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ñBorn repulsionò. 

Figure 11. (a) The various phases of the aggregation process. The early-stage aggregation 

statistically involves the formation of dimers and mostly occurs in diluted systems. The late-

stage aggregation, on the other hand, involves the formation of higher-rank aggregates and 

occurs in concentrated systems. At given pH and ionic strength, the change in the particle size 

over time is used to probe the different aggregation phases at various particle concentrations. 

(b) In the early-stage aggregation, the aggregation rate is affected by the salt level in the system. 
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Figure 15. The Guaiacol assay for the determination of the HRP-like activity. In the presence 

of HRP-mimicking nanozymes and H2O2, the colorless guaiacol is oxidized to a brown product, 
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spectrophotometry is utilized to probe the emergence of such an absorption peak over time. The 

ὑ of tetraguaiacol is 26.6 mMī1 cmī1. 

Figure 16. The catalase assay for the determination of the CAT-like activity. The CAT enzyme 
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embedded in the background of the UV-Vis absorption spectrum. (b) The XPS survey spectrum 

of the PB sample. The Auger transitions within K, L, and M energy levels give rise to O KLL 

and Fe LMM peaks. The high-resolution XPS spectra of (c) Fe 2p3/2, (d) C 1s, (e) N 1s, and (f) 

O 1s of the PB sample. The Shirley background estimation serves to distinguish the background 

signal occurring due to energy loss as a result of inelastic scattering. 

Figure 19. (a) XPS survey spectrum of the as-prepared MnO2 MFs. The Auger transitions 

within K, L, and M energy levels give rise to O KLL and Mn LMM peaks. The high-resolution 

XPS spectra of (b) Mn 2p, (c) Mn 2s, (d) C 1s and K 2p, and (e) O 1s regions. The Shirley 

background estimation serves to distinguish the background signal occurring due to energy loss 

as a result of inelastic scattering. The (f) SEM and (g-i) TEM images of MnO2 MFs. 

Figure 20. (a) XRD patterns and (b) XPS survey spectrum of the CeO2 NPs. The Auger 

transitions within K, L, and M energy levels give rise to O KLL and Ce LMM peaks, and the 

presence of Fe is attributed to the sample holder. The high-resolution XPS spectra of (a) Ce 3d, 

(b) C 1s, and (c) O 1s regions. 

Figure 21. (a) The Raman spectrum (Inset graph: the magnified 462-cmī1 peak), (b) the UV-

Vis absorption spectrum, (c) the TEM image, and (d) the HR-TEM image of bare CeO2 NPs. 

(e) The extracted pattern, obtained by FFT analysis of the squared section in the HR-TEM 

image, the inset images, and lattice spacing values are obtained by inverse FFT analysis of the 

FFT pattern, using ImageJ software.192 

Figure 22. The pH profile of PB NPs. The ionic strength was fixed at 1.0 mM and the PB 

concentration was 100 mg/L. 

Figure 23. The pH profile of MnO2 MFs. The ionic strength was fixed at 1.0 mM and the MnO2 

concentration was 50 mg/L. (Reproduced from Ref. 193 with permission from the Royal 

Society of Chemistry). 

Figure 24. The pH profile of CeO2 NPs. The ionic strength was fixed at 1.0 mM and the CeO2 

concentration was 50 mg/L. 

Figure 25. The pH profile of SL particles. The ionic strength was fixed at 1.0 mM and the SL 

concentration was 125 mg/L. (Reproduced from Ref. 193 with permission from the Royal 

Society of Chemistry). 

Figure 26. Time-resolved DLS measurements of (a) AL (pH 4.0) and (d) SL (pH 9.0) at various 

particle concentrations, ὔ , and 1.0 M ionic strength. The gray-shaded regions represent the 

early-stage aggregation regime within the given time frame. The straight lines represent the 

linear fits used to calculate the Ὧ  and ὝȾ of (b) AL and (e) SL at the corresponding ὔ . The 

TEM images of (c) AL and (f) SL particles. 

Figure 27. The salt-induced aggregation. The stability ratio (squares) and zeta potential 

(circles) values for (a) AL, (b) SL, (c) MnO2 MFs, (d) CeO2 NPs (pH 4.0), and (e) CeO2 NPs 

(pH 9.0) as a function of the ionic strength, at the designated pH. The concentrations of AL and 

SL were fixed at 25 mg/L and 125 mg/L, respectively, while the concentrations of the CeO2 

NPs and MnO2 MFs were fixed at 100 mg/L. The dashed lines represent the calculated stability 

ratios, based on equations (37) and (38), as shown in Appendix C. The solid lines represent the 

Grahame relation fit, equation (16), for the zeta potential-ionic strength data. 

Figure 28. Stability ratio (squares) and zeta potential data (circles) of (a) MnO2 MFs and (b) 

CeO2 NPs in the presence of different amounts of PDADMAC polyelectrolyte at pH 9.0 and 

1.0 mM ionic strength, using NaCl. In both systems, the metal oxide concentration was fixed at 

100 mg/L. The solid lines serve as eye guidance. The polyelectrolyte concentration is expressed 

in mg PDADMAC/g metal oxide. (c) The general trend in the change of the stability ratio and 



LIST OF FIGURES 

10 

University of Szeged 

the zeta potential for particle-polyelectrolyte systems at various polyelectrolyte concentrations. 

Figure 29. The typical immobilization curve (the trend in the stability ratio and zeta potential 

upon addition of nanozymes to latex dispersions) for the latex-nanozyme system at fixed latex 

concentration and ionic strength. 

Figure 30. Trends in stability ratio (squares) and zeta potential values (circles) of (a) AL-PB 

(b) SPMn (c) SL-CeO2 and (d) SPCe composites as a function of the nanozyme dose. The 

concentration of SL and AL were kept at 125 mg/L and 25 mg/L, respectively. The ionic 

strength was fixed at 1.0 mM in all systems. The mg/g unit refers to mg nanozyme/g latex. The 

solid lines are added for eye-guidance purposes only. 

Figure 31. (a-c) SEM and (d-f) TEM images of AL-PB composites at PB doses of 1.0 mg PB/g 

AL, 30 mg PB/g AL, and 600 mg PB/g AL corresponding to doses (a, d) below (b, e) at, and 

(c, f) above the IEP of the AL-PB system, respectively. 

Figure 32. TEM images of SPMn composites at different PMn doses of 0.1 mg PMn/g SL, 

10 mg PMn/g SL, and 100 mg PMn/g SL, corresponding to doses (a) below (b) at, and (c) above 

the IEP of the SPMn system, respectively. (d, e) Amplitude AFM images along with height 

profiles. The different samples were prepared at 125 mg/L SL, and 200 mg PDADMAC/g 

MnO2 (the onset of ASP in the adsorption curve in Figure 28(a)). 

Figure 33. (a,b) TEM images, as well as (c) amplitude and (d) height AFM images, of SL-CeO2 

composite deposited on a mica substrate along with (e) the height profile, corresponding to the 

regions indicated by the white lines. The sample was 100 mg/L in SL with 1,000 mg CeO2/g 

SL (the onset of the ASP of the immobilization curve of the SL-CeO2 system in Figure 

30(c)).192 

Figure 34. (a-c) TEM images of SPCe at different magnifications. (d) Amplitude and (e) height 

AFM images of SPCe deposited on a mica substrate along with (f) the height profile, 

corresponding to the regions indicated by the white lines. The SL concentration was 100 mg/L, 

with 40.0 mg PDADMAC/g CeO2 (the onset of ASP in the adsorption curve in Figure 28(b)) 

and 200 mg CeO2/g SL (the onset of ASP in the immobilization curve in Figure 30(d)).192 

Figure 35. Raman spectra of CeO2, SL, PDADMAC, SL-CeO2, and SPCe. Raman peaks 

marked with squares refer to CeO2, while those marked with circles refer to SL. The absolute 

Raman intensities (prior normalization) are shown, intensity unit ñm cpsò refers to 106 counts 

per second. 

Figure 36. Inhibition of the NBT-superoxide reaction (SOD-like activity) of (a) PB NPs 

containing samples, (b) bare MnO2 MFs, and (c) the SPMn composite. The solid lines are 

mathematical functions used to calculate the IC50 values, located by the dashed arrows. 

Figure 37. The guaiacol-oxidation reaction rate (HRP-like activity) at different guaiacol 

concentrations, catalyzed by PB NPs and AL-PB. The lines represent the Michaelis-Menten fits 

(equation (2)). The graphical schematic inset shows the color of oxidized guaiacol, which 

indicates positive HRP-like activity for PB NPs and AL-PB. 

Figure 38. (a) The UV-Vis spectra of TMB/CeO2 (green/Ŭ spectrum), TMB/H2O2 (blue/ɓ 

spectrum), and TMB/H2O2/CeO2 (black/ɔ spectrum). The inset graphics shows the real samples, 

measured at pH 4.0. (b) The relative reaction rate of TMB oxidation at acidic (pH 4.0), neutral 

(pH 7.0), and alkaline (pH 9.0) conditions, the samples were prepared with the following 

relevant concentrations: 1.0 mM TMB, 25 mg/L CeO2 NPs, and 5.0 mM H2O2. 

Figure 39. The TMB-oxidation reaction rate at different TMB concentrations catalyzed by 

CeO2 NPs, SPCe, or SL-CeO2 at pH 4.0. The lines represent the Michaelis-Menten fits, 
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expressed by equation (2). The graphical inset shows that the intensity of the blue color 

(oxidized TMB) gradually increases with the amount of TMB. 

Figure 40. The CAT-like activity of bare MnO2 MFs and SPMn at 25 ÁC, 50 ÁC, and 75 ÁC. 

The MnO2 MFs concentration or its content in SPMn was kept at 10.0 mg/L. The solid lines 

represent the MichaelisïMenten fits, obtained from equation (2). 

Figure 41. The DPPH radical scavenging potential of CeO2 NPs, SL-CeO2, and SPCe. The 

concentration of DPPH radical in the final samples was fixed at 15.0 mg/L. The DPPH% was 

calculated according to equation (40), and the data was fitted with the Hill equation to obtain 

the EC50 values. The inset image shows that the intensity of the yellow color of reduced DPPH 

increases with the increased nanozyme concentration. 

Figure S1. The Helmholtz-Smoluchowski, H¿ckel, and Henry models for the calculation of the 

zeta potential from the electrophoretic mobility.



LIST OF TABLES  

12 

University of Szeged 

List of Tables 

Table 1: Classification of colloidal systems. 

Table 2: Reagents and precursors used during material synthesis, composite formulation, and 

assessment of the enzyme-like potential. 

Table 3: Accessories used during material synthesis, composite formulation, and assessment 

of the enzyme-like potential. 

Table 4: The experimental parameters for the functionalization of MnO2 MFs and CeO2 NPs 

at the designated experimental conditions. 

Table 5: The experimental parameters for the composite formulation at the designated 

experimental conditions. 

Table 6: The optimal experimental conditions, as well as size and charge data together with 

CCC values of the prepared nanozymes (PB, MnO2, CeO2) and latex particles (AL, and SL). 

Table 7: The characteristic parameters for polyelectrolyte adsorption for various particle-

polyelectrolytes systems reported in the literature. 

Table 8: The optimal experimental conditions for the formulation of the latex-nanozyme 

composites. 

Table 9: The IC50 values of the SOD-like activity assay for PB- and MnO2-based composites 

at room and elevated temperatures. 

Table 10: The parameters of the Michaelis-Menten fits for the HRP-like activity for PB- and 

CeO2-based composites. 

Table 11: The Michaelis-Menten kinetic parameters of CAT-like activity determined for the 

MnO2 MFs and SPMn composite at room and elevated temperatures. 

Table S1: XPS composition analysis of PB NPs. 

Table S2: The binding energies of all transitions in the Ce 3d region of the XPS survey 

spectrum of the CeO2 NPs. 

Table S3: The Raman shift values and the corresponding vibrational mode of recorded 

Raman peaks of CeO2 NPs, SL, PDADMAC, SL-CeO2, and SPCe.



INTRODUCTION  

13 

University of Szeged 

1 Introduction  

Antioxidant enzymes have numerous key functions within living systems including cell 

protection against oxidative stress. The highly intricate chemical structure of the comprising 

proteins brings about unparalleled catalytic potential, specificity, and selectivity. These 

attributes have led to wide use in numerous fields such as pharmaceuticals, cosmetics, and the 

food industry. Yet, the applicability of these biocatalysts is often hindered due to several 

inherent flaws that are detrimental to their catalytic potential. For instance, enzymes suffer from 

extreme sensitivity to such conditions in their microenvironment as pH, temperature, solvent, 

and the presence of inhibitors. Undesignated conditions, therefore, lead to irreversible structural 

alternations and subsequent permanent loss of catalytic activity. Thus, the extraction and 

purification processes of enzymes are highly complex and time-consuming rendering them 

particularly expensive materials.  

These drawbacks have unavoidably given rise to an ever-growing demand for versatile 

enzyme alternatives with indistinguishable antioxidant potential. Among the earliest reported 

artificial enzymes were to include cyclodextrins, coordination compounds, and polymeric 

substances. However, the discovery of the enzyme mimicry of nanostructures, also called 

nanozymes, presented a promising alternative to antioxidant enzymes since the biocatalytic 

potential is expected to be maintained at pH and temperature conditions, where the mimicked 

enzymes are inactivated. In addition, nanomaterials have highly tunable physicochemical 

properties as well as scalable, straightforward, and low-cost production processes. These 

advantages have led to the discovery of numerous nanozymes with highly varying structures 

and compositions including (bi)metallic particles, nanostructured carbon materials, metal 

oxides/chalcogenides, and metal-organic frameworks (MOFs). Such materials were proven to 

possess the mimetic potential of several essential antioxidant enzymes including catalase 

(CAT), superoxide dismutase (SOD), and horseradish peroxidase (HRP) that play pivotal roles 

in living systems and are widely used in many industrial fields. 

However, due to the tendency to minimize the high surface Gibbôs energy, numerous 

nanostructured materials are prone to aggregation when introduced into fluid media, and the 

extent of aggregations is often maximized under certain conditions including solvents of 

different polarity, high ionic strength, a characteristic point of zero charge (PZC) or an 

isoelectric point (IEP), and presence of surfactants or polyelectrolytes. Moreover, particle 

aggregation is expected to adversely affect the catalytic potential since the catalytic action takes 

place on the particle surface. Therefore, the prevention of particle aggregation is a vital step for 
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the efficient use of nanomaterials as effective artificial enzymes. One of the common 

approaches to prevent particle aggregation is the immobilization of the catalytic nanoparticles 

onto larger support materials such as clays, graphene oxide, and latex particles. The formulation 

of such support-nanozyme composite prevents aggregation of nanozymes, enables separation 

of the composites after the catalytic cycle, and preserves the particlesô large surface area; hence, 

preserves their biocatalytic potential. These composites are, therefore, expected to be robust 

antioxidants with superb enzyme-like catalytic potential as well as sustained catalytic surface, 

and thus, are foreseen to be highly beneficial in industries involving the mimicked enzymes. 

In the work pertaining to this dissertation, potential nanozymes including organometallics 

(Prussian blue) and metal oxides (MnO2 and CeO2) were synthesized as potential nanozymes 

and were further formulated into composites under controlled heteroaggregation with 

polystyrene latex beads. Prior to heteroaggregation, the surface and colloid properties of both 

the nanozymes and the latex were carefully examined under various experimental conditions 

and the formulation of the composites was carried out under the optimal conditions to maximize 

the interaction between the nanozyme and the latex, and hence, obtain latex-nanozyme 

composite with high structural and functional stability. 
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2 Literature Review 

2.1 Oxidative stress 

The oxidative stress phenomenon is the state of serious imbalance between the production 

of reactive oxygen species (ROS) and the ability of biological systems to restore proper ROS 

levels resulting in their accumulation in cells and tissues. ROS include various radical, neutral, 

and ionic oxygen species such as hydroxyl radical (ÅOH), peroxyl radical (ÅO2R), superoxide 

(ÅO2
ī), alkoxyl radical (ÅOR), hydrogen peroxide (H2O2), singlet oxygen (1O2), ozone (O3), 

hypochlorous acid (HOCl), and organic peroxides (ROORô).1, 2   

These highly active species are mostly acquired through aerobic metabolic pathways that 

exclusively or collaterally result in ROS production. In mitochondria, for instance, ÅO2
ī is 

generated as a by-product during the ATP production process, where O2 is normally reduced to 

water through a series of electron transfer processes. However, a small proportion (1-3%) of O2 

molecules acquires an additional electron, resulting in the formation of ÅO2
ī.2, 3 Similarly, 

cytochrome P450 enzymes, a family of heme monooxygenases located in liver cells, have vital 

roles in the biotransformation of drugs such as acetaminophen; uncoupling of their enzymatic 

cycle leads to the formation of ROS including ÅO2
ī and H2O2.

4 

 

Figure 1. Endogenous and exogenous sources as well as the health-related effects of oxidative 

stress. ROS are capable of inflicting severe and non-specific damage to cellular components 

such as membrane lipids, proteins, and DNA. 

In addition, during an immune response, phagocytic cells such as macrophages and 

neutrophils trigger a respiratory burst, during which phagocytic NADPH oxidases generate ÅO2
ī 

that takes part in the elimination of invading pathogens. The NADPH oxidases are a family of 

membrane-bound enzymes whose primary function is the catalysis of ÅO2
ī production.5, 6  



LITERATURE REVIEW  

16 

University of Szeged 

Besides, peroxisomes are organelles that are present in the cytoplasm of eukaryotic cells, 

these oxidative organelles host a variety of enzymes that play vital roles in the metabolism of 

lipids as well as the generation and detoxification of ROS including ÅOH, H2O2, and ÅO2
ī. 

Peroxisomal enzymes include urate oxidase, nitric oxide synthase, xanthine oxidase, CAT, and 

SOD.6, 7 ROS can also be produced during the metabolism of certain substances such as 

arachidonic acid by lipoxygenases and cyclooxygenases.8 While ROS are unavoidably formed 

under normal conditions, certain exogenous influences can greatly contribute to elevated ROS 

levels as well, as shown in Figure 1. Cigarette smoke, for example, is a significant source of 

free radicals such as superoxide and nitric oxide.2 Other external contributors to elevated levels 

of ROS include pesticides, pollutants, hypoxia, heavy metals, and exposure to ionizing radiation 

and ozone.2, 9, 10 

At normal levels, ROS are essential to numerous physiological processes. As mentioned 

earlier, superoxide, produced during phagocytosis, is heavily involved in eliminating invading 

pathogens.9 In fact, a defective NADPH oxidase system compromises the ability of phagocytes 

to produce superoxide giving rise to granulomatous disease, where the resulting 

immunodeficiency renders diagnosed individuals prone to multiple and persistent infections.11 

ROS are also essential in cross-linking of the extracellular matrix and in the hardening of the 

fertilization envelope after egg-sperm fusion.11 They also play a major part in biosynthetic 

reactions as well as various cellular redox-signaling pathways.12 In fact, ROS such as H2O2 play 

a major role as a redox signaling agent in many biological functions such as DNA repair, 

transcription, protein folding, and genome integrity.13 Excess or non-regulated accumulation of 

ROS, however, is associated with several serious health-related issues.14 ROS may adversely 

interact with proteins and vital components of cell structures resulting in protein denaturation, 

lipids peroxidation as well as damage and fragmentation of nucleic acids (DNA and RNA).2, 15 

Often, these interactions result in mutations and irreversible alterations in signal transduction 

leading to altered cell proliferation and ultimately trigger cell death.16 As Figure 1 shows, these 

non-specific damages may develop and express into countless complications and health-related 

issues such as aging, atherosclerosis, cancer, cardiovascular diseases, diabetes, and 

neurodegenerative disorders such as Parkinsonôs and Alzheimerôs diseases.17, 18 

2.2 Antioxidants 

2.2.1 Classification of antioxidants 

To combat oxidative stress and preserve cell health, biological systems employ several 

defense mechanisms against ROS including prevention, scavenging, and repair mechanisms 
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using a vast array of antioxidants, which are highly effective in the regulation and elimination 

of excess ROS and are, therefore, essential to the well-being of a living system.12, 19 

Antioxidants are classified according to different criteria such as structure, source, and mode of 

action. Structurally, antioxidants can be enzymatic (complex proteins) or non-enzymatic 

(simple organic molecules or metal ions such as selenium and manganese).2, 20 On the other 

hand, non-enzymatic antioxidants can be endogenous (e.g., glutathione) or exogenous, i.e., 

obtained from dietary sources (e.g., carotenoids, Ŭ-Tocopherol, and vitamin C).2 

In addition, the defense mechanism of antioxidants depends on the way, in which the 

oxidative damage is inhibited. Like any free-radical chain reaction, the autoxidation of cellular 

substrates such as membrane lipids, proteins, or DNA involves initiation, propagation, and 

termination phases. Various pathways lead to the formation of initiating radicals, which can 

trigger the propagation of the free-radical chain oxidation of substrates. For example, the Fenton 

reaction leads to the formation of ÅOH as initiating radicals. Preventive antioxidants prevent the 

formation of initiating radicals by the conversion of their mother ROS into harmless chemical 

species. For example, the SOD/CAT enzyme cascade catalyzes the conversion of superoxide 

(ÅO2
ī) into O2 and water, and thus, prevents the formation of ÅOH via the Fenton reaction.4 On 

the other hand, chain-breaking antioxidants (e.g., glutathione and vitamin E) act by competing 

with the substrate for the intermediate radicals, generated during chain propagation. Thus, 

chain-breaking antioxidants terminate free-radical chain reactions through the elimination 

(scavenging) of radical intermediates through electron donation. Naturally, these antioxidants 

are converted to new radicals during their antioxidation action, but the newly formed radicals 

are largely less harmful.4, 21 Also, repair systems play maintenance roles by repairing the 

oxidative damage already caused to biomolecules such as DNA.21 

2.2.2 Applications of antioxidants 

Apart from oxidative stress prevention, antioxidants are widely applied in numerous fields 

such as pharmaceutical, cosmetic, textile, food, fuel, lubricants, plastic, and rubber industries, 

as shown in Figure 2.22, 23 In pharmaceuticals, for example, antioxidants are added to prevent 

degradation and improve the stability of therapeutic agents that are prone to oxidation.22 In 

addition, lanthanides, lycopene, glutathione, and flavonoids are antioxidants that are reported 

to have potential as anticancerous agents. Antioxidants are also used as additives in commercial 

cosmetic products.24 For example, vitamin A derivatives, phenolic compounds, and carotenoids 

are added to commercial skin care products as anti-aging agents to prevent inflammation, 

premature aging, and pigmentation disorders.25, 26 Vitamin B5 (panthenol) is used in haircare 
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products to improve hair elasticity, while retinaldehyde (vitamin A derivative) can also serve 

as a stabilizer to prevent lipid rancidity.26 In addition, the combination of vitamins C and E in 

recently-manufactured cosmetics is expected to provide enhanced skin protection against UV 

radiation as well as photooxidation.27 

In the food industry, antioxidants 

are widely used in food processing and 

food packaging materials.28, 29 They 

have the potential to slow down the 

autoxidation process of biological 

molecules such as lipids and proteins 

that can lead to rancidity, reduced 

shelf-life as well as the development of 

undesirable taste and fragrance, 

resulting in the deterioration of texture 

and quality of nutrient substances.30 

Examples of antioxidants used in the 

food industry include propyl gallate, 

tertiary butyl hydroquinone, and 

butylated hydroxytoluene.10 Thus, the 

prevention of oxidation of biological molecules in food products can effectively extend the 

shelf-life and preserve the texture, color, freshness, fragrance, and quality of nutrient 

substances. 

Moreover, antioxidants are also frequently used as additives and stabilizers in numerous 

other industrial applications. For instance, antioxidants prevent the oxidation of fuels and 

polymerization of gasoline, which leads to the formation of engine-fouling residues.31 Also, 

they prevent photooxidative degradation as well as the loss of strength and flexibility in 

polymeric materials such as rubber and polyolefins especially polyethylene.32  

On the other hand, antioxidant enzymes are heavily used in industrial applications as 

well.33 For example, peroxidase enzymes are used in food manufacturing to improve food 

quality, as well as produce flavor, color, and texture. They are also used in biosensors, polymer 

synthesis, management of environmental pollutants, treating phenolic effluents from industries, 

and antimicrobial products.33, 34 The CAT enzyme, on the other hand, is used in the textile 

industry to remove excess H2O2 from fabric. In the food industry, the glucose oxidase/CAT 

Figure 2. Various established industrial applications 

of enzymatic and molecular antioxidants. 
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combination is used during milk processing, and for the elimination of O2 from wine prior to 

bottling. In the baking industry, the CAT enzyme is also added to remove H2O2 from milk, as 

well as glucose from egg white. In addition, the CAT enzyme is also incorporated in food 

wrappers to prevent oxidation and control the quality of food.34 In the textile industry, the 

peroxidase and CAT enzymes are used for the removal of excess dye and bleach termination, 

respectively.33 The SOD enzyme is used as an anti-aging additive in cosmetic products to 

reduce free-radical damage to the skin, and thus, to eliminate signs of aging such as wrinkles 

and hyperpigmentation. The SOD enzyme also exhibited potential in preventing hair graying, 

promoting hair growth, wound healing, protection against UV rays, and suppressing fibrosis 

after radiation treatment.35 In addition, the SOD enzyme is frequently applied in medical 

treatments due to its anticancerous, antioxidant, and anti-inflammatory effects.36, 37 

2.2.3 Enzyme kinetics 

Generally, enzymes primarily consist of highly complex protein structures with one or 

more active sites, where the enzymatic reaction takes place. The structure of the active site is 

highly specific to the substrate (the substance on which the enzyme acts such as ROS), where 

the binding is enabled through a unique combination of hydrogen bonding, electrostatic forces, 

and van der Waals interactions among the various functional groups on the substrate and the 

active site.38-40 The complexity of enzymatic structures, and thus, the binding interactions have 

rendered many enzyme-catalyzed reactions stereoselective and stereospecific such as 

hydrolysis reactions catalyzed by C. cylindracea lipase, acylase, pig liver esterase.39  

The substrate-active site binding is believed to occur in several binding mechanisms, 

shown in Figure 3. In the lock-and-key model, proposed by German chemist Emil Fischer 

(1852ï1919) in the 1890s, the active site and substrate have complementary 3D structures and 

docking occurs without the need for major structural changes. However, the experimental 

evidence on the flexibility of proteins in solution and the distortion in the conformation of the 

transition state upon biding suggests the induced-fit mechanism and conformational selection 

mechanisms. In the former, the binding of the substrate induces a conformational change in the 

active site, resulting in the ideal fit , after which the enzymatic reaction takes place. In the 

conformational selection mechanism, on the other hand, the active site undergoes a 

conformational change prior to the binding of the substrate.41  

The kinetics of enzyme-catalyzed reactions is among the most studied aspects of bio-

catalysis, for it provides critical information on the mechanism of biocatalysis. Studies on 

enzyme kinetic typically involve monitoring the initial  rate of product formation at very low 
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enzyme concentration, since significant acceleration may be observed, even when their 

concentration is more than three orders of magnitude lower than that of the substrate.  

 

Figure 3. Schematic representation of substrate-active site binding mechanisms: (a) lock-and-

key, (b) induced-fit, (c) conformational selection. For simplicity, enzymatic and substrate 

structures are represented as rigid blocks.  

Experimental studies on enzyme kinetics revealed several observations:42 

1. The initial  rate of product formation, v, is proportional to the total enzyme 

concentration, [E]o (for a given initial  substrate concentration, [S]).  

2. Conversely, for a given initial  enzyme concentration, [E]; v is proportional to [S] (at 

low [S]) and independent of [S] (at high [S]). In the latter case, all enzyme molecules 

are bound to the substrate molecules, and the rate becomes zero-order in [S].  

Based on these observations, a mathematical analysis shows that the relationship between 

v and [S] can be represented by the equation of a rectangular hyperbola: 

 ὺ  
ὥὛ

ὦ Ὓ
 (1) 

where a and b are constants. To account for these observations, German biochemist Leonor 

Michaelis (1875ï1949) and Canadian biochemist Maud L. Menten (1879ï1960) proposed a 



LITERATURE REVIEW  

21 

University of Szeged 

mechanism in 1913 to explain the dependence of the initial rate of enzyme-catalyzed reactions 

on the concentration by assuming that enzyme and substrate are in thermodynamic equilibrium 

with the enzyme-substrate complex, ES, that can separate back into substrate and enzyme or 

proceed to product, P, formation. Later in 1925, British biologists George Briggs (1893ï1978) 

and John Haldane (1892ï1964) alternatively used the steady-state approximation to obtain the 

Michaelis-Menten equation of enzyme kinetics:41 

 ὺ  
ὺ Ὓ

ὑ Ὓ
 (2) 

The derivation of the Michaelis-Menten equation based on both assumptions is fully 

described in Appendix A. The vmax represents the maximum possible reaction rate, where the 

total enzyme concentration equals that of the enzyme-substrate complex, i.e., all the enzyme 

molecules are bound with the substrate as ES. On the other hand, Km is the Michaelis constant 

and represents the [S], at which the initial rate is half that of vmax, or the [S] at which half the 

enzyme active sites are occupied by substrate molecules. The Km is different for each enzyme 

and depends on the substrate, it is a measure of the affinity between the enzyme and the 

substrate, where lower Km values indicate higher affinity between the enzyme and the substrate, 

and vice versa. Hence, the vmax and Km of the Michaelis-Menten model are the commonly 

reported kinetic constants characterizing enzyme-catalyzed reactions including those catalyzing 

ROS scavenging.  

2.2.4 Artificial enzymes 

Despite their flawless catalytic performance, antioxidant enzymes possess several inherent 

drawbacks such as high sensitivity to operational conditions including pH and temperature.43 

When subject to undesignated conditions, the vital structures of the comprising proteins 

gradually denature leading to a permanent loss of enzymatic activity.44 For example, the optimal 

operating temperatures of SOD and CAT enzymes were reported to be around 30 ÁC, where 

their activities rapidly deteriorate when the operation temperature is significantly different from 

30 ÁC. The SOD lost 90% and 100% of its activity when the operating temperature was 10 ÁC 

and 70 ÁC, respectively. Also, the CAT enzyme undergoes an 80% reduction in activity when 

the operating temperature is either 70 ÁC or 10 ÁC.45 On the other hand, the optimal operational 

pH of SOD and CAT enzymes are 6-7 and 6.5-7, respectively. Like the operational temperature, 

the activities of both enzymes significantly deteriorate when the pH is substantially different 

from the optimal pH range. The SOD becomes inactive when the pH is reduced to 3.0 and 

undergoes around 60% loss of activity when the pH is 9. The CAT enzyme, on the other hand, 
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loses around 95% of its activity at pH 3, and 80% at pH 9.45 In addition, the thermal stability of 

the SOD enzyme is reported to be highly affected by incubation temperature. In fact, the SOD 

enzyme underwent a total loss of activity when incubated at 80 ÁC for 60 min.46 For the 

horseradish peroxidase (HRP) enzyme, the optimal operation pH was reported to be around 4.8, 

and the activity rapidly deteriorates when the pH is altered, the HRP loses activity as the pH 

approaches 3 or 5.5, leaving a small window of operation. In addition, the optimal operating 

temperature of HRP is 35 ÁC. Similar to SOD and CAT, the activity of HRP is significantly 

affected by the change in temperature, where a total loss of activity was observed at 60 ÁC.47 

Thus, with such high sensitivity to experimental conditions, the enzyme production and 

purification processes are considerably complicated, expensive, and time-consuming.43, 44, 48, 49 

These limitations have paved the way for the exploration and subsequent discovery of artificial 

enzymes, which are non-enzymatic substances with enzyme-like biocatalytic potential. These 

enzyme mimics are foreseen to have low sensitivity to experimental conditions and yet deliver 

equally effective enzyme-like catalytic potential. In fact, the investigation of the enzyme-like 

catalysis of cyclodextrin inclusion compounds in 1965 is among the earliest reports on artificial 

enzymes.50 Later, other structures of artificial enzymes were slowly emerging such as polymers 

with enzyme-like potential in 1971, catalytic antibodies in 1986, catalytic RNA in 1992, 

catalytic DNA in 1994, and SOD mimicry and DNA-cleavage potential of fullerene 

derivatives.50-52 Further works revealed enzyme mimics of diverse structures including metal 

complexes, polymers, and dendrimers.53-56  

However, since the reports on peroxidase mimicry of Fe3O4 nanoparticles in 2007, 

extensive research has been devoted to the exploration of the enzyme-like antioxidant potential 

of nanomaterials, which revealed immense potential in mimicking a vast array of enzymes 

including antioxidant ones such as CAT, HRP, and SOD.50, 57 These nanostructures include 

metallic nanoparticles such as Ag,58 Au,59 Pt,60 and Pd;61 metal oxides such as Co3O4,
62 CeO2,

63 

and CuO nanospheres64, as well as V2O5 nanowires;65 metal chalcogenides such as FeS,66 

MoS2,
67 and WS2 nanosheets;68 carbon derivatives as fullerenes, carbon nanotubes, nanodots; 

and MOFs.57, 69, 70 Unlike natural antioxidants, enzymatically active nanomaterials (nanozymes) 

have low-cost and often simple synthesis processes, as well as robust structural and functional 

stability in wide pH and temperature ranges, typically well outside the operational range of the 

mimicked enzymes. Most importantly, many nanozymes are biocompatible and biodegradable 

materials with highly tunable physicochemical properties. Thus, nanozymes are expected to 

possess outstanding antioxidant potential in various biomedical and industrial applications, as 
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well as in conditions where the native enzymes are inactive.71, 72 Nanozymes with antioxidant 

potential have indeed been applied in numerous biomedical applications such as tumor therapy, 

bioanalysis, disease diagnosis, biosensors, and cytoprotection.40, 73, 74 For instance, Fe3O4-PtFe 

composites exhibited antitumor potential while boron oxynitride showed potential in breast 

cancer therapy.75, 76 In addition, the peroxidase activity of nanozymes has been heavily explored 

in the clinical diagnosis of numerous target molecules such as As5+ (ACP/hemin@Zn-MOF), 

chloramphenicol (Co3O4), and MiRNA-141 (Co3O4-Au polyhedron), as well as in the removal 

of a large variety of pollutants in water including phenols (Zr-MOF), atrazine (Fe3O4-

TiO2/rGO), methyl blue (Au@cuxs/ZnO), and natural organic matter (Carbon-doped Fe3O4).
77 

A summary of the advantages, scope, and potential applications of nanozymes is shown in 

Figure 4.  

 

Figure 4. Structures, physicochemical properties, and potential applications of enzyme-

mimicking nanomaterials (nanozymes) as alternatives to many natural enzymes of diverse 

catalytic roles. 

As seen above, nanozymes are often applied in composite form rather than bare materials. 

Hence, the formulation of such composites via the ex-situ method, for example, requires a 

thorough understanding of the colloidal behavior of nanoparticles and the interparticle 

interactions governing the colloidal behavior, since numerous industrial and biomedical 

applications require their introduction into fluid, typically aqueous, media.  

 












































































































































































































