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Abstract 

This thesis investigates the use of six category 1 fungal strains; Aspergillus niger, Botrytis 

cinerea, Mucor rouxii, Rhizopus oryzae, Schizophyllum commune, and Trametes versicolor, to 

develop next-generation materials for environmental and biomedical applications. These 

strains were gifted or sourced from the culture collection at Nottingham Trent University.  The 

research explores functionalization with nanomaterials, structural modifications using 

carbohydrates, and evaluations of nutrient-sensing properties. Key findings indicate that fungi-

based materials can serve as sustainable alternatives aligned with several Sustainable 

Development Goals (SDGs). A significant breakthrough was the natural self-deposition of 

surface-stabilized gold nanoparticles onto A. niger mycelia without harmful chemicals, with 

the composite able to remove mercury from wastewater below World Health Organization 

(WHO) standards (2 ppb) with reusability up to five times.  Additionally, the functionalization 

of M. rouxii and R. oryzae mycelia with TiO2 nanoparticles offered protection from UVA and 

UVB radiation, delayed thermal degradation, and increased hydrophobicity, although it 

adversely affected mechanical properties. This research opens new avenues for utilizing 

mycelium-based materials in previously untapped applications.  Using various carbohydrate 

nutrients, I achieved superhydrophobicity in some strains including A. niger and B. cinerea, 

enhancing surface properties and improving mycelial mechanical properties. The study also 

developed innovative characterization methods, including spatial mapping of mycelial 

homogeneity and a new fungal sensing technique, both yielding useful results.  The research 

presented herein contributes to the fields of applied mycology and materials science by 

presenting sustainable bio-composites with diverse applications, emphasizing the importance 

of fungi-based materials for environmental sustainability. I recommend that future research 

focus on optimizing carbohydrate concentrations, exploring new fungal strains, and assessing 

long-term durability for large-scale use, setting the stage for the next generation of sustainable 

materials. 
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CHAPTER 1 

INTRODUCTION 

1.1. Background 

The increasing demand for cost-effective and sustainable materials has driven research into 

environmentally friendly alternative sources (Raghunathan, et al. 2024). With their unique 

overall physicochemical, mechanical, and biological properties, fungi have emerged as 

promising candidates for developing new materials (Sharma et al., 2024). This research 

explores the innovative use of fungi in developing next-generation materials for environmental 

and biomedical applications. By functionalizing fungi with nanoparticles, either through a 

nature inspired system for gold nanoparticles (AuNPs) assembly or an in-situ approach for TiO2 

nanoparticles, composite microstructures were created. These structures were then applied to 

applications including heavy metal (mercury, Hg2+) bioremediation, UV radiation protection, 

non-wettable surfaces, and thermal stable scaffolds. Additionally, organic nutrients, such as 

carbohydrates, were used to tune the mycelia properties of various fungal strains on different 

substrates (solid or liquid). The impact of these carbohydrate variations on the mechanical 

properties (strength, stiffness, elongation potential, and thickness) and surface properties 

(wettability and surface free energy) of the fungal materials was thoroughly investigated, 

yielding interesting results. Beyond material development, this research introduces new 

methods for characterizing fungal materials and manipulating their growth. A system has been 

developed for spatially characterizing the homogeneity of single mycelia, providing insights 

into the uniformity of fungal growth. The effects of the drying process on material outcomes 

were also evaluated, highlighting the importance of drying conditions on the final properties 

of the materials. Notably, the natural biomimetic process (using nature's designs and processes 

as inspiration to solve human problems), in which gold is passively deposited on the surface of 

certain fungi without the use of intrusive chemicals, was successfully replicated at the 

laboratory scale, demonstrating the potential for environmentally friendly material synthesis. 

Furthermore, a novel nutrient-sensing model for glyconanoparticles is presented, offering an 

independent system for characterizing the biology and chemistry of surface materials on 

nanoparticles and how these contribute to nutrient-sensing in fungi. This comprehensive 

approach not only advances the field of fungal materials and applied mycology but also 

provides valuable methodologies for future research. 

https://link.springer.com/article/10.1007/s13762-024-06104-7
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1.2 Significance of the Study 

Research in this thesis contributes to the advancement of fungal biology, nanotechnology, 

polymer chemistry, and applied mycology. It introduces novel and insightful approaches in the 

engineering of fungal-based materials and composite nanostructures, following nature-inspired  

principles or other innovative methods sustainably. This study also demonstrates the interplay 

between the nature of nanomaterials, including their surface chemistry and synthesis methods, 

and their effectiveness in various applications. Additionally, it establishes new methods in 

fungal morphometrics, creating a needs-based model to guide the processing of fungal mycelia. 

New materials were engineered that show great promise in environmental and biomedical 

domains resulting from novel applications of nanoparticles, carbohydrate monomers, 

polymers, and fungal-based composite microstructures. These materials have the potential to 

address challenges related to heavy metal contamination, and the development of 

biodegradable materials for UV protection, water repellence, thermal stability, and general 

sustainable designs enshrined in the Sustainable Development Goals (SDGs). Specifically, this 

research aligns with SDG 3 (Good Health and Well-being) by promoting healthy lives through 

biodegradable biomedical materials; SDG 6 (Clean Water and Sanitation) by using fungal-

based materials for heavy metal bioremediation; SDG 9 (Industry, Innovation, and 

Infrastructure) by fostering sustainable industrialization and innovation; SDG 12 (Responsible 

Consumption and Production) by supporting sustainable consumption and production patterns; 

SDG 13 (Climate Action) by contributing to climate change mitigation through eco-friendly 

materials; SDG 14 (Life Below Water) by reducing marine pollution with biodegradable 

materials; and SDG 15 (Life on Land) by promoting sustainable use of terrestrial ecosystems 

and biodiversity conservation. 

1.3 The Potential of Fungi in Sustainable Material Engineering  

 Fungi are multicellular, macroscopic organisms that have been exploited in diverse 

applications over the years (Sanchez and Demain, 2017; Paul and Joshi, 2022). Their structures 

are made up of tiny filaments called hyphae, and a collection of these forms the mycelium 

(Riquelme, et al. 2018). Mycelium consists of a network of fine filaments known as hyphae. 

These hyphae create diverse and intricate networks with varying structures and functions. 

Mycelia are essential for nutrient absorption, decomposition, and forming symbiotic 

relationships with plants. Their design enables efficient nutrient transport and adaptation to 

environmental changes, making them crucial for maintaining ecosystem health and resilience 

(Wang et al., 2022). By exploring the literature, I established that current research has 

https://journals.asm.org/doi/10.1128/mmbr.00068-17
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demonstrated the tremendous potential of fungi in material science, but significant gaps remain 

in understanding their full capabilities, and their translation from conceptualization to actual 

usage. This study aims to fill these gaps by introducing novel methods and applications. 

Generally, fungal biology, at the intersection of chemistry, physics, nanotechnology, and 

engineering has proven to be a ground-breaking field over the years, with transformative 

potential, opportunity for developments, and innovative applications across several industries 

and the general society (Meyer). Generating materials from fungi (mycomaterials) is one of the 

innovative and modern approaches being used to explore the beneficial properties of different 

fungal strains (Rashdan and Ashour 2023). Notably, some fungi, such as Mucorales (e.g., 

Mucor and Rhizopus species), which have roles in the etiology of mucormycosis, can 

occasionally be pathogenic (Challa 2019), and their mycelial network can grow abundantly 

over a large area within a very short time (Hoffmann, et al. 2013). Fungi have long been 

primarily associated with public health concerns and food spoilage, yet this narrow lens 

overlooks their indispensable roles in ecology, nutrient cycling, symbiosis, and pathogenesis 

(Botha and Botes 2014). As Nicholas Money (2024) highlights in Molds, Mushrooms, and 

Medicines, fungi are essential agents of life, intertwined with biological systems from 

decomposition to medicine. However, with the growing human population, the need for more 

sustainable materials that can grow in a controlled manner, at a low cost, and within a short 

time frame has brought fungal-based materials into the spotlight (Alemu, Tafesse and Mondal 

2022). This provides an opportunity to explore their beneficial properties in addressing some 

of the persistent and emerging global challenges in material production (Haneef, et al. 2017). 

As materials enthusiasts and scientists, I are eager to determine whether fungal-based materials 

truly have the qualities for their vast potential. By reviewing existing literature and recent 

findings, I can uncover insights that help answer this question. 

Aside from the admirable physicochemical and mechanical properties of fungal 

microstructures which are well documented, they could easily grow on cheap substrates or 

agricultural waste materials such as wheat, corn, and other remnant carbohydrates (Jiang, et al. 

2017, Girometta, et al. 2019).  This system is efficient for waste recycling, and it aligns with 

the global track for green and circular economy (Alemu, Tafesse and Mondal 2022). This 

establishes the possibility of growing their materials across all economies, representing a huge 

potential for global adaptation. Similarly, existing data shows that almost 10% of the total 

carbon emission has its source from industrial processes (Italia, Patel and Shah 2016), and the 

final products that are fabricated from this in most cases are not recyclable (Alemu, Tafesse 



 

18 
 

and Mondal 2022). Aside from the fact that this already constitutes a huge environmental threat 

as pollutants (air, soil, water), demand is also expected to increase with increasing urbanization 

and human population (Alemu, Tafesse and Mondal 2022). The emission of greenhouse gases 

due to material exploration could exceed 18% of the global gas emission where it stood as of 

2010 (Penaloza 2017). Exploring materials from fungi could be a sustainable alternative that 

provides excellent output in a much safer manner. Fungal biology at the intersection with other 

fields is an evolving interdisciplinary research area, with promising potential. Most importantly, 

it offers opportunities for the management of economically significant fungi strains, and for 

the development of novel bioactive fungal materials (Abo Elsoud and El Kady 2019). This 

thesis reports a holistic use of fungal materials by conducting experiments with diverse strains, 

combining fungi with different bioactive under various conditions, and uses different 

components of the mycelium (either the mycelium itself or it's bioactive components). 

However, a journey into the literature leading up to this thesis on how these fungal structures 

could be tuned or combined with different bioactive and organic molecules makes their 

development even more fascinating. This helps to better understand the dimensions of the 

current study and to appreciate the depth of materials design I can achieve with fungi. 

1.3.1 Engineering Mycelia-Based Composites by Combining Living or Non-Living 

Fungal Microstructures with Nanoparticles. 

From their structural and biological characterization, I know that fungal cells which form the 

bulk mycelia are matrices containing varying biopolymers. These biopolymers (such as chitin, 

glucans, glycoproteins, etc.) have functional groups and chemical constituents to which 

different external functional materials can be combined with or coupled to to form composite 

materials. An example of these external bioactives that can be combined with fungal materials 

are nanoparticles (Mukherjee, et al. 2001).  From this process, structural modifications could 

be made to fungal materials, especially at their outer surface. Nanoparticles are tiny materials 

with dimensions between 1-100 nm (Murthy 2007). They can be inorganic (such as gold or 

titanium oxide nanoparticles), organic (such as chitosan nanoparticles), or hybrid, where the 

inorganic component has an organic surface (such as chitosan-coated gold nanoparticles). For 

hybrid nanoparticles with surface coatings, there is also the possibility of surface modification 

to achieve desired surface properties, which can include antibiotics, nutrients, ions, etc. (Kim, 

et al. 2023a). When nanoparticles (NPs) are coupled with fungi, they form highly functional 

mycelia-based nanocomposites (Mukherjee, et al. 2001). The mycelial network serves as the 

matrix for functionalization, and the interaction between the nanoparticles and the charged 

https://onlinelibrary.wiley.com/doi/10.1002/1521-3773%2820011001%2940%3A19%3C3585%3A%3AAID-ANIE3585%3E3.0.CO%3B2-K?msockid=16a1f6d7d2046fac311fe3fcd3cf6ecb
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group on the mycelia also offers the possibility of chemical adhesion (Mukherjee, et al. 2001). 

This interaction can occur in living mycelia, where the fungi direct the assembly of the 

nanomaterials onto their microstructure, forming living templated materials. This phenomenon 

was first reported for A.niger by (Li, Z., et al. 2003)in 2003. A new global discussion emerged 

in 2019 when the redox interaction between fungi and nanomaterials was reported (Bohu, et al. 

2019). Since then, more research on different templated materials has been published ( (Joy, et 

al. 2023, Birdsong, et al. 2025).  Alternatively, composite materials from fungal mycelia and 

nanoparticles can be engineered in situ on non-living mycelia. Here, the mycelia are dried and 

used directly or processed to form a stable, non-living matrix suitable for nanoparticle 

incorporation (Sivaprasad, et al. 2021).  Either way, the goal is to ensure the successful 

assembly of nanomaterials on the fungal mycelia at a concentration sufficient for use in the 

desired area of application. When these nanocomposites are formed, their overall properties 

differ from those of the original mycelia due to functionalization. As a result, the composite 

becomes a unique entity that integrates the characteristics of both the mycelia and the 

incorporated nanoparticles (Sharma, R., Jafari and Sharma, 2020). Such nanocomposites 

exhibit distinct properties compared to the native matrix, including variations in mechanical 

strength, thermal stability, optical responsiveness, and other functional attributes (Sharma, R., 

Jafari and Sharma, 2020). The potential application of the materials formed also depends on 

the properties of the overall composite (Sharma, R., Jafari, and Sharma, 2020).  

1.3.2 Modifications in Living Mycelium at the Fundamental Level  

Across fungal strains, thousands of microscopic threadlike materials called hyphae combine to 

form a bulk structure known as the mycelium (Islam, et al. 2017). These hyphae can vary in 

their organization (degree of branching or interconnections), partition patterns (septate or non-

septate), or biochemical profiles (polymer compositions) (Islam, et al. 2017). Generally, the 

individual hyphae are made of cellular structures, whose properties can be tuned in specific 

ways (Haneef, et al. 2017). Modifying each cell's characteristics (tuning) contributes to the 

overall structure of the mycelium, which is the bulk material formed from thousands of hyphae. 

For example, in how these cells can be tuned, the cell walls are made of structural carbohydrates 

and proteins like chitin and glucans (Gow and Lenardo, 2022, Gow 2025). In the presence of 

carbohydrate-rich nutrients (such as monosaccharides or disaccharides), which are monomers 

to these structural carbohydrates, more of these structural carbohydrates are rapidly synthesized 

(Hamad, et al. 2014). This impacts the overall physical and mechanical properties (filament 

thickness, strength, elasticity, flexibility, and load-bearing capacity), surface chemistry (surface 

https://pubs.rsc.org/en/content/articlehtml/2024/lf/d4lf00314d
https://pubs.rsc.org/en/content/articlehtml/2024/lf/d4lf00314d
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energies and wettability), and biochemistry (biomolecular constituents and polymer profile) of 

the bulk materials. These systems can be leveraged to engineer materials with desired 

properties in a very green manner by tuning from the fundamental level. Unlike other classes 

of materials like textiles or plastics, this form of materials engineering is done on the living 

fungus by controlling its properties right from inoculation. Interestingly, because of the 

sensitivity of fungi to various external changes such as temperature, pressure, nutrients, pH, 

and the presence of other bioactive materials, the tuning of living fungal structures can be 

tailored toward numerous applications by understanding how these changes impact the overall 

Structures (Schoder, et al. 2024, Haneef, et al. 2017). Because some of these processes are very 

cheap (including using waste materials) and easy to control, engineering materials from fungi 

offers an excellent modern approach to coupling novel materials development with profound 

sustainability (Girometta, et al. 2019). 

1.3.3 Fungal Polymers  

While I look at material engineering from the functionalization of the bulk materials to the 

tuning of growth at fundamental levels, there is also the importance of looking at subcellular 

levels where I can focus on trends in the exploration of polymers from natural and non-

renewable sources, and why fungal polymers have modern relevance. Modern industrialization 

utilizes different kinds of polymers across fields and processes, and for every single year, it is 

estimated that about 180m tons of these are consumed in different industries (Castillo, Valdez 

and Fariña 2015). The world is blessed with a huge range of plant species and other living 

organisms, and these have been a major source of useful biopolymers (Biswas, et al. 2022, 

Shankar et al., 2024). A common example is cellulose which has been extracted from plants 

(e.g. bamboo) and used in the paper industries for many years (Li, X., et al. 2024). Similarly, 

polyisoprene also called ‘natural rubber’ from Hevea brasiliensis has been extracted and used 

in many synthetic products such as common car tyres (Distler 2001). However, it is believed 

that the primary role of plants is to recycle oxygen, so when polymers are extracted via 

processes that lead to deforestation or subject the plants to the possibility of disease infestation, 

they are exploitative and environmentally non-friendly (Amer, et al. 2024). The increasing 

climate effect today is also believed to be a result of some of these activities, and caution has 

been recommended in their utilization (Gutti, Aji, and Magaji 2012). On the other end, 

petrochemicals derived from petroleum refining, or their derivatives, are another alternative 

source to generate building blocks for synthetic polymers (Speight 2020). For example, when 

olefins (e.g., ethylene and propylene) which are derived from petroleum are refined, their 
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polymeric form (such as polyethylene) has a very vast application as a synthetic resin to 

produce plastics (Speight 2020). Petroleum is found naturally as crude oil in underground 

reservoirs, and its exploration accounts for some of the most severe disruptions to natural 

habitats, loss of biodiversity (Ribeiro, et al. 2013), air and water pollution (Falih, et al. 2024), 

Greenhouse gas emission (Ma, et al. 2023), land degradation (Buzmakov and Khotyanovskaya 

2020), Public health risk and transportation accidents (Nisbet, Maibach and Leiserowitz 2011), 

and threat to ecosystem safety (Henry, Singh and Oyedotun 2023). In fact, there is emerging 

global consensus on the need for a drastic reduction in the use of non-renewable forms of 

material sources in the production process (Danish and Khan 2019). Some classes of animals 

such as Arthropods and reptiles also offer good structural polymers as part of their skeletal or 

integumentary system, and the use of these also dates to time immemorial (Liu, X., Zhang and 

Zhu 2019). For example, collagen has been extracted from marine creatures and ungulates 

(Chen, et al. 2023), and chitins from insects and crustaceans (Liu, X., Zhang and Zhu 2019). 

There is an increased call for the protection of biodiversity because, over the years, some 

species that once roamed the earth have gone into extinction due to human activities (Pulido-

Chadid, Virtanen and Geldmann 2023). With these realities, the need for alternatives was 

birthed, and the exploration of microbial options became a sustainable alternative 

(Suryanarayanan and Azevedo 2023).  

There are many useful fungal-derived polymers, including chitin, pullulan chitin, cellulose, 

mannans, and glucans, which are used for a variety of purposes (Manan, et al. 2021). Relevant 

to our choice in this thesis are chitin (made of repeating units of N-acetylglucosamine (GlcNAc) 

linked together by β-(1→4) glycosidic bonds), deacetylated chitin (chitosan), which is 

comprised of repeating units of glucosamine molecules, and glucan (a polysaccharide of 

glucose) (Sánchez-Machado, et al. 2019, Alemu, Tafesse and Mondal 2022). These structural 

polymers have excellent applications due to their biocompatibility, biodegradability, and 

antibacterial properties. In biomedicine, they are used in wound dressings, drug delivery 

systems, and tissue engineering (Patrulea, et al. 2015). The food industry benefits from 

chitosan's use in food preservation and as a natural additive, and it has been approved as safe 

for use by the United States Food and Drug Administration (USFDA) (Yan, et al. 2021). In 

agriculture, chitosan-based biopesticides and seed coatings enhance plant growth and disease 

resistance (Riseh, Vazvani and Kennedy 2023). Cosmetics utilize chitosan in skin and hair care 

products for its hydrating and strengthening effects (Lu, et al. 2015). Medical applications 

include the use of chitosan as dissolvable suture threads in surgery (Da Silva et al., 2020).  



 

22 
 

Environmental applications include water treatment for removing heavy metals and dyes, and 

biodegradable packaging as a sustainable alternative to plastics (Kumari and Kishor 2020). In 

addition, these fungal polysaccharides can also induce immune responses. For example, beta-

glucan is widely used as a food additive (Edo et al., 2024). These versatile applications 

highlight the potential of chitin and chitosan in creating innovative and sustainable solutions 

across various industries. Being bioactive, chitosan has also been processed to synthesize 

nanomaterials for a variety of applications (Bandara, et al. 2020). In summary, fungi present 

excellent pathways to material generation across their structural complexities, whether in bulk 

materials or polymers. 

1.4 Current Trends and Novelties in Materials Engineering from Fungi  

Although applied mycology is an emerging field, trends in research outputs from the literature 

show that it offers many opportunities for material development. By understanding the 

progression of these trends, I can highlight the uniqueness of the works reported in this doctoral 

thesis and their innovative contributions to fungal materials design and applications. While the 

scope of research is broad, I focus on pioneering and novel studies in the environmental and 

biomedical niches of fungal materials engineering. In the past few years, over 100 fungal 

strains have been reported in various publications for use in fungal-based materials or 

composites (Sydor, et al. 2022). Additionally, numerous patents related to fungal materials have 

been documented since the first filings in the United States in 2007 (Sydor, et al. 2022, Bayer 

and McIntyre 2016). Recently, researchers have explored fungal-based materials and 

composites, including the use of nanomaterials. Below, I outline a few examples of these 

innovative studies. 

1.4.1. Fungal-Mediated Self-Healing Concrete and Bio-Cementation (PF) 

Before 2018, the process of bio-cementation was predominantly associated with bacteria and 

was exclusive of fungi until researchers at Binghamton University, New York, made a 

breakthrough. The study, led by Professor Congrui Jin, explored fungi believed to have the 

potential to heal concrete cracks (Menon, et al. 2019). By inoculating fungal spores embedded 

into the concrete, the hypha of the fungal would grow into an interconnected three-dimensional 

network within the concrete. This network serves as a nucleation site for the precipitation of 

calcium carbonate (CaCO3), which helps to heal cracks in the concrete. In addition, 

germination produces calcium carbonate upon the appearance of cracks, effectively sealing 

them, this is due to longer spore viability.  This method also addresses the limitations associated 
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with using bacterial spores (Menon, et al. 2019). Interestingly, the group found that A. 

nidulans (MAD1445) can grow on concrete plates and promoting the precipitation of calcium 

carbonate, marking an excellent breakthrough (Luo, et al. 2018, Menon, et al. 2019).  The 

process of biocementation is straightforward: fungal spores and nutrient media are incorporated 

during the concrete mixing. The fungi grow and precipitate calcium carbonate with their 

filaments, leveraging the nutrients in the mixture (Van Wylick, et al. 2021). The three-

dimensional interwoven network of fungal filaments serves as the nucleation site for the 

precipitation of calcium carbonate (CaCO3). This system is especially effective for crack 

healing (Van Wylick, et al. 2021).This promising application also presents challenges. 

According to a review by Konwarh, Palanisamy and Jogi (2020), fungi used in biocementation 

have specific environmental requirements, such as moisture, temperature, and pH levels, which 

can be hindered by concrete's high alkalinity and low nutrient availability. The long-term 

durability of fungal-based bio-cementation is still under investigation, and some fungi can 

produce acids that degrade concrete, requiring careful management (Konwarh, Palanisamy and 

Jogi 2020).  

1.4.2 Super-Amphiphilic Janus Membrane 

In another pioneering study on fungal structures, the use of hydrophobins for the development 

of Janus membranes was reported by (Cavalcante and Szekely 2023) using Pleurotus ostreatus. 

The differential variation in the wettability profiles of different sides of P. ostreatus mycelium 

was established. The researchers discovered that surface wettability on the two sides of a 

mycelium grown under certain conditions differed significantly, with different records of 

surface contact angles. These are the side in contact with the growth media and the side with 

aerial growth. Owing to these surface chemistry differences; the authors proposed the 

utilization of the resulting mycelium as a Janus membrane filter suitable for selectivity in oil-

water separation. By definition, Janus membranes are a group of emerging materials that have 

contradictory surface properties, allowing for selective or novel transport properties (Yang, H., 

et al. 2016). This debut holds excellent potential in future environmental bioremediation. 

Despite the promising potential of fungal-based Janus membranes for applications like oil-

water separation, their efficiency still requires verification in real-world conditions. Real-world 

testing is essential to confirm their practical performance and address any challenges that may 

arise during actual use (Yang, J., et al. 2019). 
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1.4.3 Fungal Biobattery (Myco-energy) 

As the world continues to decarbonize and shift from non-renewable energy towards net zero, 

fungal materials have found a novel application in energy generation (Reyes, et al. 2024). In 

modern society, energy availability is one of the most pressing environmental challenges 

affecting people and industries across all regions of the world. With resource scarcity and 

ongoing conflicts, affected zones can now leverage the utilization of fungi for energy 

generation. This is possible because, in a novel study published in 2024 by (Reyes, et al. 2024), 

it was reported that when cellulose (a natural polymer) is used for the 3D printing of fungal 

electrodes, it could repurpose the metabolic activities of fungi for use in electrochemical 

devices. Interestingly, the study found that a ‘fungal biobattery generated between 300 and 600 

mV for several days, delivering 3–20 μA for external loads between 10 and 100 kΩ’. This 

biobattery was also reported to power a small sensor for up to 65 h. With the limitless 

availability of fungal materials, the possibilities seem endless, offering the potential for waste 

conversion to sustainable use. 

1.4.4 Mycelia-Based Packaging and Insulation Materials. 

Sustainable packaging has a lot of benefits, and so do eco-friendly insulation materials (Li, K., 

et al. 2022). In 2012, the first fungal-processed cotton materials that were used in packaging 

were reported and sent for use in a factory; the outcome materials surpassed expectations even 

when compared to the properties of polystyrene foam, making it suitable as a biodegradable 

packaging material (Holt, et al. 2012).  Because of low density and thermal conductivity, 

mycelia-based polymers have been used in thermal insulation and bio-foam (Li, K., et al. 2022). 

The principle is that polymers with lower thermal conductivity are better thermal insulators, 

and this was shown in the study by (Jones, et al. 2018), where mycelia composites were found 

to have excellent flame-retardant properties, making them less prone to fire.  There is a plethora 

of opportunities offered by fungi in materials development, and this will have a huge role in 

next-generation sustainable materials for diverse applications (Sun 2024).  More studies to 

unravel the physicochemical (mechanical, thermal response, etc.), biochemical (e.g., oxidative 

stress), and physiological changes (e.g., sporulation and production of secondary metabolites) 

that occur when a composite microstructure is formed from either living or dead mycelia, there 

will be better clarity and standardization that will be required for sustained production for 

translational application (Sun 2024).  The niche of applied mycology at the intersection of 

chemistry, physics, and nanotechnology will continue to evolve with promising outcomes 

(Elsacker, De Laet and Peeters 2022). 
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Table 1. Summary of Fungal-Based Material Applications in Recent Literature (2020–

2025) 

Application 

Area 

Fungal 

Strains Used 

Material/Composite 

Type 

Functional 

Benefit 

Key 

Reference(s) 

Bio-cementation 

/ Self-healing 

Concrete 

A. nidulans Fungal spores in 

concrete 

CaCO3 

precipitation, crack 

self-healing 

Menon et al., 

2019 

Janus Membrane 

for Oil–Water 

Separation 

Pleurotus 

ostreatus 

Natural mycelium 

membrane 

Amphiphilic 

surface, selective 

permeability 

Cavalcante & 

Szekely, 2023 

Biobatteries 

(Myco-energy) 

S. commune Cellulose-printed 

fungal electrodes 

Powers sensors, 

sustainable low-

voltage energy 

generation 

Reyes et al., 

2024 

Biodegradable 

Packaging & 

Insulation 

Ganoderma 

lucidum, T. 

versicolor 

Mycelium biofoam and 

packing structures 

Flame-retardant, 

biodegradable, 

thermal insulator 

Jones et al., 

2018; Holt et 

al., 2012 

 

1.5 Current Areas in the Application of Mycelia-Based Materials in this Thesis and 

Literature Records  

This thesis explores main areas (other than method developments): the formation of fungal 

composite microstructures with nanomaterials for applications such as heavy metal removal, 

bioremediation, biodegradable scaffolds, UV-radiation protection, non-wettable surfaces, and 

thermal stability; the tuning of fungal morphometrics using various sugars and sugar alcohols; 

the sensitivity, tuneability, and potential for self-control in Mucorales when exposed to 

glyconanoparticles, including those formed from polymers extracted from these fungi. Below 

I give an overview of the current state of knowledge and progression in these areas, establishing 

the depth of new contributions made by this doctoral research, with further detailed discussions 

in each results chapter. 

1.5.1 Environmental Monitoring for Heavy Metal Detection and Removal 

The safety of humans and the ecosystem is a global necessity, and monitoring the environment 

to detect and remove harmful contaminants is crucial for sustaining this (Zulkifli, Rahim and 

Lau 2018). Various classes of toxicants can be found in the environment, including persistent 

heavy metals (e.g., Pb, Hg, Cd, Cr), pesticides, oil residues, and antimicrobial-resistant 

organisms (ARGs) (Alengebawy, et al. 2021). Removing these contaminants is of public health 
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importance, and the methods adopted must not introduce new classes of contaminants, as has 

been seen in some situations (Sharma, S. and Bhattacharya 2017). Given that environmental 

contamination is a global problem, the toxicant removal system must be globally adaptable and 

readily available across all economies (Cutrupi, et al. 2024). Additionally, it must be highly 

effective and sensitive, suitable for use even with low concentrations of contaminants (Alves 

and Alves 2022). The growing human population exacerbates these issues, necessitating urgent 

and sustainable responses (Sharma, S. and Bhattacharya 2017). As an example, various nano 

or biomaterials methods (adsorption, solvent extraction, chemical precipitation, photocatalytic, 

flotation, inn exchange, Phyto remediation,  etc.) have been tried for the removal of mercury 

down to 0.002 mg L−1 maximum acceptable standard (Sarma, Sen Gupta and Bhattacharyya 

2019, Vikrant and Kim 2019, Gore, C. T., et al. 2016, Kumar, Smita and Flores 2017), and 

previous research has identified their challenges, especially the reduced mercury adsorption 

rate by the adsorbing materials (Goci, et al. 2023). The application of fungi in a process called 

mycoremediation has also been well researched and documented (Gadd, 2001). Chitosan-based 

nanocomposites have been introduced but face challenges in forming a self-sustained matrix 

(Goci, et al. 2023). Traditional biochar offers a low-cost solution, but depending on the starting 

materials, it can constitute a pollution channel to the environment (Gelardi, Li and Parikh 2019). 

Alginate seaweed, which can also be derived from biochar, offers efficient mercury filtration 

platforms with a highly sustainable natural matrix but is costly (Chaouay, et al. 2024). The new 

goal is to develop an effective filtration system, offers a good adsorption matrix, is highly 

sustainable in its production process, and is less likely to constitute environmental 

contaminants. This thesis focuses on mercury detection, modelling its detection and removal 

using fungal-mediated composite microstructures inspired by nature. This approach aims to 

provide an effective and globally adaptable solution to environmental contamination. By 

leveraging the unique properties of fungal structures, I can develop innovative methods for 

sensing and bioremediation, addressing the pressing need for efficient and sustainable 

environmental monitoring and cleanup. This research not only contributes to scientific 

knowledge but also offers practical solutions for mitigating the impact of toxic contaminants 

on our environment. 

1.5.2 Multifunctional Scaffold: UV-Shielding, Thermal Protection, and Water Repellence 

of Fungal-Based Composite Materials 

Climate change impacts have greatly increased in recent years, as evidenced by record-

breaking environmental data recently published (Bais, et al. 2018). For example, January 2025 
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recorded the highest global temperatures for the month, with an average ERA5 surface air 

temperature of 13.23°C, which is 0.79°C above the January average from 1991-2020 and 

1.75°C above pre-industrial levels (National Centers for Environmental Information 2025). 

Additionally, the period from February 2024 to January 2025 was 0.73°C above the 1991-2020 

average and 1.61°C above the estimated 1850-1900 pre-industrial average (National Centers 

for Environmental Information, 2025). Due to the depleting ozone layer, UV radiation reaching 

the earth does so with increased intensity, posing significant health risks and necessitating the 

development of UV-radiation-protective materials (Bais, et al. 2018). UV-blocking materials 

vary in protection levels based on their Ultraviolet Protection Factors (UPF) (Rabiei, et al. 

2022). Biopolymer-based nanocomposites have shown remarkable potential in UV-radiation 

protection, with UPF values greater than 30. Fungal melanin has also been deployed as an 

ionizing radiation shield (Dadachova et al., 2008). Other Examples include lignin (UPF 50+), 

chitosan (UPF 50+), cellulose (UPF 30-50), and textile fabrics (UPF 15-50) (Gore, A. H. and 

Prajapat 2022, Kim, et al. 2023b, Lv, et al. 2023, Saha, et al. 2024). Nanomaterials such as 

titanium and zinc oxide nanoparticles, combined with biopolymers, offer excellent 

opportunities for UV protection. UV radiation (100-400 nm) is divided into UV-A, UV-B, and 

UV-C, with UV-C being the most damaging but fully absorbed by the ozone layer. UV-A and 

UV-B contribute to health issues like cancer and DNA damage. This thesis redefines this niche 

by introducing mycelia as a possible sustainable alternative. Guided by the optical and 

biological properties of mycelia and their ability to survive in extreme conditions, I believe this 

can be utilized for human benefits in UV radiation protection. This approach aims to provide 

effective and globally adaptable solutions to environmental contamination, leveraging the 

unique properties of fungal structures for innovative methods in sensing and bioremediation. 

This research not only contributes to scientific knowledge but also offers practical solutions 

for mitigating the impact of toxic contaminants on our environment. 

Beyond UV-radiation protection, composite structures from biomaterials are increasingly used 

in smart applications due to their desirable properties (Dave, et al. 2024). For instance, TiO2 

NPs provide hydrophobic surfaces, thermal stability, and antibacterial properties (Yang, M., et 

al. 2018). Starch-based films, chitosan-based nanocomposites, and polyhydroxyalkanoates 

(PHA) are examples of biodegradable materials used in smart packaging for monitoring food 

quality, extending shelf life, providing antimicrobial properties, and offering real-time 

freshness detection (Yang, M., et al. 2018). These materials either have the desired surface 

properties for non-wettability or are thermally suitable for their intended use. Hydrophobic 
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materials can be used in sustainable packaging to reduce contamination (Frota, et al. 2022). 

Certain nanomaterials like TiO2 nanoparticles confer hydrophobicity by interacting with 

hydrophilic groups or through nano-hierarchical structures, creating air pockets that prevent 

water adhesion (Liu, S., Wang and Yang 2024, Zhang, et al. 2016). Additionally, they enhance 

thermal stability in polymers through mechanisms such as kinetic stabilization, which hinders 

phase transformation and particle growth by arranging particles at particle boundaries to slow 

diffusion rates (Andrievski 2014). Oxidation resistance is another mechanism, where 

nanomaterials absorb energy and shield the matrix, making them suitable for use under varying 

conditions (Chrissafis and Bikiaris 2011). These properties make fungal-based composite 

materials a promising solution for UV-shielding, thermal protection, and water repellence in 

various applications, as proposed and researched in this doctoral thesis. The increasing use of 

nanomaterials in smart and sustainable applications is opening opportunities to enhance current 

technologies and create entirely new ones (Dave, et al. 2024). 

1.5.3 Harnessing Fungal Sensing and Nanotechnology for Environmental Monitoring and 

Biocontrol.  

Beyond what I can do with fungi or fungi-based composites, there is also a lot that can be done 

to control fungal growth. This includes studying their environmental sensitivity and using 

chemicals introduced to their environment to direct their growth and structural properties 

(Mukherjee, et al. 2001). Fungi play a crucial role in environmental sensing and biocontrol due 

to their unique biological mechanisms and sensing abilities (Gohel, et al. 2022). Bioactive 

polymers derived from fungi, such as chitosan and others, have demonstrated antimicrobial 

properties and are widely used in nanoparticle synthesis for diverse applications. (Lopez-Moya, 

Suarez-Fernandez and Lopez-Llorca 2019). This study introduces a novel agar-bridge model 

to investigate nutrient-sensing in Mucorales species, specifically M. rouxii and R. oryzae. This 

model allows for advancements, characterizations, and real-time observation of fungal 

responses to glucose- and chitosan-capped gold nanoparticles (AuNPs). 
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1.6 Research Objectives 

This thesis explores the multifaceted applications of nanoparticles and mycelia-composite 

structures in addressing pressing environmental and biomedical challenges. Specific areas 

covered are: 

1. Method Developments in Fungal Morphometrics: Determining the effect of spatial 

variation and processing methods on material outcomes. 

2. Synthesis and Characterization of AuNPs: Determining the physicochemical and 

optical properties, stability, and toxicity of gold nanoparticles (AuNPs) with different 

surface functionalizations on various cell lines in vitro. 

3. Colorimetric Sensing of Mercury Ions: Investigating the use of gold nanoparticles 

capped with glucose, citrate, cefaclor, etc., in colorimetric sensing, particularly their 

effectiveness in detecting mercury. 

4. Engineering Novel Composite Microstructures for Wastewater Bioremediation: 

Forming nanoparticle-mycorrhizal composites using A. niger (via a biomimetic 

system) and evaluating their potential as bioactive matrices for mercury filtration from 

wastewater. 

5. Correlation of Fungal Morphometrics to Carbohydrate Variation: Using 

carbohydrate variation to tune the mechanical properties and surface chemistry of five 

fungal strains (A. niger, B. cinerea, S. commune, T. versicolor, and R. oryzae). 

6. Developing Multifunctional Titania Nanoparticle-Modified Materials: 

Characterizing M. rouxii and R. oryzae mycelia, and in situ deposition of Titania 

nanoparticles on the mycelia. Examining the resulting composites for their potential as 

biodegradable scaffolds in UV-shielding, water repellence, and thermal stability. 

7. Chitosan Biopolymer from Shrimp and Fungal Origins: Comparing their 

application in AuNP synthesis and their nutrient-sensing effect in fungal control. This 

involves the extraction and characterization of the polymer, determining the 

physicochemical and optical properties of the respective AuNPs, and their application 

for fungal growth control using a novel agar bridge model. 
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CHAPTER 2 

Experimental Methods  

This chapter contains information about the methods that were used in sample preparation, the 

condition and mode of characterization of samples, and all other analyses used. In addition to 

detailing the technical processes, this chapter directly addresses Objective 1: Method 

Developments in Fungal Morphometrics, by establishing the methodological framework used 

to assess how spatial variation and processing methods influence fungal material properties, 

supporting the development of morphometric techniques. 

2.1. Spectroscopy Based characterization. 

2.1.1 Ultra-Violet Visible Light (UV-Vis) Spectrophotometry  

Ultra-violet visible light spectrophotometry (UV-Vis) is an analytical technique that can be 

used for the quantitative or qualitative determination of analytes within the ultraviolet and 

visible electromagnetic radiation regions (190 - 800 nm) (Passos and Saraiva 2019). The 

instrument for this method is the spectrophotometer. Depending on its type, it can be used for 

samples either in solid state, or the determination of analyte in solution following the Beer 

Lambert Principle (A = ε × b × c; A: absorbance, ε: molar absorbance coefficient, and b: is the 

path length). The amount of the light that is absorbed by the analyte correlates with its 

concentration in the solution (Tissue 2002). 

2.1.1.1 Operational Principle  

When an analyte is placed on the light path of an incident electromagnetic radiation (ƛ) within 

the UV-Vis region, it interacts with the light thus creating measurable attenuation because of 

absorption, reflection, scattering, or interference (Passos and Saraiva 2019). This phenomenon 

can be used in quantitative determination of analytes such as measuring the concentration of a 

molecule in solution, stability of a material over time (qualitative), or the presence of a certain 

molecule in solution (Akash, et al. 2020).  

2.1.1.2 Instrument Description and Application in this Thesis.  

In this study, a Cary-50 Bio UV-Vis spectrophotometer (Agilent Technologies) and a JASCO 

V-670 double-beam spectrophotometer were used to determine the surface plasmon resonance 

(SPR) properties of colloidal gold nanoparticles, as well as the UV-radiation absorption of 

fungal mycelia. For liquid samples, the method provided information about the unique 

absorbance regions of the nanoparticles, indicated by distinct SPR peaks. Au NPs exhibit SPR, 
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where surface electrons oscillate in response to light, enhancing absorption and scattering at 

specific wavelengths (Huang and Yang, 2004). A polystyrene cuvette (SARSTEDT 10×10×45 

mm) was used as the sample holder along the light path, and measurements were taken at 25°C 

within the 300–800 nm wavelength range. For solid samples, UV measurements were 

conducted between 200–800 nm for pigment characterization and UV absorption analysis of 

fungal mycelia. 

2.1.1.3 Limitations of instrument and method within the scope of this thesis  

This method is suitable for the quantitative and qualitative determination of the properties of 

NPs in colloidal states. However, it could be insensitive to slight variations in NPs size 

especially when the colloidal properties are retained (Tomaszewska, et al. 2013). UV-Vis is 

also a bulk characterization technique and does not give information about individual NPs, 

creating the need for complementary characterization methods (e.g., TEM or DLS) 

(Mourdikoudis, Pallares and Thanh 2018). In this study, UV-Vis was used in conjunction with 

other methods to ensure accurate interpretation of nanoparticle behaviour and material 

performance. 

2.1.2. Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) Spectroscopy is a non-destructive technique detailing the 

interaction between a matter and electromagnetic radiation within 4000 – 400 cm-1 wavelength 

region (Xiang 2018). It can be used in structural elucidation, identification of compounds 

(Daéid 2005), monitoring the role of biomolecules in a reaction (Padhi and Behera 2022), 

mapping of cellular components (Berthomieu and Hienerwadel 2009), and for the investigation 

of the nature and behaviour of substances under specific conditions. Information is   revealed 

through the characteristic IR spectra of the bonds in that sample (Tranter 2017).   

2.1.2.1. Operational Principle  

In principle, an IR Spectrophotometer produces a beam of IR irradiation (4000 - 400cm-1) 

which is interfered with and recombined by the interferometer creating constructive and 

destructive interference (interferogram) (Mohamed, et al. 2017). When the interferogram 

reaches the sample at the sample compartment, the frequency of its energy is selectively 

absorbed according to the analyte’s distinct properties Mohamed, et al. (2017). The signal from 

this versus all the frequencies is then simultaneously measured by the detector to give a unique 

IR vibration indicative of the analyte (Mohamed, et al. 2017). For a molecule to exhibit IR 

absorption, it must have a changing electric dipole moment during its vibrations. These 
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vibrations should have resonant frequencies within the IR region to absorb infrared radiation 

(Malik and Kumar 2016).  

2.1.2.2. Instrument Description and Application in this Thesis. 

All IR measurements for vibrational assignment in this thesis were done using a Thermo 

Scientific NICOLET iS50 FT-IR, with a DTGS detector and a KBr beam splitter. Spectral 

source is IR, optical velocity is 0.47, Aperture is 87, maximum wavelength range is 4000 cm-1 

and minimum range is 500 cm-1, with a total of 120 scans for each of the materials. The 

instrument is connected to Thermo Scientific OMNIC software, which is used for processing 

data from IR experiments before export. This technique was applied to: 

1. Confirm the presence of capping agents (e.g., glucose, chitosan) on AuNPs. 

2. Identify functional groups in fungal mycelia and their composites. 

3. Assess chemical interactions between nanoparticles and fungal matrices. 

2.1.2.3 Limitations of instrument and method within the scope of this thesis 

This instrument is environmentally sensitive and multiple background scans before sample 

scans are required to avoid spectra variations (Faghihzadeh, et al. 2016). The method is also 

susceptible to temperature variation and samples must be run under similar conditions(Cadet, 

et al. 2006). Generally, homonuclear molecules such as O2, Cl2, and H2, do not have IR spectra 

due to a lack of dipole (American Chemical Society, Tyner and Francis 2016). In the context 

of this thesis, FTIR was effective for identifying functional groups, but it does not provide 

spatial resolution or detailed structural information, making it necessary to complement it with 

techniques like XRD or SEM for full material characterization. 

2.1.3. Nuclear Magnetic Resonance Spectroscopy  

Nuclear magnetic resonance spectroscopy is a powerful and versatile method for compositional, 

interactions, and structural elucidation at the atomic level in chemical and physical science 

(Levy and Craik 1981, Simpson, Simpson and Soong 2012). The change of phase, solubility 

and diffusion patterns, and alterations in the configuration and conformation of a sample can 

also be monitored via NMR (Singh, M. K. and Singh 2022a).  

2.1.3.1 Operational Principle  

The principle guiding the NMR technique has been outlined to better under understand it 

operationality, and this works based on charged nuclei of an atom which have multiple spins 

(Singh, M. K. and Singh 2022b) (. When an external magnetic field is created around this, there 
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is transfer of energy usually from lower to higher levels  (Hodgkinson and Emsley 2000) . 

According to Pykett, et al. (1982) , radio frequency makes the absorption of these energy 

transfer possible, and it is distinct to the type of nuclei (e.g., proton or carbon relevant for this 

study) and the chemical environment of the nucleus (Koshani, Jafari and van de Ven 2020). 

This absorption has been recorded to depend on location of the nuclei in the magnetic field 

(Singh, M. K. and Singh 2022c). By returning to rest, the nuclei spin generates and energy 

emission within the same frequency, which is then transferred, detected, and processed to 

produce the NMR spectrum (Johnson and Schmidt-Rohr 2014) NMR application in colloid 

analysis and materials chemistry has been significant over the years, for example, it has been 

extensively used in the determination of the interaction between molecules and nanomaterials 

(Pestov, et al. 2015) , as well as their bioactivity and chemical status. In this study it was 

important in, determining the degree of deacetylation of Chitin (Lavertu, et al. 2003). 

2.1.3.2. Instrument Description and Application in this Thesis. 

Nuclear magnetic resonance (NMR) spectra for samples were obtained using a Jeol ECX-400 

spectrometer (1H: 400 MHz and 13C: 100.6 MHz. Chemical shifts (δ) are quoted in ppm and 

coupling constants (J) in Hz). Sample solutions were made in DCl and D2O and transferred to 

an NMR tube (5 mm × 8 in. Sigma Aldrich® ColorSpec® NMR tubes,  

0.38 mm thick). The NMR procedure was done at 70 oC and the spectra were analysed with 

ACDLabs Spectrus Processor 2023.2 (From Nottingham Trent University Software Hub). 

2.1.3.3. Limitations of the instrument and method within the scope of this thesis 

This method processes samples in solution, and because of the limitation with chitin solubility, 

the extensive use of this method in characterizing the chemical structure of chitin was limited.  

2.1.4. Inductively Coupled Plasma Mass Spectrometry (ICPMS) 

Inductively Coupled Plasma Mass Spectrometry (ICPMS) is a very sensitive analytical 

technique that can detect, quantify, and report the elemental composition of samples at trace 

levels (Mazarakioti, et al. 2022). Unlike graphite furnace atomic absorption spectroscopy 

(GFAAS), ICPMS is quite advanced, capable of multielement analysis at a single run, equal or 

better detection limits (Al-Hakkani 2019) , and it is isotope specific (Vincent 2016) .   

2.1.4.1 Operational Principle 

The sample to be analysed is introduced into the instrument and converted into an aerosol mist 

(Singh, A. K. 2016a). Solutions are vaporized using a nebulizer, solids are sampled using laser 

ablation, and gaseous samples are used directly. This aerosol is then transferred to a high-
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energy argon plasma, where atomization occurs, leading to ionization of the sample. In the 

plasma, which contains electrons and positively charged argon ions, the atoms lose electrons 

and become positively charged. The positive ions from the sample are extracted from the 

plasma into a mass analyser, where they are separated based on their mass-to-charge ratio. After 

mass separation, the ions strike a detector that identifies them across a range of masses (Singh, 

A. K. 2016b).   

2.1.4.2 Instrument Description and Application in this Thesis. 

In this study, a NexION 100 ICP Mass Spectrophotometer was used in the quantification of Au 

metal from AuNPs-Mycelia Composite Microstructure. The sample was run (in ppm) with the 

known concentration of Au from the internal standard. 

2.1.4.3 Limitations of the instrument and method within the scope of this thesis 

1. The detection limits in ICP-MS typically fall within the nanomolar (nmol/L) range for most 

elements (Wilschefski and Baxter 2019). 

2. Potential for interference due to matrix effects, depending on the nature of the sample 

(Beauchemin 2017). 

2.2.0 Dynamic Light Scattering and Zeta Potential  

Dynamic Light Scattering (DLS) also known as Photon Correlation Spectroscopy (PCS) or 

Quasi-Elastic Light Scattering (QELS) (Malm and Corbett 2019a, Stetefeld, McKenna and 

Patel 2016), and zeta potentials are non-destructive light-based measurement techniques for 

the size (hydrodynamic) and surface charge of dispersed nano- and micro-scale particles 

respectively (Bhattacharjee 2016a, Malm and Corbett 2019b).   

2.2.1. Operational Principle  

The principle of hydrodynamic size measurement via DLS is guided by the measurement of 

the intensity of fluctuation of scattered light due the Brownian motion of the molecule in 

solution(Stetefeld, McKenna and Patel 2016). Light scattering in all directions is a result of 

interaction between monochromatic beam of light and the solution in a cell on the light path 

containing the macromolecule, and this is a function of the size and shape of the molecule 

(Stetefeld, McKenna and Patel 2016).  DLS allows for the direct measurement of samples, and 

it is very sensitive to the state of agglomeration or clustering behaviour of particles in solution, 

a phenomenon which may be undetected in some instances under an electron microscope 

because of drying (Brydson, et al. 2015). However, the method measures hydrodynamic size 
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including the solvent layer around the particle (Eaton, et al. 2017). The Zeta or electrokinetic 

potential (ZP) is the shear/slip plane potential of a colloid moving under an electric field 

(Bhattacharjee 2016b) . ZP provides information about the electric state of charged surfaces 

(Pochapski, et al. 2021). Though not directly measurable, ZP can be experimentally determined 

from the electrophoretic mobility of the nanomaterial (Pochapski, et al. 2021), reflecting 

potential differences between the electric double layer (EDL) of the particle under 

electrophoretic mobility and the layer of the surrounding dispersant (Bhattacharjee 2016c).  

2.2.2. Instrument Description and Application in this Thesis. 

The overall surfaces charge and zeta potential of the NPs colloidal solutions were measured by 

Zetasizer Nano-S Zen 600 (Malvern Instruments Ltd.) with DTS1070 folded capillary cells 

(Malvern Instruments Ltd.). Both size and zeta potential measurements were taken at 25°C 

after 120 sec equilibrations with water as the dispersant (η 0.8872 cP, n 1.33 and εr 78.5) and 

gold (n 0.2 and absorbance 3.32) as the material. This instrument only measures hydrodynamic 

size.  

2.2.3. Limitations  

DLS is a bulk technique, and the instrument measures the hydrodynamic radius of multiple 

particles within a colloidal sample. With a few aggregates, the overall average size of the NPs 

can be greatly influenced, creating the need for complementary size measurement with electron 

microscopes (Mourdikoudis, Pallares and Thanh 2018). In this study, these limitations were 

mitigated by using complementary techniques such as XRD and electron microscopy to 

validate particle and crystallite size and morphology. 

2.3. X-ray related characterization techniques. 

2.3.1. X-Ray Diffraction  

X-Ray diffraction (XRD) is a non-destructive analytical technique through which the detailed 

crystallographic structure, material components, and the physicochemical nature of materials 

can be determined (Titus, James Jebaseelan Samuel and Roopan 2019). The technique offers 

complementary information about the purity, size, morphology, and the phase of a materials, 

complementing other microscopic and spectroscopic techniques (Holder and Schaak 2019).  

 



 

36 
 

2.3.1.1. Operational Principle  

The principle guiding the operation of this technique is based on the constructive interference 

between monochromatic incident x-Ray radiation and a crystallite sample along the light path 

which generates a diffracted x-ray which is processed and counted.  To obtain a diffraction 

pattern, the diffraction intensity at different angles (2θ) region is plotted. Each material has a 

unique diffraction pattern due to its specific crystal structure, which is defined by the 

arrangement of atoms in the unit cell, the type of atoms present, and the interatomic distances. 

These structural features determine the angles and intensities at which X-rays are diffracted, 

producing a characteristic pattern (Raja, et al. 2022). 

2.3.1.2 Instrument Description and Application in this Thesis. 

X-ray diffraction diffractograms for the sample to determine crystalline and domain properties 

were determined using a Rigaku Ultima IV X-Ray Diffractometer. Samples were run (on a 

Rigaku silicon low background specimen holder at 40 kV and 50 mA (λ=1.540593 Å) between 

5 – 80 2θ, scans were obtained in step mode; step size was 0.002o and scan speed 0.5 deg./ min. 

2.3.1.3 Limitation 

The instrument is highly phase-sensitive (amorphous or crystalline), and post-synthesis 

modification (calcination) of some samples such as TiO2 NPs was required before their crystal 

structure could be determined (anatase or rutile).  

2.4. Microscopy-based Characterization Techniques  

2.4.1. Scanning Electron Microscopy 

The scanning electron microscopy (SEM) is an advanced electron-based microscopy technique 

suitable for imaging the microstructural arrangements and morphological orientation of 

materials (Omidi, et al. 2017).  

2.4.1.1 Operational Principle  

In principle, when an electron beam which a low energy is scanned across the surface, there 

are a lot of different interactions, and the sample emits photons and electrons near its surface 

(Sampath Kumar 2013a). For imaging, the photon and electron signals (e.g., the secondary 

electrons, backscattered electrons, and cathodoluminescence) from the sample are detected by 

the instruments’ detectors (Omidi, et al. 2017a). The secondary electrons are usually emitted 

from the material surface, and they are important in surface analysis (Koga, et al. 2021). 
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2.4.1.2 Instrument Description and Application in this Thesis. 

For this study, a scanning electron microscopy (JSM-7100F LV FEG-SEM) with an EDX 

detector (JEOL JED-SDD 30 mm2 window) was used in evaluating the detailed morphological 

structure of the fungal biomass, fungal polymers, and nanoparticle functionalized mycelia 

microstructures. Prior to imaging, the samples were fixed on a coverslip (AmScope 100pc pre-

cleaned 18mm Diameter Round Microscope Glass Cover Slides Coverslips) already attached 

to am SEM stub (JEOL Ø9.5 x 9.5mm cylinder SEM sample stub – aluminium), and then 

carbon coated through a pulse cord (10 nm) using a Quorum Q150R ES Sputter Coater.  

Imaging was done at an accelerating voltage of 5-20 kV with a working distance of 10 µm at a 

magnification range between 40 – 50000X.  

2.4.1.3 Limitations  

SEM uses a focused electron beam; this can be highly destructive to samples, especially soft 

or dielectric materials. This leads to issues like electron charge build-up and deformation due 

to absorption-based heating thereby limiting their use on some biological samples and natural 

polymers (de Haan, et al. 2019). Similarly, SEM has a resolution limit about 1.2 nm, and 

HRTEM offers a better alternative to characterize extremely small nanomaterials (Barhoum 

and Luisa García-Betancourt 2018).  

2.4.2. High-Resolution Transmission Electron Microscopy (HR-TEM)  

Transmission electron microscopy (TEM) is another electron-based microscopy technique that 

is used for the determination of the morphological orientation, crystal structure, and 

composition of materials at a higher resolution than the SEM (Omidi, et al. 2017b). 

2.4.2.1 Operational Principle  

 The principle guiding the operation of the HR-TEM is as follows. According to Omidi, et al. 

(2017) and  Sampath Kumar (2013), The electron gun located vacuum chamber emits electrons 

which are directed towards the sample by electrostatic lenses. The interaction between the 

electrons and the sample leads to absorption (or scattering) while some are transmitted through 

the sample to hit the electron detectors at the bottom of the microscope thus forming the image. 

The output of the sample image is not only a function of the instrument, the properties of the 

material such as density play an important role. A dense material absorbs more electrons 

making the output darker (Ong, Appleford and Mani 2014).  
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2.4.2.3 Instrument Description and Application in this Thesis. 

The NP size and morphological orientation in these were assessed through digital micrographs 

obtained with a JEOL JEM-2100Plus transmission electron microscopy (TEM) fitted with a 

LaB6 filament operating at an accelerating voltage of 200 kV. Samples were prepared by 

depositing 5 µL of colloidal NP samples onto 200 mesh carbon-coated grids (Quantifoil Micro 

Tools GmbH), and micrographs were taken with an Orius SC200 CCD camera (Gatan Inc.). 

2.4.2.3 Limitations  

Conventional TEM can only be used in analysing thin-sectioned samples (especially 

biomaterials), owing to the design of the instrument, resulting in two-dimensional images 

(Malatesta 2021). Even when tomographic approaches are used, the samples are still sectioned, 

but 3D images are obtained (Malatesta 2021).  

2.4.3. SEM/EDX – HRTEM/EDX  

The X-ray detector used in this study is a JEOL JED-SDD 30 mm2 window attached to either 

the Scanning or the Transmission electron microscope. For each sample, 100 scans at 5 scans 

per/ min were run to obtain an EDX map and for elemental detection and quantification. 

Electron voltage or current was adjusted to hit the Kα or Lα of the element of interest.  Mapping 

the elemental composition of a sample is very essential for qualitative and confirmatory 

assessment, Energy Dispersive Xray is a technique that works in association with electron 

microscopy to reveal this (Scimeca, et al. 2018). EDX can be used in endogenous or exogenous 

mapping and detection across various analyte groups (Golding, et al. 2016). When an electron 

beam is radiated on a sample, it generates X-rays which are unique to the nature and 

characteristics of the material’s elemental composition. This can be intercepted by the attached 

X-ray detector and converted to a voltage pulse once it enters the detector. The voltage pulse 

depends on the X-ray energy, and samples with low energy can be increased by increasing the 

current of the beam and scanning period (Raval, et al. 2019). 

For each sample, 100 scans at 5 scans per/ min were run to obtain an EDX map and for 

elemental detection and quantification. Electron voltage or current was adjusted to hit the Kα 

or Lα of the element of interest. Mapping the elemental composition of a sample is very 

essential for qualitative and confirmatory assessment, Energy Dispersive Xray is a technique 

that works in association with electron microscopy to reveal this (Scimeca, et al. 2018). EDX 

can be used in endogenous or exogenous mapping and detection across various analyte groups 
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(Golding, et al. 2016). However, EDX is primarily a qualitative technique, and may not be very 

effective for the analyses of elements with low atomic numbers (Soldado, et al. 2022). 

2.4.4. Light/Fluorescence Microscopy  

These microscopes are powerful instruments that use glass lenses to magnify objects, allowing 

direct observation through binocular eyepieces. They can visualize objects and archive total 

magnification by the dual roles of objective and eyepiece magnifications, with a range from 04 

to 1000 X (Holgate and Webb 2003). 

2.4.4.1 Operational Principle  

The light generated from a light source (within 400 -700 nm range) passes through a sample 

on the stage and is then submitted to the lenses of the microscope to obtain magnified images 

that correspond to the area of the sample being focused on (Exbrayat 2016). The quality of the 

image that is seen on a screen or within the objective lenses may differ, depending on if the 

image is created from visible light or from fluorescence generated within the sample.   

2.4.4.2. Instrument Description and Application in this Thesis. 

A THUNDER fluorescence Imager -Live Cell & 3D Assay- from Leica was used in this study 

to image the growth pattern of mycelia in the agar-bridge nutrient-sensing of M. rouxii and R. 

oryzae with Chitosan-AuNPs. The equipment is built on a fully motorized DMi8 microscope, 

in a Quantum Stage, and has a K8 camera which is highly sensitive. The fluorescence is 

produced from a multi-line, high-intensity fluorescence LED light source. It is designed for 

simultaneous imaging of multiple points within a single analysis.  

2.4.4.3. Limitations  

1. Simultaneous imaging of samples at different contrast areas can be difficult.  

2.5. Tensiometry-Surface Wettability  

This method determines the ability of a solid (mycelia) to be wet by a liquid (water or 

diiodomethane), and it is used as a measure of their liquid repellence as a function of interacting 

surface energies (Gulfam and Chen 2022). 

2.5.1 Operational Principle  

The static contact angle of a solid surface, determined using the sessile drop method, involves 

placing a droplet on a solid surface and capturing an image using an attached optical 

microscope. The contact angle of the droplet on the solid surface is then calculated by fitting 
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the Young-Laplace equation around the droplet (Quetzeri-Santiago, Castrejón-Pita and 

Castrejón-Pita 2020), although alternative fitting methods like circle or polynomial can also be 

employed (Quetzeri-Santiago, Castrejón-Pita and Castrejón-Pita 2020). 

2.5.2 Instrument Description and Application in this Thesis. 

In this study, the contact angle was recorded by an Attention Theta Lite Tensiometer (connected 

to a Navitar Zoom 6000® Lens System with a magnification range of 0.09-393X), via the 

OneAttension software. A volume of 4 µL of double deionized water or diiodomethane was 

used as the fluid (polar and non-polar respectively) for the experiment at different points on the 

mycelia surface, and this was done three times. The experiment followed the procedure 

described by (Mourdikoudis, Pallares and Thanh 2018a). The Surface free energies of the 

surfaces were calculated using the (Fowkes 1964).  

2.5.3. Limitations 

1. Experimentally, mycelia do not grow to have uniformly flat or planar surfaces, therefore 

more samples are required to get enough flat surfaces suitable to data collection (Marie and 

Torbjörn 2007).  

2. Contact angles from a tensiometer cannot directly give information about the surface 

energies without further processing.  

2.6. Thermogravimetric Analysis (TGA) 

Thermogravimetric Analysis is type of thermal analysis technique that can be used in the 

determination of material composition, quantification, and change in the physical or chemical 

properties along a temperature region (Parameshwaran, et al. 2018).  

2.6.1 Operational Principle  

The method involves the determination of change in mass of a sample under controlled 

isothermal condition or a linearly changing temperature in a given atmosphere (Wunderlich 

2001). For materials, this method can be used to determine thermal stability of materials, fibres 

and polymers (Gomes, et al. 2018), as well as the biomolecule constituent of bioactive 

nanomaterials (Rami, et al. 2021), by giving their qualitative or quantitative thermal weight 

loss kinetics with change in temperature of time (Jing, Zhang and Wu 2002).   
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2.6.2 Instrument Description and Application in this Thesis. 

TGA measurements were conducted using a TGA/DSC 3+ (Mettler-Toledo International Inc.), 

with samples heated in air at 10°C/min from 30°C to 900°C in 1 mL cylindrical alumina 

crucibles. This method was used to: 

1. Assess the thermal stability of fungal biomass and extracted biopolymers (chitin and 

chitosan). 

2. Quantify the organic content in gold nanoparticle formulations. 

3. Evaluate the degradation behaviour of fungal–nanoparticle hybrid materials (e.g., TiO2 

and AuNP composites). 

2.6.3 Limitations  

The limitations of TGA as a characterization method have been discussed, and according to 

Moseson, et al. (2020), these include:  

1. TGA relies on the measurement of mass loss as a function of temperature. However, if the 

sample undergoes decomposition or chemical reactions during heating, the results may be 

inaccurate. 

2. TGA experiments often require an inert atmosphere (e.g., nitrogen) to prevent oxidation or 

other reactions. This limitation restricts the applicability of TGA. 

3. The rate at which the sample is heated affects the TGA curve. Different rates may yield 

different results, as can sample size, and conditions (e.g., moisture content).  

4. TGA can’t reliably tell how much degradation has occurred based solely on mass loss from 

volatile substances. This limitation affects its ability to give consistent and universally 

applicable indicators of degradation extent. 

  



 

42 
 

2.8. METHOD DEVELOPMENT 

Mycelial Mechanics: Unveiling Spatial Variations and Effects of Processing Methods on 

Mycomaterial from M. rouxii and R. oryzae. 

This section presents findings from method development experiments conducted to assess 

spatial variation and the effects of processing methods on the mechanical properties of mycelial 

materials. These results are included here to justify the methodological choices made in later 

chapters and to demonstrate the rationale behind selecting specific fungal strains and drying 

techniques for material fabrication. 

2.8.1. Summary of Results  

In this study, the inhomogeneity of the mycelia of M. rouxii and R. oryzae, and how different 

drying conditions impact various mechanical parameters (width, elongation potentials, 

strength, and flexibility) were investigated. The mycelia of both species exhibited spatial non-

homogeneity by mechanical characterization (variations in mechanical properties, such as 

stiffness and elasticity, observed within different regions of the mycelia). Interestingly, the 

mechanical properties were influenced by the specific location from which the samples were 

cut from the mycelia (either the point of inoculation, the midpoint, or a random edge). This 

spatial variation highlights the importance of considering local differences within the mycelial 

network especially for developing the use of such materials as biomaterials. The results 

indicated that the drying conditions played a significant role in shaping the mechanical 

behaviour of the mycelia. When conventionally frozen at -44°C before drying, the mycelia 

were significantly thicker comparatively. However, using liquid nitrogen (-196 °C) for freezing 

led to physical tearing, affecting their overall structure. In contrast, air-dried (25 °C) or oven-

dried (90 °C) mycelia showed increased stiffness but reduced flexibility. Despite this, both 

groups demonstrated high load-retaining strength. The mechanical response varied based on 

the drying method and the specific strain (M. rouxii or R. oryzae). 

2.8.2. Introduction and Problem Description   

Fungal mycelia consist of a network of intertwining hyphae filaments as revealed from their 

morphological characterization, but due to the growth patterns of these hyphae, the overall 

properties of mycelia are often described as inhomogeneous (Lehmann et al, 2019). 

Understanding these variations, particularly the mechanical properties, can inform decisions 

on which parts of the mycelia are best suited for specific applications. This is because there is 

a growing global demand for sustainable materials that are biodegradable, readily available, 
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and environmentally friendly (Abdur Rahman, et al. 2023). Mycelia-based materials have 

emerged as a promising solution to meet this demand with their unique physicochemical and 

mechanical properties (Sharma, et al. 2024). Their unique properties and eco-friendly nature 

make them ideal candidates for various applications, filling a crucial gap in the market for 

sustainable materials. This study aims to provide clarity and guidance for scientists and 

industrialists who use mycelium-based materials in their work or production processes. I 

developed a method to demonstrate the existence of spatial variation within a single mycelium. 

To accomplish this, I set the objectives below.  

1. Establishing the mechanical inhomogeneity of the mycelia of M. rouxii and R. oryzae.  

2. Establishing the effect of different preparation processes on the mycelia’s mechanical 

properties (thickness, elongation potentials, stiffness, as strength).  

2.8.3. Growth Condition and Preparation of M. rouxii and R.s oryzae 

The fungal strains M. rouxii indexed NTUCC 244/ATCC 44260, and R. oryzae indexed 

NTUCC 260 (Unknown strain) were sourced from the Nottingham Trent University Culture 

Collection (NTUCC).  The fungi cultivation on potatoes dextrose broth (PDB; P6685), from 

Sigma Aldrich-Merck Life Science UK Limited)) was achieved by introducing 1× 1 cm freshly 

cut pieces of mycelium (using a sterile scalpel on actively growing cultures)  into 200 mL of 

the media (24 g/L) already autoclaved at 121oC for 30 min (Crystal – MP25, Rodwell Scientific, 

UK), and then incubated for 10 days at 25 oC (Labnet international 211DS Shaking Incubator, 

Appleton Woods Ltd., Birmingham, UK).  Freshly harvested mycelia were washed (10 x in 

600mL of   DDH2O) to remove all extracellular components adhering to the mycelia surface.  

2.8.4. Drying the Mycelia of M. rouxii and R. oryzae under Different Conditions  

The freshly washed mycelia were dried on a Teflon sheet under different conditions as 

described below.  

1. Air Drying: The mycelia were left to dry at room temperature (25°C) for 8 h. 

2. Oven Drying: The mycelia were dried in an oven at 90°C for 4 h using a Memmert 

UNB400 Oven with the following specifications: Power 230V, 50/60Hz, and a temperature 

range of 0-200°C. 

3. Conventional Freezing and Freeze-Drying: The mycelia were initially frozen at -45°C in 

a conventional freezer (TEFCOLD SE-45 Series) 8 h. Subsequently, they were dried using 

a BT4KZL dryer-VirTis freeze-drier for 48 h. 
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4. Cryogenic Freezing and Freeze-Drying: The mycelia were cryogenically frozen at -

196°C using liquid nitrogen before drying. Samples from both conditions 3 and 4 were 

dried under the same conditions. 

2.8.5. Evaluation of Mechanical Properties  

The mechanical properties (thickness, stiffness, endurance, and elasticity) of 5 mm by 35 mm 

(width by length) mycelia strips were measured using a Zwick/Roell machine with a 0.5 N load. 

The software used was testXpert II v2.2. The mycelia thickness for both M. rouii and R. 

oryzea was determined using an adjustable vernier caliper (RS PRO 0-150 mm Digital Caliper 

with 0.01 mm resolution). Additionally, the mycelium area was divided into three distinct 

regions, as illustrated in Figure 2.1 below.  

 

 

 

 

 

 

 

 

Figure 2.1: Spatial division of fungal mycelia for mechanical evaluation showing (A) the point 

of the mycelia that has the inoculant; (B) the other edge of the mycelia (A random edge); and 

(C) the mid portion of the mycelia.  

2.8.6. Data Analysis  

Experiments were conducted in triplicate, and the mean values along with their standard 

deviations reported in plots. Two-way analysis of variance (ANOVA) was used to assess 

significant differences among various treatment factors and their levels. Subsequently, Tukey’s 

Post hoc test was used for multiple comparisons of means across different groups (with a 

significance level of P < 0.05). GraphPad Prism 10.0 for statistical analysis. 
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2.8.7. Results and Discussion 

2.8.7.1 Preliminary Evaluation of Inhomogeneity of Mycelia with M. rouxii  

Data in Figure 2 represents the preliminary mechanical test results for the mycelia of M. rouxii 

at different areas and widths. I observed variations in strength across different areas of the 

mycelium. Interestingly, these mechanical differences were not correlated with the width of the 

mycelia strip. The applied force was kept constant, this caters for so differences in length of 

the different areas of the mycelia. This observation prompted a more detailed study, where 

various portions of the mycelium were investigated using four different drying methods. It is 

noteworthy that I included another Mucorales (R. oryzae) in the experiment due to some 

variations observed in morphological Structures. 

 

 

 

 

 

 

Figure 2.2: Representative image from the preliminary evaluation of mycelia strength (A) intact 

mycelia; (B) Breaking pattern of the mycelia (C) the strength of different areas of the mycelia.  

2.8.7.2 Effects of Drying Methods on the Mechanical Properties of M. rouxii  

I investigated the mechanical properties of M. rouxii mycelia under different drying processes 

(Table S1). My results reveal significant effects on mycelial thickness, strength, elongation 

potential, and flexibility. Figure 3 below illustrates these findings. Regardless of the location 

where the mycelia were cut, conventional freezing at -45°C resulted in thicker mycelia mat. 

There was no observable difference in thickness across other groups. Drying the mycelia either 

at room temperature (25°C) or in an oven (90°C) significantly increased their strength (load-

bearing capacity). However, this also led to increased stiffness and reduced elongation potential. 

Despite the mycelia’s inherent inhomogeneity, the impact of the drying process was consistent 

across different portions of the mycelia. Notably, cryogenic freezing using liquid nitrogen (-

196°C) caused physical damage to the mycelia. Therefore, pre-freezing with a conventional 

freezer (-45°C) prior to drying yielded moderately thick, flexible, and biodegradable materials. 
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Figure 2.3: Mechanical Properties of M. rouxii Mycelia (A) Thickness (B) Ultimate Strength 

(C) Breaking Strain (D) Young’s Modulus. Asterisks denote the level of significance (* P ≤ 

0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001).  

2.8.7.3 Effects of Drying Methods on the Mechanical Properties of R. oryzae  

I also investigated the mechanical properties of R. oryzae mycelia under varying drying 

conditions. My findings revealed significant effects on mycelial thickness, strength, elongation 

potential, and flexibility (Figure 4). Like M. rouxii, the mycelia of R. oryzae exhibited trends 

in response to different drying methods. However, the inhomogeneity of the mycelial area was 

more pronounced with the various drying processes. Conventional freezing at -45°C preserved 

the highest mycelial thickness. Drying the mycelia either at room temperature (25°C) or in an 
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oven (90°C) significantly increased their strength and stiffness (ability to withstand load), but 

at the expense of elongation potential. Notably, the midpoint of the mycelia was thinner and 

less flexible compared to other areas. This observation may be attributed to the organization of 

hyphal filaments in R. oryzae and the growth patterns of the fungus. In liquid media, R. oryzae 

grows from the flask’s edge toward the centre, resulting in varying mycelial thickness. New 

shoots are thinner, as they originate from the centre. Therefore, the observed reduction in 

thickness at the midpoint aligns with this growth behaviour. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Mechanical Properties of R. oryzae Mycelia (A) Thickness (B) Ultimate Strength 

(C) Breaking Strain (D) Young’s Modulus. Asterisks denote the level of significance (* P ≤ 

0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

2.8.8. Conclusion and Recommendation  

Based on my investigation into the spatial variation of the mycelia of M. rouxii and R. oryzae, 

I conclude that the mechanical properties of mycelium-based materials are significantly 

influenced by both the specific location within the mycelium and the drying conditions applied. 

My findings highlight the non-homogeneous nature of mycelia, with mechanical properties 

varying depending on whether samples were taken from the point of inoculation, the midpoint, 

or a random edge. This spatial variation underscores the importance of considering local 

differences within the mycelial network when developing these materials for applications. 
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Furthermore, my results demonstrate that drying conditions play a crucial role in determining 

the mechanical behaviour of mycelia. Conventional freezing at -44°C resulted in thicker 

mycelia mat, while freezing with liquid nitrogen at -196°C caused physical tearing, 

compromising structural integrity. Air-dried (25°C) and oven-dried (90°C) mycelia exhibited 

increased stiffness but reduced flexibility, yet both methods maintained high load-retaining 

strength. The mechanical response varied not only with the drying method but also between 

the two strains studied, M. rouxii and R. oryzae. These insights are vital for optimizing the use 

of mycelium-based materials in various industrial and scientific applications, ensuring that the 

unique properties of mycelia are effectively harnessed. 

2.8.9. Challenges Encountered and Solutions Adopted 

During preliminary experiments, the mycelia adhered to aluminium foil and Petri dishes when 

air-dried or oven-dried. This adhesion made it impossible to remove the samples without 

causing damage. To overcome this issue, I introduced Teflon sheets as drying platforms. This 

adjustment allowed for complete drying and easy removal of the samples, effectively 

addressing the initial challenges. 

2.8.8.10 Reproducibility of Method 

To ensure reproducibility, I maintained constant experimental conditions and carefully avoided 

errors due to human handling. Multiple samples were analysed from each group to validate the 

results and ensure consistency. 

2.8.8.11 Limitations of the Study 

This experiment was conducted in liquid media (PDB) using cut pieces of mycelia. To ensure 

comprehensive validation, the results should also be tested under conditions where spores are 

used or on different substrates, particularly solid media. 
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CHAPTER 3 

3.0 Synthesis, Characterization, and Application of Surface Functionalised Gold 

Nanoparticles (AuNPs)  

 In this chapter, gold nanoparticles (AuNPs) with different surface modifications (ionic-citrate, 

nutrient-glucose, antibiotic-cefaclor, and conventional reductant-sodium borohydride) were 

synthesized and characterized using multiple techniques. The characterization focused on their 

chemistry, morphology, stability, and interactions with biological systems, specifically human 

immortalized keratinocyte (HaCaT) and Human Embryonic Kidney 293 (HEK 293) cells. 

Transmission Electron Microscopy (TEM) revealed that the nanoparticles were predominantly 

spherical, with some triangular glucose-stabilized particles, all measuring less than 100 nm in 

diameter, while hydrodynamic sizes diameters were determined via Dynamic Light Scattering 

(DLS). Chemical analysis confirmed that the nanoparticles were composed of gold (Au) and 

crystalline in nature (XRD/EDX). The reducing agents used in the synthesis were found to 

stabilize the nanoparticles in solution, as indicated by their respective surface characteristics 

(FTIR). Thermogravimetric Analysis (TGA) showed that the amount of reducing material 

associated with the nanoparticles varied, with glucose being the most incorporated. The AuNPs 

significantly impacted cell viability in HaCaT (epidermal) and HEK 293 (kidney) cells, 

exhibiting either proliferation effects in a concentration-dependent manner. There was no 

significant cytotoxicity recorded on cells at the concentration at which the materials were used 

especially via the intended area of application being biofiltration. The nanoparticles remained 

stable for over 30 days post-synthesis, with no significant changes in size as monitored by DLS. 

Purifying the NPs using membrane dialysis tubing significantly stabilized NPs Notably, the 

nanoparticles exhibited well-defined surface plasmon resonance properties, allowing them to 

be used in rapid colorimetric sensing, with mercury detection being used as an exemplar 

application.  Mercury ions could be detected within less than 5 s, with a registered detection 

limit for each type of surface functionalised NP system. These nanoparticles demonstrated 

excellent morphological and functional characteristics, and biological compatibility, making 

them ideal for forming reusable composite biofilters for mercury.  

Key words: Gold nanoparticles (AuNPs); Surface modifications; Characterization; Stability; 

Biological systems; Surface plasmon resonance; Colorimetric sensing; Biofilters 
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3.1 Introduction  

Gold nanoparticles (AuNPs), with sizes ranging from 1-100 nm, are synthesized from a gold 

precursor (typically a gold salt) and a reducing and stabilizing agent (Gimeno 2008). In its pure 

form, gold appears slightly reddish-yellow due to absorption at 2.4 eV, attributed to orbital 

absorption transitions from the filled 5d to the Fermi level, which is essential in the 6s band 

(Gimeno 2008). Gold is known for its stability and corrosion resistance, even in the presence 

of organic mineral acids (except selenic acid) (Yannopoulos 2012). It is a monovalent metal 

with an electronic configuration of [Xe] 4f14 5d10 6s1 for 197Au (Wani, et al. 2021). The 

chemistry of gold reveals its interactions and changes in oxidation states in aqueous or colloidal 

solutions. In aqueous solutions, gold exists as a complex in Au+1 or Au+3 oxidation states, but 

as Au0 in its neutral state, explaining its switch in chemical reactivity (Saldan, et al. 2018). The 

formation of the Au+3 oxidation state is due to the destabilization of the 5d orbitals (Gimeno 

2008). In colloidal solutions, gold typically exists as Au0, forming very fine coloured 

nanoparticles in a suspension known as colloidal gold (De Souza, Nogueira and Rostelato 

2019). Gold is considered nontoxic, and this property has been reported in various colloidal 

forms (Sani, Cao and Cui 2021). The use of colloidal gold for different applications (e.g. for 

diagnostics or therapeutics) dates to the 1850s when Michael Faraday introduced it, and the 

formation of gold nanoparticles has been a significant breakthrough in the use of gold materials 

(Hutchings, Brust and Schmidbaur 2008). In 1951, (Turkevich, Stevenson and Hillier 1951) 

developed a novel method for synthesizing citrate-stabilized AuNPs by treating hydrogen 

tetrachloroauric acid with citrate, which acts as both the reducing and stabilizing agent. This 

system has undergone numerous modifications over the years, such as size and dispersity-

controlled synthesis achieved by altering the gold-to-citrate ratio (Frens 1973). Further 

advancements include the adoption of alternative reducing and stabilizing agents such as 

NaBH4 (Brust, et al. 1994, Giersig and Mulvaney 1993), controlled synthesis of AuNPs under 

varying temperature and pH conditions (Kim, et al. 2021), and the introduction of functional 

monomers (Lang, Liu and Liu 2014), polymers (Mohan, Gunasekaran and Ravishankar 2019), 

crude extracts from living organisms (Boruah, et al. 2021), antibiotics (Rai, Prabhune and Perry 

2010), or other bioactive moieties into the AuNP Structures. These modifications aim to 

synthesize AuNPs suitable for specific applications as desired by scientists. This chapter 

addresses Objectives 2 and 3 by examining how different surface functionalizations affect the 

physicochemical, optical, and biological properties of gold nanoparticles (AuNPs), and by 

evaluating their effectiveness in colorimetric sensing of mercury ions. The overall properties 
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of AuNPs depend on the entire component structure, particularly the capping and stabilizing 

material, which influences physicochemical properties such as stability, surface charge, surface 

plasmon properties (Kumar, et al. 2019), and efficacy (Bolaños, Kogan and Araya 2019). The 

primary objective of synthesizing AuNPs with various surface modifications (NaBH4, glucose, 

cefaclor, or citrate; Table 3.1) in this study is to examine how these reducing and stabilizing 

agents influence structural changes and their subsequent impact on the nanoparticles’ 

physicochemical and biological properties. Additionally, the study explores their potential 

application in forming composite microstructures and reusable biofilters, which is presented in 

the next chapter. 

HAuCl4 + 3e− → Au + H+ + 4Cl−   ………………………………………..  Equation 3.1 

The half-reaction for the reduction of HAuCl4 to Au.  

 

The reducing agents used in this study differ in strength and mechanism, ranging from strong 

inorganic reducers like sodium borohydride to mild organic and multifunctional agents like 

glucose, citrate, and cefaclor. 

 Table 3.1: Chemical and Structural Descriptions of Various Reducing and Stabilizing 

Agents for AuNPs Synthesis (Structures from ChemOffice Suite 2020 v20.1). 

Name Description Molecular Structure  

Sodium borohydride 

(NaBH4) 

Ionic borate   

 

β-D-Glucose  

(C6H12O6) 

Carbohydrate 

Nutrient  

 

 

 

Cefaclor  

(C₁₅H₁₄ClN₃O₄S) 

 

Antimicrobial   

 

 

 

Sodium citrate 

tribasic dihydrate  

Ionic- citrate  

 

 

https://bing.com/search?q=molecular+formula+for+cefaclor
https://bing.com/search?q=molecular+formula+for+cefaclor
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3.2 Materials and Methods 

3.2.1 Materials   

Gold (III) chloride trihydrate (HAuCl4.3H2O) (204390), 14 kDa cellulose dialysis tubing 

(D9527), sodium hydroxide (S/4880/60) were purchased from Fisher Scientific UK Ltd. 

Cefaclor (C6895-1G), sodium citrate tribasic dihydrate (S4641-500G), D-(+)-glucose (G-

7528) were purchased from Sigma- Aldrich UK, and sodium borohydride (9984980L) was 

sourced from General purpose reagents. All chemicals were used without further purification. 

Purification involving dialysis tubing has been described in the relevant section of the methods 

below.  

3.2.2 Methods 

3.2.2.1. Synthesis of Surface-Functionalized Gold Nanoparticles  

Gold nanoparticles were prepared whose outer surface was coated with borohydride, glucose, 

citrate, or an antibiotic, in this case, cefaclor was synthesized.  For the conventional synthesis 

of Au NPs with sodium borohydride (NaBH4), 1 mL of freshly prepared ice-cold 0.01 M 

NaBH4 was added dropwise (50 µL per/ s) to 5 mL of 2.5x10-4 M HAuCl4 and gently stirred 

(Stuart CB162) until a ruby red colour was observed, signifying the synthesis of gold NPs. The 

procedure is a modification of the method adopted by (Kwon, K., et al. 2007). For the glucose-

mediated synthesis of Au NPs, 1 mL of 1M D-glucose was added to 9 mL of 2.5x10-4 M 

HAuCl4 in a flask, and the solution was heated to 60 oC, followed by the addition of 20 µL 1 

M NaOH. The resulting solution was rapidly stirred for 10 s when a ruby red colour was 

confirmed (Suvarna, et al. 2017). Antibiotic-mediated synthesis of Au NPs was achieved by 

adding equal volumes (100 µL) of the 0.01 M cefaclor and 0.01M HAuCl4 solutions to 9.8 mL 

of water in a one-pot synthesis. The resulting solution was kept at 60 0C for 2  h until a stabilized 

ruby red colour was observed (Rai, Prabhune and Perry 2010) For the synthesis of citrate 

stabilized Au NPs, 19 mL of 2.5x10-4  M HAuCl4 and 1 mL of 1x10-4 M citrate to form a 20 mL 

solution, then 60 µL of freshly prepared ice-cold 0.1 M NaBH4 solution was added while still 

stirring vigorously. The resulting solution was transferred into a sample tube and wrapped in a 

foil until a red colour was formed (Turkevich, Stevenson and Hillier 1953).  

3.2.2.2.  Characterization of synthesized AuNPs (NaBH4-AuNPs, Glc-AuNPs, Cit-AuNPs 

and Cef-AuNPs) 

The surface plasmon resonance properties of the AuNP solutions by ultraviolet-visible light 

Spectroscopy were measured using a Cary 50 Bio UV-Vis spectrophotometer (Agilent 
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Technologies) between 300- 700 nm. The overall surface charge (zeta potential) by Zetasizer 

Nano-S Zen 600 (Malvern Instruments Ltd.) was performed at pH 7.0 using DTS1070 folded 

capillary cells (Malvern Instruments Ltd.). Both size and zeta potential measurements were 

taken at 25°C after 120 s equilibrations with water as the dispersant (η 0.8872 cP, n 1.33 and εr 

78.5) and gold (n 0.2 and absorbance 3.32) as the material. The AuNP's size and morphological 

orientation were assessed through digital micrographs obtained with a JEOL JEM-2100Plus 

transmission electron microscopy (TEM) fitted with a LaB6 filament operating at an 

accelerating voltage of 200 kV. Samples were prepared by depositing 5 µL of suspended AuNPs 

onto 200 mesh carbon-coated grids (Quantifoil Micro Tools GmbH), and micrographs were 

taken with an Orius SC200 CCD camera (Gatan Inc.). Elemental mapping of the AuNPs was 

done with a TEM-fitted EDS detector (JEOL JED-SDD 30 mm2 window).  TEM images were 

analysed using ImageJ 1.53t w/Adiposoft 1.16 Software. The composition of surface materials 

was determined by thermogravimetric analysis (TGA) with a TGA/DSC 3+ (Mettler-Toledo 

International Inc.) with samples heated in air at 10°C/ min over 30-900°C. Fourier transform 

infrared (FTIR) spectra were measured using a NICOLET iS50 FT-IR, with a DTGS detector 

and a KBr beam splitter. The spectral source was IR, optical velocity was 0.47, Aperture was 

87, the range was between 600-4000 cm-1, and Resolution was 0.09 cm-1, with 300 scans. X-

ray diffraction using a Rigaku Ultima IV X-Ray Diffractometer was used to reveal the domain 

and crystallite properties of the AuNPs. Samples were run on a Rigaku silicon low background 

specimen holder at 40 kV and 50 mA (λ=1.540593 Å) between 5 – 80 (2θ). Scans were obtained 

in step mode; step size was 0.02o, and scan speed 5.0 deg./ min. Before analysis, the instrument 

was calibrated, and background measurements were taken. The blends of each sample were 

analysed in powdered form. 

3.2.2.3. Nanoparticle Purification and Stability Study 

The removal of extraneous organic moieties not bound to the AuNPs solution was done using 

14KDa membrane dialysis tubing. The NP solution formed was dialyzed against DDH2O (pH 

5.5, <10 µS) to remove excess residual reactants. Dialysis lasted for 48 h. The DDH2O was 

changed after 8  h within the process, and stirring was kept constant using a magnetic stirrer. 

The purified NPs were then studied for changes in the size distribution properties for 6 months.  

3.2.2.4. Cell viability via MTT Assay on Human Immortalized Keratinocyte (HaCaT) and 

Human Embryonic Kidney (HEK) 293 cells.  

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay used to test 

the cytotoxicity status of the synthesized AuNPs followed the procedure described by 
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(Carnovale, et al. 2019) using MTT reagents (Sigma Aldrich, CT01-5). In summary, 100 μL of 

the HaCat cells (passage 9) were seeded into a 24-well plate at a seeding density of 50,000 cell/ 

mL (TC-10 Bio-Rad Automated cell counter). Incubation (Panasonic-IQ MCO-170AICUV-PA 

Dual-Chamber Air-Jacketed CO2 Incubators) conditions were 37 °C, 5% CO2, 85% RH, 24 h 

in an incubator). Dulbecco's Modified Eagle Medium (DMEM) plus 10% FBS and 1% Pen/was 

used. All other manufacturers' recommendations were adhered to. The cells were left to recover 

from handling for 24  h before treatment. The medium was then gently aspirated and replaced 

with fresh medium containing different concentrations of AuNPs (0.1, 0.5, 1, 5, 10, 15, 20, 40 

µg/ mL). After 24 h of the treatment durations, 50 µl of MTT solution (3 mg/ ml in PBS, Sigma 

Aldrich, UK) were added to each well, and the cells were incubated at 37°C for 1 h. After 

incubation, the MTT solution was gently aspirated and DMSO (500 µl) was added to each well 

and left on a plate shaker for 10 min protected from light to solubilize the formed formazan 

crystals. Absorbance readings were taken at 570 nm using a plate reader (Synergy LX Multi-

Mode Reader). AuNPs were incubated with MTT solution in the absence of cells and no 

formazan crystal formation was observed. For HEK 293 (Passage 11), the standard protocol 

for culturing by Thermo-scientific was followed. The final Eagle's minimum essential medium 

was modified to contain Earle's Balanced Salt Solution (110 mg/ L), non-essential amino acids 

(6 mM L-glutamine), Fetal Bovine Serum (10% of culture) and penicillin (1U/ mL/100 µg/ 

mL). The viability assessment for HEK 293 – HCL4517 Thermo Scientific, followed the same 

procedure as HaCaT (where) as described above. HaCaT 293 (ThermoFisher Scientific) was 

sourced from the biosciences department, and HEK-293 (ThermoFisher Scientific) was gifted 

by the John van Geest Cancer Research Centre, both at Nottingham Trent University, United 

Kingdom. All experiments were conducted in triplicates. 

3.2.2.3. Colorimetric Sensing of Mercury (Hg2+)  

The colorimetric sensing of mercury (Hg2+) was accomplished using a spectrophotometric 

method (Cary 50 Bio UV-Vis Agilent Technologies). The mercury standard (1g/1000 mL) was 

sourced from Sigma -Aldrich: Pcode 101740455. Different concentrations of the heavy metal 

(1, 2, 10, 20, 30, 40, 50 µM) were prepared using the respective AuNPs as diluent. The 

absorbance of the resulting solution (2 mL) transferred into a polystyrene cuvette (SARSTEDT 

10×10×45mm) was measured at 25 oC between 300 – 800 nm.   
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3.3. Results And Discussion  

3.4.1. Surface Plasmon Resonance Properties  

The surface plasmon resonance (SPR) peaks, which indicate the absorption properties of the 

surface-functionalized gold nanoparticles (Au NPs), are illustrated in Figure 3.1. The 

synthesized gold NPs exhibit a brick-red colour. Distinct SPR peaks were observed at 520 nm, 

525 nm, 530 nm, and 534 nm for NaBH4-AuNPs, Glc-AuNPs, Cit-AuNPs, and Cef-AuNPs, 

respectively. These peaks confirm the successful synthesis of the Au NPs. The maximum 

absorbance values align with previous studies(Rai, Prabhune and Perry 2010, Turkevich, 

Stevenson and Hillier 1951, Silva, et al. 2021, Liu, et al. 2006). The synthesis, stabilization, 

and capping of the Au NPs were facilitated by the reducing agents used during the synthesis 

process. Consistent with the findings of (Rai, Prabhune and Perry 2010) regarding the use of 

cefaclor in Au NP synthesis, (Suvarna, et al. 2017) demonstrated that glucose and citrate, when 

used as reductants, effectively reduced Au³⁺ to Au⁰. Additional stabilization was achieved 

through the biomolecular constituents, such as the hydroxyl (-OH) group present in glucose.  

 

 

 

 

 

 

 

 

Figure 3.1: UV-visible absorption spectra of AuNPs at a nominal concentration of 47 µg/ mL 

(measured by Au content). Line 1: Glc-AuNPs; Line 2: NaBH4-AuNPs; Line 3: Cit-AuNPs; 

Line 4: Cef-AuNPs. Inset images display the corresponding AuNP solutions, illustrating visual 

differences in colour and dispersion. 
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3.4.2. Hydrodynamic Size Distribution  

The nanoparticles exhibit distinct hydrodynamic size distributions in their colloidal solution 

state, along with respective zeta potentials, as presented in Table 3.2 below. Generally, the 

AuNPs are less than 100 nm, fitting the description of ideal nanomaterials (Gimeno 2008). All 

groups display very high zeta potential values, which are either negative (NaBH4-AuNPs, Glc-

AuNPs, Cit-AuNPs) or positive (Cef-AuNPs) suggesting high stability (Öztürk, Kaplan and 

Çalış 2024). These values align well with previous literature reports (Table 3.2). Notably, 

except for Cef-AuNPs, which have a polydispersity index of around 0.25, the other AuNP 

groups exhibit very low polydispersity indexes, less than 0.1 which is indicative of 

homogeneous size distribution (Danaei, et al. 2018). 

Table 3.2: Comparison of AuNP Size Properties from Different Methods and Zeta 

Potential. DLS size and zeta potential data were obtained directly from the instrument. TEM 

and XRD values were analysed using Scherrer’s equation and ImageJ, respectively. 

Sample  Size from 

DLS 

(nm) 

Crystallite 

domain size 

XRD (nm) 

TEM Size 

(nm) 

Zeta 

potential 

(mV) 

Literature 

Comparison (mV) 

NaBH4-

AuNPs 

16.1 ± 2.2 16.0 ± 3.9 14.0 ± 3.3 -35.7 ± 8.4 -27 to -37  

(Karimi, Moshaii and 

Nikkhah 2019) 

Glc-

AuNPs 

25.2 ± 3.0 8.9 ± 2.0 24.0 ± 3.7 -38.5 ± 6.1 -19 to -38.7 

(Boitor, et al. 2015, 

Suvarna, et al. 2017) 

Cef-

AuNPs 

27.9 ± 8.4 6.1 ± 1.9 5.6 ± 0.7 

(small 

particles) 

21.3 ± 3.9 

(Big 

particle) 

41.5 ± 12.0 (Rai, Prabhune and 

Perry 2010) 

Cit-

AuNPs 

47.0 ± 6.5 18.0 ± 4.7 17.5 ± 2.9 -41.3 ± 8.5 -24 to -53 

(Karimi, Moshaii and 

Nikkhah 2019) 
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3.4.3. Transmission Electron Microscopy  

The morphological structure, particulate interactions (physical), and dispersity properties of 

the gold nanoparticles (AuNPs) are illustrated through transmission electron microscopy (TEM) 

images in Figure 3.2 A-C. The TEM analysis shows a characteristic spherical shape for each of 

the nanoparticles, with occasional triangular Glc-AuNP appearing (Fig. 3.2A). The particles 

exhibit high monodispersity, with Cef-AuNPs distributed across two distinct size categories: 

small and large particles (Table 3.2). Except for the Glc-AuNPs, the data indicate that the 

AuNPs predominantly exist as single-domain, highly crystalline nanospheres. These 

nanoparticles demonstrate either high positive or negative zeta potentials, signifying 

substantial stability. The nanocrystalline nature of the particles was further validated by their 

selected area diffraction pattern (SAED), which confirms their purity (Cheng and Hight Walker 

2010). The Representative EDX Spectra of the NPs can be found in Appendix 3.1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2A. Representative transmission electron microscopy (TEM) images of gold 

nanoparticles (AuNPs) synthesized using different reducing agents. Each panel shows the 

morphology and size distribution of AuNPs produced with a specific agent: NaBH4 (top left), 

Glucose (Glc, top right), Cefaclor (Cef, bottom left) and Citrate (bottom right). Scale bars 

represent 20 nm.  

Glc-AuNPs 

Cef-AuNPs Cit-AuNPs 

NaBH4-AuNPs 
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Measurements were taken for 100 particles of each type of nanoparticle (NP), except for the 

Cef-AuNPs, where 150 particles were analyzed, 100 for the small particles and 50 for the large 

particles. This analysis resulted in distinct particle sizes, which are compared to the 

hydrodynamic size and crystallite size shown in Table 3.2. Histograms illustrating the particle 

sizes for each category of AuNPs can be found in Figure 3.2B below. 

Figure 3.2B: Histograms showing the distribution obtained from the TEM measurement for 

each of the AuNP synthesized using different reducing agents. The histograms illustrate the 

variation in particle size distributions influenced by the choice of reducing agent. 

The HRTEM images of the AuNPs (Figure 2C) showed fringe spacings corresponding to both 

the Au (220) and Au (311) planes, recorded as 0.113 ± 0.003 nm for NaBH4-AuNPs, 0.140 ± 



 

59 
 

0.007 nm for Glc-AuNPs, 0.079 ± 0.009 nm for Cef-AuNPs, and 0.118 ± 0.007 nm for Cit-

AuNPs (Figure 2Aii -2Dii).  
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Figure 3.2C: High-resolution transmission electron microscopy (HRTEM) images (showing 

the fringe spacing) and corresponding diffraction patterns of gold nanoparticles (AuNPs) 

synthesized using different reducing agents. Each set includes a nanoparticle image (left) and 

its selected area electron diffraction (SAED) pattern (right) for NaBH4-AuNPs, Glc-AuNPs, 

Cef-AuNPs and Cit-AuNPs. The insert at the top right corner of the HRTEM are single 

particles of the respective AuNPs (views at a scale of 10 nm). 

HRTEM image of Au Nanostructures showing the fringe spacing and their corresponding FFT 

image for each of the AuNPs.  

3.4.4. X-ray Diffraction for Crystallinity Assessment  

The crystallinity and domain properties of the synthesized AuNPs were characterized via 

powder X-ray diffraction; they exhibit well-defined X-ray diffraction patterns within the 5–80-

2θ region, as shown in Figure 3.3. For each group of AuNPs, the results indicate the presence 

of gold with Miller indices corresponding to the (111), (200), (220), and (311) planes of the 

face-centered cubic (FCC) structure of gold (JCPDS, File No. 04-0784;(Philip 2010)). 

Compared to the fringe spacing from the HRTEM images of the Au220 and Au311 planes, 

recorded as 0.113 (±0.003) nm for NaBH4-AuNPs, 0.140 (±0.007) nm for Glc-AuNPs, 0.079 

(±0.009) nm for Cef-AuNPs, and 0.118 (±0.007) nm for Cit-AuNPs (Figure 2), the 

corresponding d-spacing values from XRD are 0.24 nm, 0.20 nm, 0.14 nm, and 0.12 nm for 

the (111), (200), (220), and (311) planes of the FCC structure, respectively. Crystallite sizes 

reported in Table 3.2 were determined from the most intense XRD peak, corresponding to the 

(111) plane. The results of the three size measurements (particle sizes from TEM, 

5 nm 
5 nm 

Cit-AuNPs Cit-AuNPs 
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hydrodynamic sizes from DLS, and crystallite sizes from XRD) are compared in Table 3.2. 

Generally, the NPs are relatively small, with diameters ranging from 5.64 to 24.01 nm (Table 

3.2). The size of the crystallites was determined using the Scherrer formula equation  𝐷 =

𝐾𝜆

𝛽𝐶𝑜𝑠Ꝋ
 In this equation, λ indicates the wavelength of the incoming X-ray beam (expressed in 

Angstroms-Å), K is Scherrer's constant, generally accepted as 0.9, β is the full width at half 

maximum (FWHM) of the peak, and θ represents the Bragg angle (Scherrer 1918, Debye and 

Scherrer 1917).  

Figure 3.3: X-ray diffraction (XRD) patterns of gold nanoparticles (AuNPs) synthesized using 

different reducing agents. The samples include NaBH4-AuNPs (black), Glc-AuNPs (red), Cef-

AuNPs (blue), and Cit-AuNPs (green), showing consistent crystalline structures across all 

synthesis methods. 

3.4.5. Fourier Transform Infrared (FTIR) Analysis of Synthesized AuNPs 

FTIR spectroscopy was performed to analyse the binding of the reducing and stabilizing agents 

on the surface of the synthesized Au NPs, showing the interaction between the particles and 
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the reducing agents. as shown in Figure 3.4A-D. Curves in Figure 4A represent the FTIR 

spectra of NaBH4 compared to NaBH4-reduced AuNPs. Typical borohydride split bands were 

observed between 2300 - 2200 cm⁻¹, 1430 – 1322 cm⁻¹, and 931 – 877 cm⁻¹; denoting B-H 

bond for borohydride, B-H bending, and the deformation of the BH band (Renaudin, et al. 

2004). The designated peaks denoting BH4
- notably shifted to higher vibrations in the NaBH4-

reduced AuNPs.  

Curves in Figure 3.4B present the FTIR spectra of glucose compared to Glc-AuNPs.  The Glc-

AuNPs show a strong absorption peak at 3268 cm⁻¹ denoting the OH group. The presence of 

an O-H stretching band at 3268 cm⁻¹ for Glc-AuNPs confirms that glucose is an essential 

component of the Glc-AuNPs (Suvarna, et al. 2017). Explanations have been given for the shift 

in the band from 3305 cm⁻¹ in pure D-glucose to 3268 cm⁻¹ in the Glc-AuNPs. According to 

Sylvestre, et al. (2004) and (Xu, Wu and Zhu 2008), the dominant high-frequency shift for D-

glucose-stabilized NPs suggests the presence of intermolecular hydrogen bonding, whereas 

(Liu, et al. 2006)suggests that this represents an intimate association between the glucose 

molecule and the surface of the Au NPs (Xu, Wu and Zhu 2008). Other glucose peaks within 

4000 – 500cm-1 were confirmed on the Glc-AuNPs.   

Curves in Figure 3.4C present the characteristic FTIR spectra of cefaclor compared to Cef-

AuNPs. Cefaclor has characteristic peaks at 1768 cm⁻¹ (C=O group of the four-membered ring 

lactams and the COOH functional group), 1691 cm⁻¹ (C=O group), 1600 cm⁻¹ (C-N primary 

amine), and 1510 cm⁻¹ (C=C ring stretches), consistent with previous reports(Bouhedja, et al. 

1997, Devi, Basha and Sailaja 2020). As a member of the β-lactam antibiotic family, cefaclor 

has characteristic β-lactam ring vibrations recorded at 1361, 1251, and 1172 cm⁻¹, as presented 

in, which aligns with the report by (Gil, et al. 2001). The Cef-AuNPs exhibit a distinct vibration 

at 1645 cm⁻¹, which can be assigned to an amine group, excited to a higher wavenumber 

compared to the primary amine of pure cefaclor (1605 cm⁻¹). Previous studies have linked this 

primary group of cefaclor with the reducing and capping role in the synthesis of Cef-AuNPs 

(Rai, Prabhune and Perry 2010). The consistent position of the β-lactam ring vibrations in pure 

and Cef-AuNPs implies that the functional component of cefaclor responsible for antimicrobial 

activities is present on the Cef-AuNPs surface, agreeing with (Rai, Prabhune and Perry 2010).  

Curves in Figure 3.4D present the characteristic FTIR spectra of sodium citrate compared to 

the Cit- AuNPs. Like sodium citrate at 1595 cm⁻¹ and 1388 cm⁻¹, the Cit-AuNPs showed 

characteristic intense carboxylate peaks at 1637 cm⁻¹, corresponding to COO⁻ symmetric 
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stretching, and a band at 1340 cm⁻¹ assigned to C–H stretching vibration. This indicates a slight 

shift in the COO⁻ symmetric stretching to a higher wavelength in the Cit-AuNPs compared to 

the ordinary sodium citrate. According to Max and Chapados (2004), the carboxylate group 

exhibits asymmetric and symmetric stretching vibrations around 1500–1630 and 1305–1415 

cm⁻¹, respectively. The carboxylate band for pure citrate was observed at 1595 cm⁻¹, but there 

was a transition to 1637 cm⁻¹ in the Cit-Au NPs. This confirms the role of the carboxylate 

moiety in the chemical interactions that mediate the synthesis and stability of the Cit-AuNPs 

(Park and Shumaker-Parry 2014a). 

Figure 3.4. Fourier-transform infrared (FTIR) spectra of gold nanoparticles (AuNPs) 

synthesized using different reducing agents compared to their respective precursors. 

(A) NaBH4-AuNPs vs. NaBH4, (B) Glc-AuNPs vs. D-Glucose, (C) Cef-AuNPs vs. Cefaclor, 

(D) Cit-AuNPs vs. Citrate. 
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3.4.6. Thermogravimetric Analysis of Reducing and Stabilizing Agent Bound to Gold 

Nanoparticles 

Quantitative information on the amount of the reducing and stabilizing agent bound to the Au 

NPs was determined using thermogravimetric analysis (TGA). Thermograms illustrating the 

weight changes (TGA), temperature differences (DTA), and heat flow (DSC) during the 

digestion of the capping agents are shown in Figure 5 below. Compared to other NP groups, 

citrate and NaBH4-AuNPs exhibit greater thermostability, with distinct digestion regions. Each 

NP system is now discussed in detail.   

Figures 3.5A represent the thermograms in air for NaBH4 and NaBH4-reduced AuNPs, 

respectively. NaBH4 alone shows three distinct heat change regions, five distinct temperature 

change regions, and six regions of weight change (loss or gain). This is comparable to the 

NaBH4-reduced AuNPs. The initial weight loss, denoted by *, between 70-100°C is believed 

to be due to the dehydration of the moisture content in the sample (Park and Shumaker-Parry 

2014b). Between 150-330°C, there are four distinct regions of reactions, indicated by heat 

absorption and rapid pyrolysis of NaBH4, leading to rapid weight losses. In the first 35-150°C, 

about 17.3% of the sample was digested, while a further 10.94%, 16.9%, and 6% of the sample 

were digested at 150-191°C, 220-225°C, and 279-330°C, respectively, with over 50.5% of the 

total sample already digested. These changes are suggested to be due to the rapid thermolysis 

of NaBH4, forming byproducts such as sodium metaborate (NaBO2) (Park and Shumaker-Parry 

2014b). Interestingly, further heating between 350-500°C led to a weight gain of about 1.57%. 

This phenomenon is believed to be due to an exothermic effect from the oxidation of products 

(Park and Shumaker-Parry 2014b). Generally, there was delayed degradation of components 

and reduced mass loss in the NaBH4-reduced AuNPs (Figure 1B) compared to ordinary NaBH4. 

Additionally, the distinct effect leading to weight gain upon oxidation was not observed in the 

NaBH4-reduced AuNPs. At 900 °C, borate constitutes about 51 % of the NaBH4-reduced 

AuNPs. 
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Figure 3.5A: Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and 

differential thermal analysis (DTA) curves of NaBH4 and NaBH4-AuNPs. The left graph shows 

the weight loss percentage as a function of temperature for NaBH4, while the right graph shows 

the same for NaBH4-AuNPs. 

For the Glc-AuNPs, the TGA curve is comparable to that of pure D-glucose (Figure 3.5B). The 

Glc-AuNPs exhibit three distinct regions of mass loss from room temperature to around 600°C 

. Stability was observed in the digestion of pure glucose up to 200°C, with no mass loss 

recorded. For the Glc-AuNPs, about 4% to 6% of the weight was lost, assumed to be due to the 

desorption of water from the surface of the NPs. Between 200°C and 355°C, the Glc-AuNPs 

show a rapid weight loss of up to 67% of the initial weight. (Farajollah, et al. 2021)recorded 

that the carbonation of glucose mainly occurs around 200-400°C, explaining the rapid weight 

loss observed within this temperature range. Further weight loss of the Glc-AuNPs continued 

until 600°C, when the core of the glucose on the surface of the Glc-AuNPs was suggested to 

have been digested (Guo, Finne-Wistrand and Albertsson 2010). At 600°C, the Glc-AuNPs 

have lost 90.6% of their initial weight, whereas the ordinary glucose has lost 99.7% of its initial 

weight. I calculated the glucose component to be 91.4% of the Glc-AuNPs.  
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Figure 3.5B: Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), 

and differential thermal analysis (DTA) curves of glucose and Glc-AuNPs. The left graph 

shows the weight loss percentage as a function of temperature for Glucose, while the right 

graph shows the same for Glc-AuNPs. 

Figure 3.5C represents the thermogram of this digestion between 0 – 900 °C. The initial 3% to 

7% weight loss of the Cef-AuNPs observed within the region of 40-200 °C is due to the 

desorption of water molecules from the surface of the Cef-AuNPs. For pure cefaclor, a 100% 

weight loss was observed, but the digestion followed multiple distinct steps as shown in Figure 

5C. The Cef-AuNPs exhibited an overall 27.2% weight loss in two distinct steps at 200-408°C 

and 408-670°C. This suggests that a substantial quantity of pure cefaclor was used in the 

reduction of gold ions and subsequent surface binding during and after synthesis (Rai, 

Prabhune and Perry 2010). The distinct regions of weight loss observed in the digestion of Cef-

AuNPs have been described in previous studies and may indicate different modes of interaction 

between cefaclor and the AuNPs(Rai, Prabhune and Perry 2010, Bhattacharya, et al. 2007). 

The recorded weight loss within the low-temperature region (40-200 °C) has been linked to the 

desorption of water molecules and the physical adsorption of cefaclor on the surface of the Au 

NPs, mediated by the arrangement of bound cefaclor molecules (Nayak and Shin 2006). The 

second maximum weight loss observed at 200-408 °C is suggested to be due to the covalent 

interaction of the amine group with the Au NPs, requiring higher energy for the decomposition 

or desorption of the AuNPs-bound cefaclor molecule (Bhattacharya, et al. 2007). According to 
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Chen, et al. (2007) and Rai, Prabhune and Perry (2010), the third observable loss between 408-

678 °C is most likely due to the electrostatic interaction of the AuNPs surface-bound amine 

group, donated by cefaclor, and the negatively charged gold chloride (AuCl₄⁻) ions present on 

the nanoparticle surface. The observations from the TGA experiment are consistent with the 

FTIR results, where the bond stretches indicating the functional component of cefaclor were 

confirmed on the surface of the Cef-AuNPs. From TGA analyses, I estimated that cefaclor is 

25% of the Cef-AuNPs. 

 

 

 

 

 

 

 

Figure 3.5C: Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), 

and differential thermal analysis (DTA) curves of cefaclor and Cef-AuNPs. The left graph 

shows the weight loss percentage as a function of temperature for cefaclor, while the right 

graph shows the same for Cef-AuNPs.  

The thermograms for the pyrolysis of sodium citrate and citrate stabilized AuNPs in air between 

0 - 900°C   shown in Figure 5D, indicates weight loss at four distinct phases. An initial weight 

loss due to dehydration was observed around 100-200°C is due to dehydration (Gao, Wang and 

Hao 2012). Further thermal decomposition occurs at 310 – 332 °C and 494 °C, representing 

the partial breakdown of citric acid into smaller compounds and the release of gases like CO2 

and the complete breakdown of residue respectively (Marcilla, et al. 2018). A final process was 

noted around 797 °C, this indicates that oxygen significantly enhances the gasification of the 

carbonaceous residue (Marcilla, et al. 2018). Compared to ordinary sodium citrate, the 

pyrolysis of citrate-stabilized gold nanoparticles (AuNPs) exhibited similar digestion patterns 

but with less intense degradation at each stage. The digestion of these nanoparticles progressed 

through an endothermic process, whereas the digestion of ordinary citrate involved both 

endothermic and exothermic processes. These differences are likely due to the interaction 
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between the gold and the citrate on the nanoparticle surface, which stabilizes the nanoparticles. 

In total, only about 56% of the initial mass of sodium citrate trihydrate was burned at 900 °C, 

which indicates the presence of the organic component. My calculations show that sodium 

citrate constitutes approximately 46% of the Cit-AuNPs. 

 

 

 

 

 

 

 

 

 

 

Figure 3.5D: Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), 

and differential thermal analysis (DTA) curves of citrate and Cit-AuNPs. The left graph 

shows the weight loss percentage as a function of temperature for Citrate, while the right 

graph shows the same for Cit-AuNPs.  

3.4.7. Impact of Dialysis on the Stability and Size Distribution of Colloidal AuNPs Over 

60 Days. 

Figure 3.6 illustrates colloidal AuNPs size distribution changes over 60 days from synthesis. It 

was assumed that the AuNPs would retain their characteristic spherical shape, which is why 

the dynamic light scattering (DLS) method was chosen for size characterization. Purification 

through 14kDa membrane dialysis tubing was also performed for the NP groups, and the impact 

of this on size stability was monitored. The size distribution of the colloidal AuNPs solution at 

synthesis is presented in Table 3.2 and shown as Day 1 in Figure 3.6. Except for Cit-Au NPs, 

all dialyzed groups showed a noticeable increase in size compared to the reference samples 

after 24 h of dialysis. Generally, NPs have surface charges that promote gradual aggregation 
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through Van der Waals forces (Zare 2016). It can be suggested from this observation that 

consistent stirring during dialysis might contribute to the surface interaction of AuNPs. Further 

characterization by monitoring the size distribution by intensity and the polydispersity index 

(PI) over 60 days showed that aggregation progressed faster in the un-dialyzed samples. For 

example, within the first 60 days, the solution of the un-dialyzed Glc-AuNPs already had 

visible sediments that required agitation to dissolve. A size difference of about 15 and 25 nm 

was recorded between the dialyzed and un-dialyzed groups of NaBH4-AuNPs and Cef-AuNPs, 

respectively. This highlights the significant importance of the dialysis purification process as 

an essential phase that promotes nanoparticle stability. NPs for future works were stored at low 

temperatures (8 oC) in clean, dark containers to prevent aggregation and degradation 

(Velgosova, et al. 2024). 

 

 

Figure 6: Dynamic light scattering (DLS) analysis of gold nanoparticles (AuNPs) stability over 

60 days under purified (D) and unpurified (UD) conditions. NaBH4-AuNPs-UD (purple 

circles), NaBH4-AuNPs-D (purple squares), Glc-AuNPs-UD (red downward triangles), Glc-

AuNPs-D (red upward triangles), Cef-AuNPs-UD (pink diamonds), Cef-AuNPs-D (pink 

circles), Cit-AuNPs-UD (black squares with red outline), and Cit-AuNPs-D (black triangles) 

The level of significance * (p ≤ 0.05), ** (p ≤ 0.01), and *** (P ≤ 0.001). 

3.4.8. Cell Viability Assessment Using MTT Assay on HaCaT and HEK 293 Cells 

In this research, surface-functionalized gold nanoparticles (AuNPs) were utilized to create 

composite nanoparticle-mycelia microstructures. One intended application is to use the 

functionalized mycelia as reusable heavy metal chelators for wastewater purification 

(biofiltration). This approach takes advantage of the chemical properties of coated AuNPs to 
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form complexes with heavy metals (He, et al. 2020). The application also reveals potential 

human exposure routes, specifically through the skin and kidneys, along with the types of cells 

that may be affected, namely epithelial and renal cells, for toxicity assessment. Human 

immortalized keratinocytes (HaCat) and embryonic kidney 293 (HEK 293) cells were chosen 

for this study because they represent significant avenues for potential exposure or uptake of 

nanoparticles in humans. HaCat cells, being major components of the epidermis, are used to 

evaluate the effects of exposing the skin to bioactive nanoparticles (Kundu, et al. 2018). In the 

case of AuNP-treated water samples, the kidney pathway serves as a crucial route for 

ultrafiltration, and HEK 293 cells are utilized for cytotoxicity assessment along this pathway 

(Tlotleng, et al. 2016). 

An in vitro toxicity evaluation was conducted on HaCaT and HEK 293 cells using an MTT 

assay. The cells were treated with NaBH4-AuNPs, Glc-AuNPs, Cef-AuNPs, and Cit-AuNPs at 

concentrations ranging from 0.1 to 40 µg/ mL for 24 h. The results, shown in Figures 3.7A and 

3.7B, indicated significant effects on cell viability that varied between the two cell types. For 

HaCaT cells, increasing the concentration of AuNPs, particularly at the maximum 

concentration of 40 µg/ mL, notably affected cell viability. This effect was most pronounced 

with Cit-AuNPs, where cell viability decreased to 67.15% after 24 h at this highest 

concentration (far above the concentrations later used in applications). In contrast, HaCaT cells 

exhibited less sensitivity to Cef-AuNPs, a broad-spectrum beta-lactam antibiotic, up to a 

concentration of 15 µg/ mL (Rai, Prabhune and Perry 2010). The effects of AuNPs on HaCaT 

cells have been well documented, demonstrating dose-dependent cytotoxic effects. (Vechia, et 

al. 2020). For instance, (Lu, et al. 2017) demonstrated that HaCaT cells could be sensitive to 

AuNPs at concentrations as low as 10 µg/ mL, with sensitivity also being size-dependent (Lu, 

et al. 2017, Coradeghini, et al. 2013). The survival rate of HaCaT cells is likely to be 

significantly reduced by very small nanoparticles (1-3 nm), while larger nanoparticles (10-15 

nm) may have a lesser impact. Additionally, Cit-AuNPs around 30 nm have been shown to 

elicit cytotoxicity in non-cancerous cells at concentrations above 8.5 µg/ mL (Vechia, et al. 

2020). These findings are consistent with the observations from this study where NP size is 

between 5-30 nm.  

For cytotoxicity assessment on HEK 293 cells, a different phenomenon was observed within 

the same timeframe of AuNPs administration under the same conditions. With increasing 

AuNPs concentration, cell proliferation significantly increased, particularly with NaBH4-

AuNPs and Glc-AuNPs (Figure 3.7B). Initially at lower doses (0.1-10 µg/ mL) for Cit and Cef 
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AuNPs, there was a progressive decline in viability, which halted, then proliferation set in with 

further increased concentration. Previous reports have documented the cytotoxic effects of 

AuNPs on HEK 293 cells. For example, (Tlotleng, et al. 2016) showed that Cit-AuNPs induced 

significant toxicity on HEK 293 cells even at 0.1 µg/ mL. In this study, I also observed a 

progressive drop in cell viability between 0.1-1.0 µg/ mL, but it was not significant at the 

experiment’s termination. Notably, my experiment lasted 24 h, while the referenced study 

lasted 52 h. Additionally, (Pardhiya, Priyadarshini and Rajamani 2020) observed no significant 

changes at 50 µg/ mL in their study on the cytotoxicity of MnO2 NPs on HEK 293 cells, but 

after 72 h, there was a significant increase in cell proliferation, suggesting that NPs acted as 

antioxidants, which created a favorable environment for cell proliferation. I suggest that this 

could be a possible explanation for the observed proliferation since the stabilizing materials 

are mostly good reducing agents. Sodium borohydride (NaBH4) is a strong reducing agent 

capable of donating hydride ions (H⁻) to reactive oxygen species (ROS) such as superoxide 

and hydrogen peroxide, converting them into water and oxygen (Kawamoto and Ryu 2014). 

This process reduces oxidative stress and enhances cell viability (Perillo, et al. 2020). Similarly, 

glucose has a significant reducing potential and effectively scavenges ROS, thereby lowering 

their production (Braissant, et al. 2020). Citrate is unique in its ability to modulate enzymes 

involved in oxidative stress management, leading to the depletion of ROS or free radicals 

(Machi, Ono and Iwahashi 2024). The toxicity index and sensitivity to gold nanoparticles 

(AuNPs) vary between HaCaT and HEK 293 cells within the tested concentration range. 

Although previous studies have shown that these cells can exhibit comparable tolerance levels 

to test compounds, their differences in cellular origin and function affect their nanoparticle 

uptake, processing, susceptibility to oxidative changes, and regulatory mechanisms (Kwon, Y., 

et al. 2022). A previous study comparing the cytotoxic effects of AuNPs on various cell types 

yielded results consistent with my findings. The authors reported dose-dependent toxicity in 

HaCaT cells, while HEK 293 cells exhibited no significant toxicity, aside from changes in gene 

expression (Niżnik, et al. 2024).  

I infer from this study that the NP groups are suitable for use if their overall concentration on 

the mycelia is less than the concentration at which any significant effect was observed. 
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Figure 3.7A: In vitro toxicity evaluation of surface-functionalized gold nanoparticles on human 

immortalized keratinocyte (HaCaT). The level of significance * (p ≤ 0.05), ** (p ≤ 0.01), and 

*** (P ≤ 0.001). 

 

 

 

 

Figure 3.7B: In vitro toxicity evaluation of surface-functionalized gold nanoparticles on human 

embryonic kidney (HEK) 293 cells. The level of significance * (p ≤ 0.05), ** (p ≤ 0.01), and 

*** (P ≤ 0.001). 
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3.4.9. Colorimetric Sensing of Mercury with Surface Functionalized AuNPs  

The sensitivity of surface-functionalized gold nanoparticles (AuNPs) to mercury (Hg²⁺) was 

assessed using UV-spectrophotometry within the concentration range of 1–50 µM. The AuNPs 

were dispersed in a phosphate buffer solution at a pH of 7.4. The samples were thoroughly 

mixed using gentle stirring before measurements. This was done to establish the potential for 

the AuNPs to interact with Hg, understand the nature of these interactions, and determine the 

detection limits. Hg²⁺ was selected due to its global importance in environmental 

bioremediation, given its very toxic effects even at low concentrations (World Health 

Organization 2017, Zulkifli, Rahim and Lau 2018). 

The sensitivity of surface-functionalized gold nanoparticles (AuNPs) to mercury (Hg2+) was 

assessed using UV-spectrophotometry within the concentration range of 1–50 µM. This was 

done to establish the potential for the AuNPs to interact with Hg, understand the nature of these 

interactions, and determine the detection limits. Hg2+ was selected due to its global importance 

in environmental bioremediation, given its very toxic effects even at low concentrations (World 

Health Organization 2017, Zulkifli, Rahim and Lau 2018). The results revealed rapid detection 

of Hg2+ (within 5 s) by the AuNPs, as shown by changes in surface plasmon resonance (SPR) 

properties in unique patterns that related to the surface functionalisation (Figure 3.8A-D). 

Notably, each type of AuNP exhibited a distinct response. Among all the groups studied, 

glucose-stabilized gold nanoparticles (Glc-AuNPs) and sodium borohydride-reduced gold 

nanoparticles (NaBH4-AuNPs) were the most sensitive, detecting mercury ions (Hg2+) at 

concentrations as low as 5 µM. The Glc-AuNPs demonstrated a structural shift of the initial 

peak at 535 nm and a subsequent regeneration at 691 nm, while the NaBH4-reduced AuNPs 

exhibited a broad shift in absorption from 524 nm to 605 nm.  These chemical differences and 

varying sensitivities highlight the potential of AuNPs, especially those derived from glucose 

and NaBH4, for environmental Hg2+ monitoring. For Cef-AuNPs, the detection limit was 20 

µM, but the band position (528 nm) did not shift with increasing SPR absorption correlating to 

Hg2+ concentration. Cit-AuNPs were sensitive down to 10 µM, but contrary to Cef-AuNPs, the 

absorption band decreased with increasing Hg concentration at the SPR (544 nm) without 

significant band shifts.  

Many gold nanoparticle (AuNP)-based sensors display visible colour changes that result from 

nanoparticle aggregation or size alterations. For examples like NaBH4-AuNPs, Glc-AuNPs, 

and Cit-AuNPs, the solution transitioned from brick red to purple. In contrast, Cef-AuNPs 

appeared slightly pink compared to the original brick red colour. These colour changes are 
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consistent with nanoparticle aggregation induced by the binding of metal ions (Lou, et al. 2012). 

My results showed high sensitivity to Hg2+ by the AuNPs and unique detection patterns for 

each type, indicating how the surface characteristics of nanomaterials influence their chemical 

reactions. The shift in SPR peaks is indicative of changes in the local dielectric environment 

and surface electron density, as documented by Nanda(Nanda, et al. 2024). The binding of Hg²⁺ 

to surface-functionalized groups likely causes aggregation or changes in nanoparticle 

morphology, leading to observable shifts in absorption  (Nanda, et al. 2024). These findings 

demonstrate the chemical specificity of gold nanoparticles (AuNPs) for detecting mercury ions 

(Hg²⁺). Additionally, they highlight the potential for customizing surface functionalization to 

enable rapid, visible, and sensitive mercury monitoring. Future studies could focus on 

improving detection times and colour changes to make these methods suitable for field 

applications. 

 

 

 

 

 

 

 

 

 

Figure 3.8A: UV-Vis spectroscopy of NaBH4 reduced AuNPs on interacting with mercury at 

different concentrations.  
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Figure 3.8B: UV-Vis spectroscopy of Glucose reduced Glc-AuNPs on interacting with mercury 

at different concentrations.  

 

 

 

 

 

 

 

 

 

 

Figure 3.8C: UV-Vis spectroscopy of Cefaclor reduced Cef-AuNPs on interacting with mercury 

at different concentrations.  
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Figure 3.8D: UV-Vis spectroscopy of Citrate reduced Cit-AuNPs on interacting with mercury 

at different concentrations.  

3.4.10 Conclusion  

This chapter focuses on the synthesis and detailed characterization of gold nanoparticles 

(AuNPs) modified by four different agents: sodium borohydride, glucose, cefaclor, and sodium 

citrate. The primarily spherical nanoparticles, which are under 100 nm in size, were 

characterized using various techniques, including Transmission Electron Microscopy (TEM), 

X-ray diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and UV-visible 

spectroscopy. These analyses confirmed the crystalline nature of the gold and the well-defined 

properties of the nanoparticle surfaces. The nanoparticles demonstrated excellent 

characteristics that are particularly beneficial for environmental applications, such as mercury 

detection, where rapid and sensitive colorimetric responses were observed. Regarding 

biological interactions, toxicity assays conducted with HaCaT and HEK 293 cells indicated 

that the AuNPs were generally non-toxic, causing only a minimal negative impact on cell 

viability, particularly at their synthesis concentrations which are far above the concentration of 

use.   This low toxicity, combined with excellent stability in solution over 30 days, highlights 

the potential of AuNPs for biological applications. Their ability to maintain structural stability 

and functionality under various conditions makes them ideal candidates for environmental 

remediation efforts, especially in composite biofilters designed to efficiently capture heavy 

metals like mercury. These findings showcase the versatility, stability, and safety of the 

nanoparticles in both biological and environmental contexts. 
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CHAPTER 4  

4.0 Engineering Gold Nanoparticle-Integrated Fungal Microstructures:  A Novel 

Reusable Biofilter for the Bioremediation of Mercury.  

In this chapter, I report that Aspergillus niger can form a living template for gold nanoparticle 

(AuNPs) functionalization in situ using four different categories of AuNPs with chemically 

distinct surfaces. The synthesis and characteristics of these NPs (physicochemical, surface 

properties, and morphology) were reported in detail in the previous chapter. The findings from 

these experiments illustrate the significant influence of varying concentrations of gold 

nanoparticles (AuNPs) on the formation of a composite material with the mycelium of A. niger. 

Notably, optimal results were observed at a concentration of 30 µg/ mL of AuNPs. Depending 

on the surface coat of the NPs, their chemistry affects the levels to which they are associated 

with the mycelium. I also replaced the nitrogen source of the fungus (sodium nitrate) with 

glutamine and investigated its effect on AuNP binding to the mycelia using inductively coupled 

plasma mass spectrometry (ICPMS). The fungus preferred sodium nitrate for some AuNP 

surface functionalization, but glutamine for both growth and AuNP functionalization in more 

groups, implying that nitrate-based nitrogen seemed to favour AuNP binding, while glutamine 

resulted in higher material yields. Physiological characterization also showed interesting 

outcomes. It was revealed that functionalizing A. niger with AuNPs significantly influenced 

fungal sporulation, regardless of the nitrogen source. Scanning electron microscopy (SEM) and 

energy-dispersive X-ray spectroscopy (EDX) revealed well-distributed NPs on the mycelia, 

with notable differences in the distribution site of the AuNPs on the mycelia or patterns across 

the NPs-Mycelia according to the surface functionalisation of the gold NPs. Gold peaks were 

observed from spot and map scanning of these particles, indicating that they were indeed 

AuNPs. As reported in the previous chapter, the AuNPs on their own exhibited remarkable 

sensitivity to mercury, detecting it within 5 s at concentrations as low as 5 µM. I leveraged 

these unique properties and repurposed mycelia-AuNP composites for eco-friendly heavy 

metal (mercury) filtration. Interestingly, the mycelia-based composite, whether grown in 

nitrate or glutamine, proved to be an efficient reusable heavy metal filter, significantly 

removing mercury below the World Health Organization (WHO) 2 ppb maximum allowable 

concentration. Remarkably, the mycelia alone outperformed conventional industrial filters and 

can be used up to five times before losing efficiency or requiring replacement. Interestingly, 

though repeated runs may be required, the filtered mercury bonded to the mycelia can also be 
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collected to be reused via a non-intrusive natural system using ddH2O at pH 8.0. Though the 

two groups of filters (either from nitrate or glutamine as a nitrogen source) were effective, they 

also exhibited different surface chemistries (wettability and surface-free energies) offering 

insight into the differences in their level of efficacy. This study underscores the potential of A. 

niger mycelia and AuNPs for sustainable environmental applications. I offer new insights into 

the utilization of mycelia-based materials in innovative applications, advancing from detection 

to removal of heavy metals, and contribute to new knowledge of species-specific fungal-gold 

interactions, showing the possibility of this in a new species.  

Keywords: A. niger, Mycelia-based composite, gold nanoparticles (AuNPs), Nitrate, 

Glutamine, Mercury detection, Heavy metal filtration 

 

 

 

 

 

 

 

 

Graphical Abstract  

4.1. Introduction  

Environmental monitoring for the detection and removal of contaminants plays a crucial role 

in the safety of humans and the general ecosystem (Zulkifli, Rahim and Lau 2018). Common 

environmental toxicants include chemical contaminants such as heavy metals (e.g lead (Pb), 

mercury (Hg), cadmium (Cd), chromium (Cr), etc.), pesticides (e.g. organophosphates, 

carbamates, triazines, etc), oil and exploration and mining residues, and antimicrobial resistant 

organisms/genetic (ARGs) materials (Alengebawy, et al. 2021). Many of these are discharged 

as effluents or wastes and washed into water bodies, which may end up in general circulation 

or large aquifers (Parida, et al. 2022). Chemical contaminants such as Hg2+ could be very toxic 

even at low concentrations slightly above their minimum acceptable limits of 2 ppb, this 
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remains a modern environmental and public health threat that should be managed efficiently 

(Zaynab, et al. 2022). Nanomaterials have been used as novel sensors to detect chemical 

contaminants in the environment, leveraging on the possibility of transition in optical properties 

and selective detection (Wang, et al. 2010). They have been used in remediating environmental 

pollutants including total petroleum hydrocarbons (Roy, et al. 2021) from wastewater because 

they offer very high surfaces which contaminants could be adsorbed for subsequent 

degradation (de Araujo Scharnberg and Ravanello 2022). The chemistry of metal-based 

nanoparticles (NPs) shows that some have heavy metal adsorption potentials (Wawata and 

Fabiyi 2024) leading to my hypothesis that they can serve as novel filters for metals like Hg2+ 

in wastewater when assembled within a matrix that holds them together. In 2019, a natural 

phenomenon reported in Australia inspired new insights into how this matrix could be formed 

sustainably, ultimately yielding a biodegradable composite nanostructure for biofiltration. 

Briefly, the fungus Fusarium oxysporum was discovered to naturally accumulate gold on its 

surface within its ecosystem, demonstrating excellent gold biogeochemistry. This prompted 

researchers to argue the existence of redox interactions between natural gold and fungi, 

focusing on the biogeochemical cycle of gold (Bohu, et al. 2019). While some researchers have 

tailored this study as an innovative system to track gold ores leveraging the fungal affinity for 

gold, I focused on mimicking this system in the lab to form a novel composite. However, this 

comes with challenges. First, the natural gold reported in this study is chemically inactive and 

therefore cannot be used in applications where bioactivity is required (e.g., heavy metal 

filtration via metal adsorption). Another challenge is that the global utilization and scalability 

of this system in biofiltration could be limited if this phenomenon is only applicable to F. 

oxysporum, hence the need to try other genera. My hypothesis is that a biomimetic system 

where F. oxysporum is replaced by A. niger, and the natural gold is replaced by gold 

nanoparticles, would yield similar outcomes but with improvements. In this system, the fungal 

structure forms the matrix, the gold nanoparticles provide bioactivity, and the entire structure 

is deployed as a reusable mercury filter in wastewater treatment. No coupling agents will be 

used to retain the natural system being mimicked. Aspergillus is a fungus of choice because 

existing studies have shown that its ecological functions are also guided by metabolites, some 

of which are also found in F. oxysporum (Yu, et al. 2021). By leveraging a biomimetic approach 

to develop fungal-templated gold nanoparticle-mycelia composite microstructures for 

environmental applications (biofiltration), I intend to contribute to sustainable environmental 

bioremediation, innovative use of fungal materials, and novelty in applied mycology. My goal 

is to establish the different responses with different gold nanoparticles having different surfaces. 
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I will also document physiological changes or fungal responses observed during the growth 

process under different concentrations of gold nanoparticles and nitrogen sources (nitrate or 

glutamine). From the previous chapter, I have documented the sensitivity of gold nanoparticles 

with different surfaces to mercury. Biofiltration will be a further step that takes the system 

beyond detection to removal, creating a balanced monitoring system suitable for any economy 

globally. This chapter addresses Objective 4 by developing and evaluating bioinspired 

nanoparticle–fungal composites using A. niger for mercury removal from wastewater. 

4.2. Materials and Methods  

4.2.1. Materials  

A. niger (ATCC 1015) was sourced from Dr. Matthias Brock of the University of Nottingham, 

United Kingdom. NPs were lab-synthesized, and their properties were reported in the previous 

chapter. Sodium nitrate (7631-99-4), and glutamine (56-85-9), were sourced from Sigma-

Aldrich UK. All chemicals were prepared as per the manufacturer’s instructions as aligned with 

my methods.  

4.2.2. Methods  

4.2.2.1 Fungal Culture Condition   

The A. niger used in this study was sub-cultured on a slant of potato dextrose agar (PDA) and 

incubated (Labnet international 211DS Shaking Incubator; Appleton Woods Ltd., Birmingham, 

UK) at 25 °C. The newly grown fungi were then stored as a mother culture at 4 °C (Lec 

Freestanding Lab Refrigerator, G334M.02L). For subsequent experiments, spores were 

harvested from the fungus after 3-5 days of growing it on PDA. Once washed using phosphate-

buffered saline (PBS), the number of spores is determined from a hemocytometer (NanoEntek 

C-Chip disposable) to prepare the desired concentration of spores.  

4.2.2.2. Gold Nanoparticle Deposition on Fungal Mycelium 

To evaluate the incorporation of AuNPs by A. niger, the method previously tested via 

preliminary evaluation (at 22 and 41 µg/ mL of the AuNPs; randomly selected) was adopted 

with slight modifications (concentration change). The experiment was conducted in a 12-well 

plate (Eppendorf Cell Culture Plate 24-Well TC) with Hutner’s minimal medium (containing 

5 mM of KCl, KH2PO4, and K2HPO4, 2 mM MgSO4, adjusted to pH 7.0). It was supplemented 

with a trace element solution, 1% (w/v) glucose as the carbon source, and 10 mM glutamine or 

sodium nitrate as the nitrogen source. The AuNPs were tested at two concentrations (20 and 30 
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µg/ mL) of sodium borohydride (NaBH4-AuNPs), glucose-AuNPs (Glu-AuNPs), citrate-

AuNPs (Cit-AuNPs), and cefaclor-AuNPs (Cef-AuNPs). The concentration (µg/ mL) for each 

of the NPs was calculated based on the gold content. The medium composition for group A 

consisted of 750 µL of the AuNPs (30 µg/ mL) and 200 µL of minimal medium with 10% 

glucose. Group B consisted of 460 µL of the AuNPs (20 µg/ mL) and 446 µL of minimal 

medium with 10% glucose as the nutrient source. The control comprised 900 µL of minimal 

medium and 100 µL of 10% glucose. Fungal inoculation was done by introducing a specific 

number of spores (106/ ml) into each well. The growth at 25°C lasted for either 7 or 10 days 

(to study the effect of time) before the mycelium was harvested, washed, and dried for further 

analysis. All experiments were carried out in triplicate. 

 

4.2.2.3. Preparing the AuNPs- Mycelia Composite Sample for Analyses  

To prepare the harvested mycelia for analysis, exactly 50 mg (Sartorius CPA2245) of fresh 

mycelium from each group was harvested and washed three times to remove non-bound AuNPs. 

The washing process was conducted in a 2 mL centrifuge tube for each wash. Exactly 1 mL of 

ddH₂O was added and hand-shaken (vigorous agitation) 10 times. This was centrifuged 

(Eppendorf AG 22331 Mini Spin) at 13,000 rpm for 3 min. The wash liquid was kept after each 

wash for further analysis. The washing process was repeated three times using the pellet 

obtained from the previous wash, yielding the first three samples per group (wash 1, wash 2, 

and wash 3). Another 0.05 g of the samples was also prepared without any washing and kept 

as the fourth sample from each group. The samples were then dried in a VirTis Freeze Drier 

7.0L DBTEL after the equipment was built up to -64°C. Upon drying, the final weight of the 

dried samples was recorded. 

4.2.2.4. Evaluation of Au NPs Incorporation into Fungal Mycelia by SEM/EDX 

To determine if the Au NPs were incorporated and firmly bound on the dried mycelium of A. 

niger, A JEOL Scanning electron microscope (JEOL JEM-2100Plus) with a guaranteed 

resolution for secondary electron imaging (SEI) of 1.2 nm (30 kV) was used for high-resolution 

high surface mapping and imaging. Imaging was done at a working distance of 10 µm, 

accelerating voltages 5-20 kV, and probe current of 9-12 nA (depending on the composite 

interaction with the electron beam which led to charging effects). An EDS detector (Oxford X-

Maxn EDS with 80 mm2 window) was attached to the SEM and was employed in the 

morphological and elemental characterization of the mycelium as initially described above. 
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The SEM equipment used a field emission gun with a tungsten filament. Before SEM analysis, 

the Au NPs bound A. niger mycelium samples were carbon coated through a controlled pulse 

cord 10 nm using a Quorum Q150R ES Sputter Coater.  Imaging was done at the highest 

possible magnification, where samples were not burnt by the electron beam (being biological 

samples with high electron interaction because of AuNPs surfaces).  Complementarily, Infrared 

spectroscopy of the mycelial-AuNPs composite (NICOLET iS50 FT-IR) in comparison to the 

ordinary mycelia and Au NPs was obtained to ascertain the incorporation of the NPs.  

4.2.2.5. Gold Concentration on Mycelium using ICPMS. 

To support the obtained results, ICP-MS Spectroscopy which measured gold concentration in 

the samples was done (NexION 100 ICP Mass Spectrophotometer). Exactly 0.001g of the 

freeze-dried samples (Washed and unwashed), for each AuNPs and control group were digested 

for 8  h in 1 mL aqua regia (3 HCl: 1 HNO3). Standard gold (Honeywell Fluka™) samples from 

0.01 – 1.0 ppm were also prepared using 2 % HNO3 for the dilution. The final dilution of the 

samples was 10-3 of the original concentration. 

4.2.2.6. Physiological Studies of A. niger Under the Effect of AuNPs. 

The study of physiological changes via sporulation was conducted using a hemacytometer 

(NanoEntek C-Chip disposable) and performed in triplicates. Mycelia were collected under 

each treatment condition and control, then centrifuged to collect the spores (Eppendorf AG 

22331 Mini Spin). The spores were counted to determine the average number produced by the 

fungus under the different AuNPs treatment conditions. 

4.2.2.7. Biofiltration of Mercury using AuNPs-Mycelia Composite Microstructure  

The filtration column is a PierceTM Centrifuge Column (Thermo-Scientific) with a polyethylene 

filter and pore size of 30 µM.  A measured volume of 1 mL of 5 ppb of the Hg2+ (prepared 

using laboratory standard mercury 1g/1000 mL from Sigma -Aldrich: Pcode-101740455), was 

added to 0.01 g of the AuNP-Mycelia composite in the tube. The solution was infiltrated with 

the composite 30 min before centrifugation. The system was then centrifugated at 5000 rpm 

for 3 min. The filtrate was collected in a 2 mL centrifuge tube (Safeseal Microtube from 

SARSTEDT). This was digested in aqua regia (as described in 4.2.2.5), and the Au remaining 

was measured by ICPMS.   

4.2.2.8. Testing Reusability of the AuNPs-Mycelia Biofilters 

The reusability of the AuNPs-Mycelia composite was evaluated using ICP-MS analysis 

(NexION 100 ICP Mass Spectrophotometer). An experimental concentration of 5 ppb of 
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mercury in DDH2O was prepared, and 1000 µL of this solution was run across 0.01 g of the 

composite five times. Each sample was collected via centrifugation after 30 min of interaction 

with the composite in a tube. To determine the effectiveness of mercury removal, the collected 

mercury solutions were diluted to 10 mL for ICP-MS analysis. Similarly, to assess if the 

attached mercury ions could be washed off the mycelia, DDH2O at pH 8.0 was prepared (Jing, 

He and Yang 2007), and 1000 µL was run through the used biofiltration composite five 

consecutive times. The wash solutions were collected using a centrifuge after 30 min of 

interaction with the biofilter for each wash. The mercury concentration in these wash solutions 

was then determined via ICP-MS. 

4.2.2.9. Role of Surface Chemistry in Composite Filtration Efficiency  

To evaluate if the surface chemistry of the fungal mycelia was impacted by changing the 

nitrogen source (either nitrate or glutamate), and to highlight the observed differences in 

filtration efficiency, the surface-free energies of the mycelia grown under each condition and 

their corresponding wettability via contact angle were measured using a tensiometer (Attention 

Theta Lite Tensiometer connected to a Navitar Zoom 6000® Lens System with a magnification 

range of 0.09-393X), via the OneAttension software. A measured 4 µL of double deionized 

water or diiodomethane (polar and non-polar fluids, respectively) was used for the experiment 

at different points on the mycelia surface, and this was done three times. The experiment 

followed the procedure described by (Huang, et al. 2019). The surface free energies were 

calculated using the Fowkes & Extended Fowkes Model (Fowkes 1964). This experiment was 

done for the control groups (nitrate and glutamine); therefore, mycelia were grown under the 

same conditions as the other experiments for the controls, but in a 250 mL flask to allow for 

growing larger mycelia suitable for this experiment. 

5.2.2.10 Analysis   

The mean values and standard deviations from data analysis were reported in plots. One-way 

or two-way ANOVA was conducted to determine significant differences among various 

treatment factors and their levels. Tukey’s post hoc test was used for multiple comparisons 

among the means across different groups (P < 0.05). All analyses were performed using 

GraphPad Prism 10.0 under a laboratory license. For each group, experiments were performed 

in triplicate, both technically and biologically.  
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4.3.  Results and Discussion  

4.3.1. Fungal Growth and Filament Characterization 

The pictorial representation in solid and liquid media, and filaments characteristics of A. niger 

by SEM are presented in Figure 4.1 below. The fungal hyphae emerged from spores’ 

inoculation within 24 h signalling the log phase of growth, the entire area of the Petri dish was 

covered with mycelia within 3-5 days of exponential growth. After this, there is intense 

sporulation which is characteristic of the fungus.  Notably, on solid media, the fungus has 

characteristic dark patches indicating spore nucleation (Figure 4.1A, but these spores are more 

widely distributed on liquid media (Figure 4.1B). The mycelium of A. niger comprises 

interlaying and less branching filaments (Figure 4.1C) with a diameter of about 4.54 (±1.58) 

as shown in Figure 4.1D. The value from 100 filaments is comparable to existing literature 

records (Krijgsheld, et al. 2013). 
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Figure 4.1: Illustrates the growth conditions and characteristics of A. niger. Panel (A) growth 

on slid media (PDB + agar); (B) growth on liquid media (PDB); (C Scanning Electron 

Micrograph (SEM) of A. niger, highlighting morphological features; and (D) Size distribution 

plot of A. niger spores, illustrating size variability.  

4.3.2. Directed Au NPs Assembly on A. niger Mycelium (Preliminary evaluation). 

Before the main experiments, a preliminary evaluation was conducted to establish a method 

suitable for AuNPs assembly on A. niger within the laboratory as a biomimetic system. 

Changes during growth were monitored and recorded, starting with two concentrations of the 

AuNPs (22 and 41 µg/ mL). These concentrations were randomly chosen to accommodate the 

synthesis concentration of the NPs, followed by a 2-fold dilution. Physical observation during 

the progression of Au NPs assembly on A. niger mycelium showed unique patterns (Figure 4.2 

A). Firstly, all the freshly prepared fungi culture media had characteristic brick-red colors 

unique to the synthesized AuNPs added to the media. Within the first five days of initial growth, 

the characteristic brick-red color of the cefaclor and citrate AuNPs at 41 µg/ mL, which were 

initially conspicuous in the fungal culture media, changed to purple and pink, respectively. 

Interestingly, the A. niger in these groups picked up these colors in their filaments. While there 

was obvious growth inhibition, the alteration in the physical appearance (color changes) of the 

AuNPs solution could be suggested to be due to interaction with some media component. This 

suggestion is based on previous studies, where it was reported that the physicochemical 

properties of NPs could be altered by the matrix in which they are suspended, including 

biological matrices such as cell culture media (Kendall, et al. 2015, Moore, et al. 2015). 

However, the absence of similar observations in other groups at 41 µg/ mL and across 20 µg/ 
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mL for the same AuNPs groups brought doubt to the initial suggestion. A further literature 

search revealed that some species of Aspergillus can secrete a special pigment called 

pyomelanin, which protects them against reactive oxygen intermediates, serves as a metal 

chelator, and protects them against wall-disturbing compounds. They secrete this during 

infection (Keller, et al. 2011, Koch, et al. 2023). However, previous reports on this have been 

on A. fumigatus. With my observation of distinct growth reduction in these two groups coupled 

with this understanding, I suggest that the observed color changes in the mycelium and media 

could be due to a severe stress response of the A. niger to the presence of the NPs at that 

concentration. The confirmation of the presence of Au NPs on the mycelium was then evaluated 

through Fourier transform infrared spectroscopy (FTIR) compared to the pure Au NPs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Physical observation of AuNPs assembly on A. niger mycelium at either 22 or 44  

µg/ mL.   
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The self-assembly of AuNPs on A. niger mycelium was monitored after growing the fungus in 

nutrient media enriched with AuNPs. FTIR analysis recorded the self-organization of AuNPs 

after one week. Figure 4.2B (A-D) below compares the distinct AuNPs vibrations, indicating 

biomolecular constituents in pure AuNPs, AuNPs-bound mycelium, and control groups. Figure 

4.2A shows FTIR spectra for NaBH4-reduced AuNPs, with typical B-H bond bands between 

2300 - 2200 cm⁻¹, 1430 – 1322 cm⁻¹, and 931 – 877 cm⁻¹(Renaudin, et al. 2004). Figure 4.2B 

highlights O-H vibrations in glucose (Liu, et al. 2006), observed in all treatment and control 

groups. A. niger mycelium is primarily a carbohydrate material composed of different 

carbohydrate polymers, some of which are rich in glucose. Figure 4.2C presents β-lactam ring 

vibrations in mycelium treated with Cef-AuNPs (Rai, Prabhune and Perry 2010), with 

consistent peaks at 22 and 41 µg/ mL. Figure 4.2D shows carboxylate peaks in Cit-AuNPs-

treated mycelium, consistent with pure Cit-AuNPs. This indicates that the Cit-AuNPs 

assembled on the mycelium, and their functional properties after the assembly may not have 

been significantly altered. These observations were not recorded in the control groups 

(Hameed, Hamza and Kamal 2015). From preliminary evaluation, I concluded that 41 µg/ mL 

AuNPs induced stress responses in the fungus, affecting NP properties and growth (Figure 

4.2B). Therefore, 20 and 30 µg/ mL concentrations were adopted for further experiments, 

examining deposition over varying days and nitrogen sources. 
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Figure 4.2B: The FTIR spectra of AuNPs-bound mycelia compared to their respective ordinary 

materials. Panel (A)NaBH4-Reduced AuNPs; (B) Glc-AuNPs; (C)Cef-AuNPs; and (D) Cit-

AuNPs. 

4.3.3. Gold Nanoparticle Deposition on Fungal Mycelium (under Varying Conditions) 

When gold nanoparticles (AuNPs) were introduced into the fungal culture of A. niger, 

observable changes were monitored, with images in (Figure 4.3 A-E) showing the culture's 

appearance during functionalization with AuNPs for either nitrate or glutamine (as nitrogen 

sources). The mycelia exhibited progressive physical and physiological changes, particularly 

in sporulation, indicating that successful AuNP deposition required the fungus to adjust, both 

for survival and NP assembly. After 10 days, the initial brick red colour of the AuNPs was only 

visible in the background due to the significant mycelial growth. Additionally, there was a 

concentration-dependent response, with fungal growth being proportional to the AuNP 

concentration (20 or 30 µg/ mL), consistent with preliminary studies. 
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20 µg/ mL                          

Glutamine                            Nitrate                             1 cm 

B: Glc-AuNPs                           30 µg/ mL                          

20 µg/ mL                          

Glutamine                            Nitrate                             1 cm 
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Glutamine                            Nitrate                             
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D: Cef-AuNPs                           30 µg/ mL                          
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Figure 4.3: Picture of observable changes in A. niger culture during functionalization with 

AuNPs using nitrate or glutamine as nitrogen sources. Images A-E show the culture's 

appearance over 10 days, proportional to AuNP concentration (20 or 30 µg/ mL). (A) PDB-

Control, (B) NaBH4-reduced AuNPs, (C) Glc-AuNPs, (D) Cef-AuNPs, (E) Cit-AuNPs. 

4.3.4. Impact of Varying Conditions on the Mycelial Yield of A. niger  

4.3.4.1 Impact of Gold Nanoparticles Concentration (20 or 30 µg/ mL) 

To determine how the mycelial yield of A. niger is affected by varying concentrations of AuNPs 

(20 or 30 µg/ mL) over different growth periods (7 or 10 days), I kept the nitrogen source 

constant and quantitatively evaluated the yield under different types of gold NPs used in 

functionalization. Significant variations in mycelia yield were recorded depending on the 

concentration, type of AuNPs, and growth duration, as shown in Figure 4.4 A–D. Generally, 

the yield of the AuNPs-mycelia composite varied with increasing AuNP concentrations, but 

lower yields were observed across NP groups compared to PDB, except for Glc-AuNPs where 

growth and yield were unaffected. The glucose on the AuNPs surface seems to offer additional 

nutrients.  With glutamine as the nitrogen source (Figure 4.4 A), more mycelia were produced 

E: Cit-AuNPs                           30 µg/ mL                          

20 µg/ mL                          

Glutamine                            Nitrate                             
1 cm 
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at 30 µg/ mL if growth lasted 7 days, but no significant difference was noted with longer growth 

durations, except for Cef-AuNPs which favoured lower concentrations with increased growth 

duration (Figure 4.4 B). For nitrate as the nitrogen source, mycelia yield was unaffected by 

growth duration or AuNP concentration. Notably, lower concentrations of Cit-AuNPs resulted 

in higher yields, suggesting the possibility antifungal effect due to prolonged interaction with 

the fungus (Eid, et al. 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Mycelia yield of A. niger with varying AuNP concentrations (20 or 30 µg/ mL) 

over 7 or 10 days. (A) glutamine: 20 or 30 µg/ mL of AuNPs for 7 days; (B) glutamine: 20 or 

30 µg/ mL of AuNPs for 10 days; (C) nitrate: 20 or 30 µg/ mL of AuNPs for 7 days; (D) nitrate: 

20 or 30 µg/ mL of AuNPs for 10 days. The level of significance; * (p ≤ 0.05), ** (p ≤ 0.01), 

and *** (P ≤ 0.001). 
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4.3.4.2. Impact of Different Nitrogen Sources (Nitrate or Glutamine) 

To establish the optimal conditions for growing my composite, I evaluated how the fungus 

responded to different nitrogen sources while keeping the AuNP concentration and growth 

period constant. Significant connections were recorded between nitrogen sources, 

concentration, and growth duration, and these are presented in Figure 4.5 below. Figures 4.5 A 

and B denote the mycelia yield at 20 and 30 µg/ mL of the AuNPs, respectively, after 7 days of 

growth.  The mycelia yield was significantly higher with glutamine as the nitrogen source 

compared to nitrate, indicating that the fungus thrived better with glutamine after 7 days of 

inoculation irrespective of the AuNPs concentration. Figures 4.5 C and D show the material 

yield at 20 and 30 µg/ mL respectively, after 10 days of growth. A similar trend of results was 

observed but with more interesting dynamics. Unlike glutamine, increasing the duration of 

growth from 7 to 10 days does not significantly impact the yields of the composite when nitrate 

is used as the nitrogen source. Compared to the other groups, Glc-AuNPs have a higher material 

yield especially when glutamine was the nitrogen source (Figures 4.4A and 4.3B). In the Glc-

AuNPs groups, higher yields could be due to additional carbon sources from glucose on the 

NP's surface or the conversion of glucose to glutamine or glutamate, which are favoured by the 

fungus as nitrogen sources (Novodvorska, et al. 2013). Across both concentrations of AuNPs, 

glutamine was mostly preferred, resulting in higher mycelia yields. Thus, growing the 

composite under glutamine was best for mycelia yield, regardless of the AuNP concentration 

(20 or 30 µg/ mL), indicating that the nitrogen source had a greater impact on yield than 

concentration and growth duration. 
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Figure 4. 5: Mycelia yield of A. niger with varying nitrogen sources (20 or 30 µg/ mL) over 7 

or 10 days. (A) 7 days:  20 µg/ mL of AuNPs; (B)  7 days:  30 µg/ mL of AuNPs; (C) 10 days:  

20 µg/ mL of AuNPs; (D)  10 days:  30 µg/ mL of AuNPs. The level of significance; * (p ≤ 

0.05), ** (p ≤ 0.01), and *** (P ≤ 0.001). 

4.3.5. Physiological Impact of AuNPs on Sporulation of A. niger  

To understand how the introduction of AuNPs at 30 µg/ mL (being the highest selected 

concentration after preliminary evaluation) impacted physiological changes in A. niger, I 

evaluated the degree of sporulation under different types of AuNPs, recording significant 

differences, as shown in Figure 4.6. Sporulation is a crucial physiological response to stress in 

fungi and serves as a survival mechanism (Su, Qi and Cai 2012). In preliminary studies, A. 

niger thrived in AuNPs up to 41 µg/ mL, yielding high-quality mycelia composites in some 

groups, but with notable growth changes in others. These growth changes were not observed 

at 30 µg/ mL, leading us to focus my current investigation on the sporulation effects of AuNPs 

in growth media with either nitrate or glutamine as the nitrogen source at 30 µg/ mL. This is 

rather a physiological characterization other than physical growth changes. Apart from Glc-

AuNPs, other groups exhibited significant sporulation due to AuNP exposure. Normally, A. 

niger is highly sporulating, but the introduction of NPs increased spore production. Spores 

from the 30 µg/ mL condition (10^-1 dilution) showed that NaBH4-AuNPs, Cef-AuNPs, and 

Cit-AuNPs significantly potentiated sporulation compared to Glc-AuNPs and control groups. 

Interestingly, sporulation was reduced with glutamine as the nitrogen source, consistent with 

previous studies showing that glutamine, along with glutamate and ammonia, are primary 

nitrogen sources for A. niger (Novodvorska, et al. 2013). This further supports the ideas well 

documented in the literature that while nitrate is preferred only as an alternative nitrogen source, 

glutamine is a primary nitrogen source for A. niger (Novodvorska, et al. 2013). Results showed 
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clear indications that the fungus though stressed, was still able to produce enough material 

suitable for composite formation under the treatment conditions explored.  

 

 

 

 

Figure 4.6: Quantitative comparison of the physiological response of A. niger by sporulation 

mycelia (A) 20 µg/ mL and (B) 30 µg/ mL in when either nitrate or glutamine was used as 

nitrogen source. The level of significance * (p ≤ 0.05), ** (p ≤ 0.01), and *** (P ≤ 0.001). 

4.3.6 Morphological Characterization and Elemental Mapping of AuNPs-

Functionalized A. niger Mycelia 

The morphological characterization and elemental mapping of the functionalized mycelia by 

SEM/EDX further confirmed the successful AuNPs functionalization of A. niger mycelia, 

providing additional structural information. These are presented in Figure 4.7 A-D below for 

the materials grown at 30 µg/ mL of the AuNPs for either 7 (Figure 4.7 A and B) or 10 days 

(Figure 4.7 C and D). The Figure for the materials grown at 20 µg/ mL of the AuNPs is in the 

appendix, labelled as Figure Appendix 4.1. For a comprehensive morphological analysis, 

scanning electron microscopy (SEM) images of the gold nanoparticle-mycelia (AuNP-mycelia) 

composites were captured at various magnifications. The SEM images demonstrated that the 

mycelia in each experimental group were effectively coated with gold nanoparticles, even after 

washing. However, a few filaments displayed fewer nanoparticles. The mycelia of A niger 

across all AuNP groups (NaBH4-AuNPs, Glc-AuNPs, Cef-AuNPs, and Cit-AuNPs) exhibited 

significant functionalization, as evidenced by the uniform distribution of AuNPs on the mycelia. 

This uniformity was consistent at both 20 and 30 µg/ mL concentrations when cultivated for 

either 7 or 10 days, using glutamine or nitrate as the nitrogen source. In terms of spatial 

distribution, the AuNPs were primarily observed as non-aggregates, with only a few clusters 
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noted in the Glc-AuNPs group. This suggests that the interaction between the nanoparticles, 

the media, and the fungal mycelia did not significantly alter the distribution. of their 

physicochemical and morphological properties (e.g. shape, and agglomeration). 

Complementary EDX analysis through spot and map scanning of the areas observed to have 

the NPs showed an intense optical absorption band peak for Au at approximately 2.2 keV, 

further confirming the presence of the AuNPs. Well-defined optical absorption bands 

designated to carbon (from the mycelia, AuNPs, and the 10 nm carbon coating), silica (from 

borosilicate glass that was used as sample holder), oxygen (from mycelia and Au NPs 

component), sulphur (for the groups with cefaclor coated AuNPs) and Au were also detected. 

Like the results from physiological characterization via sporulation, the SEM micrographs also 

showed intense sporulation on the filaments in the Cit-AuNPs-Myc group, especially when the 

fungus had nitrate as the nitrogen source (Figure 4.7D). However, the morphology of the fungal 

spores themselves did not seem to be affected, as no damage was observed. Generally, being a 

biological sample, images could not be taken under conditions that further exposed the sample 

to burning by the electron beam at high accelerating voltage. Similarly, there was a charging 

effect from some groups (especially citrate), likely due to the interaction between the electron 

beam and the electrons from the coating materials on the AuNPs surface. From SEM 

micrographs, clear distinctions could not be made on the effects of the nitrogen source on 

AuNPs deposition, indicating the need for further evaluation using more quantitative methods. 

However, the SEM/EDX characterization shows that the use of a natural coupling process 

without intrusive chemicals is adequate for the formation of AuNPs composites with A. niger. 
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Figure 4.7A: Representative scanning electron microscopy (SEM) image, and elemental 

analysis (EDX) showing the distribution (A): NaBH4-AuNPs; (B): Glc-AuNPs; (C): Cef-

AuNPs; (D): Cit-AuNPs; on A. niger hyphae after 7 days of growth (nitrogen source: 

glutamine). The insert at the top right corner is the mapped area on the mycelia while that at 

the bottom right corner is the corresponding EDX signal for Au atoms. This signal is denoted 

by the area within the circle for the SEM/EDX image. All SEM images include a scale bar 

representing 1 µm.   
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Figure 4.7B: Representative scanning electron microscopy (SEM) image, and elemental 

analysis (EDX) showing the distribution (A): NaBH4-AuNPs; (B): Glc-AuNPs; (C): Cef-

AuNPs; (D): Cit-AuNPs; on A. niger hyphae after 7 days of growth (nitrogen source: nitrate). 

The insert at the top right corner is the mapped area on the mycelia while that at the bottom 

right corner is the corresponding EDX signal for Au atom. This signal is denoted by the area 

within the circle for the SEM/EDX image. All SEM images include a scale bar representing 1 

µm. 
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Figure 4.7C: Representative scanning electron microscopy (SEM) image, and elemental 

analysis (EDX) showing the distribution (A): NaBH4-AuNPs; (B): Glc-AuNPs; (C): Cef-

AuNPs; (D): Cit-AuNPs; on A. niger hyphae after 10 days of growth (nitrogen source: 

glutamine). The insert at the top right corner is the mapped area on the mycelia while that at 

the bottom right corner is the corresponding EDX signal for Au atom. This signal is denoted 

by the area within the circle for the SEM/EDX image. All SEM images include a scale bar 

representing 1 µm. 
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Figure 4.7D: Representative scanning electron microscopy (SEM) image, and elemental 

analysis (EDX) showing the distribution (A): NaBH4-AuNPs; (B): Glc-AuNPs; (C): Cef-

AuNPs; (D): Cit-AuNPs; on A. niger hyphae after 10 days of growth (nitrogen source: nitrate). 

The insert at the top right corner is the mapped area on the mycelia while that at the bottom 

right corner is the corresponding EDX signal for Au atom. This signal is denoted by the area 

within the circle for the SEM/EDX image. All SEM images include a scale bar representing 10 

µm. 
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4.3.7. Effects of Varying Conditions on the Deposition of AuNPs on A. niger Mycelia 

4.3.7.1. Effect of AuNPs Concentrations (20 or 30 µg/ mL) 

I quantitatively investigated the implications of using varying concentrations of AuNPs (20 or 

30 µg/ mL) on their deposition dynamics on A. niger, and how this is further affected by growth 

duration. Understanding the deposition dynamics of the AuNPs on A. niger mycelia provides 

better insight into the chemical nature and usability of the AuNPs-mycelia composite. 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is recognized as an effective 

elemental quantification technique for various nanoparticles, including metallic NPs (Laycock, 

et al. 2022). The standard calibration curves for gold (0.01-0.1 ppm) and extrapolations of 

Au:In counts for the AuNPs functionalized mycelia fractions, with curves Y (Au:In) = 45.84X 

+ 0.45931 for glutamine and Y (Au:In) = 92.21X + 0.45931 for NaNO3, indicate the 

concentration (ppm) of Au bound to the mycelia. Results, presented in Figure 4.8 A-D, show 

that more NPs are deposited at 30 µg/ mL (Fig 4.8 B, C, and D), indicating that concentration 

played a pivotal role. Similarly, increasing the growth duration from 7 to 10 days significantly 

contributed to AuNPs deposition at 30 µg/ mL, whether the nitrogen source was glutamine (Fig 

4.8 A and B) or nitrate (Fig 4.8 C and D). 
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Figure 4.8: AuNPs deposition on A. niger with varying AuNPs concentration (20 or 30 µg/ 

mL) over 7 or 10 days. (A) glutamine: 20 or 30 µg/ mL of AuNPs for 7 days; (B) glutamine: 

20 or 30 µg/ mL of AuNPs for 10 days; (C) nitrate: 20 or 30 µg/ mL of AuNPs for 7 days; (D) 

nitrate: 20 or 30 µg/ mL of AuNPs for 10 days. The level of significance; * (p ≤ 0.05), ** (p ≤ 

0.01), and *** (P ≤ 0.001). 

4.3.7.2. Effect of Nitrogen Sources (Nitrate or Glutamine) 

For further clarification, Figure 4.9 A-D illustrates the AuNP deposition dynamics between the 

two nitrogen sources at the same growth duration and concentration. This was done to provide 

more details on how changing nitrogen sources affects AuNPs deposition, and which is 

preferred by the fungus (A. niger) for this. When the growth duration was 7 days, gold NPs 

deposition was favoured with nitrate as the nitrogen source (Figure 4.9A and B). However, for 

10 days, the fungus preferred glutamine for Glc-AuNPs and NaBH4-AuNPs deposition, while 

nitrate was preferred for Cef-AuNPs and Cit-AuNPs deposition (Figure 4.9C and D). This 

implies that Cef-AuNPs and Cit-AuNPs showed a preference for NaNO3 as their nitrogen 

source for AuNP deposition but not for growth. Interestingly, both groups (Cef and Cit-AuNPs) 

retained at least 50% of the initial gold bound to the mycelia at both concentrations (20 and 30 

µg/ mL) after three washes. Notably, these two groups have the highest zeta potentials, 

suggesting better stability and reduced NP-NPs aggregation, allowing for strong interaction 

between the fungal mycelia and the AuNPs (Rasmussen et al., 2020). This observation is 

consistent with SEM results showing more homogeneously distributed and unagglomerated 

microstructures for these groups. A. strains are versatile in utilizing a wide array of organic or 

inorganic nitrogen sources (Krappmann and Braus, 2005), but this versatility comes with 
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consequences. The triggering of conidia germination and subsequent outward growth to form 

the mycelia network, required for functionalization, can be affected by the nitrogen source 

(Hayer, Stratford and Archer 2014). Unlike nitrate, glutamine plays important roles in both 

stages (conidia activation and outward growth) within the first 24 h of inoculation, contributing 

to the early growth of A. niger without the need for complementary activators (Hayer, Stratford 

and Archer 2014). These differences may be responsible for the observed impact on growth 

patterns and the nature of deposition. I concluded that the composite is best formed at 30 µg/ 

mL of the AuNPs but retained both nitrogen sources in my further studies due to differing 

preferences.  This also gives a platform to study how the fungus assembles the NP under 

different nitrogen sources.  

 

 

 

Figure 4.9: Mycelia yield of A. niger with varying nitrogen sources (20 or 30 µg/ mL) over 7 

or 10 days. (A) 7 days:  20 µg/ mL of AuNPs; (B) 7 days:  30 µg/ mL of AuNPs; (C) 10 days:  

20 µg/ mL of AuNPs; (D) 10 Days:  30 µg/ mL of AuNPs. The level of significance; * (p ≤ 

0.05), ** (p ≤ 0.01), and *** (P ≤ 0.001). 
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4.3.8. Potential of AuNPs-Functionalized Fungal Composites in an Environmental 

Application   

4.3.8.1. AuNPs-Functionalized Fungal Composites for Mercury Removal  

Having understood the AuNPs deposition dynamics under different conditions and developed 

the composite, I explored the potential of fungal composites created at 30 µg/ mL of AuNPs 

using either nitrate or glutamine as nitrogen sources as novel, reusable filters for mercury 

removal. The previous chapter (chapter 3) established the sensitivity of these AuNPs to mercury, 

including their detection limits. Literature also indicates that mercury has a strong affinity to 

bind gold through a process known as amalgamation, where gold and mercury form an 

amalgam, a concept also utilized in gold mining (Donkor, Ghoveisi and Bonzongo 2024). 

Leveraging this, I selected mercury for my biofiltration assessment. This aligns with the global 

quest for sustainable mercury management in the environment (detection and removal). In this 

study, these biofilters were compared to an industrial filter (PierceTM Centrifuge Column, 

Thermo-Scientific, with a polyethylene filter and 30 µM pore size), with ordinary mycelia 

serving as the control. Results showed that Cef-AuNPs and Cit-AuNPs were effective under 

both nitrogen conditions, particularly with glutamine as the nitrogen source (Figure 4.10). Glc-

AuNPs and other mycelia groups performed better in glutamine as the nitrogen source, while 

NaBH4-AuNPs showed superior performance with nitrate as the nitrogen source, suggesting 

that mycelia surface properties may influence filtration effectiveness. Notably, when glutamine 

was the nitrogen source, all groups, including ordinary mycelia, achieved significant mercury 

reduction, with levels dropping from 5 ppb with up to 90% removal rate in some groups, 

demonstrating the system’s suitability for mercury filtration (Figure 4.10). These findings 

highlight the eco-friendly potential of fungi in addressing heavy metal pollution and the 

importance of applied mycology intersecting with nanotechnology. It also showcases the 

tuneability of mycelia with different constituents (food sources or bioactive materials) and how 

this promotes their use in certain applications.  

According to a chemical fact sheet published by the World Health Organization (WHO, 2011), 

the organization postulated the possibility of achieving mercury removal from raw, not-so-

contaminated water down to 1 ppb using methods such as coagulation/sedimentation/filtration, 

Powdered Activated Carbon (PAC), and ion exchange. In the UK, previous methods reported 

in literature achieved mercury removal efficiencies of up to 52.2% during primary treatment 

and 29.5% during secondary treatment (Hargreaves, et al. 2016). This new system, however, 

offers significant improvements, especially in removing mercury from low-level contaminated 
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waters.  In addition, my experiment has proven that glutamine treatment in the formation of 

AuNPs-Mycelia composite can accomplish this under laboratory conditions. This also fits into 

the regulatory requirements in countries with more stringent MAC for mercury (e.g., the United 

Kingdom and Canada), where the level as stated in the water regulation policy is 1 ppb (Health 

Canada 1979, The United Kingdom Government 2016).  

Figure 4.10: Quantitative comparison of the Hg2+ removed by A. niger mycelia at 30 µg/ mL 

when either nitrate or glutamine was used as a nitrogen source. The level of significance; * (p 

≤ 0.05), ** (p ≤ 0.01), and *** (P ≤ 0.001). The starting level of mercury is 5 ppb.   

4.3.8.2. Reusability of the Composite in Mercury Filtration  

Initial experiment results shown in Figure 410 demonstrated the effectiveness of certain 

AuNPs-fungal composite filters in mercury filtration, leading to their selection for further 

reusability screening. Results from five runs, presented in Figures 4.11A (glutamine) and 4.11B 

(nitrate), showed that mercury concentration in the initial test samples significantly dropped 

below 2 ppb (indicated by the green line), the United States Environmental Protection Agency’s 

Maximum Allowable Concentration (USEPA MAC) for mercury in wastewater, also adopted 

by the WHO in a 2017 report (WHO, 2017).  For the AuNPs-mycelia composite filters formed 

with glutamine (Figures 4.11A), three groups (Glc-AuNPs, Cef-AuNPs, and Cit-AuNPs) were 

selected based on the results described above. These groups effectively removed mercury over 

five consecutive runs, with ordinary mycelia also demonstrating some mercury removal, 

suggesting a complementary effect between AuNPs and mycelia. Compared to the WHO MAC, 
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the glutamine-treated AuNPs composites reduced mercury to levels even half the MAC over 

repeated use, demonstrating their efficiency and reusability. For composites formed with nitrate, 

only Cit-AuNPs and Cef-AuNPs were selected. Unlike the glutamine-treated composites, these 

showed varying responses over five runs. The Cef-AuNPs-mycelia biofilter became more 

efficient over time, with significant differences observed after the fifth run, while Cit-AuNPs 

showed improvement from the second run, maintaining this over subsequent runs. Compared 

to the WHO MAC, the Cef-AuNPs-mycelia composite proved to be an efficient biofilter, with 

both nitrate groups reducing mercury to the MAC over repeated use. From both groups treated 

with either nitrate or glutamine, it can be inferred that mycelia composites can serve as novel 

filtration systems for reducing low mercury concentrations in wastewater to levels below the 

WHO MAC (indicated by the green line). The differing behaviours of the composites under 

the two nitrogen sources suggest that other factors may influence effective filtration or 

interaction with mercury. The principal suspects are surface-free energy and the degree of 

wettability.  
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Figure 4.11: Mercury filtration using AuNPs-mycelia composites over five washes when the 

nitrogen source was (A) glutamine and (B) nitrate. The starting level of mercury is 5 ppb.   

4.3.8.3. Recycling Mercury from AuNPs-Mycelia Composite  

Recycling is a key concept in sustainable material use, and I tested the possibility of recycling 

mercury trapped in the AuNPs-mycelia composite using a pH adjustment to 8.0 for desorption. 

Progressive increases in mercury concentration were observed over five washes, depending on 

whether the composites were formed with glutamine or nitrate. Results, presented in Figures 

4.12A and 4.12B, showed that mercury desorption from glutamine-treated composites was 

progressive but not significantly different over five washes. Cef-AuNPs and Cit-AuNPs groups 

showed a steady increase in mercury desorption, while Glc-AuNPs exhibited high initial 

mercury concentration, which reduced significantly in the second wash, followed by 

progressive desorption. This suggests that Glc-AuNPs may have mercury ions not firmly bound 

to the mycelia, relying on ion-ion interactions for filtration. For nitrate-treated composites, 

significant differences were observed over five washes, especially in Cit-AuNPs-mycelia. Cef-

AuNPs-mycelia showed similar desorption patterns to Glc-AuNPs from glutamine treatments, 

possibly due to thorough distribution without clusters (Figure 4.7). Cef-AuNPs' non-

homogeneous size might interfere with mercury release by offering different surface areas for 

binding. Generally, glutamine as a nitrogen source offers more potential for effective composite 

biofilters for mercury bioremediation. However, less than 10% of the mercury was removed 

over five washes, indicating the need for an alternative desorption system instead of ddH2O at 
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pH 8.0. The differing responses in ordinary mycelia suggest varying surface properties across 

the two different nitrogen sources, necessitating further exploration of their surface chemistries. 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: Mercury desorption from AuNPs-mycelia composites over five washes when the 

nitrogen source was (A) glutamine and (B) nitrate. The starting level of mercury is 5 ppb.   
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4.3.8.4. Surface Properties and Wettability of Mycelia and Implications for Filtration 

Efficiency 

 I evaluated the surface properties of the mycelia to determine if differences in wettability or 

surface-free energy could offer insight into the filtration efficiency when the fungus was grown 

with either glutamine or nitrate as the nitrogen source. This evaluation was conducted on both 

sides of the mycelia, and the results are presented in Figure 4.13 below. From Figure 4.13A, 

which shows the contact angle in water, the growth face (GF) of the mycelia was slightly 

hydrophobic and less wettable under both nitrogen source conditions. However, the media face 

(MF) for both conditions was very wettable, with the glutamine inclusion showing better 

wettability in water. Diiodomethane easily wets the growth face of the mycelia grown with 

glutamine, indicating that the surface has more non-polar groups compared to those grown with 

nitrate (Figure 4.13C). For the media face, diiodomethane ran through both groups, indicating 

moderate surface energy and ease of wetting (Figure 4.13C). While this result does not provide 

enough information to make definitive conclusions about the effects of surface chemistry, the 

expression of more surface-free energy on the surface of the glutamine-treated mycelia could 

have led to improved surface interactions. It also indicates a better environment for AuNP 

assembly and mercury removal.  

  

 

 

 

 

 

Figure 4.13: Evaluation of the surface properties of mycelia grown with either glutamine or 

nitrate as the nitrogen source.  (A) contact angle in water; (B) contact angle in diiodomethane 

(C) surface free energy for both polar and non-polar groups 

4.4. Experimental Challenges and Solutions Relevant to this Chapter  

The formation of AuNPs-mycelial composites reported in this chapter presented several 

challenges due to the biomimetic nature of the process and the need to replicate a natural 

phenomenon on a laboratory scale. However, these changes also presented learning 

A B 
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opportunities both in method improvement and learning.  The prominent challenges and their 

solutions are as follows: 

1. Materials Interaction with the Electron Beam of SEM: As a biological sample, the 

mycelia could not withstand very high accelerating voltages (20kV) or probe currents (15 

mAh) for imaging at high magnifications (above 70,000x). This led to the burning of 

samples, necessitating images to be taken at lower magnifications. To manage this, the 

accelerating voltage and probe current were reduced, samples were realigned, and 

stigmation was checked. 

2. Charge Effects: The AuNPs assembled on the mycelia surface had their respective surface 

charges (reported as zeta potentials in Chapter 3). Particularly for composites formed from 

citrate AuNPs, charging effects caused the sample to drift on the stage. To address this, a 

thin layer of copper tape was used to form an electron bridge on the SEM stub holding the 

sample, which helped with electron distribution and reduced drifting.  

3. Interference with EDX Mapping: The challenges initially affected the elemental mapping 

of the sample by SEM/EDX from the preliminary evaluation. Since EDX maps focus on a 

specific area within the samples and must remain stable until scanning is completed, 

drifting or charging could compromise result quality. To address this, EDX maps for Au 

were obtained in both spot and map scanning modes at higher and lower magnifications, 

yielding consistent and high-quality results in the main experiments. 

4.5. Methodological Challenges in Identifying Mycelial Components Binding to AuNPs 

for Composite Biofilter Formation  

I conducted an experiment to identify the specific component of the mycelia that binds to 

AuNPs to form a composite biofilter for each group, but the current methods were unsuccessful. 

The experiment involved multiple stages: fixation in osmium tetroxide, embedding in 3% low-

gelling agarose, en-bloc staining with 1% uranyl acetate, multistep dehydration with increasing 

alcohol concentrations (50%, 70%, 90%, 100%), infiltration with a propylene oxide-resin 

mixture and 100% resin, sectioning of TEM samples into 500 nm slices collected onto APES-

coated glass slides, staining with toluidine blue in methanol, washing with 90% ethanol, and 

viewing with an upright microscope, then TEM imaging. The goal was to obtain TEM images 

of the slices clearly showing the components of the mycelia that binds AuNPs in each group. 

However, after two attempts, the resin formed was not strong enough for microtome sectioning. 

With ten samples each for the nitrate and glutamine groups, repeating the experiment was 

unrealistic within the time frame for the doctoral research as new samples needed to be grown. 
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Despite these challenges, this experiment is intriguing as it connects material and 

environmental science with biochemistry. 

4.6. Biofiltration with A. niger for Mercury Removal: Limitations and Scope 

This novel study was conducted exclusively on A. niger, and its findings may not apply to other 

strains. Additionally, the biofiltration systems were tested solely for mercury bioremediation, 

and their effectiveness for other heavy metals or pollutants is beyond the scope of this research. 

I have documented the effects of varying nitrogen sources (nitrate and glutamine) on the yield 

and efficiency of the biofilter under laboratory conditions. However, these results may differ 

in non-laboratory environments or when other nutrient sources (e.g., carbon) are altered. 

4.7. Conclusion 

This study has successfully demonstrated the potential of A. niger mycelia functionalized with 

gold nanoparticles (AuNPs) as a sustainable and reusable biofilter for mercury bioremediation. 

By leveraging the unique properties of AuNPs and the inherent capabilities of A. niger, a 

composite material was developed that not only detects mercury but effectively removes it 

from aqueous solutions to concentrations below the World Health Organization's (WHO) 

maximum allowable limit. Key findings include the significant influence of nanoparticle 

concentration, nitrogen source, and growth duration on the deposition of AuNPs on A. niger 

mycelia, with glutamine enhancing mycelial yield and facilitating higher AuNP deposition, 

whereas nitrate favored specific AuNPs' functionalization efficiency. The exposure to AuNPs 

elicited varied physiological changes in A. niger, notably increased sporulation, particularly 

with nitrate as the nitrogen source, contributing to the effective integration of nanoparticles. 

The biofilters created from these composites exhibited exceptional mercury removal efficiency, 

outperforming conventional industrial filters, and the system's reusability and potential for 

mercury recovery underscore its eco-friendly and cost-effective attributes. Differences in 

surface free energy and wettability, as determined by nitrogen sources, were shown to influence 

filtration efficiency, providing insights into optimizing the composite's performance. This 

research underscores the innovative integration of fungal materials and nanotechnology for 

environmental applications, bridging gaps in mercury remediation and advancing sustainable 

practices. 
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CHAPTER 5 

5.0. Correlating The Effect of 'Food' Source (Carbon) on the Mechanical Properties and 

Wettability of Fungal Mycelia  

In this chapter, I investigated how different sugars and varying sugar concentrations affect the 

mechanical properties and surface wettability of five fungal strains (Aspergillus niger, Botrytis 

cinerea, Rhizopus oryzae, Trametes versicolor, and Schizophyllum commune). My findings 

reveal distinct sugar preferences in R. oryzae and demonstrate the impact of sugar 

concentration on mycelial characteristics and surface wettability across the fungal groups. 

Fungal mycelia are a suitable alternative to animal or petrochemical-derived materials with a 

broad range of sustainable applications, from bioremediation to biomaterials (Amobonye et al., 

2023). Understanding how different carbon sources influence mycelial growth and properties 

is essential for optimizing their use. In the first experiment with R. oryzae, I focused on 

monosaccharides (glucose, fructose, galactose, and xylose), sugar alcohol (xylitol), and 

disaccharides (maltose and sucrose) as potential carbon sources. Minimal medium (MM) and 

potato dextrose broth (PDB) were employed as controls in the two-dimensional (2D) growth 

of the fungus. I observed a clear preference in R. oryzae for specific sugar types as carbon 

sources, as evidenced by mycelial growth and yield. Except for minimal media (MM), 

galactose, and sucrose treatments, all other groups produced sufficient mycelia for mechanical 

testing. Interestingly, these mechanical properties were independent of whether the test 

carbohydrates were monomeric or disaccharides. Notably, the 30 mM glucose-mycelia 

consistently exhibited favourable mechanical properties, including thickness, strength, 

elongation potential, and stiffness. In the second experiment, I included all five fungal strains 

which were either grown in PDB, MM, or MM with sugar as a carbon source at values from 

the literature reported to be optimum for a particular species (the concentration of sugar was 

also doubled). To ensure comparable structural and mechanical outcomes, I conducted this 

experiment using mycelia grown in both solid and liquid media under identical conditions. 

Notably, minimal media lacking sugars were unsuitable for mycelial growth, thus no results 

for mechanical testing or tensiometry are presented. When glucose or sucrose serves as the 

carbon source (for A. niger, B. cinerea, and R. oryzae), elevating the sugar concentration in 

minimal media from 60 mM to 120 mM significantly affects specific mechanical parameters 

and surface wettability for fungi grown in both liquid and solid media. Mycelia grown in 120 

mM sugar concentration exhibited substantial thickness, impacting several measurable 
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parameters. Rapid synthesis of chitin in the cell wall due to sugar treatment accounts for this. 

In contrast, when T. versicolor and S. commune were cultivated in 30 mM and 60 mM fructose 

(in MM), fructose did not favour mycelial growth, resulting in poor mycelia development. 

Interestingly, mycelia which were grown in PDB displayed both qualitative and quantitative 

yield, characterized by increased thickness and pronounced hydrophobicity. Also, mycelial 

wettability increased as fructose concentration decreased, emphasizing the importance of 

sustained nutrient availability and the production of mycelial components that contribute to 

hydrophobicity. In addition, increasing fructose concentration had an impact on certain 

mechanical parameters. This study points to the significance of considering different carbon 

sources and concentrations in shaping mycelial structure and tunability. Furthermore, it 

establishes the relevance of this experimental approach for directing fungal growth toward 

desired mechanical and wettability properties. 

Key Words: Fungal mycelia, Wettability, Hydrophobicity, Surface energy, Stiffness, Elasticity, 

rigidity, elongation potentials. 

5.1. Introduction  

Fungi comprise thousands of strains across different species and complexities, they represent 

the second-largest eukaryotic group of living organisms on earth (Raja et al., 2017). Amongst 

this class, there are broad diversities in their structural and biological properties, and this is the 

basis for their selection for different applications, especially in biomaterials or mycelia-based 

engineering (Naranjo‐Ortiz & Gabaldón, 2020). Fungi have different microstructural 

arrangements to which their hyphae filaments conform to form mycelia (Islam et al., 2017), 

this arrangement (hyphae morphogenesis) into dense mycelia networks also depends on the 

degree of branching, branching patterns, and the organization of filaments (Lin et al., 2015). 

These characteristics play a huge role in the mycelia properties and choice of their selection 

for different applications (Lin et al., 2015). Studies have shown that these structural and 

functional properties can be tuned by altering certain external factors which alters their natural 

biochemistry and physical properties (Haneef et al., 2017). For example, in a study by (Tacer-

Caba et al., 2020), the author established that varying the humidity conditions Richoderma 

asperellum and Agaricus bisporus grown on rapeseeds alters the stiffness of their mycelia. This 

shows the influence of environmental factors on the manipulation of mycelia properties. In 

another study (Schoder et al., 2024), established how environmental and nutritional conditions 

affected both the growth rate and the final mycelia outcomes of three fast-growing strains 

Ganoderma lucidum, Pleurotus ostreatus, and T. versicolor. Other factors such as temperature, 
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pH, and carbon and nitrogen sources have been shown by researchers to also influence the 

properties of fungal mycelia such as biosynthesis of compounds, metabolic process and 

external secretions (Achimón et al., 2022; Lazarević et al., 2016). While scientists have 

documented these over the years, correlating multiple properties of fungal mycelia under a test 

condition gives better understanding of the impacts of such a tuning process. This is a more 

robust approach that does not threaten fungal response experiments in isolation, and it provides 

researchers and industry professionals with an enhanced understanding of the valuable insights 

that can be gained from detailed fungal morphometrics.  In this study, I correlated the effects 

of types and variations of concentrations of carbohydrates, to the mechanical properties and 

surface wettability of five strains of fungi (A. niger, B. cinerea, R. oryzae, T. versicolor, and S. 

commune), both in liquid and solid media. I also developed a new approach that is suitable for 

the removal of thin mycelia from a solid agar support, without damage to the integrity of the 

mycelia. My goal for this study was primarily to establish the intersection between 

carbohydrate types or concentration on the mechanical parameters and surface chemistry of the 

mycelia of selected strains. The concentration utilized in this study was derived by 

extrapolation from a separate ongoing investigation in which optimal fungal growth was 

observed. Subsequently, I selected best concretion of growth for each fungus and also doubled 

this concentration to facilitate a comparative analysis of the effects. This chapter addresses 

Objective 5 by investigating how carbohydrate type and concentration influence the 

mechanical and surface properties of five fungal strains. 

5.2. Materials and Methods  

5.2.1. Materials 

Potato dextrose broth (P6685), agar (05040), Na2HPO4 (7558-79-4), Na2SO4 (7757-82-6), 

(NH4)2C4H4O6 (3164-29-2), D-(+)-maltose monohydrate (6363-53-7), D-(+)-glucose (50-99-

7), D-(−)-fructose (57-48-7), KH2PO4 (7778-77-0), MgSO4·7H2O (10034-99-8), PBS-

phosphate buffered saline (P4417), urea (57-13-6), D-(+)-xylose (58-86-6), NaNO3 (7631-99-

4), sucrose (57-50-1), Na2SO3 (7757-83-7), FeCl3 · 6H2O (10025-77-1), KCl (P9333) and 

agarase from Pseudomonas atlantica (≥5,000 units/mg protein)- 37288-57-6; were sourced 

from Sigma Aldrich-Merck Life Science UK Limited, The Old Brickyard, New Rd Gillingham, 

Dorset SP8 4XT. ZnSO4·7H₂O ( 7446-20-0) and MgCl2·6H2O (7791-18-6) were sourced from 

BDH Chemicals LTD, Broom Road, Poole, BH12 4NN United Kingdom, and FeSO4·7H2O 

(11472178) was procured from Fisher Scientific,  Leicestershire, LE11 5RG. All reagents were 

of analytical grade and used as per manufacturer recommendations.   
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5.2.2. Methods 

The fungi strains that were studied are R. oryzae indexed NTUCC (Unknown strain), S. 

commune, T. versicolor indexed, B. cinerae indexed, and A. niger (ATCC 1015). Aside from A. 

niger (ATCC 1015), provided by collaborator Dr. Matthias Brock of Nottingham University, 

the remaining samples were sourced from the Nottingham Trent University Culture Collection 

(NTUCC). 

5.2.2.1. Effect of Selected Carbon Sources on the Mechanical Properties of R. oryzae  

To test for the effects of different concentrations of selected monosaccharides and disaccharides 

on the mechanical properties of R. oryzae, the fungus was grown in 200 mL Pyrex conical 

flasks. Each flask contained 100mL of either glucose (30 mM), fructose (30 mM), xylose (150 

mM), galactose (20 mM), maltose (50 mM), sucrose (30 mM) and xylitol (150 mM). The 

sugars were prepared in minimal media that is specific for R. oryzae, and the content of the 

MM (salt mix and nitrogen source) is presented as MM4 (Table 5.5) in the appendix. The 

fungus was also grown in MM4 (without sugars), and PDB as controls. The fungal growth 

lasted for 10 days at 25 oC (Labnet international 211DS Shaking Incubator, Appleton Woods 

Ltd., Birmingham, UK). The sample preparation and the mechanical test procedure are as per 

the description in the section below.  

5.2.2.2 Impact of Carbon Sources on Fungal Mycelia Properties and Wettability 

For the second experiment, the five fungal strains were each grown in 200mL flasks on potato 

dextrose broth (PDB), Specific Minimal Media (MM), and sugar-supplemented minimal media 

at two different concentrations (Appendix table 5.1). The fungi were grown for 15 days (except 

R. oryzae which was grown for 7 days) after which the mycelia were recovered from the growth 

media and washed 5 times with 200 mL ddH2O.  B. cinerae is pH sensitive and was grown at 

pH 4.5. Before freeze-drying (BT4KZLdryer-VirTis), the mycelia were frozen at -45 oC in a 

conventional freezer (TEFCOLD SE-45 Series) for 1 h and subsequently freeze-dried for 3 

days (condenser -70 oC, Ambient 37.2 oC, Vacuum 52mT). To compare the results, I conducted 

a separate replication of the experiment using solid media. I added 2% agar to the nutrient 

media (25 mL) and grew the fungi on polystyrene Petri plates. Each group had 3 biological and 

3 technical repeats. All the media used in this study were sterilized before use (Crystal – MP25, 

Rodwell Scientific, UK), and all incubations were done in a Labnet international 211DS 

Shaking Incubator, Appleton Woods Ltd., Birmingham, UK.  Each fungus was grown at 

its optimum condition and varied nutrients (in liquid and solid substrates). These conditions 



 

116 
 

are summarized in Table 5.1 in the appendix.  Detailed information about the minimal media 

composition used for each strain is described in Table 5.2-5.5 in the Appendix.  

5.2.2.3. Agar Digestion from Solid Substrate Before Analysis 

Three Different methods were employed to remove the agar that is bound to the mycelia on 

solid substrates, the most suitable method was then adopted to generate a clean mycelium 

before mechanical and surface wettability tests. The presence of agar was monitored via FTIR 

(Thermo Scientific NICOLET iS50 FT-IR, with a DTGS detector and a KBr Split-filter.), 

Physical damages on mycelia were also noted.  

Method A: Flash Heating Method  

In a water bath (Nickel ElectroTM CliftonTM Stainless Steel Digital DuoBathTM), the Petri dish 

on which the fungal mycelia have grown was placed in hot water (100 oC) for 10 min (flash 

heating).  The lid of the water bath was then opened to avoid condensation of water on the 

mycelia. The melted agar was washed and then washed 3* with 600mL ddH2O before freezing 

and drying as described above. 

Method B: Manual-Assisted Method 

The agar on the mycelia was manually removed using a pair of fine tweezers (Dumont) and a 

sterile scalpel and dropped on a foil. 20mL of Phosphate buffer (PBS) was poured into a Petri 

dish and heated to 85 oC using a water bath. The mycelia were then transferred into the heated 

PBS and left for 15 min for the agar to melt. The PBS and melted agar were then washed off 

as described above for method 1.  

Method C: Agar Removal Via Hydrolysis with Agarase 

This method is as to method B but involves the use of an enzyme for agar digestion.  Following 

manual removal of agar with a scalpel, the unremoved agar was treated with different 

concentrations of agarase (0.5 U/ mL, 1 U/ mL, 5 U/ mL) and incubated at 43 °C for 23 h while 

constantly rotating at 21 RPM in a Labnet international 211DS Shaking Incubator. The 

resulting mycelia was then washed with washed 3* with 600 mL ddH2O. The agarase was 

prepared as per the manufacturer's protocol.  
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5.2.4 Effect of Carbon Sources on the Chitin Profile of Selected Fungal Strains 

The dried mycelia of A. niger, B. cinerea, and R. oryzae were blended into a fine mass using a 

laboratory mortar and pestle. For each strain, 0.04 g of the mycelia was suspended in 4mL of 

2M NaOH and heated at 90°C for 2 h while stirring (Stuart Digital Water Bath 15 L, SWB15D). 

The resulting chitin residue was collected, thoroughly washed to neutrality with ddH2O in an 

Eppendorf tube, and then dried, quantified, and characterized by FTIR. This experiment was 

performed in triplicates for the three groups in each strain (Senthilkumar et al., 2021). 

5.2.5 Analysis  

For each group, experiments were performed in triplicate (both technical and biological), and 

the mean values with standard deviation from data analysis are reported in plots. One-way or 

two-way analysis of variance (ANOVA) was carried out to determine the significant 

differences among different treatment factors and their levels, and Tukey’s Post hoc test was 

conducted for multiple comparisons amongst the means across different groups (P < 0.05). 

GraphPad Prism 10.0 under a laboratory licence was used for analysis. For all data analysed 

the level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), and *** (P ≤ 0.001). 

5.3. Results and Discussion  

The characteristics and identification of the selected fungal strains are summarized below. 

Table 5.1: Summary of Fungal Characteristics, Hazard Groups, Morphological 

Characterization, and Representative Image of Fungal Growth on PDB.  

Fungal  A. niger B. cinerea R. oryzae T. versicolor S. commune 

Physical 

appearance  

(Scale bar: 1 

cm) 

     

Hazard group Cat.1 Cat.1 Cat.1 Cat.1 Cat.1 

SEM of 

mycelia. 

(Scale bar: 10 

µm) 
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5.3.1. Effect of Different Sugars on the Mechanical Properties of R. oryzae   

In Figure 5.1, I present a typical result illustrating the impact of different sugars on the 

mechanical properties of R. oryzae after 10 days of growth. Notably, R. oryzae exhibited a clear 

sugar preference, as evidenced by the quality of fungal growth and mycelial yield across the 

test groups (Figure 5.1). As a member of the Mucorales order, R. oryzae is favoured in material 

science due to its unique morphology. Specifically, growth in Potato Dextrose Broth (PDB, 24 

g/L) resulted in the thickest mycelia, characterized by high endurance and elongation potential. 

However, this group was comparatively less flexible, possibly due to its denser structure. 

Xylose and xylitol (150 mM in 100 mL MM) yielded mycelia with similar thickness but 

maintained flexibility, except for xylitol. While the specific research context may vary slightly, 

this observation aligns with previous studies regarding the efficient utilization of xylose and 

xylitol by R. oryzae (Maas et al., 2008). The mycelia from the hexose monosaccharide groups 

exhibited distinct mechanical properties due to the varying preferences of each sugar as a 

carbon source. Notably, in this experiment, the concentration of maltose (50 mM) exceeded 

that of other hexose monosaccharides (30 mM for fructose and glucose). Despite this, the 

mycelium from glucose exhibited greater thickness, while mycelia grown in the presence of 

fructose demonstrated enhanced durability. All three groups displayed similar stiffness, yet 

maltose (50 mM) yielded the most elastic mycelia among the hexose groups. These results 

suggest that mycelia from the glucose and fructose groups at 30 mM exhibited an average of 

the tested mechanical properties, prompting further investigation into the specific roles played 

by these sugars in mycelia morphometrics. Interestingly, the groups cultured in ordinary 

minimal media (MM), galactose (20 mM), and sucrose (30 mM) did not exhibit significant 

growth suitable for mechanical testing. The absence of sufficient nutrients, particularly carbon 

sources, in minimal media may explain the limited germination and growth of mycelia (Kim 

& Kim, 2017). This emphasizes the critical role of nutrient availability for fungal germination. 

In the case of galactose, its low concentration might have hindered high-quality mycelial 

growth. Previous studies have indicated that galactose is not an optimal carbon source for fungi 

(Battaglia et al., 2011; Chroumpi et al., 2022). Specifically, Battaglia et al., 2011 demonstrated 

that R. oryzae’s inability to metabolize galactose significantly was attributed to the lack of 

essential xylanolytic enzymes. These findings suggest that R. oryzae’s sugar metabolism 

pattern is influenced by its genetic evolution. The selection of sugars utilized in this study is 

informed by prior research demonstrating their significant effects on fungal growth (Brannon, 

1923; Hamad et al., 2014; Hao & Barker, 2022). 
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Figure 5.1: The mechanical properties the mycelia of R. oryzae under various carbohydrate 

carbon sources (A), thickness (B), ultimate strength (C), breaking strain and (D), Young’s 

modulus. The level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), and *** (P ≤ 0.001). 

5.3.2. Agar Digestion from the Solid Substrate Before Analysis  

Before mechanical analysis, I tried several approaches to remove the agar bound to the mycelia 

from the solid substrate, aiming to ensure the mycelia remained intact without damage that 

could significantly impact mechanical outcomes. The agar remnant in each method was 

monitored by FTIR characterization, with a focus on the presence or absence of peaks that are 

unique to the agar. The FTIR plot is presented in Figure 5.2.  The peaks at 930 cm-1, 890 cm-1, 

and 769 cm⁻¹ for agar-agar correspond to the C-O of 3,6-anhydrogalactose, C1-H deformation 

vibration of beta-mannuronic units, and the skeletal bending of the beta-galactose ring, 

respectively (Thombare et al., 2023). The enzymatic process with 1 and 5 U/ mL of the enzyme 

was successful in digesting the agar, completely removing it from the mycelia. Additionally, 

scraping the agar with a spatula and heating it for 20 min at 85 oC in PBS also resulted in 

mycelia showing no agar peaks. I found that melting the agar covered by mycelia at 100 °C 
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was a fast method, but it left traces of agar stuck to the mycelia even after washing. Considering 

enzyme costs and my goal to use cost-effective methods, I opted for heating at 85 °C in PBS 

for 20 min. Interestingly, R. oryzae treated with 60 mM and 120 mM of glucose in Minimal 

media showed very reduced adhesion to the agar, allowing easy removal with a spatula without 

heating. This process is documented in a video available in the appendix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: FTIR spectra indicating the presence or absence of agar on the mycelia after 

treatment under different conditions. SM: denotes Solid media; LM: denotes Liquid media. 

Green ring indicates no agar peaks while the red ring indicates agar peaks present.  

5.3.3. Effect of Glucose Concentrations on Mechanical Properties and Surface Wettability 

of A. niger in Liquid and Solid Media  

I investigated the mechanical properties and surface wettability of A. niger mycelia in response 

to varying glucose concentrations. The selection of glucose was informed by its observed 

effects on fungal growth in a separate experiment, as well as corroborated by earlier studies 

that demonstrate the selective growth of A. niger on various carbon sources. My results 

demonstrate significant effects on mycelial width, stiffness, elongation potential, flexibility, 
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and surface wettability. These are presented in Figures 5.3A and 5.3B below. A. niger is a 

filamentous fungus commonly known for its rapid sporulation, economic and health 

importance, melanin pigment, and as a pathogen in wounds and fruit rots (Munhuweyi et al., 

2016). I aimed to understand how glucose concentration influences its growth and properties. 

At 120 mM glucose, mycelial width significantly increased from 0.72 ± 0.09 mm (at 60 mM) 

to approximately 1.28 ± 0.28 mm in liquid media. Similar observations were recorded in solid 

media, where mycelial width increased from 0.28 ± 0.01 mm (at 60 mM) to 0.33 ± 0.02 mm 

(at 120 mM). The mycelia at 60 mM were a fragile sheath that physically broke when over-

folded, but this did not impact its ability to bear loads or potential for elongation in liquid 

media, but it does in solid media. Except for 60 mM-mycelia, the mycelia from other groups 

were quite hydrophobic (Contact angle >120o), and the representative surface free energy 

(SFE) for the non-polar component was above 80% of total SFE indicating hydrophobicity. In 

solid media, the SFE energy for the polar component was more conspicuous, and the mycelia 

were quite wettable with a contact angle below 70o across all groups. The observed differences 

in surface wettability between solid and liquid cultures warrant further investigation. However, 

these current findings contribute to my understanding of A. niger behaviour in response to 

nutrient availability (glucose). 
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Figure 5.3A: The mechanical properties of the mycelia of A. niger in liquid media under 

varying glucose concentrations (A), thickness (B), ultimate strength (C), breaking strain (D), 

Young’s modulus (E), contact angle in water and (F) surface free energy of the polar and non-

polar component of the mycelia. The level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), and 

*** (P ≤ 0.001). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3B: The mechanical properties of the mycelia of A. niger in solid media under varying 

glucose concentrations (A), thickness (B), ultimate strength (C), breaking strain (D), Young’s 

modulus (E), contact angle in Water and (F), surface free energy of the polar and non-polar 

component of the mycelia.  The level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), and *** (P 

≤ 0.001). 
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5.3.4. Effect of Glucose Concentrations on Mechanical Properties and Surface Wettability 

of R. oryzae in Liquid and Solid Media  

I investigated the mechanical properties and surface wettability of R. oryzae mycelia in 

response to varying glucose concentrations. Research has indicated that Mucorales fungi 

exhibit varying sensitivity, and material yields to glucose concentrations compared to other 

strains (Brannon, 1923). However, the morphological response to variations of this specific 

sugar has not been reported. Understanding these dynamics will enable us to more effectively 

harness the potential of the fungus.  My results demonstrate significant effects on mycelial 

width, stiffness, elongation potential, flexibility, and surface wettability, and this is presented 

in Figures 5.4A and 5.4B below.  R. oryzae, belongs to the order Mucorales, it is a filamentous 

saprophytic fungus, and is very popular for its economic implication in mucormycosis 

(Tavvabi-Kashani et al., 2024). I explored how glucose concentration influences its growth and 

properties, and the results are presented as Figure 5.4 below. At 120 mM glucose, mycelial 

width increased significantly from 0.96 ± 0.09 mm (60 mM) to approximately 1.97 ± 0.15.0 

mm in liquid media. Similar observations were recorded in solid media, where mycelia width 

increased from 0.067 ± 0.0081 mm (60 mM) to 0.49 ±0.06 mm (120 mM). Surprisingly, 

mycelia from 120 mM glucose were more flexible than those from 60 mM, despite being the 

thickest among groups. However, their endurance decreased significantly, possibly due to less 

tightly packed mycelia. For the surface wettability, R. oryzae mycelia exhibited low contact 

angles (generally less 80o), indicating poor hydrophobicity. The interactive surface energy of 

polar components exceeded that of nonpolar components in both liquid and solid media, 

suggesting a wettable surface. Notably, the PDB-mycelia group in liquid media showed non-

polar component surface energy exceeding 80% of the total surface energy.  My findings 

highlight the critical relationship between glucose concentration and R. oryzae mycelial 

properties, with implications for its potential applications. 
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Figure 5.4A: The mechanical properties of the mycelia of R. oryzae in liquid media under 

varying glucose concentrations (A), thickness (B), ultimate strength (C), breaking strain (D), 

Young’s modulus (E), contact angle in Water and (F), surface free energy of the polar and non-

polar component of the mycelia. The level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), and 

*** (P ≤ 0.001). 

 

 

 

 

 

 

 

 

 

 

Figure 5.4B: The mechanical properties of the mycelia of R. oryzae in solid media under 

varying glucose concentrations (A), Thickness (B), Ultimate strength (C), Breaking strain (D), 

Young’s modulus (E), Contact angle in Water and (F), Surface Free energy of the polar and 

non-polar component of the mycelia. The level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), 

and *** (P ≤ 0.001). 
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5.3.5. Effect of Sucrose Concentrations on Mechanical Properties and Surface Wettability 

of B. cinerea in Liquid and Solid Media  

I investigated the mechanical properties and surface wettability of B. cinerea mycelia in 

response to varying sucrose concentrations. My results reveal significant effects on mycelial 

width, stiffness, and elongation potential, presented in Figures 5.5A and 5.5B below. B. cinerea, 

a common fungal pathogen exhibits remarkable environmental adaptability, therefore I 

explored how sucrose concentration influences its growth and mechanical properties. The 

choice of sucrose for B. cinerea was based on previous studies. (Brannon, 1923) reported in 

their review that B. cinerea is sensitive to variations in carbohydrate concentration. A more 

advanced study (Vercesi et al., 1997) later determined these variations' morphological impact 

on branching and hyphae tips' growth rate, showing significant effects. This knowledge is vital 

for understanding fruit invasion by B. cinerea and the progression of colonization patterns. In 

this study, there was a remarkable impact on mycelia width.  In liquid media, mycelial width 

increased from 1.19 ± 0.22 mm (at 60 mM) to 3.80 ± 0.39 mm (at 120 mM), representing a 

233.3 % increase, while 57.14 % increase was also recorded in solid media (0.75 ± 0.05mm to 

1.06 ± 0.03 mm). The mycelia of B. cinerea became stiffer, with a decrease in elongation 

potential (approximately 0.2 N/m² in solid media and 0.035 N/m² in liquid media). The strength 

also significantly decreased with increasing sugar concentration, but this is only recorded in 

solid media. As for the surface wettability, the polar component expression increased, as 

evidenced by a low contact angle (θ < 100°) and surface free energy (SFE) > 50% of the total 

SFE mN/m. Notably, the growth medium (solid vs. liquid) influenced wettability, particularly 

in the PDB group. The PDB-grown mycelia were hydrophobic (contact angle > 120°), while 

the non-polar component surface free energy exceeded 90% of the TSFE. The solid substrate 

mycelia showed greater expression of polar groups (contact angle < 50°), and thus very 

wettable across the treatment and control groups. The exact phenomenon for this is yet 

unknown but a study has shown that it is not due to the production of hydrophobins (Mosbach 

et al., 2011). 
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Figure 5.5A: The mechanical properties of the mycelia of B. cinerae in liquid media under 

varying sucrose concentration (A), thickness (B), ultimate strength (C), breaking strain (D), 

Young’s modulus (E), contact angle in water and (F), surface free energy of the polar and non-

polar component of the mycelia. The level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), and 

*** (P ≤ 0.001). 

 

 

 

 

 

 

 

 

 

 

Figure 5.5B: The mechanical properties of the mycelia of B. cinerea in solid media under 

varying glucose concentration (A) thickness (B) ultimate strength (C) breaking strain (D), 

Young’s modulus (E) contact angle in water and (F) surface free energy of the polar and non-

polar component of the mycelia. The level of significance; is * (p ≤ 0.05), ** (p ≤ 0.01), and 

*** (P ≤ 0.001). 
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5.3.6. Effect of Fructose Concentrations on Mechanical Properties and Surface 

Wettability of T. versicolor in Liquid and Solid Media  

I investigated the mechanical properties and surface wettability of T. versicolor mycelia in 

response to varying fructose concentrations. I selected fructose based on findings from a prior 

study that demonstrated its ability to reduce the total sugars present in the cell wall of T. 

versicolor (Pessoni et al., 2015). Understanding the mechanical dynamics of this phenomenon 

is essential due to the significant role of the fungus in various applications.  My results reveal 

significant effects on mycelia width, stiffness, and elongation potential. The surface wettability 

was not impacted.  These results are presented in Figures 5.6A and 5.6B below. T. versicolor is 

a polyporus (multicolor) fungus of the phylum Basidiomycota, this fungal has been used over 

the years in many sustainable applications because of its ability to bio-transform substrates 

(especially lignocellulosic wastes) owing to its metabolic prowess (Tišma et al., 2021). 

Therefore, I explored how fructose concentration influences its growth and mechanical 

properties. In liquid media, mycelial width increased from 0.17 ± 0.03 mm (30 mM) to 0.27 ± 

0.0057 mm (60 mM), and from 0.025 ± 0.0057 mm (30 mM) to 0.061 mm ± 0.01 (60 mM) in 

solid media. This represents 38.4% and 104 % respectively. Even though this is not enough to 

make deductions on fructose suitability as a carbon source for T. versicolor, corresponding data 

from the PDB-mycelia groups where the mycelia width was 0.71 ± 0.091mm (SM) and 0.20 

±0.03 mm (LM) respectively could be a pointer to this. However, a study by (Nguyen et al., 

2021), has shown that fructose could be highly suitable for quality mycelia from T. versicolor, 

but at high concentrations of up to 15 g/L (83.26 mM). In my study, the increase in mycelia 

thickness impacted mechanical parameters. At 60 mM, the mycelia have better elongation 

potential in both solid and liquid media, but the ability to retain load (ultimate strength) only 

differed in liquid media. Generally, the mycelia were not very flexible, and the level of 

flexibility was significantly reduced with increasing fructose concentration. Except for the 

PDB-mycelia group in solid media (contact angle >100o) which has SFE for non-polar 

component > 90%, the mycelia from the fructose groups have a high proportion of surface free 

polar component and thus are very wettable. 
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Figure 5.6A: The mechanical properties of the mycelia of T. versicolor in liquid media under 

varying fructose concentration (A), thickness (B), ultimate strength (C), breaking strain (D), 

Young’s modulus (E), contact angle in water and (F), surface free energy of the polar and non-

polar component of the mycelia. The level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), and 

*** (P ≤ 0.001). 
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Figure 5.6B: The mechanical properties of the mycelia of T. versicolor in solid media under 

varying fructose concentration (A), thickness (B), ultimate strength (C), breaking strain (D), 

Young’s modulus (E), contact angle in water and (F), surface free energy of the polar and non-

polar component of the mycelia. The level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), and 

*** (P ≤ 0.001). 

5.3.7. Effect of Fructose Concentrations on Mechanical Properties and Surface 

Wettability of S. commune in Liquid and Solid Media  

I investigated the mechanical properties and surface wettability of S. commune mycelia in 

response to varying fructose concentrations. The nutritional dynamics of S. commune and their 

impact on the morphological properties of this fungus have not been extensively researched 

(Abd Razak et al., 2024). Given the shared similarities with T. versicolor (both being 

mushrooms), I opted to examine the effects of fructose, as it is also comparable in S. commune. 

My results reveal significant effects on hyphal width, stiffness, elongation potential and surface 

wettability but only for growth in liquid media.   These results are presented in Figures 5.7A 

and 5.7B below. S. commune is an edible agaric mushroom, it is known for its remarkable 

ability to secrete a wide array of hydrolytic enzymes, including xylanases and endoglucanases, 

which are expressed across a diverse range of substrates (Tovar‐Herrera et al., 2018). It shares 

similarities with T. versicolor in its ability to degrade lignocellulosic substrates (Tovar‐Herrera 

et al., 2018). Therefore, I explored how fructose concentration influences its growth and 

mechanical properties. Like the results from T. versicolor, the growth of S. communes with 

fructose as a carbon source under the condition of this experiment comparable to PDB-mycelia 

were not favourable. For instance, the mycelia thickness was 4.21 ± 0.12 mm and 0.07 ± 0.01 

mm respectively for PDB hyphae in liquid and solid media. The fructose groups compare to 

the PDB-mycelia on solid media with average 0.067 ± 0.01 mm and 0.063 ± 0.006 mm, but the 

width was just 0.395 ± 0.04 mm (30mM) and 1.47 ± 0.07 mm (60mM) respectively in liquid 
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media. Generally, the difference in thickness has no impact on the mycelia strength either at 30 

mM or 60 mM, but the potential for elongation of 60 mM was significantly increased for 

mycelia but with reduced flexibility. There was no difference across all mechanical parameters 

tested for samples grown on solid media. Notably, increasing the sugar concentration 

significantly increased the hydrophobicity of the mycelia (contact angle >100o), and the non-

polar component was also >90% of the total surface free energy indicating hydrophobicity.  On 

solid media, the mycelia across groups were quite wettable with a contact angle < 80o. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7A: The mechanical properties of the mycelia of S. commune in liquid media under 

varying fructose concentration (A), thickness (B), ultimate strength (C), breaking strain (D), 

Young’s modulus (E), contact angle in water and (F), surface free energy of the polar and non-

polar component of the mycelia. The level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), and 

*** (P ≤ 0.001). 
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Figure 5.7B: The mechanical properties of the mycelia of S. commune in solid media under 

varying fructose concentration (A), thickness (B), ultimate strength (C), breaking strain (D), 

Young’s modulus (E), contact angle in water and (F), surface free energy of the polar and non-

polar component of the mycelia. The level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), and 

*** (P ≤ 0.001). 

5.3.8. Structural Modifications Due to Food Sources Assessed via Chitin Quantification   

Three fungal strains from this experiment that showed significant changes in their mycelial 

thickness due to increasing sugar concentrations are R. oryzae, A. niger, and B. cinerea. These 

strains were selected for further cell wall characterization to determine how the sugar altered 

their polymeric components, with chitin as the target polymer. Except for B. cinerea (treated 

with sucrose), the results indicated a significant increase in the chitin profile with increasing 

sugar (glucose) concentration for R. oryzae and A. niger, correlating with the observed mycelial 

thickness in liquid media (Figures 5.8A and 5.8B). For B. cinerea, the chitin profile did not 

differ across groups (figure 5.8 C). Previous studies (Cantu et al., 2009) showed that after 9 

days of growth, chitin constitutes barely 8% of the cell wall of B. cinerea, suggesting that the 

thickness could be due to other polymers or biomolecular constituents like proteins, neutral 

sugars, and uronic acids (Cantu et al., 2009). This hypothesis is supported by well-documented 

findings from previous studies, where the fungus B. cinerea, through its sucrose synthase, 

B A C 

D E 
F 



 

132 
 

breaks down sucrose into fructose and UDP-glucose, thus triggering the reinforcement of the 

cell wall with callose and lignin (Lacrampe et al., 2021). it can be hypothesized that the cell 

wall reinforcement leading to thicker mycelia mat may be due to polymers other than chitin.  

For confirmation, the chitin from each group was characterized via infrared spectroscopy, and 

these results are presented alongside the corresponding chitin profile data in Figures 5.7A–

5.7C. All characteristic chitin bands were observed across all groups: peaks around 3400–3305 

cm⁻¹ correspond to OH- stretching, the acetyl (CH₂OH) band around 2800–2910 cm⁻¹, the peak 

around 1650 cm⁻¹ is assigned to the amide I band (C=O stretching), 1550–1560 cm⁻¹ to the 

amide II band (N-H bending and C-N stretching), 1374–1417 cm⁻¹ to CH bending vibration, 

1130–1160 cm⁻¹ to the C-O-C bridge in the chitin structure, and 830–900 cm⁻¹ to the β-

glycosidic linkages between sugar units (Wu et al., 2005). 

 

 

 

 

 

 

Figure 5.8A: Chitin yield from the mycelia of R. oryzae and corresponding infrared 

spectroscopy. The level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), and *** (P ≤ 0.001). 

  

 

 

 

 

 

Figure 5.8B: Chitin yield from the mycelia of A. niger and corresponding infrared 

spectroscopy. The level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), and *** (P ≤ 0.001). 
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Figure 5.8C: Chitin yield from the mycelia of B. cinerea and corresponding infrared 

spectroscopy. The level of significance is * (p ≤ 0.05), ** (p ≤ 0.01), and *** (P ≤ 0.001). 

5.4. Conclusions  

In my study, I consistently observed that increasing glucose or sucrose concentrations led to 

thicker mycelia mat across various fungal groups. This finding aligns with (Antinori et al., 

2020)’s documentation of increased Ganoderma lucidum mycelium thickness. The underlying 

biochemistry may explain this phenomenon. Specifically, fungi exhibit a higher uptake of 

glucose and sucrose compared to fructose. This increased availability of monosaccharides or 

disaccharides contributes to cell wall formation, especially since many cell wall biomolecules 

are glucose-based polymers (e.g., chitin) (Iiolligan & Jennings, 1972). Additionally, the 

differences in growth response between glucose and fructose raise some questions about 

monosaccharide chemistry. In general, fructose and glucose share similar chemical structures 

and can undergo isomerization in weak alkaline solutions. However, research by (Lilly & 

Barnett, 1953) revealed an alternative form of selectivity among sugars that aligns closely with 

my findings. Initially, both fructose and glucose supported the growth of R. oryzae, but 

subsequent experiments indicated that fructose might not be the optimal choice for certain 

strains (such as T. versicolor and S. commune), particularly at low concentrations. In the study 

by (Lilly & Barnett, 1953), the reduced growth of certain fungi on fructose, as compared to 

glucose, may have arisen from the distinctive structure of fructose or other contributing factors. 

The authors also noted that autoclaving tends to darken fructose more than glucose, implying 

that fructose undergoes more significant alterations during this sterilization process than the 

aldose sugars. Furthermore, the author’s preliminary experiments suggest the possibility of the 
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formation of inhibitory substances when fructose is autoclaved alongside other medium 

constituents. In my study, I observed significant colour alteration in the media from groups 

treated with fructose (Appendix, Table 5.6. Interestingly, this phenomenon was not observed 

for glucose or sucrose, the latter being a fructose and glucose disaccharide. This suggests two 

things, the first being that sucrose is not broken-down during autoclaving, allowing the fructose 

component to remain available in its original form for fungal use. The second is that fructose 

is more susceptible and there is a need for characterization after the autoclaving process. 

Notably, the group treated with sucrose (B. cinerea) exhibited excellent mycelial thickness. In 

solid media, PDB-mycelia exhibit remarkable hydrophobicity across most groups. However, 

the hydrophobic nature of S. commune mycelia due to increasing sugar concentration is an 

intriguing finding. Notably, this phenomenon occurred only in liquid media and specifically in 

one of the two fungi treated with fructose. According to the literature, S. commune produces 

hydrophobins, molecules that allow the fungus to thrive outside aqueous environments and 

confer hydrophobic properties to the fungal surface (Wang et al., 2005).  While there isn’t a 

direct link between fructose and hydrophobin synthesis in fungi, my study revealed a 

significant reduction in aerial growth in liquid media (Appendix, Table 5.6) when fructose was 

used. Hydrophobins, as reported in the literature, play a crucial role in fungal growth and 

development by forming a layer at interfaces, reducing surface tension, and promoting the 

formation of aerial mycelial hyphae (Lopatukhin et al., 2024). This observation suggests that 

hydrophobins could potentially explain the observed effect. However, the relationship between 

increasing fructose concentrations and this phenomenon still requires further investigation.  
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CHAPTER 6 

6.0 Engineering Multifunctional Biodegradable Scaffolds from M. rouxii and R. oryzae: 

Surface non-wettability, Thermostability, and UV-Radiation Protection. 

In this chapter, I evaluated the suitability of mycelia-based materials from two mucorales 

species (M. rouxii and R. oryzae) for novel applications, including surface non-wettability, 

thermostability, and UV-radiation protection. I identified challenges related to the compatibility 

of current methods with the mycelia and proposed solutions. Ultimately, my results 

demonstrated the potential for use of these materials. From chapter two (methods development), 

I reported that useable materials could be generated from M. rouxii and R. oryzae, and that 

these could also yield varying physical and mechanical properties under different drying 

processes (either air dry, oven dry, convectional freeze then freeze dry or cryogenic freeze then 

freeze dry), the pattern of which could also significantly differ between the two strains. Despite 

being members of the same family, these two fungal strains have structural differences, hence 

their choice for comparative assessment in these areas of applications.  Beyond the mechanical 

characterisation of this material, I have now advanced my study towards innovative 

applications.  In this study, I focused on developing titania (TiO2) NPs modified mycelia (from 

M. rouxii and R. oryzae) as biodegradable, multifunctional scaffolds (hydrophobic surface, 

thermostability, and UV-radiation protection). I recorded successful functionalization of 

mycelia with TiO2 NPs (deposited on dried mycelia), confirmed through SEM/EDX analysis. 

These nanoparticles altered the surface properties, impacting the surface free energies and 

increasing the hydrophobicity of the mycelia as recorded via contact angle measurements and 

tensiometry. The growth face (GF) of the mycelia, where sporangiophores emerge, exhibited 

tighter packing and greater nanoparticle incorporation compared to the face in contact with the 

growth media (MF). Although the chemistry as assessed by FTIR was similar on both sides, 

SEM revealed distinct microstructural arrangements at both surfaces. This difference likely 

influenced the distribution of TiO2 nanoparticles during composite formation. Doping with 

TiO2 NPs improved the thermal stability of the mycelia, delaying degradation of the organic 

matrix by almost 100 °C. The ultraviolet protection factor (UPF) values also significantly 

increased with the presence of titania NPs, making the mycelia more effective at blocking 

harmful UV-A and UV-B radiation. Complementary experiments with exemplar strains on UV-

radiation protection yielded higher UV-radiation protection factors, indicating their suitability 

for this aspect of the study, and addressed the shortcomings that were reported with the initial 
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fabrication method. This study lends credence to the mucorales family as a potential source for 

innovative materials engineering. It also provides valuable insights into mycelial behaviour 

and their potential applications as multifunctional biodegradable scaffolds. 

Keywords: Mycelia-based materials, Mucorales, surface non-wettability, thermostability, UV-

radiation protection, titania (TiO2 NPs), biodegradable scaffolds, and nanoparticle 

functionalization. 

6.1. Introduction  

There is a growing global demand for sustainable materials that are biodegradable, readily 

available, and environmentally friendly (Raghunathan et al., 2024). Mycelia-based materials 

have emerged as a promising solution to meet this demand with their unique physicochemical 

and mechanical properties (Sharma et al., 2024). Their unique properties and eco-friendly 

nature make them ideal candidates for various applications, filling a crucial gap in the market 

for sustainable materials (Sharma et al., 2024). They possess physicochemical properties 

allowing for tuneability with different functional groups and bioactive materials (Antinori et 

al., 2020).  When combined with nanostructures, they form bioactive scaffolds or composites 

that can be used for a wide range of environmental and biomedical applications not limited to 

environmental pollutant management (Wang et al., 2024). This highlights how the nature, and 

chemistry of mycelial networks could be utilized in solving some of the evolving challenges 

of the world such as smart packaging and UV radiation protection. Globally, there has been 

increasing global warming due to the continuous degradation of the ozone layer (Vazquez 

Santiago et al., 2024). The UV-radiation that reaches the earth does so with increasing 

penetration power posing health risks, this underscores the need for sun protective materials 

(Bais et al., 2018). Ultraviolet-visible (UV) light blocking as a safety measure is increasingly 

common amongst different populations because the UV radiation if unchecked can inflict 

damage to the biological systems (Rabiei et al., 2022) including increases in the prevalence of 

cancers. UV protective materials offer different levels of protection against UV radiation, and 

this depends on their Ultraviolet Protection factor (UPF) (Rabiei et al., 2022). Similarly, there 

is a growing trend in sustainable practices within the smart materials industry aimed at 

enhancing current methods. Hydrophobic materials with low surface wettability and thermal 

stability can be utilized as biodegradable packaging for food or stored products. This approach 

helps reduce the risk of contamination from waterborne pathogens and or thermo-risks, offering 

a safer and more eco-friendly solution for packaging needs (Frota et al., 2022). Compared to 

fungi from the orders agaricales (e.g., Agaricus bisporus and Pleurotus ostreatus), polyporales 
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(Ganoderma lucidum), and schizophyllales (S. commune), the mycelia of fungi from the order 

mucorales have been less extensively utilized for generating mycelium-based materials, despite 

their excellent food-to-mycelium conversion ratio (Shin et al., 2025; Whabi et al., 2024). This 

underutilization could be due to a lack of in-depth information on the mycelial morphometrics 

for mucorales, or the most suitable application channels for these materials. In this study, I 

explore two strains from the order mucorales with innovative material designs and a 

translational outlook. By combining fungal mycelia with bioactive materials such as TiO2 

nanoparticles (NPs), I aim to create novel, multifunctional, and highly biodegradable 

matrices/scaffolds. My study further characterizes mycelial materials from these strains, which 

I will then dope with TiO2 NPs to develop a novel scaffold featuring hydrophobic surfaces, 

thermal stability, and UV radiation protection. This chapter addresses Objective 6 by 

characterizing M. rouxii and R. oryzae mycelia and developing Titania nanoparticle-modified  

composites for UV shielding, water repellence, and thermal stability. 

6.2. Materials and Methods  

6.2.1. Materials  

Titanium (IV) isopropoxide (546-68-9), ethanol- (64-17-5), and diiodomethane (75-11-6) 

which were all sourced from Sigma-Aldrich LTD (The Old Brickyard, New Road, Gillingham, 

Dorset, SP8 4XT). All other reagents for fungal growth are as reported in the Rhizopus in 

chapter five.  Titanium tetrachloride (TiCl4) was initially considered for use; however, concerns 

about hazardous by-products like HCl led to its replacement with titanium (IV) isopropoxide 

to promote sustainability. 

6.2.2. Method  

6.2.2.1. Growth Conditions and Preparation of M. rouxii and R. oryzae 

The growth conditions for the two fungal strains in PDB are the same as in Chapter 2 for M. 

rouxii and R. oryzae. However, instead of drying under four different conditions, I adopted the 

convectional freezing (TEFCOLD SE-45 Series) followed by freeze-drying (BT4KZL dryer-

VirTis) method. This choice was based on the excellent overall average mechanical results from 

the experiment (e.g. strength, thickness, etc.), which showed that sample preparation via this 

method produced an excellent material suitable for use in composite formation. 
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6.2.2.2. Physicochemical Characterization of Fungal Mycelia  

The fungal mycelia were further characterized by the following methods: Yield (dry weight), 

Colour and texture (physical observation), Optical properties (reflectance UV-Vis; JASCO 

solid UV spectrophotometer (V-670), morphology and structural orientation (SEM; JSM-

7100F LV FEG-SEM).  

6.2.2.3. Deposition of TiO2 NPs on the Mycelia of M. rouxii and R. oryzae 

The sol-gel hydrolysis method was used in the deposition of TiO2 NPs on the fungal mycelial, 

but this was done in situ following the method described by (Shaheen et al., 2019), with some 

modifications (because of the biological nature of mycelia). Briefly, two solutions were formed, 

Solution A: 10 mL titanium (IV) isopropoxide (TTIP) was added in 10 mL dry ethanol and 

stirred for 5 min.   Solution B: to 30 mL dry ethanol 3.5 mL deionized water was added and 

stirred for 15 min. The mycelia were infiltrated in solution B in a 500 mL beaker for 5 min to 

allow for proper penetration, then solution A was added to solution B dropwise via a dropping 

funnel slowly with continuous stirring. This continued for either 20, 40, or 60 min, to establish 

the best condition for the formation of well-distributed NPs on the mycelia. The formed 

composite was thoroughly washed thrice in 10mL DDH2O to remove the excess non-binding 

NPs and 3X in 50% ethanol. Then it was dried at 90oC for 1 hr, after which it was removed and 

stored in a dried container to allow for condensation and particle growth at 25 oC on a Teflon 

sheet in a Petri plate. After this, the wash process was repeated, and the mycelia dried at 90 oC 

for 30 min.  

6.2.2.4. Characterization of Mycelia and TiO2 Modified Mycelial Composite of M. rouxii 

and R. oryzae. 

The biomolecular composition was assessed using FTIR Spectroscopy. Surface characteristics 

were examined through Scanning Electron Microscopy (SEM), revealing the morphological 

structure of both ordinary mycelia and mycelia modified with TiO2 nanoparticles. Elemental 

mapping was performed using Energy-Dispersive X-ray Spectroscopy (EDX) during 

composite formation, and crystallinity was determined via powder X-ray Diffraction (Rigaku 

Ultima IV X-Ray Diffractometer). Chapter 2 contains information on how to measure the 

mechanical properties of mycelia, including thickness, strength, rigidity, and flexibility. 

6.2.2.5. Thermal Stability Evaluation  

The heat response of both ordinary mycelia and mycelia modified with TiO2 was assessed using 

thermogravimetric analysis (TGA). The TGA/DSC 3+ instrument from Mettler-Toledo 



 

139 
 

International Inc. was employed, with samples heated in air at a rate of 10°C/ min over the 

temperature range of 30°C to 900°C. 

6.2.2.6. Evaluation of Surface Chemistry (Wettability and Surface Energy) 

Contact angles were measured on both sides of the mycelia (either growth face or media face) 

using an Attention Theta Lite Tensiometer connected to a Navitar Zoom 6000® Lens System 

with a magnification range of 0.09-393X. The measurements were taken via the OneAttension 

software. Contact angles were obtained by dropping 4 µL of double deionized water or 

diiodomethane (polar and non-polar fluids, respectively) at various points on the mycelia 

surface, with each measurement repeated three times. The experimental procedure followed 

the description provided by (Huang et al., 2019). Surface free energies were subsequently 

calculated using the Fowkes & Extended Fowkes Model (Fowkes, 1964). 

6.2.2.7. Ultraviolet (UV) Radiation Protection Evaluation  

The level of UV-radiation protection of the dried mycelia was determined in a JASCO solid 

UV-VIS spectrophotometer (V-670) in transmittance mode. The mycelia were fine-cut to fit 

the sample holder before mounting, direct transmission of UV radiation through the mycelia 

was then measured between 200 - 400 nm with 20 nm NIR bandwidth, 2nm UV-Vis bandwidth, 

and at a scanning speed of 500 nm/ min. The UPF (Ultraviolet Protection Factor), UV-A (315-

400 nm) protection factor, and UV-B (280-315 nm) protection factor were determined 

according to the AS/NZ 4399:1996 standard, using the equation below. For each sample, three 

replicated measurements were conducted, and the average value was reported (Rabiei et al., 

2022).                             𝑼𝑷𝑭 =
∑ 𝑬𝟒𝟎𝟎

𝟐𝟗𝟎 (𝝀)⋅𝑺(𝝀)

∑ 𝑬𝟒𝟎𝟎
𝟐𝟗𝟎 (𝝀)⋅𝑺(𝝀)⋅𝑻(𝝀)

 × 100 ………………Equation 6.1 

6.2.2.8. Data analysis  

All the qualitative experiments were conducted in triplicate, and the mean values along with 

their standard deviations reported in plots or tables (for easy visualization). Depending on the 

data, I performed either one-way or two-way analysis of variance (ANOVA) to assess 

significant differences among various treatment factors and their levels. Subsequently, Tukey’s 

Post hoc test was used for multiple comparisons of means across different groups (with a 

significance level of P < 0.05). I used either OriginPro Labs 2023 or GraphPad Prism 10.0 for 

statistical analysis, while graphical data were analyzed using ImageJ (ImageJ 1.53t 

w/Adiposoft 1.1) software. 
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6.3. Results and Discussion  

6.3.1. Fungal Biomass  

The characteristic properties of the mycelial biomass from M. rouxii and R. oryzae are 

presented in Table 6.1 below. Both fungi exhibited excellent growth in potato dextrose broth 

(PDB), reaching the exponential phase within 3-5 days of inoculation. The onset of 

sporangiophore production was recorded at the log-stationary interphase, occurring between 5-

10 days. Healthy mycelia for characterization were harvested at 10 days and freeze-dried for 

use in the experiment (Figure 6.1A and 6.1B). The microstructural characterization of M. 

rouxii and R. oryzae via SEM is presented below in Figure 6.1C and D, respectively. R. 

oryzae displays a highly branching, interconnecting mycelial network, while M. rouxii shows 

interconnecting, over-layering hyphae. The diameter of 100 hypha for each fungus was 

measured, with M. rouxii averaging 11.3 (±2.23) µm and R. oryzae averaging 5.9 (±1.58) µm. 

Compared to M. rouxii, R. oryzae yielded more mycelia for each circle of growth, indicating a 

better nutrient-to-mycelia conversion ratio. Compared to existing studies, average diameters 

of 1-30 µm have been reported for M. rouxii (Garcia et al., 2023), and 10-15 µm for R. oryzae 

(Marques et al., 2024). However, I take cognizance of the effect of growth conditions. 

Table 6.1: A Summary of characteristics of Mucorales (M. rouxii and R. oryzae) 

Fungal Colour Diameter of hyphae (µM) Dry yield (g)  

M. rouxii Milky-faintly yellowish 

when fresh 

11.3 (±2.23) 0.31 ± 0.01 

R. oryzae Milky when fresh 5.9 (±1.58) 0.54 ±0.03 
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Figure 6.1:  Representative scanning electron microscopy (SEM) images of the morphological 

structures of (A) M. rouxii and (B) R. oryzae. The insets show histograms of hyphal diameter 

based on 100 hyphal measurements. SEM images include a scale bar representing 10 µm.  

6.3.2. Characterization of the Optical Behaviour of M. rouxii and R. oryzae 

The optical characteristics depicting the absorption properties of the mycelia of M. rouxii and 

R. oryzae measured in the solid state are presented as Figure 6.2 below. The two faces, the 

nutrient-interacting face of the mycelia (labelled MF) and the face with active vertical growth 

(labelled GF), show distinct maximum absorption peaks within 200 – 600 nm. Both fungi have 

three absorption bands around 268 to 296 nm, a maximum peak at 339 nm, and another at 414 

nm. Additionally, M. rouxii has two extra bands at 461 nm and 493 nm. The initial peaks 

between 200 and 415 nm are the same as the UV-Vis absorption band for standard melanin, 

suggesting that melanin could be the predominant pigment in the fungi (Mohite et al., 2017). 

This finding aligns with previous studies on the pigment dynamics of Mucorales (Lax et al., 

2020). For R. oryzae, these absorption properties in the solid state correspond to those reported 

when its mycelia were extracted with different solvents (Narendrababu & Shishupala, 2017). 

The extra peaks for M. rouxii can be explained by data from previous studies, which indicate 

extended peaks of melanin in the visible light region, further confirming the hypothesis that 

the fungal pigment is likely to be predominantly melanin (Bagy et al., 2023). Beyond pigment 

confirmation, solid-state UV-Vis is more efficient for reproducibility in fungal characterization 

via spectroscopy methods, reducing the interference of extraction solvents. This method can 

also be used to monitor the aging process in mycelia or the degradation in quality (Frei, 1976). 

The presence of melanin in the mycelia of these strains suggests they could be suitable for use 

in UV radiation protection (Brenner & Hearing, 2008), prompting further studies. 
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Figure 6.2: Optical Characteristics of M. rouxii and R. oryzae mycelia by diffuse reflectance 

UV-Vis. 

6.3.3. Method Selection for TiO2 Nanoparticle- modified Mycelia in M. rouxii and R. 

oryzae  

Before I formed the multifunctional composite using TiO2-NPs and fungal mycelia (either M. 

rouxii or R. oryzae), I evaluated several methods used in similar studies and identified their 

prospects and limitations. These are summarized in Table 6.2 below. This process was 

necessary because, at the time of the experiment, there were no existing methods outlining how 

fungal mycelia could be modified with TiO2-NPs for use in biodegradable UV-radiation 

protection or as a hydrophobic surface. From the methods evaluated, the approach proposed by 

(Shaheen et al., 2019), appeared promising and was adopted for my study, but with 

modifications. Generally, apart from direct functionalization in growth media (a novel 

approach I used for AuNPs and A. niger, reported in Chapter 4), other methods previously used 

for TiO2 NPs functionalization on cotton fibres or fabrics raised either suitability or 

environmental concerns. These concerns included the compatibility of the process with the 

nature and mechanics of the mycelia, and the use of harsh chemicals, which contrasts sharply 

with my environmental sustainability goals, or the applicability of the model to mycelia. I 

summarize these considerations in Table 6.2. I also dropped the direct functionalization model 

because the maximum concentration (2 % V/V) of TiO2 NPs that both fungi could tolerate for 
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growth was not sufficient to deposit a significant amount of TiO2 NPs on the mycelia, which 

can aid the intended area of application (see Figure 6.3 below). 

Table 6.2: Evaluation of Methods and Their Limitations for Mycelial Functionalization 

S/N Method Description Challenges Literature 

Reference 

and Area of 

Application  

1.  In situ sol-gel 

Method 

Direct 

impregnation of 

starting 

materials before 

TiO2 NP 

synthesis.  

The titanium 

isopropoxide was 

impregnated into the 

cotton fabric and then 

used for in situ 

synthesis.  

The sol-gel method 

used in textiles is 

quite promising, but 

the similarities to 

mycelium-based 

materials, particularly 

in the rigorous gel 

formation process, 

could be challenging.  

(Shaheen et 

al., 2019) 

UV-

Protection  

2.  Introduction of 

the starting 

materials into 

TiO2 NPs 

reaction medium 

for sol-gel 

coating in situ. 

The fibre is cut 4 by 4 

cm and immersed in 

the reaction medium 

while the hydrolysis 

and sol formation 

continue. This is then 

washed.  

This method was used 

for fibre (fabrics). 

This is also a different 

class of biomaterial. 

Though promising, it 

involves a high 

concentration of 

NaOH (4.2M).  

(Rabiei et 

al., 2022) 

UV-

Protection  

3.  Dipping or 

spraying of the 

mycelia (5 by 5) 

with already 

The conventional sol-

gel method of 

synthesis described by 

Velazquez could be 

used for sol formation. 

This could be sprayed 

Concerns with purity 

(HCl as catalyst in 

Velázquez-Martínez et 

al., 2018).  

(Velázquez-

Martínez et 

al., 2018) 
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synthesized sol 

in situ.  

on mycelia or mycelia 

could be dipped.  

Formation of layers is 

also possible following 

Yang et al., 2018.  

Progression to form 

gel  

(Yang et al., 

2018) 

Self-

cleaning.  

4.  Direct 

functionalization 

with sol-from 

growth medium  

The sol is synthesized 

using any of 3 

methods above and 

introduced to the 

growth medium for 

incorporation.   

Yield may not be so 

suitable for 

application, except 

grown in big flask. 

Also requires prior 

synthesis of TiO2 - 

NPs 

Not yet 

reported in 

Literature  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Maximum concentration of TiO2 NPs tolerated by M. rouxii and R. oryzae for 

growth. The pots are for (a) control with no TiO2 NPs, (b) fungal culture with 1%V/V of TiO2 

NPs (c) fungal culture with 2% V/V of TiO2 NPs, and (d) fungal culture with 5% V/V of TiO2 

NPs.  

B A 

C D 
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6.3.4. Preliminary Characterization of TiO2-NPs Mycelia Composite to Determine Best 

Conditions for Further Experiments 

Once the method for composite formation was selected, a preliminary investigation into its 

applicability for mycelium-based material was necessary to validate its usability. Therefore, 

composite materials were formed at different time points using this method to determine the 

best conditions for material formation. I assessed the level of functionalization and the 

distribution of NPs on the mycelia at various time points (20, 40, or 60 min). Preferences were 

also given to the ability to remove the mycelia from the NPs-Sol before thorough gel formation. 

The samples were thoroughly washed upon removal (3X in 10 mL water + 3X in 50% ethanol) 

to remove all non-binding organic or inorganic moieties. The moisture was dried at 90°C for 

30 min and then left for condensation and particle growth for 10 h. The resulting sample was 

rewashed 3X in 10 mL 50% ethanol and dried again ready for microscopy characterization. 

Notably, the mycelia survived this improved method of composite formation with no visible 

tears under the conditions used for the formation of mycelia-TiO2 NPs composite. 

Table 6.3 shows photographic (taken with an iPhone 13 camera) and SEM images, illustrating 

the different conditions under which I initially functionalized the mycelia before SEM imaging. 

Within the first 20 min, deposition occurred, indicating that the onset of the process was quite 

fast, as also seen in the instant change of the solution's colour from colourless to turbid white 

during sol formation. By 40 min, all areas of the mycelia were already covered, denoted by the 

well-distributed appearance of the NPs confirmed by EDX. At 60 min, the NPs began forming 

agglomerated gels as seen under the microscope. Consequently, I selected the 40-min time 

point for further experiments. To determine the phase of the Titania, an X-ray diffractogram 

revealed that the TiO2 NPs on the mycelia were amorphous. 
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Table 6.3: Photographic and SEM Images of TiO2-NPs Functionalization on Mycelia at 

Different Time Points. Peaks with Circular Rings at Denote Titanium Peaks. 

Note: Due to varying x-axis scales across EDX spectra, the Ti peak consistently appears at 

approximately 4.5–4.6 keV, corresponding to the Ti Kα emission line. Scale bar on SEM 

images represents 25µm. 

Sample  Image  SEM/EDX EDX Map  

20 min   

 

 

 

  

40 min 

 

 

 

   

60 min  

 

 

 

   

 

6.3.5. Developing and Characterizing M. rouxii and R. oryzae Mycelia-TiO2 NPs 

Composite 

The choice of method and duration for the study was confirmed to be effective based on the 

results obtained from the formation and characterization of new composites. These results are 

presented in Table 6.4. The bulk mycelium from the Mucorales (Rows 1 and 2) resembled a 

membrane well-covered with TiO2 NPs (Row 3). Scanning electron microscopy (SEM) 

characterization showed that the composites exhibited well-distributed TiO2 NPs, as confirmed 

by energy-dispersive X-ray (EDX) mapping (Row 4). The clear titanium peaks, indicated by 

circular rings in the map, confirm the presence of TiO2 NPs within the composite (Row 5). The 

formed materials were subsequently tested to assess the impact of the functionalization process 

in comparison to the original properties of the ordinary mycelium for both M. rouxii and R. 

oryzae. 
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Table 6.4: Representative Images and Characterization of Mycelia-TiO2 NPs Composite. 

All images include a 1 cm scale bar; SEM/EDX images show 25 µm. 

Fungal sample  M. oryzae  M. rouxii 

Fungal culture   

 

 

 

Fungal mycelia 

before 

functionalization  

 

 

 

 

 

 

 

 

 

TiO2 NPs-Mycelia 

Composite  

 

 

 

 

 

 

 

 

 

 

SEM/EDX  

 

 

 

 

 

 

 

 

EDX Map 
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6.3.6. Mechanical Impact of TiO2 NPs Functionalization on Mycelia of M. rouxii and R. 

oryae  

I investigated changes in the mechanical properties of both M. rouxii and R. oryzae mycelia 

following doping with TiO2 NPs. Notably, I observed significant effects on mycelial thickness, 

strength, elongation potential, and flexibility (Figure 6.4). Under the growth conditions (PDB-

24g/L), R. oryzae exhibited thicker mycelia mat than M. rouxii, but it was more impacted by 

functionalization. Specifically, the thickness of R. oryzae mycelia decreased significantly, 

while their strength remained relatively unchanged (Figure 6.4A). This behaviour could be 

attributed to the highly interwoven hyphal in R. oryzae. In contrast, M. rouxii maintained its 

thickness but experienced a significant reduction in mycelial strength after functionalization 

(Figure 6.4B). However, both groups shared a common trend: the unmodified mycelia 

demonstrated better elongation potential and flexibility compared to their TiO2 NPs-

functionalized counterparts. This could be due to the interaction of the NPs and the individual 

hyphae making them stiffer after the completion of gelation. TiO2 NPs are known for their high 

surface area, stability, and mechanical strength, which can enhance the structural properties of 

mycelial networks when incorporated (Ghareeb et al., 2024). The mechanical test on mycelial 

strips revealed that breakage occurred near the force application area, indicating a weak point 

due to stress concentration (Figure 6.4 E-F). However, this does not necessarily indicate non-

uniformity in the distribution of the NPs on the mycelia.  

 

 

,  
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Figure 6.4 Comparison of mechanical properties between ordinary mycelia and TiO2 NPs- 

modified mycelia of M. rouxii and R. oryzae. Panels (A) through (D) represent thickness, 

ultimate strength, breaking strain, and Young’s modulus, respectively. Freshly cut mycelia 

strips for M. rouxii and R. oryzae are denoted as E and F, while their breaking patterns are 

labelled as G and H, respectively. All images include a scale bar representing 1 cm. 

6.3.7. Surface Wettability Modification by TiO2 NPs- Modified Mycelia of M. rouxii and R. 

oryzae  

In this study, I explored changes in the surface properties of mycelia due to doping with TiO2 

NPs. I assessed surface-free energies and wettability on both sides of the mycelia. Specifically, 

I designated the side in contact with nutrient media as the media face (MF) and the side where 

active sporangiospore growth occurred as the growth face (GF). My observations show 

significant alterations in surface wettability (Figure 6.5). Generally, the ordinary mycelia 

exhibit high wettability, especially on the media face, with a contact angle for polar solvents 

(< 70°). However, doping the mycelia with TiO2 NPs had a substantial impact. The surface 

contact angle for polar solvents (such as water) increased to over 130° (Figure 6.5A), while the 

contact angle for the non-polar solvent (diiodomethane) decreased (Figure 6.5B). In summary, 

the mycelia surface has become more hydrophobic and less wettable by water, while becoming 

more wettable by non-polar liquids like diiodomethane. This shift indicates the development 

of a hydrophobic surface which may be somewhat oleophilic (Broje & Keller, 2005). 

Additionally, the assessment of total surface free energy highlighted changes that contributed 

to altered wettability (Figure 6.5C and D). Notably, the non-polar component of the mycelia 

exhibited increased surface energy due to NP functionalization, whether at the media face or 

growth face. As a result, the overall wettability of the mycelia decreased. In summary, this 

work yielded a highly hydrophobic TiO2 NPs-functionalized mycelia scaffold from M. rouxii 

and R. oryzae. Although this modification slightly affected mechanical properties compared to 

ordinary mycelia, it opens exciting possibilities for applications in various fields. 
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Figure 6.5: Surface Wettability Modification of Mycelia by TiO2 NP Doping. (A) contact angle 

for water on modified mycelia (B) contact angle for diiodomethane on modified mycelia (C) 

changes in total surface free energy on the media face (MF) and growth face (GF), and (D) 

changes in total surface free energy on the growth face (GF) 

6.3.8. Characterization of the Morphology and Chemical Composition at the Growth and 

Media Faces of Mycelia to Investigate Wettability Differences  

My study aimed to determine whether the chemical composition or morphological structure 

contributed to the wettability differences between the growth and media faces of mycelia. 

Results from infrared (FTIR) analysis to determine if the biomolecular constituents vary, 

revealed no significant difference in chemical properties between the mycelia at the two faces 

(Figure 6.6A). However, further morphological characterization using scanning electron 

microscopy (SEM) at both low and high magnifications revealed an interesting pattern. The 

growth face of the mycelia appeared more tightly packed compared to the media face (Figure 

6.6B). This phenomenon was observed in both fungi.  Notably, the media face exhibited 

numerous empty, unoccupied areas within the mycelial network for both strains. Since mycelial 
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B1 B1i 

B2 B2i
0 

A 

volume significantly influences surface wettability, I hypothesize that the media face may lack 

the same volume support as the growth face. This conforms to the explanation that the more 

tightly packed structure of the mycelia (growth face) likely results in a higher density of hyphae, 

reducing the surface area exposed to air and increasing wettability (Jarray et al., 2020). 

Additionally, I acknowledged that subtle variations in surface molecules or minor compounds, 

which might not be detected by FTIR, could impact wettability (Jothi Prakash & Prasanth, 

2021). This comprehensive approach helps to explain the observed differences in wettability 

between the growth and media faces of mycelia. 

 

 

 

 

 

  

 

 

 

 

 

Figure 6.6: Chemical and morphological characterization of the growth face and media face 

of M. rouxii and R. oryzae mycelia. (A) FTIR, in panel B, (B1 and B1i) represent the growth 

face for M. rouxii, while B2 and B2i correspond to the growth face and media face for R. 

oryzae, respectively. All SEM images include a scale bar representing 100 µm. 

6.3.9. Evaluation of thermal protection by TiO2 NPs on the fungal composite via 

thermogravimetric analysis and FTIR  

Thermogravimetric analysis (TGA) from RT to 900°C is a valuable technique for assessing 

material stability under increasing temperatures. I examined whether coating the mycelia of M. 

rouxii and R. oryzae with TiO2 nanoparticles (NPs) would enhance their thermal stability. My 

results, shown in Figure 6.7 (A-D), indicate that the TiO2-coated mycelia exhibited delayed 
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thermal degradation compared to the uncoated mycelia. Between RT and 120°C, both the 

uncoated and TiO2 NPs-coated mycelia experienced significant weight loss, likely due to 

moisture evaporation. At around 220°C, the uncoated mycelia underwent substantial thermal 

degradation, attributed to the breakdown of a specific component, likely a major organic 

constituent. In contrast, the TiO2 NPs-coated mycelia did not show this degradation until 

approximately 320°C, indicating nearly a 100°C delay. This delay suggests that the TiO2 

coating provides a protective effect, enhancing the thermal stability of the mycelia. Complete 

digestion of the uncoated mycelia occurred at around 600°C. However, at this temperature, 

only about 55% of the TiO2-coated mycelia had degraded. The remaining undigested portion 

is likely the inorganic TiO2 NPs, which have a digestion temperature above 900°C (Bekele et 

al., 2020). This significant difference in thermal stability highlights the effectiveness of TiO2 

NPs in protecting the mycelia from thermal degradation. Infrared (FTIR) spectroscopy analysis 

of the residue revealed the absence of peaks associated with mycelia, confirming that the 

organic components were completely burned (Figure 9(E and F). This result supports my 

hypothesis that TiO2 coating could significantly enhance the thermal stability of the mycelia. 
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Figure 6.7: Heat response evaluated through thermogravimetric analysis and infrared (IR) 

characterization of fresh material and degraded samples. In Panel A and B, the thermogram 

and order of digestion are shown for M. rouxii respectively, while Panels C and D represent 

the same for R. oryzae. Panels E and F display the IR spectra of fresh mycelia and TiO2 NPs- 

modified mycelia, along with their degraded forms after exposure to 900°C 

6.3.10. Evaluation of UV Radiation protection of TiO2 NPs - Modified mycelia composite  

Measuring the amount of radiation absorbed or transmitted in the ultraviolet-visible light region 

can provide insights into the protective nature of material against UV-A (351-400 nm) and UV-

B (280-315 nm) radiation. My experiment, guided by my previous findings on the morphology 

of both sides of the mycelia of M. rouxii and R. oryzae, primarily evaluated the growth face of 

ordinary mycelia and those modified with TiO2 nanoparticles (NPs) for UV protection. My 

study indicated a progressive increase in Ultraviolet Protection Factor (UPF) values due to 

functionalization with TiO2 NPs and this is presented in Table 6.5 below. The UPF values of 

the ordinary mycelia were calculated as 3.64 for M. rouxii and 2.12 for R. oryzae. However, 

with TiO2 doping, these values increased to 6.20 and 4.49, respectively. Notably, only 17.02% 

(down from 26.30%) and 22.36% (down from 41.52%) of UV-B was transmitted through the 

TiO2-coated M. rouxii and R. oryzae, respectively. According to Zhang et al., (2016), cotton 

fiber naturally has a UPF value of 6.0, with a UV-A transmission of 23.60% and a UV-B 

E F 
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transmission of 14.54%, resulting in a UPF value of around 6.0. After functionalization with 

TiO2 NPs, the UPF value increased to between 30 and 50, though the complex chemicals used 

may not align with environmental acceptability. In another study by (Rabiei et al., 2022), a 

different method was employed, achieving a UPF value greater than 50 from less than 20 in 

ordinary fabric. This method when introduced resulted in a UPF increase to 6.20 in M. 

rouxii and 4.49 in R. oryzae. However, the high concentration of NaOH used led to the 

deacetylation of the mycelia, forming chitosan during the experiment. This was confirmed 

through FTIR spectroscopy of the resulting composite (Figure 6.8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: FTIR Spectroscopy indicating deacetylation resonances of fungal Mycelia: green 

rings highlight regions of interest for N–H and amide-related bands. 

UV radiation is marked around 100 – 400 nm within the electromagnetic spectrum and is 

characterized by its short wavelength and higher energies which give high penetration power 

(Patil et al., 2021). The UV- R is divided into three distinct regions based on their effects on 

biological tissues, and these are UV- A (320 - 400 nm), UV-B (280 to 300 nm) and UV- C 

(100-280 nm) (Zayat et al., 2007). The proportion of the different UV-rays that reaches the 
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earth differs, but all have the sun as the primary source (Patil et al., 2021). UV-C has the highest 

energy, and it is also the most damaging, but it is completely absorbed by oxygen and ozone 

reducing its potential to cause earth damage, while almost 95 % of UVB is also absorbed by 

the ozone layer of the stratosphere but the remainder still reaches the earth (Black, 2014; 

Maverakis et al., 2010). The UV-A is almost unhindered and a significant percentage of it 

reaches the earth, but it has the least energy of the three. This proportion that reaches the earth 

synergistically combines with UV-B in many health, biomedical, and environmental situations 

like Cancer, DNA damage, food deterioration, and sunburn (Lucas et al., 2019; Nerín et al., 

2006). My results show a significant reduction in the amount of transmitted UV radiation, 

making this a very promising outlook with few modifications needed to optimize the effect. 

My results show a significant reduction in the amount of transmitted UV radiation, suggesting 

a promising outlook for UV protection with further modifications.  

Table 6.5: UV-Radiation Protection by Mycelia and TiO2-Functionalized Mycelia 

Sample  UV-A (%) UV-B (%) UPF Value REF 

Cotton fibre (before modification) 23.60 14.54 6.00 Zhang et 

al., 

(2016) 

M. rouxii  32.27 26.30 3.64  

Mucor-TiO2  

Normal Method  

46.68 17.02 5.16  

Mucor-TiO2  

Inclusion of NaOH-5 h 

14.57 16.59 6.20 Rabiei 

et al., 

(2022).  

R. oryzae  55.93 41.52 2.12  

Rhizopus-TiO2 

Normal Method  

44.03 18.70 4.82  

Rhizopus-TiO2  

Inclusion of NaOH-5 h 

23.29 22.36 4.49  
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6.3.10.1. Technical Modifications to Extend the Depth of the Study  

So far, although the method by (Rabiei et al., 2022) yielded better UPF values, it resulted in 

thinner mycelia films due to the nature of Mucorales, which have free chitosan in their mycelia 

or undergo chitin deacetylation when exposed to high concentrations of NaOH. To address this, 

I revisited my previous results. In Chapter 5, I developed mycelia with varying properties by 

altering the concentration of carbohydrates and carbon sources in some fungal strains. I have 

introduced selected groups with interesting mechanical properties (especially thickness) and 

natural melanin (Belozerskaya et al., 2017) for UV-radiation protection evaluation in this study. 

I chose and evaluated A. niger (PDB), B. cinerea (PDB), and B. cinerea (120 mM glucose). 

Initial results indicated that these fungi provided better UV radiation protection in their natural 

state compared to M. rouxii and R. oryzae. The results are summarized in Table 6.6. Further 

experiments involved doping their mycelia with TiO2 NPs, which increased UPF values across 

the groups, with notable absorption of up to 80% of either UVA or UVB (Table 6.6). Due to 

sustainability concerns, I opted for the method by (Shaheen et al., 2019) for this study, despite 

(Rabiei et al., 2022) giving better initial results. From the experiments, I observed that nutrients 

played a role; Botrytis with 20 mM glucose in its media grew thicker but softer mycelia, 

allowing more interaction with the TiO2 NPs during composite formation compared to Botrytis 

in PDB, which was crustier and had reduced interaction. With progressive experiments on the 

effects of nutrients and how they modify the mechanical properties of the mycelia, further 

breakthroughs are expected in future experiments. 

Future experiments could focus on tuning the mycelia by modifying the carbon source to 

achieve better UPF values. Interestingly, with both Aspergillus and Botrytis being naturally 

melanin-pigmented fungi, future works could also evaluate the specific roles of pigments and 

the possibility of integrating lab-designed pigments or functional compounds to enhance this 

function. 

Table 6.6: UV Radiation Protection and UPF Values of Selected Fungi 

Sample  UV-A (%) UV-B (%) UPF Value  

B. cinerea (120 mM Glucose) 33.81 30.47 3.13  

B. cinerea PDB 24.84 24.07 3.95  

A.s niger PDB 14.61 16.57 6.10  
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After Modification with TiO2 NPs 

B. cinerea (120 mM Glucose) 19.50 17.30 5.88  

B. cinerea PDB 29.46 16.56 5.76  

A. niger PDB 17.30 10.70  6.41  

 

6.4. Conclusion 

In this study, I explored the potential of mycelia-based materials from M. rouxii and R. oryzae 

for innovative applications, including surface non-wettability, thermostability, and UV-

radiation protection. My findings demonstrated that these mycelia, when modified with titania 

(TiO2) nanoparticles, exhibit significant improvements in these properties, making them 

suitable for multifunctional biodegradable scaffolds. I successfully functionalized the mycelia 

with TiO2 nanoparticles, as confirmed through SEM/EDX analysis. This functionalization 

altered the surface properties, increasing hydrophobicity and enhancing thermal stability. The 

TiO2- modified mycelia showed a delayed degradation of the organic matrix by nearly 100°C, 

indicating improved thermal resistance. Additionally, the UV protection factor (UPF) values 

significantly increased, making the mycelia more effective at blocking harmful UV-A and UV-

B radiation. My study also highlighted the differences in the structural and surface properties 

of the growth face (GF) and media face (MF) of the mycelia. The GF exhibited tighter packing 

and greater nanoparticle incorporation, which influenced the distribution of TiO2 nanoparticles 

and contributed to the observed enhancements in surface and thermal properties. The 

interdisciplinary nature of this research, combining mycology, materials science, and 

nanotechnology, underscores the potential of mycelia-based materials for sustainable and 

innovative applications. The successful development of TiO2- modified mycelia scaffolds 

opens new avenues for their use in various fields, including environmental protection and 

biomedical engineering. This work provides valuable insights into the behaviour and potential 

applications of mycelia-based materials, paving the way for future research and development 

in this promising area. The findings contribute to the growing body of knowledge on 

sustainable materials and their role in addressing global challenges. 
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CHAPTER 7 

7.0 Nutrient Sensing in Mucorales: Exploring Fungal Polymer, Glyconanoparticles via 

the Agar-Bridge Model 

In this chapter, I explored the sensing of glyconanoparticles (with either glucose or chitosan 

surfaces) by mucorales fungi (M. rouxii and R. oryzae) and their role in self-control using a 

novel nutrient-sensing model, the agar-bridge model. My aim was to extend the application of 

mucorales beyond just bulk mycelia materials, by linking the use of biopolymer extracted from 

mucorales with fungal growth control at the fundamental levels. I synthesized carbohydrate-

coated gold nanoparticles (AuNPs) and examined the chemical and biological impacts of 

glucose and chitosan surfaces on the growth and filament structures of M. rouxii and R. oryzae. 

In previous studies (Chapter 3), I reported on the synthesis and characterization of glucose-

capped gold nanoparticles (AuNPs) as glyconanoparticles. In this chapter, I focus on the 

synthesis of glyconanoparticles from fungal-extracted chitosan using an improved method. 

However, both types of glyconanoparticles are used in this chapter for their application.  The 

chitosan-surfaced nanoparticles exhibited fascinating physicochemical (TEM/EDX) and 

thermogravimetric behaviour (TGA), with sizes ranging from 30 to 40 nm and near-complete 

digestion of surface material around 600°C. Peaks corresponding to gold were recorded in their 

crystallinity study (XRD), confirming the formation and crystalline nature of AuNPs. I 

investigated whether these carbohydrate biomolecules retained biological functions beyond 

their chemical roles. Using the agar-bridge model, fungal mycelia initially grew within an inner 

agar core, then crossed a bridge containing the biomolecules in aqueous media to reach the 

outer agar area for continued growth. Hydrophilic dyes (Brilliant Blue and Cochenille Red) 

were used to understand diffusion across the agar, and between the agar areas which diffused 

within 4 h, providing insights into the behaviour and sensing potentials of glyconanoparticles. 

My observations revealed that glucose-capped AuNPs acted as a nutrient source for both M. 

rouxii and R. oryzae, while chitosan-capped AuNPs exhibited fungistatic properties, inhibiting 

fungal growth for approximately 12 h. From further analysis, the chitosan derived from mucor 

inhibited the growth of the two fungi for up to 72 h showing potential for fungicidal effects. 

Notably, the chitosan used was extracted from the deacetylation of chitin from each fungus. I 

conclude that the carbohydrates retained their biological properties to a reasonable extent 

despite being surface materials and that the agar-bridge model is an excellent and innovative 
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approach to characterize fungal sensitivity and response to nanoparticle surface materials 

within the same experimental setup. 

Key Words: Glyconanoparticles; Mucorales; agar-bridge model; Mycelia biopolymer; AuNPs 

(Gold Nanoparticles); Glucose; Chitosan; Fungistatic. 

7.1. Introduction  

Fungi, such as Mucorales, can chemically detect environmental chemicals (nutrient-sensing) 

and respond in various ways, including changing growth direction, delaying growth via spore 

inactivation, or adopting dynamic growth patterns like heterogeneous branching of filaments 

(Meyer et al., 2021; Noman et al., 2022). As saprophytes, their survival largely depends on 

their environment, and they constantly sense their surroundings and make necessary structural 

or chemical changes (Meyer et al., 2021).  Under controlled conditions, I can explore this trait 

either in biocontrol or in materials engineering.  While previous studies focused on hyphal tips, 

directional changes, and chemical concentrations (Turrà et al., 2016), I focus on growth 

dynamics across obstacles (from glyconanoparticle stimuli) and how these changes affect 

fungal structure during growth. Additionally, fungi regulate the activities of other organisms 

by secreting secondary metabolites (Nguyen et al., 2023). By extracting fungal bio-actives and 

reintroducing them at higher concentrations, I can potentiate the self-control of the fungi using 

their own bio-active compounds. This study focuses on chitosan, a polysaccharide obtained 

from fungal biomass via chitin extraction and deacetylation. It also examines D-glucose, a 

common carbon source in fungal culture. I compare the biological activity of these compounds 

when used as capping materials on AuNPs and determine if they retain their activities, using a 

new nutrient-sensing model developed for this purpose. 

Several models have been developed to study tropical behaviours in fungi, but modifications 

are often needed to suit different compounds and new measurement parameters. According to 

Schunke et al., (2020), traditional dish-based assays (Turrà et al., 2016) and microfluidic 

devices (Millet et al., 2019) have limitations in gradient consistency, reproducibility, and 

compatibility with filamentous fungi. Dish-based assays rely on manually created gradients, 

leading to variability, while microfluidic devices offer precise chemical control but are suited 

for single-cell organisms in liquid environments. The 3D-printed device by (Schunke et al., 

2020) ensures standardized gradient formation, compatibility with solid matrices, and 

improved microscopy integration, making it reliable for investigating chemical sensitivity  in 

filamentous fungi. Despite its advantages, the 3D-printed device has limitations. Bioactive 
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diffusion across wells can cause interference, making it unsuitable for evaluating unique 

compounds like nanoparticles with surface coatings. It may not determine whether molecules 

like carbohydrates retain their biological functions beyond their chemical roles. For materials 

engineering, fungal exposure to obstacles can force structural changes, but this system is 

limited in addressing such changes. By introducing the agar-bridge model, I can monitor in real 

time the chemical and biological effects of bioactives (such as glyconanoparticles) on fungi 

and explore how these effects change over different areas. I can also monitor structural changes 

and predict how biomolecules affect fungal structural changes at the fundamental level. The 

goal is to compare two types of glyconanoparticles capped with either glucose or chitosan 

(derived from the chitin of M. rouxii and R. oryzae) and determine if they retain their biological 

properties. Importantly, I also seek to understand what happens at the bridge and how this 

affects the pre-crossing, crossing, and post-crossing structure of the mycelia. This chapter 

addresses Objective 7 by comparing chitosan from shrimp and fungal origins in AuNP 

synthesis, and evaluating nutrient-sensing effects on fungal growth using glyconanoparticles 

in a  novel agar bridge model. 

7.2. Material and Methods 

7.2.1. Materials  

Gold (III) chloride trihydrate (HAuCl4.3H2O) (204390), 14 kDa cellulose dialysis tubing 

(D9527), low molecular weight chitosan-150-250 kDa (448869), medium molecular weight 

chitosan- 190-310 kDa (448877), were purchased from Sigma Aldrich (UK), and used as 

received.  Acetic acid glacial (10384970), Brilliant Blue (E 133), and Cochenille Red (E 124) 

were purchased from Fisher Scientific UK Ltd. The glucose-capped AuNPs were synthesized 

and the details of all the properties are reported in Chapter 3. Information about growth media 

(agar) was also reported in Chapter 5. 

7.2.2 Methods 

7.2.2.1 Fungal Mycelia  

The process for the cultivation and extraction of fungal materials and the mycelia 

characterization of the fungal mycelia used in this chapter is described in Chapter 6. The fungi 

are Mucorales (M. rouxii and R. oryzae). 
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7.2.2.2. Chitin Extraction and Conversion to Chitosan 

Freshly harvested fungal mycelia deactivated at 120 oC in an autoclave (Crystal – MP25, 

Rodwell Scientific, UK) to halt production of extracellular products was washed 6 times with 

ddH2O (100 g/600 ml). The deactivated mycelia were further freeze-dried at 223 K using a 

BT4KZL dryer (VirTis). Chitin extraction and conversion were done by adopting the two-step 

deproteinization and deacetylation process (Sivashankari & Prabaharan, 2017; Yuan et al., 2021) 

and subsequently characterized for physicochemical properties.  

7.2.2.3. Optimization of Chitosan Gold Nanoparticles Synthesis, and Characterization  

The synthesis and stabilization of chitosan gold nanoparticles (CHS-AuNPs) was achieved 

using four categories of chitosan. The low molecular weight chitosan (LMW-CHS) and middle 

molecular weight chitosan (MMW-CHS) are of crustacean origin (shrimp), and industrially 

sourced, while the Mucor chitosan (MUC-CHS) and Rhizopus chitosan (RHI-CHS) are from 

fungi, and lab extracted.  CHS-AuNPs synthesis followed the procedure reported by Mohan et 

al, (2019) but with further optimization. Briefly, 1% acetic acid in a Pyrex 250 mL conical was 

heated and maintained at 90 °C in a water bath for 30 min to dissolve the chitosan completely 

at 0.25 %. Upon dissolution, 5 mL of 10 mM HAuCl4.3H2O was added while stirring continued. 

The absorbance of the synthesized CHS-AuNPs (monitored between 3-24 min at T3, T6, T9, 

T12, T15, T18, T21, T24, T27, and T30) complemented by hydrodynamic size evaluation 

(Zetasizer Nano-S Zen 600 (Malvern Instruments Ltd.) was used to determine the optimal 

conditions for synthesis.    

7.2.2.4. Characterization of Chitosan Stabilized AuNPs (CHS-AuNPs) 

Other than UV-Vis and dynamic light scattering which were done over different time points to 

monitor the best conditions at which the CHS-AuNPs can be synthesized, all of the other 

methods and conditions that were adopted for the physicochemical and morphological 

characterization of the Chitosan-AuNPs are the same as those reported in Chapter 3 for AuNPs 

with different surfaces.  

7.2.2.5. The Formation of Agar Well, Fungal Inoculation and Glyco-AuNPs Treatment  

The inner core of the agar, 0.2 cm thick and 1.0 cm in diameter, was bored with a 1.0 cm agar 

borer. The outer agar layer, 1.0 cm thick, surrounds the well, leaving a 0.25 cm empty bridge 

between the layers (Figure 7.1A). The agar was made from potato dextrose broth (24 g/L) 

containing 2% agar. A volume of 100 µL of either the test sample, glyconanoparticles, their 

respective surface material compounds, or controls was spotted in the space per sample. 
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Thermogravimetric analysis of the glyconanoparticles provided information about the amounts 

of chitosan or glucose on the AuNPs. This data was used to ensure equal concentrations of the 

carbohydrates as controls. Sample equilibration was tested via dye diffusion tests. To ensure 

the equal presence of surface materials, TGA analysis provided quantitative information about 

the surface materials on the AuNPs, which was then used for further calculations. Inoculation 

was done with 5 µL of the spore suspension of either M. rouxii or R. oryzae at a recorded 

concentration, and the fungal samples were incubated at 25 °C for 24 h before imaging on a 

thunder fluorescence microscope. The experiment was performed in triplicate. 
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Figure 7.1: Agar-bridge model for assaying fungal growth alteration by glyconanoparticles. 

This Figure A represents three distinct areas: 1. inner core; 2. bridge; and 3. outer agar layer. 

Figure B is the amplified form of Figure A for label clarity. C shows the regions for measuring 

branching angles, and D indicates the areas for measuring hyphal diameter. 

7.2.2.6. Dye Diffusion Assay to Determine the Rate of Diffusion Across the Agar. 

The dye diffusion of two hydrophilic dyes (Cochenille Red and Brilliant Blue) was done at 

different time points 0, 15, 30, 45, 60, 90, 120, 150, 180, and 240 at a concentration of 100 μg/ 

mL, in DDH2O. Images were taken after each point under stable conditions and the intensity 

of diffusion was measured using ImageJ (ImageJ 1.53t w/Adiposoft 1.1) software.  

7.2.2.7. Fluorescence Imaging of Samples  

Before imaging, 1mL of Calcofluor White dye (0.035 mg/ mL in 10% KOH) was spotted in 

each well. Finally, the samples were imaged using a fluorescent microscope (THUNDER 

fluorescence Imager -Live Cell & 3D Assay- from Leica) with an excitation wavelength of 380 

nm and an emission wavelength of 475 nm. The images were taken in fluorescence mode 

monitoring growth in the three distinct areas (inner, bridge, and outer). From the images, 

approximately 20-100 filaments across the growth areas were measured, either in the inner agar 

core, the agar bridge, or the outer agar area, to determine hyphal diameter and branching angles, 

depending on the extent of growth. The growth area includes all filament growth areas from 

the point of inoculation. 
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7.2.2.8. Data Analysis  

Except stated otherwise, the qualitative data generated in triplicate was analysed via analysis 

of Variance and presented in plots as mean ± standard deviation. For comparison, Tukey’s Post 

hoc multiple comparison tests were performed to establish the possibility of significant 

differences in samples. Microscopy Images were processed using ImageJ (ImageJ 1.53t 

w/Adiposoft 1.1) software. 

7.3. Results and Discussion 

7.3.1. Optimizing Chitin Extraction and Conversion to Chitosan  

 In my study, I successfully extracted chitin (presented in Table 7.1 below) and highly 

deacetylated chitosan from the mycelia of M. rouxii and R. oryzae. I considered various 

extraction methods to optimize both yield and quality. Ospina et al. (2014) evaluated five 

different methods, finding that the highest chitin yield (using 1 M NaOH, 1:30 w/v, at 40°C for 

2 h) had the least similarity to standard chitin, while the method with the best comparable 

properties (using NaOH 4 M, 1:20 w/v, at 100 °C for 3 h) resulted in a lower yield. This 

highlighted a trade-off between quantity and quality, with quality improving at higher 

temperatures. (Pochanavanich & Suntornsuk, 2002) demonstrated that chitin could be 

efficiently extracted from various fungi and yeast at 1 M NaOH (1:30 w/v) at 121°C for just 

15 min in an autoclave, while (Yuan et al., 2021) achieved similar results at 121 °C for 30 min. 

These findings guided my approach, leading us to adopt higher-temperature methods for faster 

extraction. Consequently, I obtained chitin with good properties and successfully converted it 

to chitosan with a high degree of deacetylation (DDA), which is ~90%. This balance of efficient 

extraction and high-quality conversion was crucial for my study. DDA assessment followed 

the NMR protocol described by (Lavertu et al., 2003).   
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Table 7.1: Chitin Extraction Yields and Properties from Mycelia of M. rouxii and R. 

oryzae 

Sample % Yield Mycelia 

-Chitin 

DDA 

(%) 

Chitin % by weight of 

Chitin-Chitosan 

M. rouxii 12.56 ± 1.12 92.1 

 

 

 

 

 88.1 

 

 

 

 

R. oryzae 10.25 ± 0.73 92.9 

 

 

 

 

 80.0 

Shrimp Chitin 

(Industrially 

Sourced)  

  

NA  71.0  

 

 

 

 

NA 

 

7.3.2. Characterization of chitin and chitosan  

7.3.2.1. Morphology of Fungal Chitin and Chitosan  

The microstructural geometry observed by Scanning Electron Microscopy (SEM) reveals the 

morphology of the chitins and highly deacetylated chitins (chitosan), as shown in Figure 7.2A. 

The chitins appear as well-packed materials with somewhat flat surfaces, as reported by 

(Erdoğmuş et al., 2023). Interestingly, after the deacetylation process, the deacetylated chitin 

appears less tightly packed, with clear spaces between the fibres. There are no distinct 

differences in the morphology of both chitin and deacetylated chitin for M. rouxii (Figure 7.2 

1A) and R. oryzae (Figure 7.2 1B). 
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Figure 7.2A: Scanning electron microscope (SEM) images showing the morphology of chitins 

and highly deacetylated chitins (Chitosan) from (A) M. rouxii and (B) R. oryzae. SEM images 

include a scale bar representing 10 µm. 

7.3.2.2. Characterization of Chitin by FTIR, XRD, and TGA  

The characteristic chitin peaks for R. oryzae, M. rouxii, and standard chitin, denoting the 

functional groups, are revealed from the spectra resulting from FTIR analyses and presented in 

Figure 7.2B. Compared to the standard chitin, all characteristic peaks were recorded at their 

unique wavelengths between 4000-600 cm⁻¹. These correspond to OH stretching vibration at 

3257 cm⁻¹, C–H sp³ vibration at 2920 cm⁻¹, C=O stretching of amide I at 1625 cm⁻¹, NH 

bending of amide II at 1560 cm⁻¹, CN stretching of amide III at 1375 cm⁻¹, and –C–O–C 

stretching vibration at 1026 cm⁻¹ (Harmami et al., 2019; Triunfo et al., 2022). The nomenclature 

of the chitins (α, β, or γ) can be established using relevant distinctions from the FTIR spectra 

as guided by the literature. For example, (Kumirska et al., 2010) established a model for the 

application of spectroscopic techniques for the natural analysis of chitin and chitosan. 

According to the authors, the C=O stretching region between 1700-1500 cm⁻¹, representing an 

amide moiety, produces different peaks for α and β-chitins. The α-chitin is identified by a 
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unique amide band split, producing two characteristic peaks around 1660 cm⁻¹ and 1630 cm⁻¹, 

respectively. The cause of this occurrence has been explained by authors, linking it to either 

the influence of hydrogen bonding or the existence of the amide moiety in enol form (Focher 

et al., 1992; Jang et al., 2004). For β-chitins, a single peak is formed around 1630-1650 cm⁻¹ 

(Jang et al., 2004; Kumirska et al., 2010). Another interesting spectral difference between α 

and β-chitins is the band shift from around 890 cm⁻¹ in β-chitins to around 895 cm⁻¹ in α-chitins 

(Kumirska et al., 2010). Based on these descriptions, the standard chitins in this study all have 

a band split around the 1660 cm⁻¹ region. According to the descriptions of Jang et al., (2004) 

and  Kumirska et al., (2010), it can be suggested that the chitins are of alpha (α) nomenclature. 

 

  

  

 

 

 

 

 

 

 

Figure 7.2B: FTIR Spectra of Chitin from R. oryzae, M. rouxii, and Standard Chitin 

7.3.2.3. X-ray Diffraction (XRD) Analysis of Chitin 

The X-ray diffraction patterns of chitin from shrimp, R. oryzae, and M. rouxii within the 5–80° 

2θ region show distinct crystallinity features, Figure 7.2C. The shrimp chitin has well-defined 

peaks at 9.6°, 19.6°, 23.2°, and 39.1° (2θ), indicating high crystallinity typical of α-chitins 

(Kaya et al., 2014). Both fungal chitins are also crystalline, with Rhizopus chitin displaying 

broader peaks at 9.6°, 19.6°, and 26.3°, suggesting lower crystallinity characteristics of fungal 

chitins. 
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Figure 7.2C: X-ray diffractogram of chitin from R. oryzae, M. rouxii, and standard chitin 

7.3.2.4. Thermogravimetric Analysis (TGA) of Chitins 

The thermogravimetric analysis (TGA) of industrial chitin, Rhizopus chitin, and Mucor chitin 

reveals distinct thermal stability profiles within 0 – 900 °C.  This is presented in Figure 7.2D. 

The initial weight loss observed below 70 - 100°C corresponds to the evaporation of residual 

moisture (Rai et al., 2010). The major degradation step occurs between 280°C and 340°C, 

indicating the thermal decomposition of the polysaccharide backbone (Girometta et al., 2019). 

Within this range, the industrial chitin exhibits a higher degradation temperature (340 °C), this 

suggests greater thermal stability due to its highly ordered crystalline structure as recorded 

from XRD analysis (Zeng et al., 2010). In contrast, Rhizopus and Mucor chitins degrade at 

slightly lower temperatures between 300–320°C), indicating lower crystallinity and weaker 

polymer interactions. The fungal chitins also display a broader degradation range, which may 

be attributed to structural heterogeneity and different acetylation patterns (Girometta et al., 

2019).  
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Figure 7.2D: Thermogravimetric Analysis (TGA) of Industrial, Rhizopus, and Mucor Chitins 

7.3.3. Optimization of Synthesis Conditions for Chitosan-Stabilized Gold Nanoparticles  

I conducted preliminary evaluations to determine the optimal conditions for synthesizing CHS-

AuNPs, testing various time points for mixing/ reaction time between 3- and 30-min. UV-Vis 

spectroscopy was employed to monitor surface plasmon properties. The surface plasmon 

resonance (SPR) properties of the synthesized CHS-AuNPs, derived from low and middle 

molecular weight chitosan, showed maximum absorption peaks between 520-540 nm, 

characteristic of AuNPs (Huang & Yang, 2004; Mohan et al., 2019). These are illustrated in 

Figure (7.3A and B). A gradual shift in the SPR peak from λmax=540 nm at T3 to λmax=520 

nm at T30 was observed, suggesting changes in the size or shape of the CHS-AuNPs over time 

(Huang and Yang, 2004). Chitosan from fungal or crustacean sources has been used as a 

reducing and stabilizing agent in AuNP synthesis, with various conditions yielding particles 

with different physicochemical and morphological properties (El-Naggar et al., 2022; Mohan 

et al., 2019; Mostafa et al., 2022). Factors influencing the outcomes of CHS-AuNP synthesis 

include chitosan concentration (Huang & Yang, 2004), synthesis duration (Kalaivani et al., 

2020), and temperature. Literature suggests that more stable CHS-AuNPs with homogeneous 

distribution properties can be synthesized at 0.25% chitosan concentration. However, I 

demonstrated that optimal synthesis conditions for low and middle-molecular weight chitosan 
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exceed 15 min at 90°C. This finding is valuable for exploring fungal-derived chitosan, which 

is more industrially viable, cost-effective, and sustainable. In my study, I observed improving 

SPR peak properties up to 27 min under conditions like those adopted by (Mohan et al., 2019). 

However, traces of aggregation, monitored by DLS, were observed at T30 for 

MMW_CHS_AuNPs, guiding the synthesis of fungal-CHS-AuNPs at T27, which exhibited 

comparable SPR properties to those of low and middle molecular weight chitosan (Figure 7.3 

C). All the CHS-AuNPs have cybercritics brick red colour (Figure 7.3 D) and a single band 

(λmax) around 520 nm within the 300 – 800 nm region which is a confirmation of the synthesis 

of CHS-AuNPs (Huang and Yang, 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 7.3: Ultraviolet-visible light spectra showing the surface plasmon resonance peaks of 

(A) LMM-CHS-AuNPs (T1-T30); (B) MMW-CHS-AuNPs (T1-T30); (C) fungal and standard 

CHS-AuNPs; and (D) a representative image of the chitosan AuNPs from standard and fungal 

chitins. 
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7.3.3.1. Hydrodynamic Size and Stability of Chitosan-Stabilized Gold Nanoparticles 

The hydrodynamic size and zeta potentials of the synthesized CHS-AuNPs, evaluated through 

DLS, are presented in Table 7.2. The fungal chitosan-mediated nanoparticles, whether from 

Mucor or Rhizopus, have comparable hydrodynamic sizes (by number) to those synthesized 

from industrial chitosan. Generally, the size distribution was recorded around 30.0 – 35.0 nm, 

with surface charges ranging from 44.0 to 47.0 mV. High surface charges are good predictors 

of nanoparticle stability, and the overall positive charge is believed to be due to the free amino 

groups of the chitosan coat (Sharma et al., 2019). The CHS-AuNPs are also uniformly 

distributed, marked by very low polydispersity indices (0.1 - 0.3). 

Table 7.2: Hydrodynamic Size and Zeta Potentials of CHS-AuNPs Evaluated by DLS 

Sample  Hydrodynamic 

Size (nm) 

Surface Zeta 

potentials 

(mV) 

Electrophoretic 

mobility 

(µmcm/Vs) 

Conductivity 

(mS/cm)  

LMW-Chs-

AuNPs  

34.34 ± 10.03 44.40 ± 4.76 3.54 0.91 

MMW-Chs-

AuNPs 

36.10 ± 11.53 

 

45.10 ± 4.34 3.77 0.82 

Mucor-Chs-

AuNPs 

33.09 ± 5.10  

 

40.41 ± 5.55 3.41 1.14 

Rhi-W-Chs-

AuNPs 

35.75 ± 12.87  

 

46.43 ± 4.59  3.70 1.06 

 

7.3.3.2. NMR Analysis of Chitosan Samples 

The NMR spectra presented in Figure 7.4 compare different chitosan samples, including 

medium molecular weight (MMW-CHS), low molecular weight (LMW-CHS), Rhizopus-

derived (Rhi-CHS) chitosan, and a deacetylated Mucor sample (Muc-CHS). The spectral 

differences observed among these samples align with their respective degrees of deacetylation 

(DDA), as detailed in Table 7.3. The MMW and LMW laboratory standards exhibit similar 

spectral profiles, consistent with their comparable DDA values of 73.35% and 73.53%, 

respectively. The presence of strong signals in regions associated with residual acetyl groups 

suggests that these samples retain a significant proportion of n-acetylglucosamine units (Akpan 

et al., 2020). In contrast, the Rhizopus-derived chitosan (Rhi-CHS) exhibits sharper and more 
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distinct peaks, which may indicate a higher degree of structural order or differences in the 

polymer composition (Hirai et al., 1991). This observation corresponds with its higher DDA of 

95.54%, as increased deacetylation typically results in reduced spectral complexity due to the 

prevalence of glucosamine units.  The deacetylated Mucor sample demonstrates the highest 

DDA (98.04%), indicative of extensive acetyl group removal (Akpan et al., 2020). This high 

level of deacetylation is likely reflected in the NMR spectrum through diminished acetyl-

related peaks, signifying a polymer structure predominantly composed of glucosamine units 

(Akpan et al., 2020). The Degree of Deacetylation (DDA) was determined by analysing the 

integrals of the NMR peaks corresponding to the proton H1 of the deacetylated monomer (H1-

D) and the three protons of the acetyl group (H-Ac) following (Lavertu et al., 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4: 1H-Nuclear magnetic resonance spectra of chitosan from different sources. 
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Table 7.3: Degree of Acetylation of Different Chitosan from NMR Analysis  

Sample Description  Condition of Deacetylation  HID Hac DDA 

(%) 

     

Deacetylated Mucor Autoclave 2M/121 oC/20 min 1 0.06 98.04 

Deacetylated 

Rhizopus  

Autoclave 2M/121 oC/20 min 1 0.14 95.54 

     

MMW Lab Standard   1 1.09 73.35 

LMW Lab Standard   1 1.08 73.54 

     

 

▪ HID: This stands for the integral of the proton signal from deacetylated units 

specifically, the H-2 proton of the glucosamine residue (the free amine form). 

▪ Hac: This is the integral of the proton signal from acetylated units specifically, 

the methyl protons (-CH3) of the N-acetyl group in N-acetylglucosamine. 

 

7.3.3.3. FTIR Characterization of Pure Chitosan and Synthesized CHS-AuNPs. 

The characterization of the pure chitosan groups (Figure 7.5A) and the synthesized CHS-

AuNPs (Figure 7.5B) by FTIR showed band vibrations denoting the functional groups and their 

corresponding peaks. For the pure chitosan (SI), distinct peaks were recorded at 3357, 3290, 

2917, 2362, 1640, 1584, 1373, and 1031 cm⁻¹. The broadband with two peaks at 3357 and 3920 

cm⁻¹ were assigned to O-H and N-H vibrations, while 2917 cm⁻¹ corresponds to C-H stretching. 

The band at 1649 cm⁻¹ was linked to the C=O (carbonyl; amide I) bonds of the O=CNHR, and 

1584 cm⁻¹ represents the N-H (amide II, NH₂) band (Mohan et al., 2019). The bands at 1373 

and 1031 cm⁻¹ correspond to N-H bending and C-O groups, respectively, as previously reported 

(Kalaivani et al., 2020; Mohan et al., 2019). Comparatively, the CHS-AuNPs showed similar 

FTIR band vibrations with some differences. For example, while the C-N band at 3357 cm⁻¹ 

appeared indistinct on the CHS-AuNPs, the C=O vibration at 1584 cm⁻¹ showed a much 

stronger vibration compared to the ordinary chitosan. 
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Figure 7.5: FTIR Spectra of (A) pure chitosan and, (B) synthesized CHS-AuNPs. 

7.3.3.4. TEM and EDX Analysis of Synthesized Chitosan-AuNPs  

The morphological structure and size of the synthesized chitosan AuNPs are presented as TEM 

images in Figure 7.6 A-D. The TEM images show that the gold nanostructures exist as 

unagglomerated spherical particles with slight variations in size distribution. The AuNPs 

synthesized from industrially sourced chitosan (Low and middle molecular weight) are 

comparable in size to those synthesized from fungi-extracted chitosan (M. rouxii) and (R. 

oryzae). The LMW-CHS-AuNPs (Figure 7.6A) averaged 12.51 (± 3.58) nm in diameter, while 

13.62 (± 3.47) nm, 14.53 (± 3.45) nm, and 9.58 (± 1.65) nm correspond to the size of the MMW-

CHS-AuNPs (Figure 7.6B), Muc-CHS-AuNPs (Figure 7.6C), and Rhi-CHS-AuNPs (Figure 

7.XD), respectively. Complementary EDX analysis for each group of the AuNPs (Figure 7.6E 

and 7.6F) showed well-defined absorption bands peculiar for gold (2.2 keV) and elemental 

components of chitosan, especially carbon (C) and oxygen (O), confirming the presence of 

chitosan on the synthesized AuNPs. This observation was not found in the blank sample, which 

is the ordinary grid without the AuNPs.  
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Figure 7.6: Transmission electron micrographs of (A) LMW-CHS-AuNPs; (B) MMW-CHS-

AuNPs; (C) Muc-CHS-AuNPs; (D) Rhi-CHS-AuNPs (E) Rep. EDX spectra of AuNPs from 

industrially sourced chitosan; (F) Rep. EDX spectra of AuNPs from fungal sourced chitosan. 

7.3.3.5. X-Ray Diffraction Analysis of Chitosan and CHS-AuNPs 

The powder X-ray diffraction crystallography (XRD) diffractogram provides detailed 

information about the crystallinity properties, phase behaviour, and unit cell dimensions of 

ordinary chitosan and the synthesized CHS-AuNPs. This is presented in Figure 7.7A and 7.7B, 

respectively. Compared to ordinary chitosan, which has characteristic 2θ peaks around 8.0-9.0°, 

13.1°, and 19-20° depending on the source, all the synthesized CHS-AuNPs have additional 

characteristic diffraction peaks unique to the face-cantered cubic (FCC) structure of AuNPs 

(JCPDS 04-0784) around 38.4°, 44.4°, 64.6°, and 77.9°, corresponding to H, K, L values (111), 

(200), (220), and (311) (Hashem et al., 2022). The highest intensity peak (111) was used to 

determine the crystallite domain size for the synthesized particles, and this is presented in Table 

7.A below. Comparing the crystallite domain size to the particle size obtained from TEM, it 

can be suggested that the synthesized AuNPs comprise single-crystal domains. Comparatively, 

the hydrodynamic size of the AuNPs from DLS is higher than the particle size from TEM or 

  

0 2 4 6 8 10 12 14 16 18 20 22 24
0

5

10

15

20

25

30

 

 

C
o

u
n

t

Size Distribution (nm)

 LMW-CHS-AUNPs
Normal

mu 12.50748

sigma 3.5826

    

  

0 5 10 15 20 25 30
0

5

10

15

20

25

30

 

 

C
o

u
n

t

Size Distribution (nm)

 LMW-CHS-AUNPs
Normal

mu 13.62437

sigma 3.46778

    
F 

E 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0

5

10

15

20

25

 

 

C
o

u
n

t

Size Distribution (nm)

 Mucor Rouxii Mean SD

14.53 3.45

0 2 4 6 8 10 12 14 16 18 20
0

5

10

15

20

25

30

 

 

C
o

u
n

t

Size Distribution (nm)

 Rhizopus oryzae Mean SD

9.58 1.65

A 

C D 

B 



 

176 
 

the crystallite domain size from pXRD. This phenomenon has been explained to be due to the 

presence of water molecules around the synthesized AuNPs (Gittings & Saville, 1998). The 

presence of chitosan as a coating on the synthesized gold nanoparticles, as revealed by FTIR 

and pXRD, allows for utilization in several applications. From chitosan chemistry, it has been 

reported that it could provide sufficient steric hindrance suitable for both stability and 

functionalization of the AuNPs (Sugunan et al., 2005). This phenomenon allows for the 

utilization of the amine functional groups of chitosan, which has been proven in heavy metal 

sensing in water (Sugunan et al., 2005). 

  

 

Figure 7.7: XRD Diffractograms of (A) ordinary chitosan and, (B) synthesized CHS-AuNPs. 

  

A B 



 

177 
 

Table 7.4: Crystallite Domain Size of Synthesized CHS-AuNPs 

 

7.4. Dye Diffusion Assay to Monitor Diffusion Across Agar-Bridge Well  

To determine the time a hydrophilic substance is likely to diffuse through the agar bridge, as a 

measure of the conditions to be set for the glyconanoparticles, I assayed the diffusion of two 

hydrophilic dyes (Brilliant Blue and Cochenille Red) to predict the potential diffusion patterns 

of the glyconanoparticles. This experiment was conducted in two distinct areas of the agar 

bridge. The starting point was either towards the inner core or the outer agar layer around the 

well, which is the edge of the well where the dye was spotted. For the internal core (Figure 

7.8A), the intensity of the dye was measured from the edge of the well, where the agar diffuses 

inward (part A), and the midpoint of the core, where the agar diffuses (part B), to determine 

the arrival of the dyes. A similar experiment was carried out on the outer agar layer surrounding 

the agar bridge (where samples are spotted) (Figure 7.8B). Measurements were taken from the 

point of diffusion in the bridge (part A) to the point of outward diffusion within the outer agar 

layer. My results indicated that for both dyes, the midpoint of the agar core (point of inoculation) 

could be reached within just four h (Figure 7.8). The same observation was made for the outside 

edge of the agar after the bridge. All areas were completely saturated by agar diffusion within 

four h. This indicates that polar groups on the AuNPs can completely diffuse within four h. 

 

 

 

Sample  2Thetha  D-spacing  FWHM  crystallite domain 

size (nm)  

Muc-CHS-

AuNPs 

38.28776 2.34888 0.9301 9.04 

Rhi-CHS-

AuNPs 

38.26649 2.35014 0.7646 10.99 

LMW-CHS-

AuNPs 

38.16695 2.35604 1.0241 8.22 

MMW-CHS-

AuNPs 

38.13312 2.35805 1.0656 7.88 
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Figure 7.8: The diffusion pattern of Brilliant Blue and Cochenille Red dyes into (A) the inner 

agar core and (B) the outer agar core. Pictures in (C) and (D) are representative images showing 

the rate of diffusion at 30 min and 4 h, respectively. 
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7.5. Glyconanoparticles and the Agar-Bridge Model  

7.5.1. Assessment of Fungal Growth Behaviour and Hyphal Diameter Alterations  

The fluorescence images of M. rouxii and R. oryzae in the agar-bridge model show that fungal 

behaviour varies under different conditions, making this method suitable for assessing the 

impact of surface materials of glyconanoparticles on fungal filament growth and tuning. In the 

results presented (Figure 7.9 A-D), I, B, and O denote the inner agar core (area of initial growth), 

the bridge (empty well where NP samples and controls were spotted), and the outer agar layer 

(another area of agar after the bridge), respectively. Figures 7.10 A-G are also the plates 

showing the fluorescence image for each group. For the experiments, three parameters were 

measured: changes in hyphal diameter across the three areas, branching angles of the fungal 

filaments across the three areas, and total growth area. Representative illustrations of these are 

presented in Figure 7.1. For the hyphal diameter (Figure 7.9 A), there was no unique pattern 

for hyphal diameters across the groups. However, significant differences were observed in the 

hyphal diameter of M. rouxii when PDB or glucose AuNPs were administered, with the hyphal 

diameter being thinner in the region designated as the outer agar layer. Notably, this is the area 

where the hyphal filaments actively grow (Steinberg, 2007). 

 

Figure 7.9A: Plots of hyphal diameter for (a) M. rouxii and (b) R. oryzae within the inner core, 

bridge, and outer agar layer of an agar-bridge nutrient-sensing model. Asterisks denote the 

level of significance (* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

B A 
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7.5.2. Assessment of Fungal Growth Behaviour and Branching Angle. 

When I assayed for differences in branching angle due to different treatments, I generally 

observed that functionalization with AuNPs increases the branching angle, especially within 

the internal core compared to the non-functionalized counterparts, suggesting that the presence 

of gold nanoparticles affects the structural conformation or branching behaviour. In addition, 

progressive branching of hyphae filaments was observed as the fungi crossed from the inner 

core, over the bridge, to the outer agar layer (Figure 7.9B). This branching was significant for 

glucose and glucose-capped gold nanoparticles in both M. rouxii and R. oryzae, and the PDB 

group in R. oryzae. Growth inhibition effects prevented results for the chitosan groups. Results 

for the fungi-mediated chitosan gold nanoparticles were only available for branching within 

the inner core due to limited growth. For these conditions, fungal growth was initiated only 

after 12 h of inoculation. The results for branching angle also show a reverse trend to those of 

hyphal diameter, where more hyphal thickness in the core correlates to less branching and 

reduced thickness in the outer agar area to more branching angle. 

 

 

Figure 7.9B: Plots of branching angle for (a) M. rouxii and (b) R. oryzae within the inner core, 

bridge, and outer agar layer of an agar bridge nutrient-sensing model. Asterisks denote the level 

of significance (* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 
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7.5.3. Assessment of Fungal Growth Behaviour and Growth Area. 

I assessed the effects of different treatments on the growth areas to determine how the various 

groups affect the extent of growth. The results are presented in Figure 7.9C. The results show 

that D-glucose and Glc-AuNPs significantly enhance growth compared to PDB, indicating that 

glucose, especially when functionalized on gold nanoparticles, promotes greater growth, 

possibly through enhanced nutrient uptake (Suvarna et al., 2017). In contrast, Muc-CHS-

AuNPs and Rhi-CHS-AuNPs drastically reduce growth, suggesting inhibitory effects likely 

due to the antimicrobial properties of chitosan derivatives (Ke et al., 2021). The minimal 

growth observed with H2O confirms its role as a negative control. These findings highlight the 

dual role of glyconanoparticles in either enhancing or inhibiting growth depending on their 

functionalization, offering insights into potential applications in nutrient delivery, antimicrobial 

treatments, or for tuning in materials engineering. 

 

 

Figure 7.9C: Plots of growth area for (a) M. rouxii and (b) R. oryzae within the inner core, 

bridge, and outer agar layer of an agar-bridge nutrient-sensing model. Asterisks denote the 

level of significance (* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

7.5.4. Assessment of Fungal Growth Behaviour and Self-Control. 

Following the trend of the results, I also evaluated the possibility of self-control in the two 

fungal strains, and I recorded interesting findings. This is presented in Figure 7.9D. The results 

demonstrate that chitosan nanoparticles (CHS-AuNPs) derived from each fungal strain 

A B 
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effectively inhibit the growth of their respective source strains, indicating a form of self-control. 

Specifically, MCHS-AuNPs and RCHS-AuNPs significantly reduce growth compared to their 

glucose and Glc-AuNP counterparts. This suggests that the chitosan functionalization retains 

bioactivity that selectively inhibits the parent strain, possibly due to species-specific 

antimicrobial properties or autoregulation (Hazen & Cutler, 1979). The lack of growth 

inhibition in other strains confirms this targeted effect. These findings highlight a unique self-

regulatory mechanism, offering potential applications in fungal growth control and antifungal 

strategies tailored to specific fungal species. 

 

 

 

 

 

 

 

 

 

 

Figure 7.9D: Plots of growth comparison in M. rouxii and R. oryzae showing self-control.  

Asterisks denote the level of significance (* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 

0.0001). 
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7.5.4. Growth Plates Indicating the Pattern of Growth under The Different Treatments  

 

 

 

 

 

 

 

 

 

 

Figure 7.10 A: 24-h fluorescence image showing the growth of M. rouxii and R. oryzae under 

normal growth conditions in PDB. All images include a scale bar representing 50 µm. 

 

 

 

 

 

 

 

 

 

 

Figure 7.10 B: 24-h fluorescence image of M. rouxii and R. oryzae with D-glucose added to 

the well. All images include a scale bar representing 50 µm. 
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Figure 7.10 C: 24-h fluorescence image of M. rouxii and R. oryzae with glucose-capped AuNPs 

added to the well. All images include a scale bar representing 50 µm. 

 

 

 

 

 

 

 

 

 

 

 Figure 7.10 D: 24-h fluorescence image of M. rouxii and R. oryzae with chitosan from Mucor 

added to the well. Since there was no growth, only the inner ager core was captured to show 

the non-germinating spores. All images include a scale bar representing 100 µm. 
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Figure 7.10 E: 24-h fluorescence image of M. rouxii and R. oryzae with chitosan from Rhizopus 

added to the well. Since there was no growth, only the inner ager core was captured to show 

the non-germinating spores. All images include a scale bar representing 100 µm. 

 

 

 

 

 

 

 

 

 

Figure 7.10 F: 24-h fluorescence image of M. rouxii and R. oryzae with chitosan-AuNPs 

synthesized using Mucor chitosan. Since there was limited growth, only the inner ager core 

was captured to show the non-germinating spores.  All images include a scale bar representing 

100 µm. 
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Figure 7.10 G: 24-h fluorescence image of M. rouxii and R. oryzae with chitosan-AuNPs 

synthesized using Rhizopus chitosan. Since there was limited growth, only the inner ager core 

was captured to show the non-germinating spores. All images include a scale bar representing 

100 µm. 

 

 

 

 

 

 

 

 

 

Figure 7.10 H: 24-h fluorescence image of M. rouxii and R. oryzae with ordinary DDH2O added 

to the well. All images include a scale bar representing 50 µm. 
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7.6. Effects of Growth Duration (72 h) on Chitosan and Chitosan AuNPs Effects 

Following the observation of growth patterns, I decided to specifically check if the chitosan 

exhibited fungistatic (inhibiting growth) or fungicidal (killing fungi) effects (Abo El-Ela et al., 

2024). Since there was no growth within the initial 24 h, I extended the experiment to 72 h 

under similar conditions. After 72 h, there was no growth in the groups treated with chitosan 

from M. roxuii, while the spores in the groups treated with chitosan from R. oryzae had 

germinated. From IR characterization (Figure 7.5), I know that both chitosans from the mycelia 

have alpha nomenclature and NMR shows that they have a similar degree of deacetylation of 

about 93% in both groups (Figure 7.4). However, NMR also indicates the possibility of 

structural differences, which might explain the differences in the results. R. oryzae seems to 

have greater structural heterogeneity which could have contributed to differences in molecular 

weight.  

Since the growth in the chitosan AuNPs groups was delayed by up to 12 h, I extended the 

experiment for chitosan gold nanoparticles to 72 h. I recorded an increase in growth in both 

groups, with interesting outcomes. For both groups of chitosan-AuNPs, the fungi started 

sporulating within 3 days, which could be due to the AuNPs inducing stress on the fungi. 

Ordinarily, the onset of sporulation is usually at the lag phase of growth, above 10 days. 

Another interesting observation is that self-control was consistent in the fungi, 

with Rhizopus showing more susceptibility to its own material, whether chitosan or chitosan 

AuNPs, compared to M. rouxii. I hypothesize that this could be a natural control mechanism 

for self-regulation in the fungi. 
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Figure 7.11A: 72-h fluorescence image of M. rouxii and R. oryzae with chitosan from Mucor. 

Since there was no growth, only the inner ager core was captured to show the non-germinating 

spores.  

 

 

 

 

 

 

 

 

 

 

Figure 7.11B: 72-h fluorescence image of M. rouxii and R. oryzae with chitosan from Rhizopus. 

Due to limited growth, largely only the inner ager core was captured 
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Figure 7.11C: 72-h fluorescence image of M. rouxii and R. oryzae with chitosan-AuNPs 

synthesized using Mucor chitosan. Due to limited growth, only the inner ager core was 

captured.  

 

 

 

 

 

 

 

 

Figure 7.11D: 72-h fluorescence image of M. rouxii and R. oryzae with chitosan-AuNPs 

synthesized using Rhizopus chitosan. Due to limited growth, only the inner ager core was 

captured.  

The limited growth observed might be due to the interaction between the chitosan-AuNPs 

and the fungal cells, which potentially hinders their proliferation (Hashem et al., 2022). This 

indicates that chitosan possesses antimicrobial properties that can influence fungal growth.  

100 µm 100 µm 

100 µm 100 µm 



 

190 
 

7.7. Conclusion  

This study demonstrates the potential of glyconanoparticles with different surfaces to influence 

fungal growth dynamics, particularly in Mucorales species (M. rouxii and R. oryzae). Using 

the agar-bridge model, the nutrient-sensing responses of these fungi to glucose- and chitosan-

capped gold nanoparticles (AuNPs) investigated showed interesting outcomes. Glucose-

functionalized AuNPs promote fungal growth as a nutrient source, while chitosan-capped 

AuNPs exhibit fungistatic properties, inhibiting fungal proliferation for about 24 h. This 

indicates that carbohydrate-coated nanomaterials retain their biological activities despite 

surface functionalization. I also discovered the possibility of a natural self-control system in 

the fungi using their own chitosan. The agar-bridge model effectively assesses fungal nutrient-

sensing and structural adaptation, providing a controlled system for real-time observation of 

fungal responses. The study also confirms that fungal-derived chitosan differs structurally from 

industrial chitosan (derived from crustaceans), influencing its functional behaviour in 

nanoparticle synthesis and application. Future studies should consider environmental factors 

and more broader parameters. The model's application in engineering materials with different 

properties can be explored further. This study highlights the role of glyconanoparticles in 

modulating fungal growth, with potential applications in antifungal strategies and 

bioengineering, integrating fungal biology with nanotechnology for innovative biomaterial 

development and fungal control strategies. 

 

  



 

191 
 

General Discussion and Recommendations  

This research explores the innovative use of fungi in developing next-generation materials for 

environmental and biomedical applications, leveraging knowledge in physics, microbiology, 

chemistry, engineering, and nanotechnology. Functionalizing fungi with nanoparticles through 

biomimetic and in-situ approaches created composite microstructures for applications 

including heavy metal bioremediation, UV-radiation protection, non-wettable surfaces, and 

thermally stable scaffolds. The results presented show successful modification of the fungal 

surface with a choice of bioactive materials, and that fungal composites have innovative 

applications in modern-day environmental and biomedical solutions.  The impact of 

carbohydrate identity on the mechanical and surface properties of fungal materials was 

thoroughly investigated and I learned that to get myco-materials with desired properties such 

as stiffness, thickness, flexibility, load retention potentials, strength, and surface non-

wettability, I can tune them at the fundamental level via nutrient variation.   

The results of this study are noteworthy and demonstrate the potential of fungi-based materials 

as sustainable alternatives to conventional materials, aligning with the global emphasis 

established in the Sustainable Development Goals (SDGs). A significant advancement in eco-

friendly material synthesis is highlighted by the natural biomimetic process that allows for the 

self-deposition of gold nanoparticles without the use of extraneous chemicals. The composite 

system developed from A. niger and gold nanoparticles (AuNPs) for mercury removal is 

reusable for at least five cycles while consistently reducing concentrations to levels below the 

international minimum acceptable standard of 2 parts per billion (ppb) during each cycle.   This 

research reveals that nature can yield impactful solutions, and by harnessing these natural 

processes and mimicking them, highly innovative outcomes can be achieved that benefit both 

human society and the broader ecosystem. I have moved beyond traditional surface 

functionalization methods, which typically depend on chemical coupling agents, with respect 

given to these foundational works (Li, et al. 2003, Das, Shome and Guha 2012, Mukherjee, et 

al. 2001).  I have also moved beyond hypothetical guesses as to the feasibility of natural 

functionalization that does not require artificial agents (Bohu, et al. 2019). I introduced novelty 

in materials design and application.  The focus of the current study is on the engineering of 

highly eco-friendly composites in which fungi inherently facilitate the coupling process 

without external intervention. Not only has this material been generated through natural means, 

but I have also demonstrated its initial application in bioremediation and established its 

potential for reusability.  Moreover, I have demonstrated that the phenomenon observed in 
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Australia (Bohu et al., 2019) where fungi naturally bioaccumulate gold can be replicated at the 

laboratory scale and that this is also possible by employing fungal strains other than F. 

oxysporum. Despite exploring a range of parameters, including concentration, nitrogen sources, 

and timeframes, this study indicates that further research is warranted to develop further 

innovative designs in the future. I recommend conducting a similar study using various 

carbohydrate sources, as the influence of carbohydrates on mycelial mechanics may yield 

significant insights (Schoder, et al. 2024, Haneef, et al. 2017). Furthermore, I advocate for the 

introduction of additional strains and the investigation of new classes of heavy metals, or 

nanoparticles with their own distinct properties. It is also important to consider the 

concentrations of nanoparticles carefully and to explore potential applications that extend 

beyond bioremediation.  

The functionalization of fungal mycelia with gold nanoparticles (AuNPs) and titanium dioxide 

nanoparticles (TiO2 NPs) has underscored the potential of fungi to serve as the basis for 

multifunctional composites. Before this investigation, there had been no documented instance 

of directly functionalizing Mucorales (M. rouxii and R. oryzae) or any other fungal strain with 

TiO2 NPs specifically to create a multifunctional scaffold that offers UV radiation blocking, a 

non-wettable surface, and thermal stability. This study enhanced existing methodologies for 

other biomaterials (Shaheen, Salem and Zaghloul 2019, Rabiei, et al. 2022, Velázquez-

Martínez, et al. 2018, Yang, et al. 2018), adapting them for application with mycelia. By 

introducing mycelia into this domain, I demonstrated its significant potential as a biomaterial, 

particularly for advanced applications. When TiO2 NPs are employed for surface modification 

of mycelia to create composites, the resulting materials exhibit noteworthy properties, such as 

effective UV radiation blocking, enhanced surface wettability, and improved thermal stability. 

Nonetheless, it is essential to acknowledge that this process entails certain trade-offs, notably 

alterations in the mechanical properties of the mycelia (usually giving materials with poorer 

properties). Furthermore, the differing morphological characteristics observed on opposite 

sides of the same mycelium appear to influence the overall outcomes. This is a pointer to the 

possibility of future design as Janus membranes (Cavalcante and Szekely, 2023).  In this current 

study, I advanced methodologies and identified specific limitations inherent in the application 

of these techniques to fungal mycelia, representing a substantial step forward for future 

research endeavours.  To further this investigation, it would be prudent to explore fungal 

materials with a variety of mechanical and optical properties, including the integration of 

pigment considerations. The extensive diversity of available fungal strains presents significant 
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opportunities for innovation in this specialized field. Moreover, there exists potential for the 

introduction of a new class of nanomaterials. The experiments conducted were carried out 

under controlled laboratory conditions, with immediate analysis of samples based on the 

selected methodologies. Assessments of long-term durability, biodegradability, and 

environmental impact should be executed under real-world conditions to ascertain the viability 

of large-scale applications. 

This study investigated the effects of various types and concentrations of carbohydrates on the 

mechanical and wettability properties of fungal mycelia. I employed five distinct fungal strains: 

A. niger, B. cinerea, R. oryzae, S. commune, and T.versicolor. The research demonstrates that 

it is feasible to modify the properties of fungal mycelium directly through variations in nutrient 

composition, rather than relying on external bioactive compounds for surface adherence. This 

approach exemplifies an "inside-out" modification strategy, whereby alterations at a 

fundamental level due to nutrient variations are reflected in the bulk properties of the mycelia. 

The findings indicate that different fungal strains exhibit unique preferences for carbon sources, 

which significantly affect their growth, strength, elongation, stiffness, surface energy, and 

hydrophobicity in certain ways. Notably, my results reveal that achieving near 

superhydrophobicity (with a contact angle of 150o) through mere adjustments in nutrient 

concentrations represents an effective and sustainable method for engineering environmentally 

friendly materials. Certain strains, such as R. oryzae, A. niger, and B. cinerea, produced 

materials that were two to three times thicker than average under similar conditions. In the 

future, these insights will facilitate the customization of mycelial properties, thereby enabling 

targeted applications across varied industries. In contrast to existing literature (Schoder, et al. 

2024, Jo, et al. 2009, Schritt, Vidi and Pleissner 2021), this study broadens the range of 

carbohydrates utilized, modifies their concentrations, incorporates multiple strains, and 

thoroughly characterizes the resultant materials. Intracellular modifications due to nutrient 

variation led to physical and biological alterations that were subsequently characterized in the 

bulk mycelia.  Experiments conducted on both solid and liquid media were aimed at 

determining how the nature of nutrient availability influences the observed outcomes. It was 

recorded that this affects growth rate and material quantity.  Generally, the trends identified in 

my results for this work provide a foundation for the introduction of new strains or further 

optimization of existing ones, thereby unlocking the potential for enhanced applications. For 

instance, I discussed the engineering of materials with titanium dioxide nanoparticles for 

multifunctional scaffolds, now I suggest that pre-modification with nutrients could yield 
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improved results in forming multifunctional scaffolds.  I recommend that future studies build 

upon the "inside-out" modification approach by investigating the implications of these sugars 

at the fundamental level. This includes exploring their impact on omics and genetic properties, 

as well as their effects on biochemistry, such as cell wall carbohydrate properties and 

microstructural filament characteristics. Furthermore, the introduction of a wider variety of 

fungal strains and exploration of interactions with nanoparticles or peptides presents 

opportunities for the development of advanced multifunctional materials.  While I have not 

proposed specific applications for this class of material, future research should also focus on 

analysing the effects of environmental conditions, scalability, and sustainability for industrial 

applications. Promising avenues for exploration may include testing real-world applications, 

such as coatings and filtration systems, UV-shielding, experimenting with multi-nutrient 

combinations for hybrid properties, studying long-term material behaviour under varying 

conditions, and investigating biomedical applications like tissue engineering scaffolds or 

biocompatible systems. Ultimately, these efforts could facilitate the advancement of tailored 

and sustainable material innovations. 

This study presents innovative methodologies for engaging with fungi and characterizing 

fungal materials. Notably, I introduce advanced techniques for spatial mapping of mycelial 

homogeneity and analyse the effects of various drying conditions on material properties. While 

prior literature has indicated that a mycelium may not be a homogeneous structure, the extent 

of this inhomogeneity has not been fully characterized. My investigation has successfully 

characterized the mechanical dynamics associated with mycelial inhomogeneity in two 

mucorales (M. rouxii and R. oryzae). Specifically, I discovered that distinct regions within a 

single mycelium can demonstrate differing mechanical properties over a defined growth period. 

Furthermore, my assessment of four different drying processes indicates that the chosen 

method significantly impacts mechanical properties such as strength, flexibility, and thickness. 

For example, both air-drying and oven-drying resulted in increased stiffness but decreased 

flexibility, whereas cryogenic freezing led to physical tearing of the material.  These findings 

emphasize the critical need to optimize processing methods to achieve consistent material 

properties. Given the increasing investment in nature-based materials across various economic 

sectors, this research provides valuable insights for selecting specific material characteristics 

for diverse applications. It also serves as a crucial reminder for professionals in the field of 

biomaterials regarding the importance of understanding the spatial characteristics of the 

materials being developed, ensuring compliance with ISO standards for material development. 
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The investigation into the nutrient-sensing model utilizing glyconanoparticles represents an 

innovative methodology that has yielded valuable insights into the biological interactions 

between nanoparticles and fungi. The introduction of the Agar-Bridge Model as a novel 

nutrient-sensing system provides a unique framework for understanding nutrient-sensing 

mechanisms and the self-regulation of fungal growth with glyconanoparticles, thereby enabling 

further research into bio-sensing. From literature, the most recent techniques employed for 

analogous assessments in fungi have primarily consisted of two-dimensional and three-

dimensional sensing systems (Schunke, Pöggeler and Nordzieke 2020, Turrà, et al. 2016, Millet, 

et al. 2019). However, these approaches do not facilitate the necessary dynamism to examine 

how fungi respond to various bioactive elements under special conditions, such as the 

introduction of obstacles or differing growth layers. The Agar-Bridge Model allows for the 

incorporation of obstacles along growth pathways, thus enabling researchers to investigate 

fungal responses and changes in growth patterns.  This study presents, for the first time, 

evidence of how glyconanoparticles induce structural changes in Mucorales across two layers 

of agar separated by a bridge. There were significant differences in the branching behaviour of 

the fungi, which were observed along with documentation of ongoing self-regulatory 

mechanisms. This new methodology is not only relevant for materials development but also 

holds potential applications in antifungal strategies and growth monitoring systems.  It is 

recommended to implement this system on larger platforms, such as Petri dishes, over extended 

periods (exceeding five days) to facilitate the generation of bulk mycelium, the properties of 

which may be examined in unique ways. The current study utilized two classes of 

glyconanoparticles (capped with either glucose or chitosan), and future investigations may 

incorporate additional classes of bioactive substances, minerals, or biomolecular constituents. 

Additionally, non-diffusing materials may also be introduced to explore the possibility of 

functionalizing fungal materials as they traverse the bridge.  

In general, this research connects material science and applied mycology by showcasing the 

potential of fungi-based composites to tackle real-world challenges such as heavy metal 

contamination, UV protection, and environmental sustainability. By employing biomimetic 

synthesis and in-situ functionalization techniques, the study advances green chemistry and the 

development of sustainable materials.  
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General Conclusion 

This doctoral thesis presents research contributions from over three years of study. The work 

advances the fields of fungal materials and applied mycology by introducing new methods and 

sustainable, multifunctional bio-composites. The innovative approaches to nanoparticle 

functionalization and the strategic use of carbohydrates to modify mechanical properties have 

led to the development of eco-friendly materials with various applications, this includes 

environmental monitoring which is currently prioritized on a global scale. Furthermore, the 

integration of biomimetic processes and in-situ functionalization techniques has opened new 

pathways for green synthesis and composite engineering. The research has effectively 

demonstrated the potential of fungi-based materials in heavy metal bioremediation, UV 

protection, and environmental sustainability, supporting the Sustainable Development Goals 

(SDGs) related to health, clean water, climate action, and responsible consumption (SDGs 3,6, 

12 and 13). These findings pave the way for the next generation of sustainable materials that 

combine functionality and translational potential with environmental and biomedical 

responsibility. Most importantly, this work contributes to the broader scientific community by 

providing novel methodologies for characterizing fungal materials, manipulating their growth, 

and understanding the interactions between nanoparticles and fungi. It emphasizes the 

significance of multidisciplinary approaches in advancing materials science, biotechnology, 

and environmental engineering. Based on the findings of this doctoral study, I can make general 

recommendations. To address trends in material inhomogeneity, future studies should replicate 

experiments with additional fungal strains while also examining morphology, surface chemistry, 

and molecular properties, using advanced cultivation techniques like controlled environmental 

chambers to minimize spatial variations within mycelial networks. Building on my composite 

formation efforts with A. niger, B. cinerea, M. rouxii, and R. oryzae, researchers should explore 

other fungal strains and nanoparticle combinations to enhance the functional diversity of fungi-

based composites. Additionally, assessing long-term durability, biodegradability, and 

environmental impact under real-world conditions is essential to evaluate the feasibility of 

large-scale applications. Further exploration of the nutrient-sensing model is recommended to 

understand nanoparticle-fungi interactions at the molecular level, enabling advanced 

applications in bio-sensing and environmental monitoring. Optimizing carbohydrate 

concentrations and types could improve targeted mechanical and surface properties, 

significantly increasing the versatility of fungal composites. Finally, building on the 

foundational knowledge established, scalable production methods should be developed in 
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collaboration with industrial partners to commercialize fungi-based bio-composites, with 

future insights leveraging machine learning to design fungal materials by linking bulk 

properties to fundamental changes, paving the way for sustainable material science and 

environmental innovation. 
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List of Appendix  

Table 2.1: Properties of Mycelia Under Different Drying Conditions  

  

Drying 

condition 

Dried Sample Properties of sample  

R. oryzae 

Air dry: 25  oC 8 

h 

  The inner surface of the mycelia in contact with the 

Teflon is highly glossy, featuring a thin, shiny layer. The 

mycelia have turned a very light yellow, appearing thick 

yet fragile, and tend to break parallel to the inner surface, 

primarily around the middle area. No visible cracks. 

Oven dry: 90  oC. 

4 h 

  The inner surface in contact with the Teflon is highly 

glossy, featuring a thin, shiny layer. The mycelia have 

turned a deep yellow, appearing thicker but still fragile, 

and tend to break parallel to the inner surface, mostly near 

the end of the strip. There are no visible cracks. 

Convectional 

freezing: -45 oC 

(8 h):  then 

freeze dry  

  The mycelia retain their colour upon drying, exhibiting a 

fine surface with no visible cracks. They appear stretchier 

and tend to break parallel to the surface, primarily around 

the middle. 

Cryogen 

freezing: -196 oC 

(3  min):  then 

freeze dry  

  The colour remains intact upon drying, with a fine, rough 

surface and visible cracks around the outer edges. The 

texture is woolly and somewhat stretchy, tending to break 

parallel to the surface, primarily around the middle. 
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M. rouxii 

Air dry: 25 oC 8 

h 

  The inner surface has a glossy appearance, with the 

mycelia becoming thin yet stretchy. The mycelia 

predominantly break parallel to the middle, with no 

visible cracks. 

 

Oven dry: 90  oC. 

4 h 

  The inner surface has a somewhat glossy appearance, 

with the mycelia becoming thick but less stretchy. The 

mycelia predominantly break parallel to the middle, with 

no visible cracks. 

 

Convectional 

freezing: -44 oC 

(8 h):  then 

freeze dry  

  The mycelia retain their colour upon drying, featuring a 

fine surface with no observable cracks. They are firm and 

predominantly break parallel to the middle. 

 

 

Cryogen 

freezing: -196 oC 

(3 min):  then 

freeze dry  

  The colour remains intact upon drying, with a fine 

surface and no observable cracks around the outer 

surface. It breaks parallel to the middle, with no visible 

cracks. 
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Table 2.2: Mechanical; Response of Mycelia under Different Drying Conditions  

 

Drying condition Sample mapping and breaking pattern  

R. oryzae 

Air dry: 25 oC 8 h  

 

 

 

 

 

 

Oven dry: 90 oC. 4 h  

 

 

 

 

 

 

Convectional freezing: -45 

oC (8 h):  then freeze dry  

 

 

 

 

 

 

 

Cryogen freezing: -196 oC 

(3  min):  then freeze dry  

 

 

 

 

 

 

 

M. rouxii 
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Air dry: 25 oC 8 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oven dry: 90  oC. 4 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

Convectional freezing: -44 

oC (8 h):  then freeze dry 

 

 

 

 

 

 

 

 

 

 

 

Cryogen freezing: -196 oC 

(3  min):  then freeze dry  
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Appendix 3.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 3.1: Representative Energy Dispersive X-ray (EDX) result showing the Au 

peaks on typical AuNPs. Peaks from copper are due to the copper grids, and carbon peaks are 

from the carbon coating. 
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Appendix 4 

The SEM/EDX images show the distribution of nanoparticles and elemental mappings on A. 

niger mycelia after either 7 or 10 days of growth. These images were taken with nitrate or 

glutamine as the nitrogen source. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 4.1A: Representative scanning electron microscopy (SEM) image, and 

elemental analysis (EDX) showing the distribution of (A): NaBH4-AuNPs; (B): Glc-AuNPs; 

(C): Cef-AuNPs; (D): Cit-AuNPs; on A. niger hyphae at 20 µg/ mL after 7 days of growth 

(nitrogen source: nitrate). 
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Appendix Figure 4.1B: Representative scanning electron microscopy (SEM) image, and 

elemental analysis (EDX) showing the distribution of (A): NaBH4-AuNPs; (B): Glc-AuNPs; 

(C): Cef-AuNPs; (D): Cit-AuNPs; on A. niger hyphae at 20 µg/ mL after 7 days of growth 

(nitrogen source: glutamine). 
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Appendix Figure 4.1C: Representative scanning electron microscopy (SEM) image, and 

elemental analysis (EDX) showing the distribution of (A): NaBH4-AuNPs; (B): Glc-AuNPs; 

(C): Cef-AuNPs; (D): Cit-AuNPs; on A. niger hyphae at 20 µg/ mL after 10 days of growth 

(nitrogen source: nitrate). 
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Appendix Figure 4.1D: Representative scanning electron microscopy (SEM) image, and 

elemental analysis (EDX) showing the distribution of (A): NaBH4-AuNPs; (B): Glc-AuNPs; 

(C): Cef-AuNPs; (D): Cit-AuNPs; on A. niger hyphae at 20 µg/ mL after 10 days of growth 

(nitrogen source: glutamine). 
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Appendix 5 

Table 5.1: Experimental Conditions for Evaluating the Impact of Varying Sugar 

Concentrations on Mechanical Properties and Surface Wettability in Five Fungal Strains.     

 

 

Table 5.2: Minimal media and nitrogen source for the germination of Aspergillus (MM1) 

adapted from Ijadpanahsaravi et al., 2021. The pH was corrected to 4.5 with 1M HCl 

 MM2 C0 + N Final concentration Mass (g) for 500 mL 

KH2PO4 0.1% (w/v) 0.5 g 

NaNO3 0.3 (w/v) 1.5 g 

KCl 0.05% (w/v) 0.25 g 

MgSO4.7H2O 0.05% (w/v) 0.25 g 

FeSO4.7H2O  0.002% (w/v) 0.01 g 

in ddH2O    Make up to 500 mL 

 

  

Fungal Strain Temp.

 (oC) 

Growth

 Period 

(Days) 

Cond. 

A 

Cond. B Cond. C  Cond. D 

R. oryzae 25 7 PDB Minimal 

Medium (MM) 

60 mM 

Glucose in MM 

120 mM 

Glucose in MM 

S. commune 22 15 PDB Minimal  

Medium (MM) 

30 mM Fructose 

in MM 

60 mM Fructose 

in MM 

T. versicolor 30 15 PDB Minimal  

Medium (MM) 

30 mM Fructose 

in MM 

60 mM Fructose 

in MM 

B. cinerae 30 15 PDB Minimal  

Medium (MM) 

60 mM 

Sucrose in MM 

120 mM 

Sucrose in MM 

A. niger 25 15 PDB Minimal  

Medium (MM) 

60 mM 

Glucose in MM 

120 mM 

Glucose in MM 
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Table 5.3: - Minimal media and nitrogen source for germination of B. cinerea (MM2). Adapted 

from Schumacher et al., (2008).  

 MM2 C0 + N Final concentration Mass (g) for 500 mL 

KH2PO4 0.1 % (w/v) 0.5 g 

NaNO3 0.3 % (w/v) 1.5 g 

KCl 0.05 % (w/v) 0.25 g 

MgSO4.7H2O 0.05 % (w/v) 0.25 g 

FeSO4.7H2O 0.002 % (w/v) 0.01 g 

in ddH2O    Make up to 500 mL 

 

Table 5.4: Minimal media and nitrogen source for germination of S. commune & T. versicolor 

(MM3). Adapted from Leem et al., (1999) and |Kim et al., (2022).  

• Magnesium chloride (CAS 7786-30-3) final concentration is 4.8 g/ L (or 2.4 g in 500 mL) 

• Manganese sulphate monohydrate (CAS 10034-96-5) final concentration is 1.23 g/L (or 

0.615 g in 500 mL) 

 MM3 C0 +N Concentration Mass (g) for 500 mL 

KNO3 2 g/L 1 g 

Trace element solution 40 mL/L 20 mL 

Salt solution 25 mL/L 12.5 mL 

in ddH2O  Make up to 1 L Make up to 500 mL 

   

 Trace Element Solution  Concentration Mass (g) for 500 mL 

CaCl2 2.73 g/L 1.365 g 

MgCl2.6H2O  10.25 g/L 5.125 g 
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FeCL3.6H2O 1.33 g/L 0.665 g 

MnSO4 1.1 g/L 0.55 g 

ZnSO4 1.0 g 0.5 g 

In ddH2O Make up to 1 L Make up to 500 mL 

   

 Salt Solution  Concentration Mass (g) for 500 mL 

Ammonium tartrate 20 g/L 10 g 

KH2PO4 40 g/L 20 g 

Na2HPO4 90 g/L 45 g 

Na2SO4 11.2 g/L 5.6 g 

in ddH2O  Make up to 1 L Make up to 500 mL 

 

Table 5.5: Minimal media and nitrogen source for the germination of R. oryzae (MM4). 

Adapted from Wu et al., (2021). 

 MM4 C0 + N Concentration Mass (g) for 500 mL 

MgSO4.7H2O 0.5 g/L 0.25 g 

KH2PO4 0.6 g/L 0.3 g 

FeSO4.7H2O 0.0088 g/L 0.0044 g 

Urea 2 g/L 1 g 

ZnSO4.7H2O 0.11 g/L 0.055 g 

in ddH2O  Make up to 1 L Make up to 500 mL 
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Table 5.6: Autoclaving changes the media (fructose) from colourless) to dark brown compared 

to the ordinary minimal media  

Media  T. versicolor  S. commune  

 

 

Minimal media   

 

 

  

 

 

Minimal media (30 

mM Fruc) 

 

  

 

 

Minimal media (60 

mM Fruc) 

 

  

 

 

Potato Dextrose 

Broth  

 

  

 

 


