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Abstract  

Enzymes are essential biological macromolecules whose activity and stability are 
strongly influenced by their structural integrity and their interaction with the 
surrounding environments. In recent years, carbon-based nanomaterials have 
attracted significant attention as promising platforms for enzyme immobilization 
due to their unique physicochemical properties, high surface area, and potential 
to enhance enzyme performance. The present study focuses on the investigation 
of the structure and function of two important enzymes, lysozyme and α-amylase, 
following their immobilization on graphene oxide and two environmentally friendly 
nanomaterials, bio-graphene and magnetic bio-graphene. 

The primary objective of this work was to examine how the interaction between 
these enzymes and carbon nanomaterials affects their functional characteristics. 
Enzyme immobilization on nanomaterial surfaces can influence protein folding, 
stability, and activity through physicochemical interactions such as electrostatic 
forces, hydrogen bonding, and surface adsorption. Understanding these 
interactions is essential for the development of advanced nanobiotechnological 
applications, including biosensors, biocatalytic systems, and biomedical 
devices. 

To further investigate these effects, spectroscopic techniques were employed to 
monitor potential structural and conformational changes in the enzymes’ 
molecules. Ultraviolet–visible (UV–Vis) absorption spectroscopy was used to 
evaluate changes in the electronic environment of the enzymes and to confirm 
their interaction with the nanomaterials. Fluorescence spectroscopy provided 
valuable information regarding alterations in the tertiary structure and the 
microenvironment of aromatic amino acid residues, allowing the detection of 
conformational modifications. Additionally, Circular Dichroism (CD) 
spectroscopy was utilized to analyze changes in the secondary structure of the 
enzymes, offering insight into variations in α-helix and β-sheet content induced by 
their interaction with graphene oxide, bio-graphene, and magnetic bio-graphene. 

The use of green nanomaterials such as bio-graphene and magnetic bio-graphene 
represents an important step toward more sustainable and biocompatible 
nanobiotechnological systems. These materials provide potential advantages, 
including enzyme stabilization, reusability, and environmentally friendly synthesis 
routes. The results of this study contribute to a better understanding of enzyme–
nanomaterial interactions at the molecular level and highlight the potential of 
carbon-based nanomaterials as effective platforms for enzyme immobilization. 

Overall, this work provides valuable insight into the structural behavior of 
lysozyme and α-amylase in the presence of graphene-based nanomaterials, 
contributing to the broader field of nanobiotechnology and supporting the 
development of advanced functional nanomaterial–enzyme systems for future 
applications. 
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1. Introduction 

1.1. Biotechnology 
The term “Biotechnology” was first used by Károly Ereky in 1919 to refer to 

the production of products from raw materials with the aid of living organisms. 
Nowadays, the term Biotechnology refers to the use of biological systems or their 
components to produce useful or commercially exploitable products, as well as 
to provide services. Biotechnology has now become one of the leading-edge 
technologies, with a wide range of applications in fields such as pharmaceuticals, 
medicine, environmental protection, and bioremediation. 

Biotechnology is divided into four main categories, which are characterized 
for symbolic reasons by a different color (KAFARSKI, 2012): 

• Blue Biotechnology, also known as marine biotechnology, refers to the 
exploitation of aquatic ecosystems to create products for applications of 
industrial interest (Maldonado-Ruiz et al., 2024) 

• Green Biotechnology refers to the use of living organisms, biological 
systems, or their derivatives to develop sustainable, environmentally 
friendly processes and products—particularly in agriculture, industry, and 
ecological remediation—aimed at reducing environmental impact while 
enhancing resource efficiency (Eskandar, 2025) 

• Red Biotechnology, also known as medical or pharmaceutical 
biotechnology, involves the production of vaccines and antibiotics, the 
discovery of new drugs and therapies, the development of artificial organs, 
and the creation of novel diagnostic methods (V. Gupta et al., 2017). 

• White Biotechnology, also known as industrial biotechnology, primarily 
focuses on the application of biocatalysis in industrial processes. White 
biotechnology is considered the largest sector of biotechnology and is 
associated with: 
- the replacement of traditional industrial processes with biocatalytic 

processes aimed at the production of pharmaceuticals, cosmetics, 
chemicals, and food additives, 

- the production of biodegradable polymers, 
- the generation of fuels and energy from renewable sources or through 

photosynthetic microorganisms. 

Although the four-color classification system is the most widely used in 
biotechnology, alternative classification schemes featuring a broader spectrum 
of colors also exist (Figure 1). 

https://en.wikipedia.org/wiki/K%C3%A1roly_Ereky
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Figure 1: The Colors of Biotechnology (Source: weacademia.com) 

 

1.2. Enzymes in biocatalysis 
Enzymes, which are involved in biocatalysis, have emerged as 

indispensable tools in modern industrial biotechnology due to their capacity to 
catalyze chemical reactions with remarkable specificity, efficiency, and 
environmental compatibility (Sheldon & Woodley, 2018). Unlike conventional 
chemical catalysts, enzymes operate under mild, aqueous conditions, thereby 
reducing energy demands, limiting the use of hazardous solvents, and ensuring 
safer production environments. Their high substrate selectivity not only minimizes 
the formation of undesired by-products but also decreases purification 
requirements and overall material waste, making enzymatic processes both 
economically and ecologically advantageous (Tawfik, 2014). These properties 
have facilitated their adoption across diverse industrial sectors, including 
pharmaceuticals, food processing, textiles, and biofuels, where enzymes are 
employed to transform raw materials into high-value products under sustainable 
processing conditions. Furthermore, advances in protein engineering have 
expanded the operational stability of enzymes, enabling them to function under 
challenging industrial environments such as extreme pH or temperature, and 
thereby broadening their applicability within large-scale biomanufacturing 
(Farhan et al., 2025). 
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Enzymes act as biocatalysts, accelerating chemical reactions to produce 
desired end products efficiently. Advances in biotechnology have significantly 
expanded the application of enzymes beyond their traditional uses, enabling their 
integration into a wide range of industries. Given the rapid and ongoing growth of 
enzyme utilization in the biotechnology field, it is essential to examine recent 
developments and assess the broader impact of enzyme technology across these 
industries (Fasim et al., 2021). 

 

1.3. Categories of enzymes  
Enzymes are classified into seven major families according to the 

guidelines of the Nomenclature Committee of the International Union of 
Biochemistry and Molecular Biology (IUBMB). Initially, six categories were 
established in 1961 based on the type of reaction catalyzed, each enzyme being 
assigned a four-digit Enzyme Commission (EC) number indicating class, 
subclass, sub-subclass, and substrate specificity (McDonald & Tipton, 2023). In 
2018, a seventh class was added to include enzymes responsible for transporting 
ions or molecules across membranes (Concu & Cordeiro, 2019). Τhe seven 
enzyme families are:  

• Oxidoreductases (E.C.1), which catalyze oxidation–reduction 
reactions and are subdivided into 22 groups. These enzymes have 
important technological applications. 

• Transferases (E.C.2), which mediate the transfer of functional groups 
such as methyl or acyl groups. These enzymes play a crucial role in 
cellular metabolism. 

• Hydrolases (E.C.3), which hydrolyze chemical bonds, and include 
many enzymes of industrial interest such as esterases, proteases, and 
glycosidases. These enzymes are crucial for catabolism, as they 
provide the cell with digestible nutrients. 

• Lyases (E.C.4), which catalyze non-hydrolytic bond cleavage, and are 
often relevant in metabolic pathways. They are divided into seven 
subgroups, according to the type of bond they cleave (C-C, C-O, C-N). 

• Isomerases (E.C.5), which enable structural rearrangements within 
molecules. 

• Ligases (E.C.6), which create covalent bonds between two molecules. 
These enzymes are responsible for the anabolism of cells and therefore 
play a key role in the synthetic reactions that occur within the cell. 
There are six subgroups of ligases based on the type of bond formed (C-
O, C-S, C-N, C-C). 

• Translocases (E.C.7), which facilitate the transport of ions or 
molecules across membranes. This classification underscores the 
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functional diversity of enzymes and their essential roles in both 
metabolism and biotechnology. 

This thesis focuses on the study of enzymes that belong to the class of 
Hydrolases, namely lysozyme and alpha-amylase. 

 

1.4. Hydrolases 
Hydrolases are a class of enzymes that catalyze the cleavage of chemical 

bonds by adding water. Their primary biological role is digestive, breaking down 
complex nutrients into simpler units. For instance, proteases degrade proteins 
into peptides and subsequently into amino acids, while lipases hydrolyze 
triglycerides into glycerol and free fatty acids. Due to the diversity of substrates 
encountered in biological systems, hydrolases typically exhibit broad substrate 
specificity (Shukla et al., 2022). 

Several key features make hydrolases particularly valuable in organic 
synthesis: 

• They possess wide substrate versatility. 

• They often demonstrate high stereoselectivity, even with non-natural 
substrates. 

• Beyond hydrolysis, many of them can catalyze related reactions such as 
condensation (reverse of hydrolysis) and alcoholysis (using alcohol 
instead of water). 

• Many hydrolases are inexpensive, commercially available, and easy to 
obtain. 

• They do not require cofactors and are generally compatible with water-
miscible organic solvents like Dimethyl sulfoxide (DMSO) or 
Dimethylformamide (DMF); some, such as lipases and certain proteases, 
remain stable and active even in pure organic solvents. 

• Most hydrolases are extracellular, facilitating straightforward purification. 

The study of various hydrolase types, including lipases, proteases, 
esterases, epoxide hydrolases, nitrile hydrolases, and glycosidases, focuses on 
their synthetic applications, particularly where regioselectivity and 
stereoselectivity are critical (Alcántara et al., 2011) 

 

1.4.1. Lysozyme 
Lysozyme was first identified by Alexander Fleming, who observed that a 

nasal mucus accidentally dropped onto a bacterial culture caused bacterial cell 
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lysis. He referred to this as a "remarkable bacteriolytic element", later named 
lysozyme (Alexander Flemming, 1922). Since then, lysozymes are widely 
distributed across nature, occurring in significant amounts in human tissues and 
secretions—such as tears, saliva, skin, milk, and serum—as well as in various 
animals, plants, and microorganisms, highlighting their universal biological 
presence (Wu et al., 2019). 

 

Figure 2: Structure of lysozyme (Wu et al., 2019). 

 

Lysozyme (Figure 2), also known as muramidase or N-acetylmuramide 
glycanohydrolase, is a naturally occurring enzyme with strong antimicrobial 
activity (Khorshidian et al., 2022). This enzyme catalyzes the hydrolysis of the β-
1,4-glycosidic linkages between N-acetylmuramic acid (NAM) and N-acetyl-D-
glucosamine (NAG) in the peptidoglycan layer of bacterial cell walls, a crucial 
structural matrix surrounding most bacteria (Saurabh & Sahoo, 2008). This 
enzymatic cleavage disturbs cell wall integrity, causing osmotic imbalance and, 
ultimately, cell lysis, especially in Gram-positive bacteria, which lack a protective 
outer membrane (Ferraboschi et al., 2021). For this reason, lysozyme plays a 
central role in the innate immune defense of animals and plants. Beyond its 
antibacterial function, lysozyme has also been shown to interact with some viral 
particles, exerting antiviral effects. Moreover, it appears to regulate immune 
responses by suppressing pro-inflammatory cytokines, suggesting additional 
anti-inflammatory potential (Leśnierowski & Yang, 2021). These diverse biological 
activities may operate synergistically to enhance lysozyme’s overall protective 
role in host systems.  
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Lysozymes are broadly classified into three main types: chicken-type (c-
type), goose-type (g-type), and invertebrate-type (i-type) (Figure 3), based on their 
amino acid sequences, catalytic mechanisms, and evolutionary lineage. More 
detailed:  

• C-type lysozymes are the most extensively studied and widely distributed 
across vertebrates and some invertebrates. Hen egg-white lysozyme 
(HEWL), a well-characterized example, has a compact α/β structure 
stabilized by disulfide bridges and exhibits high enzymatic activity against 
Gram-positive bacteria (W. Zhang & Rhim, 2022). Its structural and 
biochemical properties have made it a model system in enzymology. 

• G-type lysozymes, first found in goose eggs (Nawaz et al., 2022), are 
generally larger and less thermally stable, with fewer cysteine and 
tryptophan residues. However, some variants exhibit improved activity 
against Gram-negative bacteria and play roles in mucosal immunity, 
especially in aquatic species. 

• I-type lysozymes are mostly found in invertebrates and often display 
broader functionality. Some of them, like destabilase-lysozyme from 
leeches, not only hydrolyze peptidoglycan but also exhibit thrombolytic or 
isopeptidase activity (Kurdyumov et al., 2015). This multifunctionality 
makes i-type lysozymes promising in therapeutic contexts (Tarahi et al., 
2025). 

 

Figure 3: Three-dimensional structure of three types of lysozymes (Footage from 
UniProt) (Q. Zhang et al., 2024). 

 

1.4.1.1. Hen Egg White Lysozyme (HEWL) 
C-type lysozyme has attracted significant interest due to its widespread 

availability and favorable functional characteristics. Hen egg-white lysozyme 
(HEWL) was the first c-type lysozyme whose three-dimensional structure was 
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resolved through X-ray crystallography, laying the groundwork for structural 
enzymology. Compared to g-type lysozymes, which typically range from 20 to 22 
kDa, c-type lysozymes are smaller in molecular size, generally falling within the 
11–15 kDa range (Q. Zhang et al., 2024) 

HEWL is a polypeptide composed of 129 amino acid residues and exhibits 
an isoelectric point between 10.0 and 11.0. The primary structure of lysozyme is 
stabilized by four disulfide bonds formed by eight cysteine residues; these bonds 
are critical for maintaining its structural integrity (Wu et al., 2019). Its secondary 
structure is predominantly made up of α-helices and β-sheets, while the tertiary 
structure consists of two distinct domains connected by a long α-helix. This 
configuration forms a deep catalytic cleft, where the active site, spanning from 
Glu-35 to Asp-52, is located (Figure 4). A notable structural feature of HEWL is the 
interaction between Lys97 and Phe38, which brings the two domains closer. This 
interaction contributes to a compact monomeric structure characterized by an 
internal hydrophobic core and an external hydrophilic surface (Yang & Yan, 
2025).This structural organization not only supports the enzyme's high solubility 
but also contributes to its exceptional stability. HEWL can be stored at 5 °C for 
extended periods without loss of catalytic activity, even in dry conditions. It also 
exhibits considerable thermal stability, retaining activity after exposure to 100 °C 
for 3 minutes at pH 4.5, or for 30 minutes at pH 5.0. These features make c-type 
lysozymes, particularly HEWL, highly suitable for a range of industrial and 
scientific applications (Masschalck & Michiels, 2003). 

 

 

Figure 4: (left) HEWL primary structure (unfolded), (middle) tertiary structure (folded), 
(right) active site with the amino acids responsible for the lysozyme activity (folded) 

(Gálvez-Iriqui et al., 2020). 

 

1.4.1.2. Applications for HEWL 
HEWL is widely studied for its potent antibacterial activity, high stability, 

and well-characterized structure. Its natural abundance and safety have made it 
a valuable component in a variety of fields: 
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• In the food industry, HEWL is the only lysozyme approved for use as a 
natural preservative (Khorshidian et al., 2022). It inhibits several foodborne 
pathogens and spoilage bacteria, such as Listeria monocytogenes, 
Clostridium butyricum, and various Lactobacillus species (Lesnierowski & 
Kijowski, 2007). Its use extends to dairy products, meats, wine, and fresh 
produce, where it helps prolong shelf life. HEWL is also incorporated into 
antimicrobial food packaging. Recent studies have explored its chemical 
modification to improve thermal stability and antioxidant properties. 
However, such changes may reduce its enzymatic activity. 

• Beyond preservation, HEWL plays a growing role in animal agriculture as 
an alternative to antibiotics. When incorporated into feed, it supports gut 
health, strengthens immune function, and promotes growth in poultry, 
fish, and farm animals. Studies demonstrate dose-dependent benefits; for 
instance, dietary supplementation in tilapia and broiler chickens has been 
shown to enhance disease resistance and performance, highlighting 
HEWL’s potential in antibiotic-free farming systems (Oliver & Wells, 2015). 

• HEWL also has a crucial role in scientific research, particularly as a 
model protein for studies in crystallography, protein folding, and drug 
interactions. As mentioned before, its structure was one of the first to be 
solved by X-ray crystallography, and it remains widely used in proteomics 
and biophysics. HEWL is employed to study protein aggregation and 
misfolding, processes linked to diseases such as Alzheimer’s and 
Parkinson’s. Its versatility, stability, and ease of handling make it ideal for 
use in biochemical and biophysical experiments (Chen et al., 2024). 

• In the medical field, HEWL is available in pharmaceutical products such 
as tablets, lozenges, and sprays for treating throat infections, ulcers, and 
skin wounds. It exhibits antimicrobial, anti-inflammatory, and wound-
healing properties (Bergamo & Sava, 2023). Recent work focuses on 
incorporating HEWL into biomaterials like hydrogels, nanofibers, and 
microneedles to enhance drug delivery and healing. Some modified HEWL 
systems have even shown promising anticancer activity in vitro, further 
expanding their therapeutic potential. 

• In materials science, HEWL acts as a natural surfactant for dispersing 
hydrophobic nanomaterials in aqueous systems. This eco-friendly method 
stabilizes particles through non-covalent interactions, enabling the 
creation of functional nanocomposites for use in packaging, drug delivery, 
and biosensors (Chen et al., 2024). 

 

1.4.2. Amylases 

Amylases represent a significant class of industrial enzymes, accounting 
for approximately 30% of global enzyme production (Calik & Ozdamar, 2001). 
These enzymes are employed across a broad range of industries, including food 
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processing, fermentation, textiles, paper, detergents, and sugar manufacturing. 
Additionally, amylases have found increasing utility in various biotechnology-
related applications, such as the biodegradation of environmental pollutants, 
microbial conversion of starch into valuable substrates, treatment of starch-
containing waste, and the biosynthesis of biochemical compounds using starch 
as a substrate (MOTTA et al., 2023). With ongoing advancements in biotechnology, 
the scope of amylase applications has expanded to encompass fields such as 
clinical diagnostics, medicinal research, and analytical chemistry. Notably, the 
first enzyme to be produced on an industrial scale was a fungal-derived amylase 
in 1894, which was utilized as a pharmaceutical agent for the treatment of 
digestive disorders (Mobini-Dehkordi M. & Javan F., 2012) 

Enzymes belonging to amylases, such as endoamylases and exoamylases, 
can hydrolyze starch. The enzymes are classified according to the way the 
glycosidic bond is attacked (Figure 5) (Castro et al., 2018): 

• α-amylases (EC 3.2.1.1): endoamylases that can cleave α,1-4 glycosidic 
bonds in the inner part of the amylose or amylopectin chain. They are found 
in a wide variety of microorganisms, such as Archaea and Bacteria (Tiwari 
SP et al., 2015). 

• β-amylases (EC 3.2.1.2): exoamylases that exclusively cleave the α,1-4 
glycosidic bond. They act on the external glucose residues of amylose or 
amylopectin, and they are key enzymes in the production of maltose, 
which is utilized by yeast during fermentation. 

• γ-amylases (EC 3.2.1.3): they cleave the α,1-6 glycosidic linkages, in 
addition to cleaving the α,1-4 glycosidic linkages at the non-reducing end 
of amylose and amylopectin, yielding glucose. They are most effective in 
acidic environments and have an optimum pH of 3.0 (Sivaramakrishnan et 
al., 2006). 

 

Figure 5: (Left) structure of human alpha-amylase (PDB 1SMD), (Middle) structure of 
barley beta-amylase (PDB 2XFR), (Right) Structure of Penicillium oxalicum’s gamma-

amylase (PDB 6FHV) (source: Protein Data Bank in Europe) 

https://www.ebi.ac.uk/pdbe/entry/pdb/1smd
https://www.ebi.ac.uk/pdbe/entry/pdb/2xfr
https://www.ebi.ac.uk/pdbe/entry/pdb/6fhv
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1.4.2.1. α-amylase 
α-Amylase (EC 3.2.1.1) is a hydrolase enzyme that catalyzes the hydrolysis 

of internal α-1,4-glycosidic bonds in starch, resulting in the formation of smaller 
sugars, such as glucose and maltose. It is classified as a calcium metalloenzyme, 
meaning its catalytic activity requires the presence of a metal cofactor, 
specifically calcium ions. As previously discussed, hydrolases can be divided into 
two main categories: endo-hydrolases and exo-hydrolases. Endo-hydrolases 
cleave internal bonds within the substrate molecule, whereas exo-hydrolases act 
on the terminal, non-reducing ends. Consequently, α-amylase, as an endo-
hydrolase, is unable to cleave terminal glucose residues or α-1,6-glycosidic 
linkages (Movahedpour et al., 2022). 

The primary substrate for α-amylase is starch, a polysaccharide composed 
of two polymeric components: amylose and amylopectin. Amylose constitutes 
approximately 20–25% of the starch structure and consists of linear chains of 
glucose units linked by α-1,4-glycosidic bonds. Amylopectin, which makes up 75–
80% of starch, is a highly branched molecule. The linear portions of amylopectin 
are also linked via α-1,4-glycosidic bonds, while branching occurs at intervals of 
every 15–45 glucose units through α-1,6-glycosidic linkages (Klonis, 2018). The 
composition of the hydrolysates resulting from starch degradation by α-amylase 
is significantly influenced by factors such as temperature, hydrolysis conditions, 
and the origin of the enzyme. The enzyme exhibits optimal catalytic activity at a 
pH of approximately 7.0. 

Due to its ability to hydrolyze starch efficiently, α-amylase has gained 
considerable industrial significance. One notable application is in the production 
of glucose and high-fructose syrups. α-Amylase catalyzes the initial step of starch 
breakdown in this process. Historically, starch hydrolysis was achieved via acid 
hydrolysis, which required harsh conditions, including highly acidic environments 
and elevated temperatures. Enzymatic hydrolysis, utilizing α-amylase, offers a 
more favorable alternative by operating under milder conditions and yielding 
higher-quality fructose syrup (R. Gupta et al., 2003; Sundarram A. et al., 2014) 

 

1.4.2.2. Sources of α-amylase 
α-Amylases can be derived from plants, animals, or microorganisms. Plant 

sources include cereals such as barley and rice, while cassava wastewater has 
also been identified as a potential source. Animal-derived α-amylase, such as 
salivary ptyalin, is well-known for initiating starch digestion. However, these 
sources are not suitable for large-scale applications. 

Microorganisms are the preferred source of industrial α-amylase due to 
their rapid growth, cost-effectiveness, and ease of cultivation. In addition, 
microbial strains can be genetically modified or subjected to strain improvement 
techniques to enhance production and optimize enzyme properties, such as 
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thermostability or halotolerance, making them highly adaptable to industrial 
requirements (KONSOULA & LIAKOPOULOU KYRIAKIDES, 2007). Among bacteria, 
Bacillus species are the most important producers, with B. amyloliquefaciens, B. 
licheniformis, B. subtilis, and B. stearothermophilus widely used in commercial 
processes. Fungal species, particularly Aspergillus oryzae, A. niger, and A. 
awamori, also serve as common production hosts. In recent years, genetically 
engineered microorganisms have further expanded the possibilities for efficient 
and tailored α-amylase production (Sundarram A. et al., 2014) 

 

1.4.2.3. Molecular structure 
α-Amylases are members of the glycosyl hydrolase family 13 (GH-13) and 

share about 30% amino acid sequence identity across different organisms. These 
enzymes are typically monomeric, calcium-dependent proteins composed of a 
single polypeptide chain organized into three structural domains (A–C) (Figure 6) 
(Gopinath et al., 2017; Prakash & Jaiswal, 2010):  

• The A-domain is the most conserved and consists of a characteristic fold 
of eight parallel β-strands arranged in a barrel encircled by eight α-helices. 
Within this domain, several highly conserved residues are in loop regions 
at the C-termini of β-strands, forming the catalytic site. These residues are 
critical for substrate recognition and hydrolysis, a feature common to the 
α/β-barrel protein family. 

• The B-domain protrudes between the third β-strand and the third α-helix of 
the A-domain. Its sequence and size vary significantly among different α-
amylases, ranging from short, irregular structures to complex β-strand 
folds, such as those observed in Bacillus enzymes. This domain plays an 
important role in substrate interaction and calcium binding, with the Ca²⁺ 
binding site typically located at the interface between domains A and B. In 
some bacterial α-amylases, additional anion-binding sites, such as 
chloride-binding pockets, have been identified. These contribute to 
catalytic efficiency by stabilizing the ionization state of residues in the 
active site (Muralikrishna & Nirmala, 2005). 

• The C-domain is structurally more conserved and folds into an antiparallel 
β-barrel. While its exact function is not fully understood, it is thought to 
contribute to overall stability and may influence substrate binding in some 
cases. The spatial orientation of domain C relative to domain A varies 
depending on the source of the enzyme (van der Maarel et al., 2002) 

The active site is positioned in a cleft between domains A and B. Substrate 
binding is facilitated by aromatic residues such as phenylalanine, tryptophan, and 
tyrosine, which interact with sugar rings through hydrophobic stacking, as well as 
by residues that form hydrogen bonds directly or via water molecules. Structural 
and mutational studies have demonstrated the importance of three conserved 
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acidic residues: one glutamic acid that serves as a proton donor, one aspartic acid 
acting as a nucleophile, and a second aspartic acid stabilizing the transition state 
and maintaining the catalytic proton donor in its active form. Together, these 
features explain the versatility and efficiency of α-amylases across diverse 
organisms (Tiwari SP et al., 2015). 

 

 

Figure 6: Structure of alpha-amylase found in Bacillus licheniformis (Machius et al., 
1998) 

 

1.4.2.4. Applications  
α-Amylase is one of the most widely applied industrial enzymes due to its 

ability to hydrolyze starch into smaller sugars:   

• In the food industry, it plays a crucial role in baking, where it improves 
dough handling, enhances loaf volume, and contributes to the aroma, 
flavor, and crust color of bread. It also delays stalling by generating 
fermentable sugars that support yeast activity during proofing and baking. 
In addition, α-amylase is extensively employed in the production of 
sweeteners such as glucose, maltose, and high-fructose syrups, as well as 
in confectionery processes where it stabilizes chocolate syrups and 
improves texture (Couto & Sanromán, 2006). 

• In the beverage and fermentation sector, α-amylase is indispensable for 
the liquefaction and saccharification of starch-based raw materials. By 
converting starch from grains into fermentable sugars, the enzymes enable 
the production of alcoholic beverages such as beer and whisky, as well as 
bioethanol. The use of microbial α-amylases in brewing also reduces the 
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dependence on malt, thus lowering production costs (Mobini-Dehkordi M 
& Javan F., 2012).  

The enzyme also has significant applications in non-food industries.  

• In the textile sector, α-amylase is applied during the desizing process to 
remove starch-based coatings from fabrics, thereby improving subsequent 
dyeing and finishing (de Souza & de Oliveira Magalhães, 2010).  

• In the paper industry, it is used to modify starch for coating and sizing, 
enhancing paper strength, surface smoothness, and printability, while also 
finding use in conservation practices for the removal of starch adhesives 
from historical documents (Porfirif et al., 2016).  

• In the detergent industry, α-amylase is incorporated into laundry and 
dishwashing formulations to efficiently remove starchy stains. Its stability 
across a wide range of pH and temperatures makes it particularly suitable 
for modern detergent applications (Hmidet et al., 2008). 

Beyond these uses, α-amylase contributes to: 

• The animal feed industry can improve the digestibility of starch-rich feed 
components, thereby enhancing the nutritional value of livestock diets.  

• In the biofuel sector, the enzyme is a key catalyst in bioethanol 
production, facilitating the conversion of starch into fermentable sugars 
that can be further processed by yeas (Sanchez & Cardona, 2008). 

• In the pharmaceutical and medical fields as digestive aid and in 
diagnostic assays, while also finding roles in the cosmetic and fine 
chemicals industries, where it is used in the synthesis of syrups, 
sweeteners, and other starch derivatives incorporated into personal care 
and specialty products (Paul et al., 2021). 

 

1.5. Nanotechnology and nanobiotechnology 
Nanotechnology refers to the manipulation, design, characterization, and 

application of materials at the nanoscale, typically between 1 and 100 
nanometers, where size-dependent phenomena (e.g., quantum effects, 
increased surface-area-to-volume ratio) begin to dominate properties and 
behavior. At this scale, materials often exhibit novel optical, electronic, magnetic, 
mechanical, and chemical properties that differ significantly from those observed 
in the same material in its bulk form. Therefore, nanotechnology has applications 
across diverse fields such as electronics, energy storage, catalysis, sensors, 
materials science, and more (Kintzios 2016; Stamatis 2016). 

Nanobiotechnology is the intersection of nanotechnology and the 
biological sciences (Figure 7). It involves applying nanoscale tools, materials, and 
devices to study biological systems and to develop new biotechnological 
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solutions (Jun, 2021). Examples include nano-biosensors, nanocarriers for drug 
or gene delivery, nano-diagnostics, and artificial scaffolds for tissue engineering. 
Nanobiotechnology leverages specific interactions of nanoscale structures with 
biomolecules (proteins, nucleic acids, lipids, cells) to achieve functions such as 
targeted therapy, improved diagnostics, controlled release, and novel imaging 
modalities. Its potential lies in improving selectivity, reducing side effects, 
enabling earlier detection, and creating therapeutic and diagnostic methods that 
are not possible with larger-scale materials (Hossein Hosseinkhani, 2022; Kaur & 
Thombre, 2021). 

 

Figure 7: Bionanotechnology is a multidisciplinary science that aims to solve emerging 
social, environmental, and medical issues of a sustainable, biocompatible, and 

regenerative nature (dos Santos et al., 2024). 

 

1.5.1. Nanomaterials 
Nanomaterials are defined as materials smaller than 100 nm (Laurent et 

al., 2008). The classification of nanomaterials into broader categories includes 
nanofibers, carbon nanomaterials, nanofilms, nanoblocks, nanocrystalline 
alloys, nanocomposites, nanocrystalline solids, and nanoparticles. 
Nanoparticles are typically composed of multiple layers with distinct functions: a 
functional core (often with optical or magnetic properties such as fluorescence), 
a protective shell that prevents chemical degradation and reduces toxicity, and an 
outer layer that ensures biocompatibility (W.-K. Shin et al., 2016). This last layer 
usually may be functionalized with a variety of small molecules, metal ions, 
surfactants, and polymers. These provide water solubility and enable specific 
binding to biomolecules or cells (I. Khan et al., 2019). Due to these properties, 
nanoparticles are increasingly applied in biology and biotechnology. They are 
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used in fluorescent labeling and biomolecular analysis, pathogen and protein 
detection, purification and manipulation of biomolecules, and as carriers for drug 
and gene delivery. Additionally, they are explored in cancer therapy (through 
chemical or thermal methods), biosensor and nanodevice development, and as 
contrast enhancers in imaging techniques such as MRI (Stamatis, 2016).  

In this thesis, the nanomaterials that were used belong to the carbon-
based nanomaterials category, namely graphene oxide, biographene, and 
magnetic biographene.  

 

1.5.2. Carbon-based nanomaterials 
Carbon, a well-known element with six electrons, possesses four outer 

shell orbitals (2s, 2px, 2py, and 2pz), which allow it to undergo hybridization into 
sp, sp², and sp³ states. This versatility makes carbon one of the most remarkable 
elements in nature. Its ability to exist in multiple forms gives rise to compounds 
with highly diverse properties, depending on the spatial arrangement of carbon 
atoms. Among its natural allotropes, diamond and graphite are the most notable; 
diamond is characterized by sp³ hybridization with a bond length of approximately 
1.56 Å (Onyancha et al., 2022). 

Carbon-based nanomaterials (Figure 8) represent a highly promising class 
of nanomaterials composed entirely of carbon atoms arranged in unique 
nanoscale architectures. Their unique geometry and atomic configuration impart 
exceptional electrical, mechanical, and optical properties. Among them, carbon 
nanotubes (CNTs), graphene, graphene oxide (GO), and carbon dots (CDs) have 
been extensively investigated for biomedical applications due to their notable 
conductivity, biocompatibility, and adjustable optical characteristics (M. Shin et 
al., 2024) . Since they are composed of pure carbon, they exhibit high stability, 
good conductivity, low toxicity, and environmental friendliness. The good 
electrical conductivity, high surface area, and linear geometry make their surface 
highly accessible to the electrolytic solution. Carbon-based nanomaterials also 
have strong anisotropic thermal conductivity. This property allows the carbon-
based nanomaterials to be used in advanced computing electronics where the 
temperature of uncooled chips can reach over 100℃ (Q.-L. Yan et al., 2016) 
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Figure 8: The schematics of the representative carbon-based nanomaterials (Yan et 
al.,2016). 

 

1.5.2.1. Graphene  
Graphene is a single two-dimensional layer of carbon atoms bound in a 

hexagonal lattice structure. Although it was first isolated in 2004, it has since 
become one of the most extensively studied nanomaterials. In recognition of their 
pioneering work, Andre Geim and Konstantin Novoselov were awarded the 2010 
Nobel Prize in Physics for the discovery of graphene (Geim & Novoselov, 2007). 
The rapid surge of interest in this material stems from its remarkable and diverse 
set of properties (Cooper et al., 2012). 

Graphene is known for its exceptional strength, flexibility, electrical and 
thermal conductivity, and large surface area. Graphene is also transparent and 
impermeable to most gases and liquids. These properties make graphene suitable 
for use in bioelectronic devices, supercapacitors, and as a reinforcing agent in 
nanocomposite materials (M. Shin et al., 2024). 

Although the term “graphene” strictly refers to a single atomic layer of 
carbon atoms, it is often broadly used to describe materials composed of multiple 
stacked layers. Various synthesis methodologies have been established, 
producing graphene materials with distinct characteristics such as the number of 
layers, lateral size, residual chemical groups, surface charge, and 
functionalization. These methods are generally classified into two main 
categories (Figure 9): bottom-up and top-down approaches (Speranza, 2021).  

Top-down methods start from bulk graphite and work by breaking it down 
into thin graphene layers, for example, by mechanical exfoliation, chemical or 
liquid-phase exfoliation, ball milling, or electrochemical peeling. By contrast, 
bottom-up methods build graphene up from molecular or atomic carbon sources, 
often via processes such as chemical vapor deposition (CVD), epitaxial growth on 
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substrates like silicon carbide, or organic synthesis of graphene nanoribbons 
(Figure 9) (Gutiérrez-Cruz et al., 2022). While top-down approaches tend to be 
more scalable and lower cost, they often introduce defects and have less control 
over the structure. Bottom-up methods yield higher structural quality and more 
precise control over layers, but are usually more complex and costly (Madurani et 
al., 2020) 

 

Figure 9: Examples of conventional bottom-up and top-down approaches for the 
synthesis of graphene (Pang et al., 2021). 

 

1.5.2.2. Graphene oxide (GO) 
Graphene oxide (GO) is derived from graphene through chemical 

modification with oxygen-containing functional groups, including hydroxyl, 
epoxide, and carboxyl groups (Figure 10). The presence of these groups enhances 
the hydrophilicity and dispersibility of GO in aqueous solutions, though it 
simultaneously disrupts the sp² lattice and reduces electrical conductivity 
relative to pristine graphene. Owing to its versatile properties, GO has been 
explored in water treatment, drug delivery systems, and as an intermediate 
material for producing other graphene-based structures (M. Shin et al., 2024). The 
most widely adopted synthesis route is the Hummers’ method, in which graphite 
is oxidized using strong oxidizing agents such as potassium permanganate in 
concentrated sulfuric acid, leading to the incorporation of oxygen functionalities 
and facilitating exfoliation (Chung et al., 2013). Due to the similarities of GO and 
graphene, as well as the fact that it is more cost-effective, it is the most used and 
considered the representative graphene nanomaterial (Gladwin Alex et al., 2022) 
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Figure 10: Chemical structure of graphene and graphene oxide (Ricci et al., 2022). 

 

1.5.3. Green approaches for nanomaterials 
Over the past years, nanotechnology has made significant progress and 

has transformed the development and application of innovative functional 
materials. Although nanomaterials hold immense promise, those produced 
through conventional synthesis methods encounter significant drawbacks. These 
include poor stability under harsh conditions, potential risks of toxicity and 
bioaccumulation, difficulties in device integration, and dependence on harmful 
reagents. Such issues not only limit their extension but also raise serious 
concerns regarding the long-term safety and sustainability of existing fabrication 
techniques. As a result, increasing attention has shifted toward eco-conscious 
production strategies grounded in green chemistry (Dhaffouli, 2025; Oliveira et al., 
2024). 

Green methods for nanoparticle synthesis have emerged as sustainable 
alternatives to conventional chemical routes. Green synthesis utilizes natural or 
renewable resources such as plant extracts, microorganisms (bacteria, fungi), 
enzymes, and even agricultural or food wastes as reducing and capping agents 
(Dikshit et al., 2021). These biologically derived routes are environmentally 
friendly, cost-effective, and inherently safer, while also enabling the production of 
nanoparticles with diverse morphologies and tunable properties (Alqarni et al., 
2022). The resulting products, often referred to as biogenic nanomaterials, are 
generated through biological constituents such as proteins, phenolic 
compounds, or enzymes, which mediate reduction and stabilization 
mechanisms. This approach not only minimizes ecological harm but also aligns 
with the principles of green chemistry, emphasizing safety, economic viability, and 
long-term sustainability (D. Gupta et al., 2023) 
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1.5.3.1. Biographene 
A material can be defined as biographene when it is produced through a 

“green” synthetic process that employs environmentally friendly solvents as well 
as biological stabilizing agents (Celina Selvakumari et al., 2020). 

Initially, exfoliation of graphite into graphene is primarily governed by the 
disruption of the strong van der Waals forces holding adjacent carbon layers 
together. This disruption is achieved through the intercalation of molecules that 
can bind within or between the graphene layers, thereby expanding the interlayer 
spacing and reducing binding energy. The effectiveness of exfoliation depends on 
several interrelated factors: the chemical nature and polarity of the intercalating 
agent, its molecular size and charge, the dielectric constant of the solvent, and 
the mechanical energy applied through sonication, shear, or milling (Coleman, 
2013). Molecules capable of π–π stacking or hydrophobic interactions—such as 
aromatic surfactants, polymers, or proteins—can insert between graphite layers 
and stabilize the exfoliated sheets by preventing restacking (Guardia et al., 2011). 

The exfoliation of graphite using organic solvents, ionic liquids, or 
surfactant-based aqueous solutions—whether through ultrasonication or shear 
mixing—generally does not result in materials with high biocompatibility, limiting 
their suitability for biological applications such as cell culture or drug delivery. 
Graphene obtained through these conventional approaches is typically not 
inherently biocompatible (Pinto et al., 2013). To improve both the biocompatibility 
and hydrophilicity of graphene, exfoliation can instead be performed using 
environmentally benign solvents, such as water, coupled with biological 
molecules that act as stabilizing agents for the graphene sheets (Losada-Garcia 
et al., 2019). Stabilization in aqueous media can be achieved either through 
electrostatic interactions or by applying mechanical energy to produce 
homogeneous dispersions (Pattammattel & Kumar, 2015). Among the 
biomolecules explored, proteins have demonstrated significant potential, as their 
amphiphilic nature—comprising both hydrophilic and hydrophobic amino acid 
residues—facilitates strong interactions with the graphene surface. These 
interactions promote exfoliation while preventing sheet aggregation. 
Experimental studies have shown that hydrophobins, small surface-active 
proteins, adsorb onto one side of the graphene surface via hydrophobic 
interactions, exposing their hydrophilic residues outward. This amphiphilic 
behavior renders them particularly suitable for stabilizing two-dimensional 
nanomaterials such as biographene (Paredes & Villar-Rodil, 2016). In addition to 
hydrophobins, other proteins such as lysozyme and bovine serum albumin (BSA) 
have also been identified as highly effective stabilizing agents for biographene 
(Kumar & Pattammattel, 2016).  
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1.5.3.2. Bovine Serum Albumin (BSA) as a stabilizer for 
Biographene production 

Unlike conventional chemical or mechanical exfoliation, which often relies 
on harsh reagents or energy-intensive conditions, BSA offers a sustainable and 
biocompatible route for graphene production. As a naturally occurring protein, 
BSA is amphiphilic and rich in functional groups that can interact with the surface 
of graphite layers through hydrophobic, electrostatic, and π–π interactions. These 
interactions stabilize the delaminated graphene sheets (Figure 11) and prevent 
their restacking, yielding dispersions that are more environmentally friendly and 
potentially safer for biomedical and environmental applications (Pattammattel & 
Kumar, 2015). 

From a theoretical perspective, the use of BSA in graphite exfoliation 
illustrates how biomolecules can serve a dual role as both exfoliating and 
stabilizing agents, reducing the need for toxic surfactants or synthetic polymers. 
The protein not only aids in the separation of graphene layers but also provides a 
biocompatible coating that enhances dispersion stability in aqueous media. This 
makes BSA-based biographene particularly attractive for applications in 
biosensing, drug delivery, tissue engineering, and enzymatic immobilization, 
where both material performance and biological safety are critical. By aligning 
with the principles of green chemistry and nanotechnology, biographene 
demonstrates how biologically derived methods can bridge the gap between 
advanced material performance and ecological responsibility (Thomas et al., 
2021) 

In the context of the present master’s thesis, the biographene used was 
produced at the Laboratory of Biotechnology of the Department of Biological 
Applications and Technologies at the University of Ioannina. Its production was 
part of the research work of Alatzoglou et al., 2022. 

 

 

Figure 11: Schematic presentation of the production of bio-Graphene (Alatzoglou et al., 
2022). 

 

1.5.4. Magnetic Nanoparticles 
Magnetic nanoparticles (MNPs) are nanomaterials that exhibit strong 

magnetic properties due to their small size, which often makes them super-
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paramagnetic. This unique behavior allows them to be magnetized under an 
external magnetic field while minimizing aggregation when the field is removed. 
MNPs have versatile applications in biomedicine, catalysis, environmental 
remediation, and sensing, where their magnetic responsiveness, high surface 
area, and tunable surface chemistry are particularly advantageous (Rezaei et al., 
2024) 

Among MNPs, iron oxide nanoparticles (IONPs), such as magnetite (Fe₃O₄) 
and maghemite (γ-Fe₂O₃), are the most widely studied due to their 
biocompatibility, chemical stability, and strong magnetic behavior. They are 
extensively used in magnetic resonance imaging (MRI) as contrast agents, in 
targeted drug delivery guided by external magnetic fields, and in hyperthermia-
based cancer treatments. Functionalization of IONPs with polymers, proteins, or 
other coatings further enhances their stability, dispersibility, and suitability for 
biomedical applications (A. K. Gupta & Gupta, 2005). 

One of the most widely employed techniques for the synthesis of IONPs is 
the co-precipitation method, originally introduced by Massart in 1981. This 
approach is based on the reaction of ferric (Fe³⁺) and ferrous (Fe²⁺) ions, typically 
in a 2:1 molar ratio, within a basic medium. Ammonia is frequently used as the 
precipitating agent, providing hydroxide ions that promote the nucleation and 
growth of magnetite (Fe₃O₄) nanoparticles while simultaneously acting as a 
stabilizing medium by ensuring a non-oxidizing environment. Control over 
reaction parameters such as pH (ideally 9.0–14.0), temperature, and oxygen 
concentration is crucial for obtaining nanoparticles with uniform size, shape, and 
magnetic properties. The method is favored for its simplicity, high yield, and 
reproducibility, and it also allows for the incorporation of surfactants or organic 
molecules during synthesis to fine-tune surface properties and enable in situ 
functionalization. Nevertheless, precise regulation of the reaction conditions is 
necessary to achieve narrow size distributions and to prevent the loss of desirable 
magnetic behavior (Popescu et al., 2019) 

The method described above was used to produce magnetic 
nanoparticles. The molecule that was added during the synthesis was 
biographene. Attaching MNPs onto carbon allotropes such as graphene through 
in situ co-precipitation represents a promising strategy for numerous 
applications. The resulting composites demonstrate outstanding properties, 
including a high surface-to-volume ratio, excellent mechanical strength, and 
superparamagnetic behavior (Mehta, 2017). The combination of these has 
attracted considerable interest because of their broad application potential 
across multiple fields. Overall green approaches can lead to more biocompatible 
nanosupports, making them well-suited for enzyme immobilization and 
enhancing catalytic performance through non-denaturing interactions between 
the support and the biocatalyst (Alatzoglou et al., 2025). It is worth noting that 
magnetic nanobiocatalytic systems enable straightforward separation from 
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reaction mixtures using an external magnetic field, facilitating their reuse in a wide 
range of applications (Ashwini John et al., 2023). 

 

1.6. Immobilization of enzymes on nanoparticles 
Enzymes, often referred to as biocatalysts, represent a groundbreaking 

advancement in bioprocess technology. Their widespread adoption across 
multiple industries is largely due to their ease of production, substrate specificity, 
and alignment with green chemistry principles. However, for large-scale 
commercialization, ensuring enzyme reusability is essential. Without it, their 
application becomes economically unviable. A major challenge lies in preserving 
their structural stability during biochemical reactions. 

To address this, immobilized enzymes are employed as effective 
alternatives, offering enhanced functional efficiency and reproducibility despite 
their relatively high cost. Enzyme immobilization involves confining the enzyme to 
a distinct phase (matrix or support) separate from that of the substrates and 
products. Beyond affordability, an ideal matrix should provide inertness, 
mechanical strength, stability, reusability, improved enzyme specificity or activity, 
and reduced issues such as product inhibition, nonspecific adsorption, and 
microbial contamination. Nanoparticles are widely used as nanocarriers for 
enzyme immobilization. A variety of immobilization techniques exist, and the 
performance of immobilized enzymes is influenced by multiple factors (Datta et 
al., 2013). 

This thesis focuses on the use of physical adsorption; other techniques are 
presented in Figure 12. 

 

Figure 12: Illustration of general enzyme immobilization methods and reaction of 
immobilized enzyme (Lee & Au-Duong,2018). 
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1.6.1.  Physical adsorption (non-covalent bonding) 
Physical adsorption primarily depends on van der Waals forces, hydrogen 

bonding, hydrophobic interactions, and electrostatic attractions between enzyme 
molecules and the surface of insoluble carriers. This method helps protect 
enzymes from deactivation, which is often observed in techniques involving 
chemical modifications of the enzyme structure, such as covalent attachment 
and cross-linking (Lee & Au‐Duong, 2018). Also, the enzyme remains insoluble in the 
aqueous medium or is retained on the insoluble surface support. Compared to 
other techniques, it is simple, inexpensive, does not require activation, and allows 
the enzyme to be reused. In addition, it can alleviate enzyme inhibition. However, 
a disadvantage is that pH variations can lead to enzyme desorption, complicating 
other process steps. The effectiveness of this technique depends on many 
factors, including support surface area, porosity, pore size, enzyme 
concentration, and the amount of enzyme adsorbed per unit of support (Silva 
Almeida et al., 2024). 

The approach typically followed is largely the same across applications. It 
begins with dispersing the nanomaterial in the immobilization medium, followed 
by the addition of the enzyme and incubation of the mixture for a pre-defined 
period. Finally, the biocatalyst is recovered through successive washing steps 
(Patila, 2016). The hydrophobic interactions formed between the hydrophobic 
surface of the nanomaterial and the hydrophobic amino acids on the enzyme 
surface can also play an important role during the process of non-covalent 
immobilization. In addition, attractive forces (π–π interactions) may arise during 
physical adsorption, occurring between the aromatic rings of the nanomaterial 
surface and the aromatic amino acids exposed on the enzyme surface (Stamatis, 
2016).  

 

1.7. Spectroscopic Techniques 
Spectroscopy is the measurement and interpretation of electromagnetic 

radiation (EMR) absorbed and emitted when the molecules, atoms, or ions of a 
sample move from one energy state to another (Gandhimathi R., 2012). 
Spectroscopy involves the examination of how electromagnetic radiation EMR 
interacts with matter. Spectroscopic techniques are based on various 
phenomena, including emission, absorption, fluorescence, and scattering. These 
methods are widely employed in the analysis and characterization of diverse 
samples. Spectroscopy serves both qualitative and quantitative analytical 
purposes: qualitative analysis aims to identify a substance, while quantitative 
analysis focuses on measuring the concentration of an analyte within a sample. 

Certain spectroscopic techniques, such as Ultraviolet-Visible (UV–Vis) 
spectrophotometry, are commonly utilized as preliminary screening tools. These 
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methods provide tentative identification and are generally non-specific. In 
contrast, techniques like infrared (IR) spectroscopy and mass spectrometry are 
regarded as confirmatory methods due to their high specificity and ability to 
provide definitive identification of compounds (Bumbrah & Sharma, 2016). 

 

1.7.1. UV-Vis spectroscopy 
UV-Vis spectroscopy refers to an analytical technique used to evaluate 

various solvents and chemical substances based on their interaction with 
ultraviolet and visible light. This method is particularly favored by small-scale 
industries due to its relatively low cost and minimal maintenance requirements. 
The analytical principle involves measuring the absorption of monochromatic 
light by typically colorless compounds within the near-ultraviolet region of the 
electromagnetic spectrum, specifically between 200 and 400 nm (Govinda 
Verma, 2018). 

The fundamental principle of UV-Vis spectroscopy is that a molecule or an 
ion absorbs electromagnetic radiation in the ultraviolet or visible region when the 
energy of the radiation induces an electronic transition within its structure. In 
other words, the absorption of light in these regions results in a change in the 
electronic state of the molecules in the sample. The energy from the incident light 
promotes electrons from a ground-state orbital to a higher-energy excited orbital, 
often referred to as an anti-bonding orbital. Generally, three types of ground-state 
orbitals can participate in these transitions, depending on the molecular structure 
and the nature of the electronic configuration (Tom J., 2023). 

UV-Vis spectroscopy has a wide range of applications across various fields 
like the pharmaceutical industries, microbiology, and quality control for food and 
beverages. Apart from these, UV–Vis spectroscopy is a valuable and widely used 
technique for investigating the structural characteristics of proteins. The 
absorbance spectrum of proteins arises primarily from aromatic amino acid 
residues such as tryptophan, tyrosine, and phenylalanine, as well as from peptide 
bonds and prosthetic groups, all of which exhibit characteristic electronic 
transitions in the UV region (Figure 13). Variations in spectral features, including 
peak positions and intensities, can provide insight into conformational changes, 
tertiary structure, and the local environment of chromophore residues (Hansen et 
al., 2013; Zobel-Roos et al., 2017) 
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Figure 13: The change in the UV–Vis spectra of proteins. WPI: unmodified whey protein 
isolate (control), WPI-CQA: modified WPI with chlorogenic acid (CQA), WPI-RA: 

modified WPI with rosmarinic acid (RA) and WPI-Q: modified WPI with quercetin (Q) (Ali, 
2019). 

 

1.7.2. Fluorescence spectroscopy 
Fluorescence is defined as the emission of light by a substance that has 

absorbed light or other electromagnetic radiation, typically occurring almost 
instantaneously upon excitation. It is an optical technique used to detect 
fluorescent analytes (Liao et al., 2025). The fundamental principle of fluorescence 
involves the excitation of a molecule from its electronic ground state (S₀) to a 
higher energy singlet state (S₁ or S₂) upon absorption of light at a specific 
wavelength. Once in the excited state, the molecule is energetically unstable. It 
undergoes internal conversion and vibrational relaxation, dissipating part of the 
absorbed energy as heat to the surrounding environment. Eventually, the 
molecule returns to the ground state by emitting a photon, typically from the 
lowest excited singlet state (S₁), resulting in fluorescence (El Masry et al., 2015). 

The fluorophores are typically fluorescent molecules that consist of 
multiple conjugated aromatic rings or linear and cyclic molecules with one or 
more conjugated bonds. They can be hydrophilic, hydrophobic, or even 
amphiphilic. Fluorescence studies of proteins are essential due to their wide 
range of biochemical applications in cellular systems. The intrinsic fluorescence 
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of proteins arises primarily from three aromatic amino acids: phenylalanine (Phe), 
tryptophan (Trp), and tyrosine (Tyr). Among them, tryptophan exhibits the highest 
sensitivity to changes in the local environment (Ghosh et al., 2016). Both 
tryptophan and tyrosine can be excited at a wavelength of 280 nm; however, for 
more selective excitation of tryptophan, a wavelength of 295 nm is often preferred. 
The main fluorescence parameters include the maximum fluorescence intensity 
(Imax) at specific excitation and emission wavelengths, as well as the maximum 
emission wavelength (λmax), where the emission intensity reaches its maximum 
value. The emission spectra of these amino acids (Figure 14) can provide valuable 
insights into protein structural changes, particularly during denaturation 
processes (Turoverov & Kuznetsova, 1998). 

Fluorescence spectroscopy is a fast and highly sensitive technique used to 
analyze molecular environments and interactions within various samples. It is 
favored for its exceptional sensitivity, strong specificity, simplicity, and relatively 
low cost compared to other analytical methods. Widely recognized as a powerful 
and versatile tool, fluorescence spectroscopy is applied across numerous fields, 
including environmental monitoring, industrial processes, medical diagnostics, 
DNA sequencing, forensic science, genetic analysis, and biotechnology. It serves 
as an important method for both qualitative and quantitative analysis. Despite all 
the advantages, the method has several limitations, including sensitivity to pH 
and buffer conditions, photobleaching from UV excitation, and interference from 
oxygen, iodide, or nitrogen oxides acting as quenchers. Additionally, it is not 
suitable for analyzing major sample components due to reduced accuracy at high 
concentrations, and its applicability is limited since not all compounds exhibit 
fluorescence (Bose Aswathy, 2018). 
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Figure 14: Fluorescence emission spectra of free bovine serum albumin (BSA) and its 
fluorescence quenching by addition of successive aliquots of 19-nor-clerodane 

diterpene (t-DCTN) (Chaves et al., 2016) 

 

1.7.3. Circular Dichroism 
Circular dichroism (CD) spectroscopy is an optical technique that 

measures the differential absorption of left- and right-circularly polarized light by 
chiral chromophores, providing valuable insight into protein structure. It is 
extensively employed to assess protein secondary structure through electronic 
transitions in the far-UV region (approximately 170–240 nm), and to investigate 
tertiary structural features by analyzing the environment of aromatic residues in 
the near-UV region (approximately 260–300 nm). These measurements reflect 
changes in the protein’s physical or chemical environment, amino acid sequence 
(including mutations), and intermolecular interactions. 

Circular dichroism is an excellent method for determining the secondary 
structure of proteins. All amino acids, except glycine, are optically active due to 
their asymmetry. The peptide bond of the protein, its aromatic amino acids, as 
well as prosthetic groups in their structure, produce characteristic CD spectra in 
different regions. When the chromophores of the peptide backbone amides are 
aligned in arrays, their optical transitions shift or split into multiple transitions 
because of interactions. Consequently, different structural elements yield 
distinct CD spectra. For example, proteins with α-helices display negative bands 
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at 222 nm and 208 nm and a positive band at 193 nm, while proteins with well-
defined antiparallel β-sheets show negative bands at 218 nm and positive bands 
at 195 nm (Figure 15). In contrast, disordered proteins exhibit very low ellipticity 
above 210 nm and negative bands near 195 nm (Greenfield, 2006). 

Circular dichroism (CD) offers several advantages compared to high-
resolution structural techniques such as X-ray crystallography, electron 
microscopy, and NMR spectroscopy. Notably, it requires relatively small amounts 
of sample and can be performed under experimental conditions—such as 
temperature, concentration, and buffer composition—that closely resemble 
those found in biological systems. These practical benefits have led to their 
widespread adoption in both the biochemical and structural biology fields, where 
they are used to complement data obtained from other biophysical methods. 
Additionally, CD spectroscopy is frequently employed in the pharmaceutical 
industry to evaluate proper protein folding, to monitor conformational changes 
resulting from ligand or protein interactions, and to assess protein stability in 
response to environmental factors such as pH or temperature shifts (Miles et al., 
2021). 

 

Figure 15: Standard CD spectra. Each of the three basic secondary structures of a 
polypeptide chain (α-helix, β-sheet and random coil) show a distinctly different 

characteristic CD spectrum (Corrêa & Ramos, 2009) 
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2. Materials and methods 

2.1. Materials 

2.1.1. Enzymes-Proteins 

• Lysozyme from chicken egg white (HEWL, SIGMA, 40,000 units/mg protein)  

• α-Amylase from Bacillus Licheniformis (SIGMA, 500 units/mg protein) 

• Bovine serum albumin (BSA Fraction V, SIGMA) 

 

2.1.2. Substrates 
• Micrococcus lysodeikticus (ATCC, SIGMA) 

• Starch (Riedel)  

 

2.1.3. Solvents and Aqueous Solutions 

• Phosphate buffer solution, 50 mM 

• Phosphate buffer solution 10 mM 

• Acetone (MERCK) 

• Double-distilled water (ddH2O) 

 

2.1.4. Other reagents  

• Ammonia solution 25% (NH3, MERCK) 

• Coomassie brilliant blue (G250, SIGMA) 

• Potassium Bromide (KBr, SIGMA) 

• 3,5-Dinitrosalicylic acid (DNSA, SIGMA) 

• Iron (II) chloride tetrahydrate 99+% (FeCl2, Thermo Scientific) 

• Iron (III) chloride hydrate >=97% (FeCl3, Fisher Scientific) 

• D-(+)-Maltose monohydrate 95% (Alfa Aesar)  

• Graphite powder (<20 μg synthetic, Sigma-Aldrich) 
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2.1.5. Nanomaterials 
The nanomaterials used in the present thesis were prepared at the 

Biotechnology laboratory of the Department of Biological Applications and 
Technologies and at the laboratories of the Department of Materials Science and 
Engineering of the University of Ioannina: 

• Graphene oxide (GO) 

• Biographene (bG) 

• Magnetic biographene (bG-MNPs) 

 

2.2. Methods  

2.2.1. Synthesis of bio-graphene (bG)  
Liquid exfoliation of graphite to produce bG was based on previous work 

(Alatzoglou et al., 2022). Briefly, 100 mg of graphite were added to 20 mL of ddH2O. 
The suspension was ultrasonicated for 1 h (200 W, 10 kHz, pulse 50%). The 
process was stopped every 10 minutes, and the sample was placed on ice for a 
minute. The graphite flakes were partially exfoliated. In the next step, 96 mg of BSA 
were dissolved in 4 mL of ddH2O, and then the protein solution was transferred to 
the graphite suspension. The graphite–protein mixture was stirred for 1 hour at 
room temperature. The unexfoliated graphite was separated by centrifugation at 
500 rpm for 2 min, and the supernatant was collected carefully. In the following 
step, the supernatant was subjected to another centrifugation at 4,000 rpm for 10 
minutes to remove excess BSA. After the centrifugation, the supernatant was 
discarded. Then, 1 mL of acetone was added to the precipitate, and the solution 
was left to dry at 50 oC. 

 

2.2.2. Synthesis of magnetic bio-graphene (bG-MNPs) 
The synthesis of bG-MNPs with ammonia was based on a previous work 

(Sun et al., 2015). Briefly, 25 mg of bG were suspended in 15 mL of ddH2O, and 
12.5 mg FeCl3 and 75 mg FeCl2 were dissolved in 10 mL of ddH2O. Then, the bG 
suspension was transferred to a conical flask and heated to 50◦C. When the 
solution reached the desired temperature (50 oC), the iron salt solutions were 
added dropwise, under continuous magnetic stirring (final volume 25 mL). The pH 
of the mixture was adjusted to 10.0 by adding ammonia dropwise. After adjusting 
the pH, the mixture was left under continuous stirring at 50 oC for 30 minutes with 
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a continuous supply of nitrogen gas and sealed with parafilm. The suspension was 
centrifuged at 9,500 rpm for 15 minutes. The process was repeated 5 times. 
Finally, the precipitant dried at 37 °C. 

 

2.2.3. Immobilization of enzymes on nanomaterials 
2.2.3.1. Non-covalent immobilization of lysozyme on GO, bG, and bG-

MNPs 
Firstly, GO, bG, and bG-MNPs were dispersed in 4 mL of phosphate buffer 

(50 mM, pH 7.5, and final concentration of nanomaterial of 0.73 mg/mL) by 
ultrasound for 10 minutes. Then, 1 mL of lysozyme aqueous solution (15 mg/ml) 
was added to the nanomaterial suspension. The mixtures were incubated in a 
rotary shaking incubator at 180 rpm/min at 4 oC overnight for GO and bG, and at 
room temperature overnight for bG-MNPs suspension. The nanomaterial-enzyme 
conjugates were centrifuged at 9,000 rpm/min for 10 min, and the precipitates 
were dried at a speed vacuum concentrator. 

2.2.3.2. Non-covalent immobilization of α-amylase in GO, bG, and bG-
MNPs 

Firstly, GO, bG, and bG-MNPs were dispersed in 4 mL in phosphate buffer 
(50 mM, pH 7.0, and final concentration of nanomaterial of 0.73 mg/mL) by 
ultrasound for 10 minutes. Then, 1 mL of α-amylase aqueous solution (3 mg/ml) 
was added to the nanomaterial suspension. The mixtures were incubated in a 
rotary shaking incubator at 180 rpm/min at 4 oC overnight for GO and bG, and at 
room temperature overnight for bG-MNPs suspension. The nanomaterial-enzyme 
conjugates were centrifuged at 9,000 rpm/min for 10 min, and the precipitates 
were dried at a speed vacuum concentrator. 

 

2.2.4. Determination of enzyme immobilization efficiency on 
nanomaterials 

The immobilization yield (%) was determined by analyzing the 
supernatants collected at the end of the immobilization process using the 
Bradford assay (Bradford, 1976). This colorimetric method quantifies protein 
concentration through the binding of Coomassie Brilliant Blue G-250 dye to amino 
acid residues of proteins. Upon binding, the dye undergoes a shift in its absorption 
maximum from 465 nm to 595 nm, enabling quantification of protein in the 
supernatant at 595 nm. In this way, the fraction of protein that remained un-
immobilized was determined, allowing the calculation of the amount of 
immobilized enzyme. Protein quantification was performed using a standard 
calibration curve prepared with bovine serum albumin (BSA). 
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For the determination of enzyme immobilization yield on nanomaterials, 
the preserved supernatants from non-covalent immobilization experiments were 
analyzed. In 1.5 mL Eppendorf tubes, 200 μL of sample was mixed with 800 μL of 
Bradford reagent, resulting in a final reaction volume of 1 mL. Following a 10-
minute incubation in the dark, the absorbance of each sample was recorded at 
595 nm. All measurements were carried out in duplicate, and in each case, the 
corresponding blank samples (prepared without protein) were included. 

Knowing the initial enzyme concentration in the final immobilization 
volume and the enzyme concentration in the supernatant determined by the 
Bradford assay, the immobilization yield (%) was calculated as:  

Immobilization yield (%) = 

Concentration before immobilization – Supernatant concentration *100    (1) 

Concentration before immobilization 

 

2.2.5. Determination of enzyme activity 
2.2.5.1. Determination of enzyme activity of free lysozyme 

The determination of the activity of free lysozyme was based on the 
hydrolysis of Micrococcus Lysodeikticus. In a 1 cm cuvette, phosphate buffer 
solution (50 mM, pH 7.5) and an appropriate aliquot of an aqueous solution of the 
substrate (final concentration of 0.06 mg/mL) were added. The reaction was 
initiated by the addition of free lysozyme (final concentration of 1 μg/mL). The 
enzymatic activity was monitored by recording the decrease in absorbance at 450 
nm for a total amount of time of 5 min, at room temperature.  

The effect of the presence of GO, bG, and bG-MNPs on the activity of 
lysozyme was also investigated. The experimental procedure was the same as 
that described above, with the difference that in the reaction medium, the 
nanomaterials were added at various final concentrations (2.5-100 μg/mL). 

 

2.2.5.2. Determination of enzyme activity of immobilized lysozyme  
The determination of the activity of immobilized lysozyme was based on 

the hydrolysis of Micrococcus lysodeikticus. The experimental procedure was the 
same as described in Section 2.5.1, with the difference that the final enzyme 
concentration was 25 μg/ml. 

2.2.5.3. Determination of enzyme activity of free α-amylase 
The determination of the activity of free a-amylase was based on the 

hydrolysis of starch. Firstly, a starch solution (2% w/v) was prepared using 



 

33 
 

phosphate buffer solution (50 mM, pH 7.0). The solution was transferred to a 
conical flask and heated to 100◦C, though not boiling, wrapped in aluminum foil, 
and under continuous magnetic stirring. After that, when the solution was 
completely dissolved, it was centrifuged at 4,000 rpm for 10 minutes. After 
centrifugation, only the supernatant was kept. Then an aqueous solution of α-
amylase (10 μg/ml) was prepared. Continuing with the reaction, Eppendorf tubes 
of 1.5 mL and a final volume of 500 μL, were prepared, containing 450 μL of the 
starch solution. The reaction was initiated by the addition of free α-amylase (final 
concentration 1 μg/mL). The reaction time was 10 minutes, and the temperature 
was 50 oC. The reaction took place in a thermomixer. Then, 250 μl of DNSA reagent 
and 250 μl from the reaction solution were added to glass tubes. The samples 
were stirred and then boiled for 5 min. After boiling, the samples were left for a few 
minutes to come to room temperature, and then 2 mL of distilled water were 
added to each tube, stirred again and the absorbance was measured at 540nm.  

The effect of the presence of GO, bG, and bG-MNPs on the activity of α-
amylase was also investigated. The experimental procedure was the same as that 
described above, with the difference that in the reaction medium, the 
nanomaterials were added at various final concentrations (2.5-25 μg/mL). 

2.2.5.4. Determination of enzyme activity of immobilized α-amylase 
The determination of the activity of α-amylase was based on the hydrolysis 

of starch. Firstly, an amount of 0.5-1 mg of the immobilized enzyme was weighed 
into a 1.5 mL Eppendorf tube. Then, a stock solution of starch substrate was 
prepared as described in Section 2.5.3. One mL from the starch solution (2% w/v) 
was added to the Eppendorf tube containing the immobilized enzyme. The mixture 
was incubated in a thermomixer at 50 °C for 10 min and subsequently centrifuged 
at 12,000 rpm for 2 min. Afterward, 250 µL of DNSA reagent and 250 µL of the 
reaction supernatant were transferred into glass tubes. The samples were mixed 
and boiled for 5 min. Following boiling, the tubes were allowed to cool to room 
temperature, and next, 2 mL of distilled water were added to each tube. The 
mixtures were stirred again, and the absorbance was measured at 540 nm. 

 

2.2.6. Determination of the Kinetic Parameters (Km and Vmax) 
of Free and Immobilized Lysozyme 

For the determination of the kinetic parameters of lysozyme, hydrolysis 
reactions were carried out using different substrate concentrations. Specifically, 
the reaction medium consisted of phosphate buffer (50 mM, pH 7.5) and the 
substrate at various concentrations, ranging from 0.015 to 0.18 mg/mL. The 
reaction was initialized by the addition of lysozyme (at a final concentration of 1 
µg/mL). The enzymatic activity was monitored by recording the decrease in 
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absorbance at 450 nm for a total amount of time of 5 min, at room temperature. 
One Unit (U) of lysozyme was defined as the reduction of the absorbance by 0.001 
per minute.  

The same process was performed for the immobilized lysozyme. The final 
concentration of the enzyme in these experiments was 25 μg/mL. 

 

2.2.7. Study of the effect of pH and temperature on the activity 
of Free and Immobilized Lysozyme 

To investigate the effect of pH on enzyme activity, hydrolysis reactions were 
carried out in reaction media with varying pH values (6.0-8.0). The procedure 
followed was the same as described above. The final substrate concentration was 
0.06 mg/mL, while the final concentrations of free and immobilized enzymes were 
1 µg/mL and 25 mg/mL, respectively.  

To investigate the effect of temperature on enzyme activity, hydrolysis 
reactions were carried out in reaction media with varying temperature values (25-
80 oC). The procedure followed was the same as described above. The final 
substrate concentration was 0.06 mg/mL, while the final concentrations of free 
and immobilized enzyme were 1 µg/mL and 25 mg/mL, respectively. The reaction 
medium was phosphate buffer (50 mM, pH 7.5).  

 

2.2.8. Study of the Thermal Stability of Free and Immobilized 
Lysozyme 

The thermal stability of free lysozyme was investigated at various 
temperatures (50, 60 oC) by measuring the remaining enzyme activity at pre-
defined time intervals. Aqueous solutions of free lysozyme (final concentration of 
0.1 mg/mL) in phosphate buffer (50 mM, pH 7.5) were incubated at the specified 
temperatures. At regular time intervals, an amount of the enzyme solution was 
transferred into quartz cuvettes containing the reaction buffer (phosphate buffer 
50 mM, pH 7.5) and the substrate (final concentration of 0.06 mg/mL). The 
reaction volume was 1mL and the final enzyme concentration was 1 μg/mL. The 
reaction was monitored as described above. The stability of free lysozyme is 
expressed as the remaining activity (%) at each temperature, calculated according 
to the following equation (2): 

Remaining activity (%) = 

Activity at t=i * 100%       

Initial activity 
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The same procedure was performed for immobilized lysozyme, though the 
concentration of the enzyme solution was 1 mg/mL, and the final concentration 
was 25 μg/mL.  

 

2.2.9. Spectroscopic techniques for determining the structure 
of enzymes 

2.2.9.1. UV-Vis Spectroscopy 
UV-Vis spectra of lysozyme (25 μg/mL) were recorded in phosphate buffer 

(50 mM, pH 7.5) on a UV-Vis spectrophotometer (Shimadzu, Tokyo, Japan) in the 
presence of GO, bG, and bG-MNPs (at a concentration range of 5–40 μg/mL). The 
spectra were recorded in the range of 200–350 nm at room temperature. For each 
sample, a baseline was recorded, whereas two full wavelength scans were 
averaged for each sample.  

For α-amylase, the same procedure was performed, but the spectra were 
recorded in phosphate buffer, 50 mM, pH 7.0, and the enzyme concentration was 
100 μg/mL. 

2.2.9.2. Fluorescence spectroscopy  
Fluorescence measurements were recorded on a luminescence 

spectrofluorometer Jasco-8300 (Tokyo, Japan), using a 1 cm path-length quartz 
cuvette. A nominal bandpass of 5 nm was used for both the excitation and 
emission rays. The fluorescence emission spectra of the enzymes were recorded 
from 300 to 400 nm after excitation at 280 nm, associated with the tryptophan 
residue. Both enzymes were added at a concentration of 10 μg/mL. The emission 
spectra were recorded in the presence of GO, bG, and bG-MNPs (at a 
concentration range of 2.5–100 μg/mL). All emission measurements were taken in 
50 mM phosphate buffer, pH 7.5 for lysozyme and 50 mM phosphate buffer, pH 
7.0, for α-amylase, at room temperature. For every scanned sample, a baseline 
was recorded and subtracted from the sample spectrum. Each spectrum was 
recorded twice. 

2.2.9.3. Circular Dichroism (CD) 
Circular dichroism (CD) measurements were performed at a Jasco J-1500 

Circular Dichroism Spectrometer (Tokyo, Japan). The far-UV CD spectra (200–260 
nm) of lysozyme were recorded by the addition of lysozyme (10 μg/mL) and GO or 
bG or bG-MNPS (at concentrations of 5 and 25 μg/mL) to the phosphate buffer (10 
mM, pH 7.5). All spectra were obtained in a 1 cm quartz cuvette, with a 2 nm 
bandwidth and a scan rate of 50 nm/min. For every sample, a baseline was 
recorded and subtracted from the protein spectrum, whereas at least two scans 
were averaged for each sample. The secondary structure content of lysozyme was 
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estimated by implementing the K2D algorithm on the DichroWeb server 
(Whitmore & Wallace, 2004). 

For α-amylase, the same procedure was performed, but the spectra were 
recorded in 10 mM phosphate buffer, pH 7.0. 

 

2.2.10. Reuse of immobilized enzymes  
2.2.10.1. Reuse of immobilized α-amylase 

For the reuse of α-amylase, an amount of 0.5-1 mg of the immobilized 
enzyme was weighed into a 1.5 mL Eppendorf tube. Then, a stock solution of 
starch substrate was prepared as described in Section 2.5.2. One mL from the 
starch solution (2% w/v) was added to the Eppendorf tube containing the 
immobilized enzyme. The mixture was incubated in a thermomixer at 50 °C for 10 
min and subsequently centrifuged at 12,000 rpm for 2 min. Afterward, 250 µL of 
DNSA reagent and 250 µL of the reaction supernatant were transferred into glass 
tubes. The samples were mixed and boiled for 5 min. Following boiling, the tubes 
were allowed to cool to room temperature, and next, 2 mL of distilled water were 
added to each tube. The mixtures were stirred again, and the absorbance was 
measured at 540 nm. 
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3. Results and Discussion  

3.1. Lysozyme 

3.1.1. Effect of the presence of nanomaterials on the activity of 
free lysozyme  

The effect of nanomaterials on the activity of free lysozyme was studied as 
described in Section 2.2.5, for material concentrations ranging from 2.5 to 100 
μg/ml. The nanomaterials used were graphene oxide (GO), biographene (bG), and 
biographene magnetic nanoparticles (bG-MNPs). The results are presented in 
Graph 3.1. In each case, 100% corresponds to the maximum activity exhibited by 
the enzyme in the absence of nanomaterials.  

 

Graph 3.1. Effect of the presence of nanomaterials on the activity of free lysozyme. 

 

From Graph 3.1, regarding the effect of GO on lysozyme activity, it is 
observed that this specific nanomaterial negatively affects the enzyme’s activity. 
Moreover, this effect is dose-dependent; as the concentration of GO increases, 
the activity of lysozyme decreases. According to the literature, in a similar 
experiment investigating the interaction between lysozyme and GO, Bai et al., 
2017 showed that lysozyme activity is significantly reduced in the presence of GO 
due to strong adsorption and direct interactions between the enzyme and the GO 
surface. GO exhibits high adsorption capacity for lysozyme, driven by multiple 
interactions, including π–π stacking, electrostatic forces, hydrogen bonding, 
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hydrophobic interactions, and van der Waals forces. These interactions can 
induce structural changes in lysozyme or block its active site, leading to the 
formation of lysozyme-GO complexes. Furthermore, the oxidized nature of GO 
allows it to bind near or at the catalytic site of lysozyme, directly inhibiting 
enzymatic activity. However, another factor that should be considered is the 
strong cytotoxicity of GO. This could lead to the destruction of the substrate’s cells 
and, consequently, to a decrease in the reaction rate (B. Li et al., 2022). 

In the case of bG, no decrease in lysozyme activity was observed. This is 
likely because bG is modified with the biological molecule albumin (BSA), which 
makes it more biocompatible and less cytotoxic than chemically modified GO 
(Papanikolaou et al., 2023). The interactions between the nanomaterial surface 
and lysozyme may be influenced by the presence of albumin, reducing both the 
negative interactions between the graphene sheets and the enzyme, as well as the 
interactions between bG and the cells of the substrate. 

Last, the observed increase in lysozyme activity in the presence of 
magnetic biographene (bG-MNPs) is consistent with previous studies reporting 
that Fe₂O₃ nanoparticles enhance the enzyme’s structural stability (Shareghi et 
al., 2015). Specifically, the nanoparticles were found to change the structure of 
lysozyme, and the enzyme appears to have a structural arrangement that 
enhances enzymatic efficiency, leading to higher activity compared to free 
enzyme. 

 

3.1.2.  Lysozyme immobilization efficiency on nanomaterials 

The immobilization of lysozyme on the nanomaterials was achieved 
through physical adsorption, and in each case, the immobilization efficiency was 
calculated as described in Section 2.2.4. The results are presented in Table 3.1. 

Table 3.1. Immobilization efficiency of lysozyme on nanomaterials. 

Nanomaterial Immobilization yield 

GO 96.9% ± 1.6% 

bG 98.3% ± 0.1% 

bG-MNPs 94.0% ± 0.9% 

 

The high immobilization efficiency of lysozyme on GO can be attributed to 
the strong and specific interactions between the protein and the oxygen-
containing functional groups of GO. As reported by S. Li et al., (2014), GO exhibits 
remarkable affinity toward lysozyme, achieving adsorption efficiencies of around 
96%. This strong binding is driven by a combination of electrostatic interactions 
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between the positively charged lysozyme (isoelectric point ≈ 11) and the 
negatively charged GO surface, as well as hydrogen bonding and hydrophobic 
interactions. Similarly, Tiwari et al., 2023 demonstrated that lysozyme forms 
stable complexes with GO sheets, with adsorption strength increasing in GO 
samples with high oxygen content, suggesting that surface chemistry plays a 
critical role in protein binding. These findings corroborate the high immobilization 
efficiency observed herein, attributable to the abundant active sites provided by 
the functional groups and large surface area of GO, which facilitate stable 
lysozyme attachment. 

The high immobilization efficiency of lysozyme on bG, observed in this 
work, can be explained by the unique surface properties imparted by the green 
synthesis process. During exfoliation, BSA not only facilitates the dispersion of 
graphene sheets in water but also functionalizes their surfaces with protein-
derived groups such as carboxyl, amine, and hydroxyl moieties (Pattammattel & 
Kumar, 2015b); Thomas et al., 2018). These functionalities enhance the 
hydrophilicity and biocompatibility of the graphene surface, promoting strong 
electrostatic and hydrogen-bond interactions with lysozyme, which carries a net 
positive charge near neutral pH. Furthermore, the large surface area of few-layer 
bG provides numerous adsorption sites, leading to efficient enzyme attachment. 
As demonstrated in related studies (Alatzoglou et al., 2022), enzymes such as 
glucose oxidase, horseradish peroxidase, and β-glucosidase have beem 
successfully immobilized onto few-layer bG. 

As for the immobilization efficiency on bG-MNPs, this may be due to the 
synergistic effect between the magnetic core of the formed iron oxide 
nanoparticles and the bioactive graphene coating. MNPs synthesized by chemical 
co-precipitation with ammonia provide abundant hydroxyl and iron oxide sites 
that promote strong attachment of the graphene layer (W. Wu et al., 2008). Also, 
in their recent work, Alatzoglou et al. (2025), used a similar magnetic bio-graphene 
for the co-immobilization of cellulase and β-glucosidase, which was found to 
serve as an excellent immobilization matrix. Last, as mentioned before, bG 
contributes reactive and biocompatible surface groups that favor enzyme 
adsorption. Together, these features enable multiple interactions with lysozyme 
and facilitate stable, high-capacity binding.  

 

3.1.3.  Determination of lysozyme activity  

Having determined the immobilization rate of lysozyme, the enzymatic 
activity was subsequently calculated, as described in Section 2.2.5. According to 
the literature, 1 Unit corresponds to a decrease of 0.001 in absorbance at 450 nm 
per minute (Cerón et al., 2023). Based on the above data, the results obtained are 
presented in Table 3.2. 
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Table 3.2. Specific activity of free and immobilized lysozyme. 

Enzyme Enzyme activity *104 (U/mg) 
Free lysozyme 4.20 ± 0.00 
Lysozyme - GO 0.22 ± 0.03 
Lysozyme- bG 0.18 ± 0.01 

Lysozyme- bG-MNPs 0.12 ± 0.00 
 

As can be observed from Table 3.2, the specific enzyme activity decreases 
upon immobilization, regardless of the nanomaterial used as a matrix. 
Immobilization through physical adsorption relies on non-specific interactions 
between the enzyme and the nanomaterial surface and occurs through weak 
forces that depend on the surface chemistry of the nanocarrier and the type of 
amino acids that are present on the surface of the enzymes. These interactions 
can induce conformational changes in the enzyme structure, potentially affecting 
the integrity of the active site and leading to partial unfolding or denaturation. 
Consequently, such structural alterations often result in reduced catalytic 
activity, with the extent of activity loss depending on the compatibility between the 
enzyme and the nanocarrier (Gkantzou et al., 2021). 

For GO, enzymatic activity decreased by 19-fold compared to the free 
enzyme. According to Bai et al. (2017), the decrease in lysozyme activity after 
immobilization on GO is mainly caused by strong electrostatic and hydrogen-
bonding interactions between the enzyme and the oxygen-containing groups on 
the GO surface. These interactions can induce conformational alterations and 
partial unfolding of the lysozyme structure, particularly around the active site, 
which reduces substrate accessibility and catalytic efficiency. Also, fluorescence 
microscopy experiments demonstrated that GO binds near the active site of 
lysozyme, specifically near the residues Trp62 and Trp108, which play an 
important role in enzyme–substrate binding (Bera et al., 2018). A similar decrease 
in enzyme-specific activity was observed when the other two nanomaterials were 
used. However, previous studies have shown that, although immobilization often 
leads to reduced bioactivity when the enzyme interacts too strongly with the 
support material, it usually enhances enzyme stability and allows for repeated use 
(Anastas et al., 2021). 

 

3.1.4. Kinetic Parameters (Km and Vmax) of free and immobilized 
lysozyme  

The Michaelis constant (Km) represents the substrate concentration at 
which the reaction rate reaches half of its maximum velocity, indicating the 
enzyme’s affinity for its substrate, while the maximum velocity (Vmax) corresponds 
to the rate achieved when the enzyme is fully saturated with substrate. These 
kinetic parameters are fundamental for characterizing enzyme activity and 



 

41 
 

efficiency under various conditions (McDonald & Tipton, 2022).  The results 
showing the apparent Km and Vmax for free and immobilized lysozyme are presented 
in Table 3.3, while the respective Michaelis-Menten Graphs are presented in 
Graphs A1-A4 in the Appendix.  

Table 3.3. Apparent Kinetic parameters of free and immobilized lysozyme. 

Enzyme Km (μg/ml) Vmax *104 (U/mg) 
Free Lysozyme 59.32±15.01 7.70 ±0.87 
Lysozyme-GO 85.31±20.32 0.47±0.05 

Lysozyme-bG 58.83±7.23 0.34 ±0.01 
Lysozyme-bG-MNPs 23.53±7.98 0.15±0.01 

 

As expected, the apparent Km and Vmax were significantly affected after 
immobilization of lysozyme. For lysozyme immobilized on GO, a higher Km value 
was observed in comparison with that of the free form of the enzyme. This 
indicates that the immobilized enzyme has a lower affinity for the substrate. This 
effect may result from limitations in mass transfer or substrate diffusion, or from 
reduced enzyme flexibility that is required for effective substrate binding (W. Li et 
al., 2016). Many common nanomaterials, such as GO or inorganic carriers, exhibit 
increased Km values due to steric hindrance, restricted enzyme conformations, or 
diffusion limitations (M. R. Khan, 2021).  

In the case of bG, the apparent Km was not affected after immobilization. 
This observation indicates that the enzyme’s apparent affinity for its substrate has 
not changed due to immobilization. The immobilization process probably did not 
alter the active site structure or intrinsic catalytic mechanism.  

Interestingly, in the case of bG-MNPs, it was observed that lysozyme 
exhibited a decrease in apparent Km compared to the free enzyme. This behavior 
suggests enhanced substrate accessibility or increased local substrate 
concentration near the immobilized enzyme, likely due to favorable enzyme 
orientation and biofunctionalized surface chemistry (Singh et al., 2025). Although 
many studies report increased Km for immobilized enzymes, few previous studies 
have shown a decrease in Km when enzymes are immobilized on bio-
functionalized or nanocomposite supports that promote favorable substrate 
interaction or enzyme orientation. For example, Monajati et al. (2024), showed 
lower Km for L-asparaginase immobilized on biofunctionalized magnetic graphene 
oxide nanocomposites and Shokoohizadeh et al. (2022), showed similar results 
after immobilizing IMP-1 metallo-beta-lactamase on magnetic silica 
nanoparticles. 

In all three cases, the apparent Vmax for the immobilized enzymes was lower 
than that of the free form, attributed to several factors such as enzyme 
conformational change induced by the support and diffusional limitation imposed 
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on the flow of substrate (J.-F. Liu et al., 2012). Vmax often decreases because fewer 
active sites are available or because there is mass transfer resistance. The 
restricted substrate diffusion limit’s reaction rates while conformational shifts 
induced by support materials stabilize favorable active site geometries for binding 
but hinder product release or enzyme flexibility. (Cerón et al., 2023). 

Finally, it is worth noting that in the case of bG-MNPs, there was a decrease 
in both apparent constants (Km and Vmax). Due to the slower diffusion of the 
substrate to the active site of the enzyme, the apparent Vmax is decreased, while at 
the same time the local concentration of the substrate is increased, resulting in 
the observed decrease in the apparent Km. Moreover, it could be possible that 
although immobilization stabilizes the active sites of the enzymes, the support 
could hinder product release or enzyme flexibility. 

 

3.1.5. Effect of pH on the activity of free and immobilized 
lysozyme  

The effect of pH in the activity of free and immobilized lysozyme was 
investigated through the hydrolysis of the substrate Micrococcus lysodeikticus, as 
described in Section 2.2.7. In each case, 100% corresponds to the maximum 
activity exhibited by the enzyme. The results are presented in Graph 3.2. 

 

Graph 3.2. Relative activity of free and immobilized lysozyme at different pH values.   
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As observed in Graph 3.2, the optimal activity of free lysozyme occurs at 
pH 7.5. It is also evident that free lysozyme retains a significant portion of its 
activity at acidic pH values, whereas under more alkaline conditions, the 
enzyme’s rate decreases. This finding is supported by the literature, which reports 
that lysozyme remains more stable near pH 7.0, while its activity decreases at 
more acidic or alkaline values (Li et al., 2022).  

When lysozyme is immobilized on GO, the pH effect is different compared 
to free lysozyme. Specifically, lysozyme retains a greater proportion of its activity 
at acidic pH values after immobilization compared to the free enzyme. In general, 
immobilization can often lead to modifications in enzymatic activity that depend 
on pH.  According to the literature, this is likely due to the reduction of the positive 
charge of lysozyme upon interaction with GO, which is negatively charged. 
Consequently, the dependence of enzyme activity on pH is altered (Bera et al., 
2018). 

The pH activity of immobilized lysozyme on bG is similar to that of GO. The 
enzyme has greater activity in more acidic pH values. At pH 6–6.5, the enzyme 
retains a strong net positive charge (pI~ 11.0) and the bG surface carries a net 
negative charge (BSA pI~ 5.3) (Alatzoglou et al., 2023). Thus, the electrostatic 
attractive forces are moderate and stabilize the enzyme in a favorable 
conformation with good substrate access. At higher pH values (7.0–8.0), although 
the enzyme remains positively charged, its net charge magnitude decreases and 
at the same time, the negative charge density on the support may increase, 
strengthening the enzyme-surface interaction. This stronger binding may restrict 
conformational flexibility or obstruct substrate access, thereby reducing catalytic 
activity (Li et al.,2014). Moreover, molecular dynamics and adsorption studies 
show that lysozyme binding to graphene–type surfaces can induce changes in 
enzyme mobility and binding free energy (Anastas et al., 2021). 

For the bG-MMPs, similar results are observed. In their work, Shareghi et 
al. (2015) mentioned that the adsorption of lysozyme on MNPs offers several 
advantages, but the stability of the adsorbed layer is typically much weaker than 
in covalently bound systems, and detachment of the ligand resulting from 
changes in temperature, pH, or ionic strength is often observed. Lysozyme 
immobilized in bG-MNPs, has higher relative activity under more alkaline 
conditions (pH 8.0), than any other case. This is probably because the free 
lysozyme reacts directly with the substrate in a soluble manner, while the groups 
of the immobilized carrier affect the proton microenvironment near lysozyme. 
Similar results have been observed by Yu et al., (2022), who studied the 
immobilization of lipase on magnetic GO. 
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3.1.6. Effect of Temperature on the activity of free and 
immobilized lysozyme  

The effect of temperature on the activity of free and immobilized lysozyme 
was investigated through the hydrolysis of the substrate Micrococcus 
lysodeikticus, as described in Section 2.2.7. In each case, 100% corresponds to 
the maximum activity exhibited by the enzyme.  The results are presented in Graph 
3.3, and the individual graphs for better clarity are presented in Graphs B1-B4 in 
Appendix. 

 
Graph 3.3. Relative activity of free and immobilized lysozyme at different temperatures. 

 

As shown in Graph 3.3, the reaction rate of free lysozyme increases with 
rising temperature, reaching its maximum at 65 °C. However, a further increase in 
temperature leads to a decline in the reaction rate. According to literature, at 
temperatures over 65°C, lysozyme loses its catalytic activity primarily due to 
thermal denaturation, which disrupts its native α-helical structure and alters the 
geometry of the active site. The breakdown of intramolecular hydrogen bonds and 
disulfide bridges leads to protein unfolding and aggregation, preventing the 
enzyme from properly binding to its substrate and thereby eliminating its 
biological function (Kundu et al., 2016; Meersman et al., 2010). 

The reaction rate of immobilized lysozyme on GO reaches its maximum 
activity at 75 °C. That can be attributed to the combined effects of enhanced 
substrate accessibility and favorable interfacial interactions. Τhe elevated 
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temperature facilitates molecular diffusion and reaction kinetics, while the GO 
support helps preserve the enzyme’s active conformation by restricting large-
scale unfolding. These synergistic effects result in higher apparent catalytic 
activity compared to the free enzyme under the same conditions (Bolibok et al., 
2017; Hermanová et al., 2015).  

For immobilized lysozyme on bG and bG-MNPs the highest activity of the 
enzyme occurs at 75°C and 70°C, respectively. It can be mentioned that 
immobilization can alter the optimal temperature and broaden the temperature 
activity profile, due to changes in the enzyme microenvironment and support 
interactions (Khan et al., 2021). 

 

3.1.7. Thermal Stability of free and immobilized lysozyme   

The thermal stability of free and immobilized lysozyme was investigated 
through the hydrolysis of the substrate Micrococcus lysodeikticus, as described 
in Section 2.2.8. In each case, 100% corresponds to the activity at t=0.  The results 
are presented in Graphs 3.4 and 3.5.  

 

Graph 3.4. Stability of free and immobilized lysozyme after incubation at 50 oC.   
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Graph 3.5. Stability of free and immobilized lysozyme after incubation at 60 oC.     

 

According to the results, free lysozyme presents overall better thermal 
stability than the immobilized formed. After overnight incubation at 50 oC, 
immobilized lysozyme on GO retains 65% of its initial activity. Several studies have 
shown that immobilization of lysozyme on GO can alter its structural stability due 
to interactions between the enzyme and the oxygen-containing surface groups of 
GO, which may partially disrupt the native conformation (Li et al., 2014; Bai et al., 
2017). Consistent with these findings, Bera et al. (2018) observed a decrease in 
Tm for the lysozyme-GO complex (46.2 ± 0.2 °C) compared to the free enzyme 
(71.2 ± 0.2 °C), suggesting reduced thermostability.  

On the contrary, when lysozyme is immobilized on bG, it preserves its initial 
activity after overnight incubation at 50 oC and it retains 80% of its initial activity 
after overnight incubation at 60 oC. A possible explanation is that the BSA layer 
likely acts as a biocompatible interface, minimizing direct disruptive interactions 
between lysozyme and the graphene surface, thereby preserving enzyme 
structure at moderate temperatures.  

Lastly, immobilized lysozyme on bG-MNPs presents a similar result to 
immobilized lysozyme on GO. Although the immobilized enzymes lose some of 
their initial activity after 24 hours of incubation, it still preserves its catalytic 
capacity up to 72% after overnight incubation at 50 oC. 
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3.1.8. Spectroscopic techniques for determining the structure of 
lysozyme 

3.1.8.1.  UV-Vis Spectroscopy  

UV–Vis spectroscopy was employed to investigate the absorbance 
characteristics of the enzyme, with particular attention to the peak observed 
around 280 nm. This wavelength is characteristic of the aromatic amino acid 
residues, mainly tryptophan and tyrosine, and is commonly used to evaluate 
protein concentration and structural integrity. The UV-Vis spectra of lysozyme, 
were studied in the absence and in the presence of different concentrations of 
nanomaterials (5-40 μg/mL), as described in Section 2.2.9.1. The results are 
presented in Graphs 3.6-3.8. 

 

 

Graph 3.6. UV-Vis spectra of Lysozyme (25 μg/ml) in the presence of GO.  

As observed from Graph 3.6, the absorbance at 280 nm increases with the 
increase of GO concentration. GO contains abundant oxygen-based functional 
groups that interact strongly with proteins through electrostatic attraction. These 
interactions partially unfold lysozyme, exposing aromatic residues like tryptophan 
and tyrosine, which increases absorbance at 280 nm. This increase indicates that 
GO interacted with the aromatic amino acids and changed the structure of 
lysozyme. Moreover, these interactions between GO and lysozyme can increase 
the transition energy of aromatic residues, causing a shift of the adsorption band 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/aromatic-amino-acid
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to lower wavelengths, as depicted in the inserted graph. In their studies, Bai et al. 
(2017) and Li et al. (2022) have presented similar results. 

 

 

 

Graph 3.7. UV-Vis spectra of lysozyme (25 μg/ml) in the presence of bG. 

 

As observed from Graph 3.7, in the case of bG, the absorbance at 280 nm 
decreased in the presence of this nanomaterial. An explanation for this might be 
that, since the graphene sheets are coated with BSA, the direct interaction with 
lysozyme is reduced. As a result, lysozyme experiences only mild adsorption and 
partial shielding of its aromatic residues, leading to a decrease in its absorbance.  
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Graph 3.8. UV-Vis spectra of lysozyme (25 μg/ml) in the presence of bG-MNPs. 

According to Graph 3.8, the absorbance of lysozyme slightly decreases in 
the presence of bG-MNPs. These results contrast with literature reports, where the 
absorbance of lysozyme near 280 nm increases in the presence of Fe₂O₃ NPs due 
to strong electrostatic attraction and formation of a ground-state complex with a 
higher extinction coefficient (Shareghi et al., 2016). In our case, the surface of bG 
likely reduces the direct interaction between positively charged lysozyme and 
negatively charged MNPs. This shielding effect prevents the strong adsorption and 
partial unfolding observed for uncoated metal oxides, resulting instead in a mild 
hypochromic shift rather than the hyperchromic response reported for bare Fe₂O₃ 
NPs. 

 

3.1.8.2. Fluorescence spectroscopy  
Fluorescence spectroscopy provides sensitive insight into protein–

nanoparticle interactions. In this thesis, the technique is applied to examine the 
photophysical behavior of lysozyme, with emphasis on changes in emission 
intensity, spectral shifts, and quenching effects. The results outline how 
nanomaterials influence the fluorescent properties of lysozyme and contribute to 
a clearer understanding of protein–nanomaterial interactions. The fluorescence 
spectrum of lysozyme was recorded in the absence and presence of different 
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concentrations of nanomaterials (5-50 μg/mL), as described in Section 2.2.9.2.  
The results are presented in Graphs 3.9-3.11. 

 

Graph 3.9. Fluorescence emission spectra of lysozyme (10 μg/ml) in the presence of 
GO. 

 

As observed from Graph 3.9, the fluorescence intensity of lysozyme 
gradually decreases with the increase of GO concentration, while no shift in the 
emission wavelength is observed. In the work of Bai et al. (2017), it is mentioned 
that GO only influences the Trp residues. The intrinsic fluorescence quenching 
suggests that incubation with GO causes partial unfolding of the protein, which 
increases the exposure of Trp residues to the aqueous environment. Because 
Trp62 and Trp63 are located near the active site, changes in their local 
environment may alter the structure of the active site and ultimately reduce the 
enzyme’s activity. These results support that GO induces conformational changes 
to lysozyme, in agreement with results obtained from the UV-Vis analysis. These 
results agree with other similar studies in literature (Bera et al., 2018; Li et al., 
2022).  
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Graph 3.10: Fluorescence emission spectra of lysozyme (10 μg/ml) in the presence of 
bG. 

From Graph 3.10, it can be observed that the fluorescence intensity of 
lysozyme gradually decreases with the increase of bG concentration, while no 
shift in the emission wavelength is observed.  The decrease in the intensity 
probably suggests that bG interacts in a way that alters the local environment 
surrounding the Trp residues. However, the quenching effect of bG is lower than 
that of GO. When GO is used at a concentration of 50 μg/mL, the fluorescence 
intensity of lysozyme decreases at 20.7%, while when bG is used at a 
concentration of 100 μg/mL (2-fold), the residual fluorescence intensity of 
lysozyme is preserved at 36.3% (see Appendix Graphs C1 and C2, indicating that 
higher concentrations of this nanomaterials are needed to achieve similar 
quenching effect as GO. 
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Graph 3.11. Fluorescence emission spectra of lysozyme (10 μg/ml) in the presence of 
bG-MNPs. 

 

As seen from Graph 3.11, the increasing concentrations of bG-MNPs affect 
the fluorescence intensity of lysozyme. However, in this case too, the quenching 
effect of this nanomaterial is lower than that of GO.  When GO is used at a 
concentration of 50 μg/mL, the fluorescence intensity of lysozyme decreases at 
20.7%, while when bG-MNPs is used at a concentration of 100 μg/mL (2-fold), the 
residual fluorescence intensity of lysozyme is preserved at 37.5% (see Appendix, 
Graph C3). The quenching effect of bG-MNPs is similar to that of bG, indicating 
that the biologically exfoliated graphite preserves the tertiary structure of 
lysozyme to a greater extent than the chemically synthesized GO. 

To deepen our understanding of the changes in the tertiary structure of 
lysozyme in the presence of the nanomaterials, the Stern–Volmer (Ksv) constants, 
which describe the quenching rate, were also determined, and they are presented 
in Graph 3.12. The Stern–Volmer equation relates the decrease in fluorescence 
intensity to the concentration of a collisional quencher, in our case, the 
nanomaterials, and is described by Equation (3): 

F0/F=1+Ksv[Q] (3) 
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where F0 and F are the fluorescence intensity in the absence and in the presence 
of the quenching agent, respectively, [Q] is the concentration of the quenching 
agent, and Ksv is the Stern–Volmer quenching constant (Gehlen, 2020). 

 

 

Graph 3.12. Stern-Volmer curves of lysozyme in the presence of GO, bG, and bG-MNPs. 

 

The Stern–Volmer plot for lysozyme in the presence of all nanomaterials 
remained linear, indicating a single dominant quenching mechanism, most likely 
dynamic quenching. Dynamic quenching occurs when the excited fluorophore is 
deactivated through collisions with a quencher molecule, resulting in decreased 
fluorescence intensity and lifetime without forming a stable complex. In contrast, 
static quenching involves the formation of a non-fluorescent ground-state 
complex between the fluorophore and quencher, reducing fluorescence intensity 
but not affecting fluorescence lifetime. Thus, dynamic quenching is diffusion-
dependent, while static quenching depends on complex formation (Lakowicz, 
1999).  

The Ksv of lysozyme in the presence of GO, bG, and bG-MNPs were 
calculated at 0.073, 0.018, and 0.017 μg/ml, respectively. The highest Ksv value in 
the presence of GO suggests that the space between the fluorophore and the 
quencher decreases, and the decreased Ksv for bG and bG-MNPs reflects weaker 
interactions and reduced quenching efficiency. 
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Finally, the Hill model equation is applied in protein fluorescence studies 
with nanomaterials to quantify binding affinity and cooperativity via quenching of 
intrinsic tryptophan fluorescence as nanomaterial concentration increases. The 
Hill model is described by Equation (4):  

Q= (Qmax* Cn) / (Kd
n + Cn) (4) 

where C is the nanomaterial concentration, Qmax is the maximum bound proteins, 
n is the Hill coefficient, and Kd is the dissociation constant. The molecular 
dissociation constant, Kd, is a well-established parameter to quantify the affinity 
of protein-protein or other molecular interactions (Jiang et al., 2019). It represents 
the ligand concentration at which half of the binding sites are occupied. Lower Kd 
values indicate higher affinity, which means tighter binding, while higher Kd values 
indicate lower affinity, which means weaker binding (B. Yan & Bunch, 2025). 
Moreover, Hill coefficient (n) is a parameter used to measure the cooperativity of 
ligand binding to enzymes with multiple binding sites (Abeliovich, 2005). When 
n>1, there is positive cooperativity, which means binding of one molecule site 
increases the affinity for subsequent sites. When n<1, there is negative 
cooperativity, and consequently binding of one molecule site decreases the 
affinity for others (Yifrach, 2004). Last, in the cases where n=1, there is non-
cooperative binding, meaning that ligand binding events occur independently 
without interaction between binding sites. In this case, the Hill’s Model fitted curve 
follows a Michaelis-Menten-like behavior, and the apparent Kd represents the true 
binding constant.  

The results of this analysis for lysozyme occurred from the fluorescence 
spectroscopy using Hill’s Model equation and are presented in Table 3.4. The Hill’s 
Model fitted curves are presented in Graphs D1-D3 in the Appendix. 

 

Table 3.4. The fluorescence apparent dissociation constant of lysozyme in the presence 
of nanomaterials. 

System Kd (μg/mL) n 

Lysozyme-GO 14.392 1.074 

Lysozyme-bG 69.769 0.761 

Lysozyme-bG-MNPs 55.564 0.925 

 

The Kd values indicate that lysozyme exhibits the strongest binding affinity 
towards GO, as shown by the lowest Kd value, while weaker interactions are 
observed for bG and bG–MNPs. The Hill coefficient of lysozyme-bG-MNPs is ≈1, 
indicating predominantly non-cooperative binding behavior. The slightly higher n 
value for lysozyme–GO suggests weak positive cooperativity, whereas lysozyme–
bG shows mild negative cooperativity. These results suggest that GO provides a 
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more favorable surface for lysozyme adsorption compared to the other 
nanomaterials (Roy & Horovitz, 2022).   

 

3.1.8.3. Circular Dichroism 
Circular dichroism (CD) spectroscopy was used to assess the secondary 

structure and conformational stability of lysozyme. By monitoring its 
characteristic spectral features, CD provides insight into how the protein’s α-
helical content and overall fold respond to experimental conditions. The far-UV 
CD spectra of lysozyme were studied in the absence and presence of different 
concentrations of nanomaterials (5 and 25 μg/ml), as described in Section 
2.2.9.3. The secondary structure of lysozyme in the presence of nanomaterials 
was analyzed using the K2D algorithm from Dicroweb. The results are presented 
in Graphs 3.13-3.15 and Tables 3.5-3.7. 

 

Graph 3.13. CD spectra of Lysozyme (10 μg/ml) in the far-UV region, in the presence of 
GO. 

 

Table 3.5. Secondary structure analysis of lysozyme in the presence of GO. 
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Lys- GO (25 μg/ml) 15 35 50 
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As observed from the results, the CD spectra of lysozyme in the presence 
of GO indicate a noticeable reduction in α-helical content, reflected by an 
increased intensity at 208 and 222 nm. At a low concentration of 5 μg/mL, no 
severe alterations are observed in the secondary structure of lysozyme. The effect 
of GO is more pronounced when the nanomaterial is used at a concentration of 
25 μg/mL, where ~50% of the α-helical content of lysozyme is converted to a β-
sheet structure. This unfolding aligns with literature reports showing that GO 
interacts with lysozyme and disrupts its native helical structure. Literature studies 
similarly describe that adsorption onto GO surfaces perturbs the native fold of 
lysozyme, promoting helix disruption and increased conformational flexibility (Bai 
et al., 2017). Also, the results agree with the fluorescence measurements 
discussed above. 

 

Graph 3.14. CD spectra of lysozyme (10 μg/ml) in the far-UV region, in the presence of 
bG. 

 

Table 3.6. Secondary structure analysis of lysozyme in the presence of bG. 
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Lysozyme 31 10 59 
Lys- bG (5 μg/ml) 30 12 58 

Lys- bG (25 μg/ml) 24 22 54 
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The CD spectra of lysozyme in the presence of bG also show a reduction in 
α-helical content, but the effect is less intense than with GO. This milder structural 
disruption is anticipated, likely due to bG's green synthesis and greater 
biocompatibility. Thus, lysozyme undergoes only partial α-helix loss, suggesting 
that bG perturbs the native fold to a lesser extent than GO. 

 

Graph 3.15. CD spectra of lysozyme (10 μg/ml) in the far-UV region, in the presence of 
bG-MNPs. 

 

Table 3.7. Secondary structure analysis of lysozyme in the presence of bG-MNPs. 

System a-helix b-sheet Random coil 
Free Lysozyme 31 10 59 

Lys- bG-MNPs (5 
μg/ml) 

25 20 55 

Lys- bG-MNPs 
(25 μg/ml) 

25 20 55 

 

The CD spectra of lysozyme in the presence of bG-MNPs show a slight loss 
of α-helical content. However, the loss of α-helix remains essentially unchanged 
for both concentrations of the nanomaterial. This suggests that lysozyme–
nanoparticle interactions reach a structural effect plateau at low concentrations. 
These results agree with the fluorescence measures discussed above. 
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3.2. α-Amylase 

3.2.1. Effect of the presence of nanomaterials on the activity of 
free α-amylase 

The effect of nanomaterials on the activity of free α-amylase was studied 
as described in Section 2.2.5.3, for material concentrations ranging from 5 to 25 
μg/ml. The nanomaterials used were graphene oxide (GO), biographene (bG), and 
biographene magnetic nanoparticles (bG-MNPs). The results are presented in 
Graph 3.16. In each case, 100% corresponds to the maximum activity exhibited 
by the enzyme in the absence of nanomaterials.  

 

Graph 3.16. Effect of the presence of nanomaterials on the activity of free α-amylase. 

 

According to Graph 3.16, α-amylase shows reduced activity in the 
presence of GO. This effect is dose-dependent; as the concentration of GO 
increases, the activity of α-amylases decreases. In the presence of bG, the 
enzyme exhibits higher activity than when the nanomaterial is absent. The 
biofunctionalization of graphene sheets with BSA seems to offer a beneficial 
advantage in the catalytic activity of the enzyme. Last, in the presence of bG-
MNPs, the highest activity is observed when the concentration is 15 μg/ml, 
indicating that the presence of magnetic NPs on the graphitic surface enhances 
the enzyme activity. The effect of the nanomaterials on the activity of α-amylase 
is similar to that observed in the case of lysozyme, indicating that these 
nanomaterials present similar interactions with both hydrolytic enzymes.  
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3.2.2. α-Amylase  immobilization efficiency on nanomaterials 
The immobilization of α-amylase on the nanomaterials was achieved by 

physical adsorption, and in each case, the immobilization efficiency was 
calculated as described in Section 2.2.4. The results are presented in Table 3.8. 

 Table 3.8. Immobilization efficiency of α-amylase on nanomaterials. 

 

 

 

 

 

 

As shown in Table 3.8, the immobilization yield of α-amylase on GO is 
100%. In their work, Liu et al. (2023), refer that GO exhibits a remarkable higher 
adsorption capacity for α-amylase compared to other nanomaterials. This 
enhanced affinity can be attributed to multiple non-covalent interactions, 
including hydrophobic interactions, hydrogen bonding, van der Waals forces, and 
electrostatic attraction, arising from the amphiphilic nature of both GO and the 
enzyme. In addition, the aromatic groups of GO and within the amino acid 
residues of α-amylase may facilitate π–π stacking, further strengthening the 
adsorption process. 

For bG and bG-MNPs, the immobilization yield is high. bG has been 
previously reported to be a potential carrier for enzyme immobilization. Alatzoglou 
et al. (2022) have demonstrated that glucose oxidase, horseradish peroxidase, 
and β-glucosidase can be effectively immobilized on bG, with immobilization 
yields reaching up to 98.5 %.  Moreover, a similar magnetic bio-graphene has been 
recently applied for the co-immobilization of cellulase and β-glucosidase, 
exhibiting excellent characteristics as an immobilization matrix (Alatzoglou et al., 
2025). 

 

3.2.3.  Determination of immobilized α-amylase activity 
Having determined the immobilization yield of α-amylase, the specific 

enzymatic activity was subsequently calculated, as described in Section 2.2.5. 
The results are presented in Table 3.9. 

 

 

 

Nanomaterial Immobilization yield 

GO 100.0 ± 0.1% 

bG 76.8% ± 0.6% 
 

bG -MNPs 79.3% ± 0.5% 
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Table 3.9. Specific activity of free and immobilized α-amylase. 

System Units/mg enzyme 

Free α-amylase 486.41 ± 40.44 
α-amylase-GO 5.60±0.36 
α-amylase-bG 0.22 ±0.03 

α-amylase-bG-MNPs 3.33±0.32 
 

As observed from Τable 3.9, the activity of immobilized α-amylase is 
particularly low compared to that of the free enzyme. As mentioned in the case of 
lysozyme, the interactions created during the immobilization of enzymes on 
nanomaterials through physical adsorption often lead to structural changes and 
a reduction of their catalytic activity (Gkantzou et al., 2021). In addition, enzyme 
immobilization may introduce mass transfer limitations, since substrates must 
diffuse from the bulk solution to the immobilized enzyme active sites, which can 
decrease the observed reaction rate and consequently the measured activity 
(Carballares et al., 2024). Furthermore, immobilization can restrict enzyme 
conformational flexibility or cause partial structural changes due to interactions 
between the enzyme and the support interactions, which may reduce catalytic 
activity (Datta et al., 2013b). Therefore, the lower specific activity observed for 
immobilized α-amylase is mainly due to normalization against the total 
biocatalyst mass, diffusion limitations, and structural constraints rather than a 
complete loss of enzymatic function. Similar results have been observed in the 
literature. For example, in the work of Mardani et al., (2018) and Ji et al., (2018), α-
amylase was immobilized on chitosan-montmorillonite nanocomposite beads 
and cellulose nanocrystals, respectively. In both cases, the activity of the enzyme 
was reduced.  

 

3.2.4. Reuse of immobilized α-amylase 
The reusability of α-amylase was studied as described in Section 2.2.10.2. 

The results are presented in Graph 3.16. In each case, 100% corresponds to the 
maximum activity exhibited by the enzyme in the first reuse cycle.  
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Graph 3.16. The reuse cycles of immobilized α-amylase. 

 

As observed in Graph 3.16, the enzyme can be reused up to 10 cycles after 
being immobilized in GO and up to 8 cycles after being immobilized in bG and bG-
MNPs. After the fifth cycle, the remaining enzyme activities of a-amylase 
immobilized in GO, bG, and bG-MNPs were 62.45%, 72.4%, and 57.69%, 
respectively. The gradual loss of enzyme activity could be either due to leakage 
from the support or to structural destabilization during the successive catalytic 
cycles. According to the literature, several studies have demonstrated that 
immobilizing α-amylase on various nanosupports enables efficient recovery and 
repeated use of the enzyme. In these studies, α-amylase has been immobilized on 
different types of MNPs and on Calcium-alginate beads. In all cases, the enzyme 
maintains satisfactory catalytic activity upon repeated use, for several cycles 
(Baskar et al., 2015; Dhavale et al., 2018; Naskar et al., 2024) .  All these agree with 
the results presented in this work.  
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3.2.5. Spectroscopic techniques for determining the structure of 
α-amylase 
3.2.5.1. UV-Vis Spectroscopy  

The UV-Vis spectra of α-amylase were studied in the absence and in the 
presence of different concentrations of nanomaterials (5-40 μg/mL), as described 
in Section 2.2.9.1. The results are presented in Graphs 3.17-3.19. 

 

Graph 3.17. UV-Vis spectra of α-amylase (C=100 μg/ml) in the presence of GO. 

 

As observed from Graph 3.17, the absorbance at 280 nm increases with 
the increase in GO concentration, as was also observed in the case of lysozyme. 
The most possible explanation is that the interactions between the enzyme and 
GO have altered the enzyme’s structure, exposing the aromatic residues, and 
leading to an increase in peak absorption at 280nm. In their work, Liu et al. (2023), 
have also studied the interactions between GO and α-amylase using UV–Vis 
absorption spectroscopy. α-Amylase showed distinct absorption peaks at 205 nm 
and 280 nm, which correspond to the protein’s backbone structure and the 
aromatic residues Tyr and Trp, respectively. As the GO concentration increased, 
the absorbance of α-amylase at 280 nm also increased. 
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Graph 3.18. UV-Vis spectra of α-amylase (C=100 μg/ml) in the presence of bG. 

 

As seen from Graph 3.18, bG did not affect the spectrum of α-amylase, 
indicating that this nanomaterial does not provoke significant alterations to the 
tertiary structure of the enzyme. In a similar study, the UV-Vis spectra of glucose 
oxidase did not present significant changes, even at high concentrations of bG, 
showing that the enzyme maintains its natural form (Alatzoglou et al., 2023). 
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Graph 3.19: UV-Vis spectra of α-amylase (C=100 μg/ml) in the presence of bG-MNPs. 

 

Similarly, in the case of bG-MNPs, non-significant alterations in the 280 nm 
absorption band are recorded, indicating that the nanomaterial does not affect 
the aromatic amino acids in the enzyme’s structure.  
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3.2.5.2. Fluorescence spectroscopy  
The Fluorescence of α-amylase was studied in the absence and presence 

of different concentrations of nanomaterials (2,5-100 μg/mL), as described in 
Section 2.2.9.2. The results are presented in graphs 3.20-3.22. 

 

Graph 3.20. Fluorescence emission spectra of α-amylase (10 μg/ml) in the presence of 
GO. 

 

The significant decrease in α-amylase fluorescence intensity in the 
presence of GO indicates strong interactions. As commented before for lysozyme, 
GO has been reported to strongly quench the intrinsic fluorescence of proteins 
containing tryptophan and tyrosine residues and is described as a universal 
quencher for such biomolecules. The quenching mechanism is mainly attributed 
to static quenching and Förster resonance energy transfer, with additional 
contributions from electrostatic and hydrophobic interactions between proteins 
and GO surfaces (S. Li et al., 2012). The large surface area of GO facilitates the 
adsorption of proteins, leading to enhanced fluorescence quenching (Kenry et al., 
2016). Similar results have been observed by Liu et al., (2023), where α-amylase 
was immobilized on GO, and a decline in fluorescence intensity was observed, 
indicating that the intrinsic fluorescence of α-amylase was quenched by GO. It is 
worth noting that these results also agree with the reusability of α-amylase 
immobilized on GO. That complex achieved up to 10 cycles of reusability, in 
contrast with bG and bG-MNPs, indicating the stability of α-amylase after 
immobilization on GO 
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Graph 3.21. Fluorescence emission spectra of α-amylase (10 μg/ml) in the presence of 
bG. 

 

In the case of bG, a-amylase shows less quenching, which means a 
smaller decrease in the intensity of the peak of the emission spectra. The 
quenching effect of bG is much lower than that of GO. When GO is used at a 
concentration of 40 μg/mL, the fluorescence intensity of α-amylase decreases at 
20.7%, while when bG is used at a concentration of 100 μg/mL, the residual 
fluorescence intensity of α-amylase is preserved at 67.2% (see Appendix, Graphs 
E1 and E2). Similar observations have been reported for bG while interacting with 
glucose oxidase. The nanomaterials did not affect the emission spectra of glucose 
oxidase, indicating that the enzyme preserved its tertiary structure (Alatzoglou et 
al., 2023) 
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Graph 3.22. Fluorescence emission spectra of α-amylase (10 μg/ml) in the presence of 
bG-MNPs. 

As observed from Graph 3.22, a-amylase shows similar quenching, as in 
the case of bG, which means a smaller decrease in the intensity of the peak of the 
emission spectra is observed in contrast to GO. Here, when bG-MNPs is used at a 
concentration of 100 μg/mL, the fluorescence intensity of α-amylase decreases 
at 64.5% (see Appendix, Graph E3). bG-MNPs is synthesized in a “green” way, 
which means that it has a lower oxidation degree and surface charge. Therefore, 
weaker electrostatic and hydrogen-bonding interactions with proteins are 
developed, resulting in lower quenching. 

In the next step, the Stern–Volmer (Ksv) constants were also determined and 
are presented in Graph 3.23. 
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Graph 3.23. Stern-Volmer curves of a-amylase in the presence of GO, bG, and bG-

MNPs. 

 

The Ksv of a-amylase in the presence of GO, bG, and bG-MNPs were 
calculated at 0.515, 0.006, and 0.006 μg/ml, respectively. The significantly lower 
Ksv values observed for bG and bG-MNPs indicate a reduced quenching efficiency 
compared to GO. This behavior suggests weaker enzyme–nanomaterial 
interactions, possibly due to differences in surface chemistry and structural 
properties of the bG-based materials. The Stern–Volmer results obtained in this 
work are consistent with previous reports on α-amylase–GO interactions, 
indicating predominantly static fluorescence quenching due to complex 
formation between the enzyme and GO. This suggests similar binding 
mechanisms, likely governed by non-covalent interactions such as hydrogen 
bonding and van der Waals forces (Liu et al., 2023).  

The molecular dissociation constant, Kd, and the Hill coefficient (n) were 
also calculated and are presented in Table 3.10. The Hill’s Model fitted curves are 
presented in the Appendix (Graphs F1-F3). 
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Table 3.10. The fluorescence apparent dissociation constant of α-amylase in the 
presence of nanomaterials. 

 

The Kd values indicate that α-amylase shows the strongest binding affinity 
towards GO, as evidenced by the lowest Kd value, whereas significantly weaker 
interactions are observed for bG and bG–MNPs. The Hill coefficient for α-
amylase–GO suggests positive cooperative binding, indicating that adsorption of 
α-amylase on GO may enhance subsequent binding events. In contrast, α-
amylase–bG exhibited a Hill coefficient < 1 indicating mild negative cooperativity, 
while α-amylase–bG–MNPs showed an n value close to 1, suggesting nearly 
independent binding sites. Overall, these results imply that GO provides a highly 
favorable and cooperative adsorption surface for α-amylase, whereas the other 
nanomaterials exhibit weaker and less cooperative interactions. 

 

3.2.5.3. Circular Dichroism 
The far-UV CD spectra of a-amylase were studied in the absence and 

presence of different concentrations of nanomaterials (5 and 25 μg/ml, 
respectively), as described in paragraph 2.2.9.3. The results are presented in 
graphs 3.24-3.26 and tables 3.11-3.13. 

 

System Kd (μg/mL) n 

α-amylase-GO 3.058 1.620 
α-amylase-bG 27.286 0.773 

α-amylase -bG-MNPs 29.155 1.011 
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Graph 3.24. CD spectra of a-amylase (10 μg/ml) in the presence of GO. 

 

Table 3.10. Secondary structure analysis of α-amylase in the presence of GO. 

System α-helix β-sheet Random coil 

α-amylase 22 20 58 
α-amylase - GO (5 

μg/ml) 
15 33 52 

α-amylase - GO 
(25 μg/ml) 

5 47 48 

 

As seen in Graph 3.24, there are two negative peaks around 208 nm and 
222 nm for α-amylase. These represent the n-π * and π-π * transitions of the 
peptide bond inside the α-helix (Rigos et al., 2003). As observed from Table 3.10, 
the α-helical structure of lysozyme converts into a β-sheet structure in the 
presence of GO, indicating significant conformational alterations. Similar results 
have been observed in the work of Liu et al., (2023), where GO induced extensive 
alterations in the secondary structure of α-amylase. The CD results are consistent 
with the fluorescence results. 
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Graph 3.25. CD spectra of a-amylase (10 μg/ml) in the presence of bG. 

 

Table 3.11. Secondary structure analysis of α-amylase in the presence of bG. 

System α-helix β-sheet Random coil 

α-amylase 22 20 58 
α-amylase - bG 

(5 μg/ml) 
21 26 53 

α-amylase - bG 
(25 μg/ml) 

18 25 57 

 

In the case of bG, no significant reduction of the α-helical structure is 
observed. The CD results are consistent with the fluorescence results, indicating 
that this nanomaterial does not affect the conformation of the protein molecule. 
Similarly, bG was found to preserve the secondary structure of glucose oxidase 
upon interactions (Alatzoglou et al., 2023).  
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Graph 3.26. CD spectra of a-amylase (10 μg/ml) in the presence of bG-MNPs. 

 

Table 3.12. Secondary structure analysis of α-amylase in the presence ofbG-MNPs. 

System α-helix β-sheet Random coil 

α-amylase 22 20 58 
α-amylase – bG-
MNPs (5 μg/ml) 

21 26 53 

α-amylase – bG-
MNPs (25 μg/ml) 

17 27 56 

 

In the case of bG-MNPs, only a slight reduction of the α-helical structure is 
observed, highlighting the protective effect of this nanomaterial towards the 
enzyme’s secondary structure. The CD results are consistent with the 
fluorescence results, indicating that bG-MNPs can serve as an efficient support 
for preserving the enzyme’s conformational integrity.  
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4. Conclusions  
The present diploma thesis was conducted to study the relationship 

between the structure and function of enzymes when interacting with carbon-
based nanomaterials. The enzymes investigated were lysozyme and α-amylase, 
while the nanomaterials examined were graphene oxide, biographene, and 
magnetic biographene. Graphene oxide is a widely studied material, ideal for 
enzyme immobilization, and was used as a reference material for comparison. 
Biographene and magnetic biographene are two promising nanomaterials 
produced through a green synthetic route based on protocols developed in the 
Biotechnology Laboratory. 

Initially, the enzyme lysozyme was studied. At the preliminary stage, the 
effect of the nanomaterials on the free enzyme was investigated. Subsequently, 
the enzyme was immobilized on GO, bG, and bG-MNPs through physical 
adsorption. Then, the immobilization yield and enzymatic activity were 
determined, while the kinetic parameters (Km and Vmax) were also evaluated. 
Furthermore, the effects of pH and temperature on the activity of lysozyme were 
examined, as well as the thermal stability of immobilized lysozyme at 50 and 60 
°C.  

The results showed a high immobilization yield (~96%) and a decrease in 
enzymatic activity after immobilization (free lysozyme had ~20% higher specific 
activity in comparison with the immobilized). Next, the apparent Km was higher for 
lysozyme immobilized on GO, the same when immobilized on bG, and lower when 
immobilized on bG-MNPs. The apparent Vmax was reduced in all cases. Also, the 
optimum pH and temperature for immobilized lysozyme changed. Lastly, the 
thermal stability was similar to the free enzyme only in the case of bg.  

The experimental procedure followed involved the structural study of 
lysozyme. Initially, UV–Vis spectroscopy was used to investigate the effect of the 
nanomaterials on lysozyme, specifically at a wavelength of 280 nm, which is 
characteristic of aromatic amino acids. A pronounced effect of graphene oxide 
was observed, along with a significant decrease in the intensity of the peak at 280 
nm, in contrast to the milder effect and minimal reduction in peak intensity 
observed for bG and bG-MNPs. 

Subsequently, fluorescence spectroscopy was employed to further 
investigate the interaction between lysozyme and the nanomaterials through the 
analysis of the emission spectra of lysozyme. In each case, the Stern–Volmer 
quenching constant (Ksv), the equilibrium dissociation constant (Kd), which 
quantifies the binding affinity, and the Hill coefficient (n), which represents the 
degree of cooperativity, were determined. The results indicate a higher quenching 
effect in the presence of GO. In contrast, the interactions between lysozyme and 
bG and bG-MNPs are milder. 
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Finally, circular dichroism spectra were recorded to determine the 
secondary structural characteristics of lysozyme, providing information on the 
percentage of α-helix, β-sheet, and random coil content, respectively. More 
specifically, a decrease in the α-helical content of lysozyme was observed, 
predominantly in the presence of GO. A smaller reduction in α-helix content was 
observed in the other two cases. 

In the second part of the experimental procedure, a-amylase was studied. 
Firstly, the effect of nanomaterials on the free enzyme was investigated. 
Subsequently, the enzyme was immobilized on GO, bG, and bG-MNPs through 
physical adsorption. Then, the immobilization yield and enzymatic activity were 
determined, while the reusability of the enzyme was also studied.  

The results showed a reduced activity in the presence of GO and slightly 
higher activity in the presence of the other two nanomaterials. Next, the 
immobilization yield was ~100% when α-amylase was immobilized on GO and 
~±77% when immobilized on bG and bG-MNPs. As for the specific activity, a huge 
decrease was observed after immobilization. Lastly, α-amylase’s reusability 
reached up to 10 cycles in case of GO and up to 8 cycles in the other two cases.  

In the following steps, the same structural studies occurred. The UV-Vis 
spectroscopy showed increased intensity around 280 nm as the GO 
concentration increased, while no significant changes were observed in the 
presence of bG and bG-MNPs. The fluorescence also indicated very strong 
interactions between α-amylase and GO, while the quenching effect was milder 
for both bG and bG-MNPs. These results were also confirmed by the 
determination of Ksv, Kd, and n. Lastly, the CD agrees with the UV-Vis and 
Fluorescence spectra. In the presence of GO, α-amylase loses most of the a-
helical content (22% → 5%). For bG and bG-MNPs, no significant loss is observed.  

Overall, the results of this thesis demonstrate that the physicochemical 
properties of carbon-based nanomaterials strongly influence enzyme structure 
and function, thereby affecting immobilization efficiency, catalytic activity, and 
stability. GO exhibited stronger interactions that induced significant structural 
alterations and reduced enzymatic performance, whereas bG and bG-MNPs 
preserved enzyme structure and activity to a greater extent. These findings 
highlight the potential of biographene-based nanomaterials as promising, green, 
and biocompatible platforms for enzyme immobilization and biotechnological 
applications. 
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APPENDIX  

i. Michaelis-Menten Graphs  
The following page presents the Graphs for the kinetic studies of free 

and immobilized lysozyme on Graphene Oxide, bio-Graphene, and 
Magnetic bio-Graphene. 
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Graph A2: Lysozyme immobilized on Graphene Oxide
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ii. Effect of temperature on the activity of free 
and immobilized lysozyme 
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Graph B1: Thermal activity of free lysozyme
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Graph B2: Thermal acivity of lysozyme immobilized on GO 
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iii. Remaining Intensity of Lysozyme 
The following Graphs present the remaining intensity of Lysozyme at 

335 nm as it emerged from the Fluorescence data. 
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Graph C1: Remaining Intensity of Lysozyme in presence of GO 

0 20 40 60 80 100

0

10

20

30

40

50

60

70

80

90

100

Graph C2: Remaining Intensity of Lysozyme in presence of bG 

R
e
m

a
in

in
g
 I
n
te

n
s
it
y
 (

%
)

bG Concentration (μg/ml)

0 20 40 60 80 100

0

10

20

30

40

50

60

70

80

90

100

R
e

m
a
in

in
g
 I

n
te

n
s
it
y
 (

%
)

bG-MNPs Concentration (μg/ml)

Graph C3: Remaining Intensity of Lysozyme in presence of bG-MNPs



 

78 
 

iv. Hill’s Model Curves of Lysozyme 
 

The following Graphs present the Hills model of Lysozyme and a-amylase as 
these emerged from the Fluorescence data and the analysis using Origin Pro 

2018. 
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v. Remaining Intensity of α-amylase 
 
The following Graphs present the remaining intensity of α-amylase at 

332 nm as it emerged from the Fluorescence data. 
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vi. Hill’s Model Curves of α-amylase 
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