

wettability of the electrospun nanofibers. The PG nanofibers exhibited a decreased hydrophobicity, 

showing a high level of wettability attributed to the presence of gelatin and AgTiO2 NPs. The 

enhanced water-attracting properties of the nanofibers were primarily caused by the addition of 

gelatin and AgTiO2 NPs, which contain -COOH and -OH groups by forming more hydrogen bonds. 

This resulted in the PG nanofibers having a strong affinity for water compared to pure PHB, which 

is naturally water-repellent with a water contact angle of 143,7 ± 6°. The water contact angle of P4 

was measured to be 127,2 ± 1° (Figure SI 6.2), slightly lower than the pure PHB. This angle is 

attributed to the presence of AgTiO2 NPs. Hence, gelatin can adjust the hydrophobicity of PHB to 

achieve the unique needs of different applications. Studies have shown that hydrophilic surfaces 

are less prone to biofouling than hydrophobic surfaces 40. As the hydrophobicity of a material's 

surface rises, hydrophobic organic molecules, like bacteria, are attracted to it, causing surface 

contamination. Hydrophilic materials typically have better antifouling properties 41,42. Surface-

associated proteins, such as carboxylates and phosphate groups of teichoic acids of the 

peptidoglycan layer in Gram-positives and fimbriae in Gram-negatives bacteria, have been shown 

to contribute to hydrophobicity in bacterial cells significantly 43. This suggests that PG/AgTiO2 

NPs composite films have the potential to be effective anti-bifouling materials for antibacterial 

application. 

FTIR analyses were conducted on the electrospun membranes to determine the structural 

modifications due to PHB blending with gelatin. PG3, PG4, and PG5 had similar IR spectra. Figure 

6.2 B displays the blended fibers' FTIR spectra of P0, PG, and gelatin. No discernible solvent peaks 

were observed, indicating that the solvent had evaporated entirely throughout the electrospinning 

process. Peaks that are related to gelatin and PHB were found to overlap. Three areas in the spectra 

3,600–2,300 cm-1 (Amide A) (N-H stretch), 1,656–1,644 cm-1 (Amide I) (C=O stretch), and 1,560–

1,335 cm-1 (Amide II) (C-N stretch) can be used to establish the presence of gelatin in the sample 
44. Amides A, I, and II bands were slightly visible in the PG electrospun spectra, and their intensity 

lightly increased as the gelatin was added compared to P0. The spectrum demonstrates the FTIR's 
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sensitivity and capacity to detect gelatin peaks even when blended at low concentration. The 

presence of an amide group verifies the existence of gelatin in nanofibers formed during polymer 

blending and electrospinning. Amide groups in gelatin can establish hydrogen bonds with water 

molecules. Thus, gelatin enhanced the hydrophilicity of the resulting PG membrane, as described 

earlier. The gelatin bands were attenuated due to shrinkage within the fiber blends and higher PHB-

nanofiber exposure. As previously stated 31, PHB-nanofibers supported Ge-nanofibers. 

Comparable results were observed in an FTIR investigation for fibers made by combining PHB 

and Ge polymers. In addition, the FTIR spectra exhibited a prominent peak at 1720 cm−1, indicating 

the stretching vibration of the ester (C=O) bond. This peak is exclusive to PHB and is associated 

with the conformation of the polymer backbone 45.  
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Figure 6.2: A) WCA of P0, PG, and P4 membranes; B) FTIR spectra of a) P0, b) PG0, c) PG3, d) 

PG4, e) PG5 and f) gelatin; C) TGA curves; D) Derivative thermogravimetry (DTG) curves, E) 

DSC curves; and F) Stress-strain curves of P0 and PG membranes. 

Studying the crystallization and melting behavior of PG membranes is crucial due to its impact on 

the crystalline structure and the macroscopic properties of the materials. The thermal characteristics 
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of the electrospun membranes were assessed using a TGA and DSC combined testing analysis 

(Figures 6.2 C, D, and E). The thermal parameters derived from these analyses are collected in 

Table 6.1. The thermal stabilities of PGO, PG3, PG4, and PG5 were diminished compared to the 

PO fibers, possibly due to the addition of gelatin. The gelatin enhanced the surface wettability of 

the PG nanofibers, resulting in a larger area for water adsorption and a decrease in its thermal 

stability 46. The thermal stability of PG nanofibers was also affected by the incorporation of AgTiO2 

NPs. The initial temperature at which thermal degradation occurs decreases as the amount of 

AgTiO2 NPs increases, as indicated by the Tonset value (Table 6.1). As previously reported, TiO2 

nanofillers improve heat transmission properties from the heat source to the inside of the polymer, 

increasing the thermal deterioration of PHB 47.  

The DSC curves were produced for P0 and PG nanofibers. The pure PHB membrane 

exhibits a distinct endothermic peak at 173.5 °C, corresponding to the polymer's melting point 48. 

Including gelatin in PG reduces the melting temperature, which decreases to 169-165 °C compared 

to the P0 sample. According to reports, PHB and Ge are thermodynamically immiscible polymers. 

Consequently, phase separation occurs during electrospinning, developing a core-shell structure 

composed of PHB (core) and gelatin (shell) 49. Because gelatin has a polyelectrolyte 

(polyampholyte) character, it tends to move towards the outer layer of the PHB/gelatin solution jet 

due to electrostatic repulsion, forming a shell layer 50. Thus, the variations in the melting 

temperature could be linked to the core-shell composition of the fibers, which in turn impacts the 

passage of heat from the gelatin layer to the PHB core. The crystallinity of pure PHB membrane 

aligns with the information provided in the literature 23. The combination of PHB and gelatin, as 

well as PHB, gelatin, and AgTiO2 NPs, reduced crystallinity. This tendency can be attributed to 

the development of a thin gelatinous layer (shell), which hinders the crystallization of PHB 

(confinement effect). Adding AgTiO2 NPs to the polymer matrix also induces a reduction in the 

crystallinity of PHB. AgTiO₂ NPs act as nucleating agents and disrupt the crystalline lattice of 

PHB. 

The tensile properties of P0 and PG membranes were tested to measure their durability and 

elasticity. A tensile stress-strain curve for electrospun samples was generated, and Young's 

modulus, the tensile strength, and the strain break were estimated from the curve. Figure 6.2 F 

depicts the elastic deformation of electrospun nanofibers. As the deformation progressed, the 

sample hit the yield stage or elastic limit, and the material was deformed beyond recovery. Tensile 

strength is the maximum stress value (y-axis), whereas strain break is the maximum strain point 
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(x-axis), as determined by the curve. The functionalized nanofibers' Young's modulus was 

calculated using the stress-strain curve's starting slope or gradient. The findings are summarized in 

Table 6.2. Including gelatin with PHB nanofibers improved the samples' tensile strength and 

modulus while lowering their elongation percentage. Similar findings were discovered when 

adding gelatin to polycaprolactone microfibers 51. It could be because, when stretched, the gelatin 

nanofibers' stress on PHB nanofibers is somewhat distributed, improving the composite scaffolds' 

tolerance and minimizing their deformation. Gelatin creates a stiffer polymer matrix that may 

enhance mechanical performance. 
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Table 6.1: Thermal properties of P0 and PG electrospun materials 
 

Sample Decomposition 
temperatures a 

Residue a 
(%) 

Cold 
crystallization 
temperature, 

Tccb (°C) 

Heat of cold 
crystallization, 

ΔHccb (J g–1) 

Melting 
temperature, 

Tmb (°C) 

Heat of 
melting, 

ΔHmb (J g–1) 

Degree of 
crystallinity, 

Xcc (%) Tonset Tmax Tendset 

P0 262,3 290,3 409,9 0,22 52,8 3,2 173,5 68,3 44,65 
PG0 261,1 286,4 399,8 0,23 49,9 4,3 169,7 69,1 31,07 
PG3 257,6 287,3 413,3 0,24  50 4,4 167,4 69 30,97 
PG4 251,4 278,8 368,1 0,26 51 4,6 163,7 65,7 29,27 
PG5 243,8 277,1 407 0,47 50,2 4 165,5 54,8 24,37 

a were determined from TGA analysis. 
b Tg, Tcc, ΔHcc, Tm, and ΔHm were determined from the second heating curve using DSC analysis. The peak maximum was designated as Tm. 

The values of ΔHm and ΔHcc were obtained by analyzing the endothermic melting and exothermic cold crystallization peaks, respectively. 
c was calculated using Eq. (6.4) (SI). 
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Additionally, the reinforcing impact of AgTiO₂ NPs may contribute to the improved 

mechanical properties observed. Tensile strength increased with AgTiO2 NPs inclusion into the 

PHB-Ge matrix, suggesting that AgTiO₂ NPs may play a role in efficient stress transfer across the 

polymer matrix. These nanoparticles may exert a strengthening impact due to their actions as fillers, 

which allow them to distribute stress more uniformly throughout the matrix, enhancing mechanical 

performance. The highest tensile stress was obtained in the PG3 samples and then PG4, reaching 

4,7 MPa and 3,74 MPA, respectively. Previous research on reinforcing electrospun fibers shows 

that low concentrations of nanoparticles enhance mechanical characteristics. Meanwhile, 

agglomerations can also cause fibers to become less mechanically strong by forming structures 

resembling defects 52, as observed with PG4 and PG5. Increased AgTiO₂ NPs content causes fiber 

agglomeration and exposure of nanoparticles, resulting in decreased tensile strength and brittleness 
53. Samadian et al.  54 stated that adding nanohydroxyapatite to cellulose/gelatin nanofibrous films 

reduced their tensile strength from 3.01 MPa to 2.68 MPa at weight ratios ranging from 12.5 to 

50%. 

Table 6.2: Mechanical Properties of P0 and PG electrospun materials 
 

Youngs Modulus (MPa) Tensile Strength (MPa) Strain Break (%) 

P0 62.12 ± 2,31 1,47 ± 0,3 15,48 ± 1,16 

PG0 89.86 ± 8,62 1,23 ± 0,26 15,87 ± 0,8 

PG3 179,01 ± 13,30 4,70 ± 0,27 13,43 ± 1,03 

PG4 126,68 ± 13,58 3,74 ± 0,32 11,23 ± 2,26 

PG5 117,07 ± 0,72 2,85 ±0,77 11,14 ± 1,82 

 
 6.3.3. Antibacterial response 

6.3.3.1. Quantitative antimicrobial assay 

The plate-counting assay was used to assess the antibacterial efficacy of the nanofibers 

against E. coli and S. epidermidis, with PG0 nanofibers serving as control samples. P0 and P4 were 

examined to study the effect of gelatin on the antibacterial activity. The studies were conducted in 

light conditions as our previous work confirmed that AgTiO2 NPs displayed enhanced antibacterial 

activity under low‐power commercial LED light 28. Antibacterial efficiency, represented as a 

percentage, demonstrates the absence of viable colonies on the electrospun mats after 90 minutes 

for E. coli and 60 minutes for S. epidermidis. The results are shown in Figure 6.3.  
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The P0 and PG0 nanofibers lacked antibacterial efficacy against both bacteria strains. After 

incubation with PG nanofibers, a limited amount of E. coli colonies were identified on the agar 

plate, although no S. epidermidis colonies grew. Furthermore, the number of bacteria in the 

colonies decreases from PG0 to PG5, and bacterial development is significantly suppressed with 

PG4 and PG5. This suggests that AgTiO2 NPs induce the antibacterial activity of electrospun 

membranes. Furthermore, employing AgTiO2 NPs on a nanometric scale results in larger surface 

areas, which may expedite the destruction and wrinkling of bacterial cell walls 55. Moreover, when 

exposed to visible light, AgTiO2 NPs can create ROS through oxidation-reduction processes, 

including hydroxyl radicals (•OH) and superoxide radicals (O2
•). ROS are highly oxidative 

chemicals that can tear bacterial cell membranes and destroy biomolecules, resulting in cell death 
56. AgTiO2 NPs content was the key factor impacting the antibacterial activity of membranes. In 

addition, as expected, blending PHB with gelatin decreases the Tg and the crystallinity of the 

polymeric membrane, resulting in increased AgTiO2 NPs release. The gradual release of AgTiO2 

NPs from PG electrospun nanofibers increases their ability to kill bacteria by slowly releasing 

antimicrobial agents over time. The PHB and gelatin mixture controls the NP's release rate and 

ensures a long-lasting antibacterial effect, which is more effective than burst release. As a 

biocompatible material, gelatin makes the nanofibers more compatible with biological systems. 

This enhances the antibacterial activity by promoting the interaction between AgTiO2 NPs and the 

bacterial cells.  

Nonetheless, PG nanofibers were more successful in killing the Gram-positive bacteria S. 

epidermidis than the Gram-negative bacterium E. coli. As previously reported, the difference in 

antibacterial impact between Gram-positive and Gram-negative bacteria is primarily due to 

changes in their cell wall architectures 57. Gram-positive bacteria's outer cell wall comprises 

peptidoglycan and acidic polysaccharides (teichoic acids), which include many holes that may 

allow the adhesion or penetration of antibacterial agents into the cell. Furthermore, gram-negative 

bacteria have an outer membrane composed of proteins, lipids, and lipopolysaccharides, which 

may act as a barrier to the entry of bioactive compounds into the cell 58. The antibacterial activity 

of the PG fibrous membrane showed strong antibacterial effects due to the sustained antibacterial 

action of AgTiO2 NPs against Gram-positive and Gram-negative bacteria. 
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Figure 6.3: A) Antibacterial activity of P0, PG, and P4 membranes against E. coli after  90 

minutes of light illumination and against S. epidermidis after 60 minutes of light illumination, B) 

Microfiltration efficiency of P0, PG, and P4 membranes against E. coli and S. Epidermidis, and C) 

Photographs of agar plates after microfiltration of E. coli and S. Epidermidis with the P0, PG, and 

P4 membranes. 

6.3.3.2. Microfiltration action 

The nanofibrous membranes' filtration ability was challenged using a representative 

waterborne bacterium, E. coli and S. Epidermidis. Table 6.3 displays the bio-based specimens' 

efficiency in eliminating both bacteria. After one filtration cycle, PG3, PG4, and PG5 retained 

>95% of the cells related to a 1-log decrease value (Figures 6.3 B and C). The microfiltration 

process depends on a size exclusion mechanism, so the pore diameter of the membranes is 

correlated with the microfiltration efficiency. The quantitative assessments of pore average size 

were obtained using the image analysis software program ImageJ. The samples with the lowest 
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pore size diameter provided the best retention rate. Given their average pore diameter of 126 nm, 

which was the lowest among the other specimens examined, except P4, it was unsurprising that the 

PG4 and PG5 nanofibers showed the highest retention rates. 

Table 6.3: Microfiltration efficiency and pore average diameter of electrospun membranes 

               LRV Microfiltration efficiency (%) Pore average 
diameter (nm) 

  E. coli S. Epidermidis E. coli S. Epidermidis  

P0 0,57 ± 0,07 0,59 ± 0,09 60,13 ± 4,04  65,33 ± 5,06 528 ± 1,61 

PG0 0,39 ± 0,06 0,60 ± 0,21 
  

43,98 ± 5,40 75,00 ± 10,26 223 ± 1,05 

PG3 1,03 ± 0,87 1,76 ± 0,12 
  

90,58 ± 7,79 98,26 ± 1,59 
  

129 ± 0,74 

PG4 2,72 ± 0,00 1,98 ± 0,00 
  

99,71 ± 0,50 100,00 ± 0,00 
  

126 ± 0,52 

P4 0,85 ± 0,10 0,90 ± 0,10 
  

78,70 ± 4,94 87,50 ± 2,76 
  

120 ± 0,89 

PG5 1,54 ± 0,04 1,76 ± 0,00 
  

97,10 ± 0,25 100,00 ± 0,00 
  

126 ± 1,33 

 
These results also fit rather well with the diameters stated in the literature of bacterial cells 

for E. coli; the average bacterial cell size is 1-2 µm in length and 0.5 µm in width, and a diameter 

of 0.5-1.5 µm for S. Epidermidis 32,59. Nevertheless, the size of the pores of the membranes is not 

the only determinant of the LRV and microfiltration efficiency recorded in Table 6.3. The ImageJ 

software test for estimating the maximal pore diameter of the bio-based specimens makes 

assumptions that the pores are cylindrical tubes. However, this is not the case with electrospun 

nonwoven materials in which the pores are interconnected as a bundle of tortuous tubes. This 

generates resistance to liquid movement, impeding bacterial invasion via the porous structure. 

Moreover, as previously stated, AgTiO2 NPs are responsible for cell inactivation. Because the 

method employed to quantify the filtered cells only counts the number of living cells, those 
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deactivated were excluded from the filtration data. This explains why PG4 has a better 

microfiltration efficiency than P4, although P4 has a smaller pore size. This is consistent with the 

antibacterial results reported in the quantitative antimicrobial assay. Finally, our results show that 

our PG membranes, especially PG4 and PG5, had higher (≥ 99.9%) microfiltration efficiencies for 

both Gram-positive and Gram-negative bacteria. 

6.3.3.2. Bacterial adhesion and anti-biofouling properties 

Researchers have employed two ways for surface modification to reduce the biofouling 

potential of polymer membranes 60. The first approach uses an anti-adhesion technique to reduce 

membrane biofouling 61. Hydrophilic or polyelectrolyte materials can be added to the membrane 

surface to minimize bacterial adhesion to polymer membranes. For instance, hydrophilic 

compounds reduce the hydrophobic interactions between extracellular polymeric substances of the 

bio-foulants (bacteria) and membranes 62. The second strategy involves an antibacterial technique 

that regulates membrane biofouling by applying biocides 61.  

Following 18 h of incubation with E. coli and S. Epidermidis, the surfaces of the nanofibers 

were examined using SEM and CLSM (Figure 6.4) to obtain insight into the bacterial attachment 

on the electrospun membranes. The green fluorescence on the nanofibers' surfaces indicated a 

living bacterium cell, while the red fluorescence indicated a dead cell.  
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Figure 6.4: SEM and CLSM images of A) P0, B) PG0, C) PG3, D) PG4, E) P4, and F) PG5 

membranes after being in contact with 1) E. coli and 2) S. Epidermidis cells. 
 

SEM images detected large clusters of living E. coli and S. Epidermidis cells on the 

unloaded P0 and PG0 surfaces, showing significant growth of the extracellular matrix and a high 

level of biofilm formation. Corresponding CLSM images showed that the bacteria were stained 
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green, indicating the formation of healthy living bacterium cells on the P0 and PG0. In contrast, 

visual inspection revealed that most of the bacteria in AgTiO2 NPs loaded nanofibers were dead. 

This indicates that the bacterial cells have been injured and become red due to penetration into their 

cell membranes. This was especially evident in PG4 and PG5, where the membranes displayed a 

distributed appearance, a notable decrease in the number of cells, and a significant reduction in 

biofilm. The bacterial cells turned red when the AgTiO2 NPs content rose, indicating that they had 

been destroyed, showing the fouling-resistant property of the membranes. This suggests that 

AgTiO2 NPs were responsible for killing bacteria, as previously stated. 

Our findings show that blending PHB with gelatin may improve the membrane's anti-

biofouling properties in addition to the antibacterial effect of AgTiO2 NPs. By increasing the 

hydrophilicity of polymer membranes, hydrophilic PG electrospun nanofibers can potentially 

decrease membrane biofouling 63. The WCA confirmed the decrease in hydrophobicity when 

gelatin was added. This explains the enhanced anti-biofouling property of PG4 against P4. 

Furthermore, by contact killing, the PG nanofibers loaded with AgTiO2 NPs may lessen membrane 

biofouling caused by the antibacterial activity of AgTiO2 NPs.  

 6.3.4. Biodegradability 

The surge in demand for plastic materials is driving up the exploitation of fossil fuels, which 

poses a severe environmental hazard with implications for human health, ecosystem toxicity, and 

global warming. This situation has led to the requirement for new materials that can solve and 

provide sustainable solutions orthogonal to these immediate challenges. 

To evaluate the biodegradation capacity of the nanofiber membranes, PG samples were 

buried in natural soil, and their morphological and weight variations were monitored over time 

(Figures 6.5 and SI 6.3). It has been confirmed that PHB degrades naturally in soil 28, and it occurs 

in three steps, as previously reported 64: from a high-molecular molecule to monomers and 

oligomers, the self-enzymatic breakdown of biomass generated during the first stage, and finally, 

from biomass to CO2 and H2O. The initial stage of degradation of the material is depicted in Figure 

6.5, which shows changes in its structure. This phase is primarily characterized by the microbial 

activation and mechanical action of soil adhesion, as well as the onset of oxidative and hydrolytic 

action mediated by soil constituents and enzymes  65. The fibers' microstructure underwent a 

substantial alteration after four weeks of exposure to natural soil (Figure SI 6.3). The breakdown 
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of PG membranes occurred progressively over 8 weeks, with over 50% decomposition already 

evident by week 5.  The pace at which the membrane broke down in soil was unaffected by the 

presence of gelatin. The primary cause of weight loss exceeding 50% after five weeks is the 

microbial breakdown of PHB in the soil 66. 

The hydrophobicity of the nanofiber membrane makes it difficult for soil bacteria to survive 

and cling to the surface, which explains why P0 degrades slowly at first. However, it is speculated 

that microbial aggregation infiltrates from the membrane surface pores, causing direct contact with 

the inner PG nanofibers and accelerating the internal degradation of the polymer substrate, 

significantly increasing the degradation rate. Furthermore, investigations have shown that PG 

degraded quickly (Figure SI 6.3), aided by its enhanced hydrophilicity, which promotes microbial 

aggregation. Microbial enzymes can break down PHB and gelatin molecules into smaller 

monomers or low-molecular-weight chemicals. Microorganisms can use these breakdown products 

to participate in organic cycling in soil, resulting in fast degradation and the formation of carbon 

dioxide and water 67. The quick breakdown of PG could possibly be ascribed to the decrease in the 

crystallinity, as shown by the thermal analysis data.  
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Figure 6.5: Confocal profiler 3D image and laser images of P0, PG0, PG3, PG4, P4, and PG5 

membranes before and after 8 weeks of burial test. 
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  Furthermore, it was shown that soil particles were included in the material's pores and 

structure (Figure 6.5). This increase may be explained by adding soil particles to the material's 

surface, which could cause the membrane to retain more moisture or microbiological components 

than usual—a characteristic of the initial stages of soil degradation. It should be mentioned that 

there was a noticeable amount of sample embrittlement and fragmentation after 8 weeks of burial 

test. The existence and the size of membrane pores have a significant influence on biodegradation. 

Pores provide better microbial access, resulting in more pronounced enzymatic activity. As 

degradation advances, biofilms grow within the pores, which might clog smaller ones. Continuous 

microbial activity degrades the membrane structure, leading to fractures, pore expansion, and 

fragmentation (Figure 6.5).  

Moreover, as reported previously, including AgTiO2 NPs did not inhibit the membranes' 

biodegradation 28. Unlike previous investigations, introducing antimicrobial agents can slow or 

stop biodegradation. The soil burial experiment results show that PG membranes are biodegradable 

in soil, which perfectly aligns with the study's initial goal of preventing secondary contamination 

from antibacterial membranes. This study investigates a more sustainable, ecologically friendly 

environment with little environmental impact. Bio-based and biodegradable bioplastics PHB 

blended with gelatin can provide qualities similar to standard plastics while generating extra 

benefits due to their low carbon footprint. 

6.4. Conclusion 

Blended fibers, PHB, and gelatin loaded with AgTiO2 NPs were electrospun with 

chloroform, dichloromethane, and acetic acid as co-solvents. The resulting fibers had a diameter 

ranging between 500 and 1000 nm. SEM, FTIR, wettability measurements, TGA and DSC studies, 

and tensile strength measurements confirmed the fabrication of the antibacterial nanofibers. It was 

discovered that gelatin decreased PHB's crystallinity, which affected wettability and enhanced the 

antibacterial effects due to the sustained antibacterial action of AgTiO2 NPs against E. Coli and S. 

Epidermidis. Moreover, it was surprising that adding gelatin enhanced the fibers' tensile 

characteristics. It was also found that adding gelatin reduced the fibers' pore size, which improved 

the microfiltration efficiency. In addition, the biodegradation control was systematically elucidated 

with 99% soil biodegradation rates in eight weeks. 

In summary, based on the findings of the characterizations, PG4 showed the highest level 
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of performance, including thermal, physical stability, and mechanical performance. It also 

exhibited an outstanding antibacterial and microfiltration efficiency of ≥ 99.99% against E. Coli 

and S. Epidermidis when exposed to LED light and good resistance to biofouling.  The results 

showed that AgTiO2 NPs are responsible for these antibacterial characteristics. Additional research 

may yield a deeper comprehension of the processes and effectiveness of bactericidal interaction. 

This could lead to the creation of novel antibacterial biomaterials that effectively inhibit the growth 

of biofilms, resulting in the creation of innovative approaches to the problems affecting human 

health and the environment today. 
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6.6. Supporting Information 

The peak maximum or lowest of the calorimetric curves was used to determine the transition 

temperatures, and the degree of crystallinity was calculated from the normalized peak enthalpies 

from DSc analysis using the following formula:  

 𝑋𝑚 =  (∆𝐻𝑚, 𝑃𝐻𝐵 
−  ∆𝐻𝑐, 𝑃𝐻𝐵) /∆𝐻°𝑚, 𝑃𝐻𝐵 × 𝑊𝑃𝐻𝐵 

Equation 6.4 

Where WPHB is the weight percentage of PHB in the films, ∆Hm, PHB is the apparent melting 

enthalpy of PHB, ∆Hc, PHB is the apparent heat of cold crystallization enthalpy of PHB, and ∆H°m, 

PHB is the theoretical enthalpy value for a 100% crystalline sample (146 J/g) 1.   
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Figure SI.  6.1: Energy Dispersive Spectroscopy (EDS) mapping of PG5 

 

 
                Figure SI.  6.2: Water contact angle (WCA) of P4 
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Figure SI.  6.3: Biodegradability test: A) Weight loss of P0, PG0, PG3, PG4, P4, and PG5 

membranes after 2, 4, 6, and 8 weeks of burial test, (b) Photographs of P0, PG0, PG3, PG4, P4, 

and PG5 membranes before and after the soil burial test.   
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General conclusion and Future outlook 

 

This chapter summarizes the thesis's work and highlights the efficiency of PHB-based materials 

for biodegradable applications and their advanced properties for destroying bacteria and preventing 

microbial contamination. 
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General conclusion 

The study efficiently delineates the synthesis and characterization of innovative and 

multifunctional materials with integrated antibacterial, antifouling, and biodegradable properties, 

providing added advantages over conventional antimicrobial materials. Combining biopolymers 

with photoactive nanoparticles has introduced a new light-responsive antibacterial mechanism 

where the corrupted instance of reactive oxygen species is only generated through catalysis upon 

light irradiation. A new approach is a significant leap toward resolving critical problems of 

antibiotic resistance, surface bacterial contamination, and environmental pollution caused by non-

biodegradable plastic waste.  

 

This thesis outlines the advantages of employing photoactive Ag-doped TiO2 and ZnO nano 

and microparticles to enhance the antibacterial and antifouling properties of polyhydroxybutyrate 

(PHB) biopolymer matrices. These materials exhibit effective antibacterial responses against the 

most common bacterial pathogens, such as Escherichia coli and Staphylococcus epidermidis, 

mainly when light is applied. The capabilities of these nanoparticles to generate ROS under light 

activation have set an energy-efficient, long-lasting route to bactericidal action, substantially 

surpassing chemical-based static antibacterial techniques.  

This study contributes significantly to developing safer and environmentally sustainable 

materials for diverse applications, especially in packaging, where biodegradation and prevention 

of bacterial contamination are paramount to ensure safety. The synthesized green PHB films 

incorporated with ZnO exhibit high antibacterial activity and rapid degradation in soil (up to 99% 

within 10 weeks), making them suitable candidates for conventional plastic films, mediating the 

increasing environmental pollution crisis.  

 

The combination of gelatin and PHB has improved the mechanical strength of the 

electrospun nanofiber membranes and exhibited resistance to biofouling, making them appropriate 

for demanding applications involving medical filtration. The enhanced biodegradability, 

bioactivity, and tensile strength demonstrate the versatility and functionality of these bio blends. 

For instance, the gradual degradation of the membranes over eight weeks demonstrates their great 

feasibility and environmentally friendly characteristics in minimizing their adverse effect on the 

environment after use.  



159 
 

 
 

Future outlook 

These research perspectives open new frontiers in developing PHB-based materials, 

addressing pressing global challenges related to healthcare, environmental sustainability, and clean 

technologies. By exploring advanced functionalities, broadening material applications, and 

prioritizing ecological safety, these proposed directions build on current knowledge and align with 

the broader goals of innovation and sustainability. These future axes hold the potential to 

significantly impact various industries, from biomedical applications to packaging and 

environmental remediation, paving the way for the next generation of multifunctional, 

biodegradable materials. 

The biodegradable and antibacterial materials field was also elevated by time-dependent 

demands, which focused on problems with non-biodegradable waste, antibiotic resistance, and 

bacterial contamination. As a result, it is now necessary to develop composites based on 

polyhydroxybutyrate (PHB) as a biocompatible and cost-effective substitute. Following on from 

earlier parts, a thorough research viewpoint will help investigate new directions for enhancing the 

commercialization, general applicability, and durability of PHB-based antimicrobial materials. 

1) Study of Material Degradation 

• Degradation with Carbon dioxide (CO2) Control: 

Future research could focus on measuring the degradation rate of these materials by 

monitoring CO2 production as a key indicator of microbial activity. As microorganisms break down 

the biodegradable polymers, they consume oxygen and release CO2, directly measuring the 

degradation process. This approach can quantify the rate and extent of degradation under controlled 

conditions. In addition, this method can also be applied to compare degradation rates in different 

environments, such as freshwater versus seawater, to evaluate their suitability for various 

environments. 

• Molar Mass Changes: 

Investigate the changes in molar mass of the polymers during degradation using techniques 

like gel permeation chromatography (GPC). This would help determine the rate of chain scission 

and the extent of degradation over time. 
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• Degradation in Different Environments: 

Conduct systematic studies to evaluate the degradation behavior of the materials in various 

environments, such as soil, seawater, freshwater, and compost. This would provide insights into 

their performance under real-world conditions. 

• Microbial Activity and Degradation: 

Explore the role of microbial communities in the degradation process by analyzing the types 

of microorganisms involved and their enzymatic activities. This could be done using metagenomic 

analysis or enzyme assays. 

2) Stability After Use 

• Washing Effect: 

Investigate the durability of the materials after repeated washing cycles to simulate real-

world use in applications like medical textiles or reusable packaging. This would involve testing 

the retention of antibacterial properties and mechanical strength after washing. 

• Friction Effect: 

Study the impact of friction and wear on the materials, particularly for applications like 

filtration membranes or packaging films. This could involve abrasion tests to assess the loss of 

nanoparticles or changes in surface properties. For example, the friction resistance of PHB 

materials under mechanical stress can be tested to determine their durability in high-friction 

environments, such as conveyor belts in food packaging. 

• Long-Term Stability: 

Assess the long-term stability of the materials under different storage conditions (e.g., 

humidity, temperature, UV exposure) to ensure their performance over extended periods and to 

optimize storage conditions. 

3) Use in Different Environments 

• Acidic and Alkaline Conditions: 
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Evaluate the performance of the materials in acidic and alkaline environments to expand 

their applicability in industries like food processing, chemical storage, or wastewater treatment to 

assess their suitability for use in chemical-resistant applications. 

• Saline and Marine Environments: 

Explore the performance of the materials in saline or marine environments, which is 

particularly relevant for anti-biofouling applications in marine industries or aquaculture nets. 

• Dynamic Environmental Conditions: 

Study the materials under dynamic conditions, such as fluctuating pH, temperature, or light 

exposure, to simulate real-world scenarios. For example, evaluate PHB composites' antibacterial 

and degradation properties under alternating light-dark cycles to mimic day-night conditions in 

outdoor applications. 

4) Advanced Characterization and Optimization 

• Nanoparticle Release and Toxicity: 

Investigate the release of nanoparticles from the materials during degradation or use and 

assess their potential toxicity to the environment and human health. This can be done using 

techniques like inductively coupled plasma mass spectrometry (ICP-MS) to quantify the release of 

metal ions (e.g., Ag⁺, Zn²⁺) over time. 

• Cytotoxicity and Genotoxicity: 

Evaluate the cytotoxicity and genotoxicity of released nanoparticles to human cells, 

particularly for materials used in medical applications. This can be done using in vitro assays, such 

as MTT assays for cell viability and comet assays for DNA damage. 

• Long-Term Exposure Studies: 

Conduct long-term exposure studies to understand the chronic effects of low concentrations 

of nanoparticles on organisms and ecosystems. This is important for assessing the potential risks 

associated with the prolonged use of these materials. 



162 
 

 
 

• Scalability and Industrial Production: 

Explore the scalability of the material production process, including the feasibility of large-

scale electrospinning and nanoparticle incorporation, by developing a pilot-scale production 

process to evaluate PHB composites' performance in real-world applications. 

5) Exploration of New Applications 

• Advanced Light-Sensitive Nanomaterials 

These novel photoactive nanomaterials, including carbon quantum dots, perovskite 

nanocrystals, and well-lanthanide-doped particles, would be bioactive against bacteria in non-

visible light conditions. These materials can be engineered to target particular wavelengths (i.e., 

visible but not UV or near-IR), making them more feasible than other materials. Moreover, these 

nanomaterials can enhance the photocatalytic activity of metal particles and reduce the levels of 

possible cytotoxicity. 

• Smart Responsive Surfaces 

Integrating pH-responsive polymers into the matrix can allow a membrane to release antimicrobials 

on demand. Modifying surfaces to be more hydrophobic or rough when bacteria attach is a further 

approach to prevent biofilm formation. 

•  Biohybrid Nanoparticles 

Fabrication of biohybrid nanoparticles using bio-derived materials (chitosan, antimicrobial 

peptides, or plant-derived polyphenols) loaded into inorganic frameworks may improve 

antimicrobial activity and minimize toxicity. These particles can be used as dual-function agents, 

using their biological and inorganic characteristics for better antibacterials and antifouling 

activities to meet market demand for environmentally friendly, sustainable materials. 

• Antiviral Properties 

With growing concerns about viral contamination, especially during pandemics, extending 

the antimicrobial PHB-based composites to include antiviral properties would be valuable. 

Materials may be simulated by testing against viruses such as influenza, SARS-CoV-2, or 
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noroviruses. Antiviral agents, i.e., copper, silver ions, or any peptide in the PHB matrix, could 

provide the opportunity to design dual-functional membranes used in medical and personal 

protective equipment.  

• Multifunctional Membranes for Water Purification 

In addition to antibacterial and antifouling activity, PHB-based membranes can be 

employed to adsorb heavy metals or to degrade organic pollutants. Development of ternary filters 

based on functional additives embedded in the membrane, including zeolites, activated carbon, or 

catalytic enzymatic materials, may be possible to achieve environments producing affordable, 

high-quality filters without compromising their biodegradability. 

• Antibiotic-Free Synergies   

Combining biobased nanoparticles with non-antibiotic antimicrobial agents (i.e., essential oils, 

silver ions, or phenolics) can lead to materials that demonstrate enhanced antibacterial activity. 

This method can be used to reduce bacterial resistance and improve sustainability.  

• 3D-Printed Functional Materials  

The utilization of additive manufacturing (3D printing) of PHB-based reinforced 

composites would enable these materials to fabricate intricate structures for various applications, 

including custom-fit implants, high-performance filtration systems, or novel packaging concepts. 

This may include searching for and optimizing the printability of PHB and integrating antibacterial 

and biodegradable properties into such printed structures. 

• Long-Term Environmental Assessment  

The environmental consequences of candidate-based PHB products must be understood for 

sustained evolution. Detailed research into nanoparticles is critical for understanding their 

accumulation in soil, aquatic environments, and microbial communities. This provides explicit 

environmental assumptions for these materials. Cooperation with ecological scientists may be used 

to achieve a more complete analysis of the long-term performance of nanoparticle-filled PHB 

composites. 
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These approaches can offer novel pathways for PHB-based material synthesis to overcome 

the world's most significant challenges, including healthcare, environmental sustainability, and 

green technologies. They are often extended to a work of new functions, broader applications, and 

environmental feasibility. They are grounded in prior work and moving toward the next step in 

innovation and sustainability. In light of these future axes, there is great potential for directing 

various industries, ranging from biomedical fields to packaging and environmental treatments, 

resulting in the next generation of multifunctional biodegradable materials.  
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