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ABSTRACT 
 

The severe resistance of bacteria and fungi towards common antibiotic drugs has led to 

the increasing prevalence of infections due to multi-drug resistant microbes, which is one of the 

most serious issue faced by the healthcare system worldwide. These drug-resistant bacteria have 

led to significant health problems and fatalities whereas drug-resistance fungi possess significant 

threat to humans, livestock, and crops globally. Furthermore, this drug resistance leads to the 

formation of biofilms, which are thick layers of microbes embedded in extracellular polymeric matrix. 

They adhere to both living and nonliving surfaces, making it harder to contain or eradicate these 

pathogens. The conventional strategy for combating these pathogenic bacteria and fungi has its 

limitations and new antimicrobials are constantly required to fight the growing resistant 

mechanisms. Hence, there is an immediate need for an alternative strategy to combat these drug-

resistant isolates.  

Herein, this dissertation reports the development of novel potent antimicrobial agent based 

on tow-dimensional layered nanomaterials dispersed in biocompatible oligonucleotide, 

biomolecules, polymers, and surfactant. These synthesized novel nanomaterials successfully 

eliminated multidrug-resistant microbes with synergistic efforts of physical interaction, membrane 

disintegration, depolarization and intrinsic antimicrobial properties leading to cell death. These 

systems were highly effective against a broad spectrum of microbes including drug-resistant gram-

positive, gram-negative bacteria and fungal isolates. Furthermore, they were successful in 

eradication of mature biofilm as well as inhibition of biofilms on several medically relevant surfaces. 

Overall, these novel systems have exceptional potential as a promising alternative solution in 

solving current problems faced by the healthcare system sue to these pathogenic microbes. 

For the next direction, a different avenue was explored where a novel system based on 

two-dimensional layered material with antibacterial properties was analyzed for enzyme-like 

activity. These nanomaterials with intrinsic enzyme-like properties are commonly known as 

nanozymes have many advantages over natural enzymes such as low cost, scalability and high 

stability. A class of ultra-high temperature ceramics known as metal diborides were synthesized in 

biocompatible surfactant followed by analysis of their enzymatic activity and antibacterial activity. 
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Results demonstrate this novel system possesses a unique combination of exceptionally high 

affinity towards hydrogen peroxide and high activity per cost. Furthermore, it is extremely potent 

against pathogenic bacteria and has a high degree of biocompatibility. Hence, this new system 

opens the door for future possible applications in biomedicine with further research. 
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CHAPTER 1 

INTRODUCTION 

1.1 Growing resistance and of impact of multidrug-resistant organisms  

Multidrug-resistant organisms (MDROs) are organisms like bacteria and fungi that develop 

the ability to circumvent drugs designed to kill them. Despite advances in technology and continuing 

research studies, infectious diseases continue to be one of the most critical global health 

challenges of this era.1 These rising resistance levels have been attributed to the overuse and 

misuse of antibiotics.2 According to the Centers for Disease Control and Prevention (CDC) 

infections caused by these drug resistant pathogens are difficult, and sometimes impossible to 

treat. The CDC and the World Health Organization (WHO) assert that the human race has entered 

a “post-antibiotic era” due to the growing resistance.3 A survey by the IDSA Emergence Infections 

Network discovered more than 60% of patients had had a multidrug-resistant (MDR) bacterial 

infection in the previous year.4 It has been reported that methicillin resistant staphylococcus aureus 

(MRSA) is responsible for more deaths in the U.S. each year than Parkinson’s disease, 

emphysema, and homicide combined.2, 5 The global emergence of strains like vancomycin-resistant 

enterococci (VRE), Streptococcus pneumoniae and Mycobacterium tuberculosis, among others 

have the potential to cause future epidemics.6-7  Gram-negative pathogens are particularly 

dangerous, in some cases gaining resistance to almost all antibiotic drug options available.5-7 For 

example, the emergence of MDR gram-negative bacilli has affected practices in every field of 

medicine.7 Among all MDR gram-negative infections occurring in health care systems, Klebsiella 

pneumoniae (K. pneumoniae) , Pseudomonas aeruginosa (P. aeruginosa), and Acinetobacter 

baumannii (A. baumannii) are the leading cause for them.7 Resistance against drugs specifically 

leads to biofilm formation. Biofilms are communities of aggregated bacterial cells which form over 

time, embedded in a self-produced extracellular polymeric matrix and prone to spreading across 

multiple surfaces.8 Biofilms target weakened immune systems and are implicated in many chronic 

bacterial and fungal infections.9 Apart from MDR bacteria and biofilms, invasive fungal diseases 

pose imminent threat to humans.10 The most common fungal infections arise from 



  2 

Candida, Aspergillus, Pneumocystis, and Cryptococcus spp. It has been estimated that these 

fungal species can cause around 1.4 million fatalities annually around the globe.11 Compared to 

other microbial pathogens Candida spp. are ranked fourth among for causing invasive bloodstream 

infections, after other common bacterial pathogens.12 Infections caused by Aspergillus spp.  are 

the most common in transplant patients and immunocompromised individuals.13 About 30–50% of 

invasive aspergillosis patients still die, and the mortality from candidemia also remains high at 

~50%.14 

Hence, these above mentioned isolates of both bacteria and fungi place a substantial 

negative impact on healthcare system and financial burden worldwide.2, 6-7  On an average each 

year, health care systems spend around $10,000 to $40,000 to treat each patient infected by MDR 

infections. A recent report estimates that cumulative loss of US$ 2.9 trillion by 2050 can be 

expected due to MDR pathogens and subsequent management.15 Individuals most affected by 

these MDR bacteria commonly known as nosocomial infections are clinical patients after surgery, 

premature infants, cancer patients and transplantation patients.15-16 Increasing drug resistance 

potentially threatens the success of surgical procedures and targets immune-compromised 

individuals. It is estimated that around 38.7-50.9% infections are on post-surgical patients and 

26.8% of patients suffer from drug-resistant chemotherapy which are resistant to conventional 

drugs.15 With such fast-growing drug resistance, the discovery and development of new 

antimicrobials is costly and requires time-consuming effort.1 Additionally, for these MDR infections, 

high doses of antimicrobials are necessary which is toxic.17 Hence, there is a need for development 

of alternative strategies. 

 

1.2 Nanomaterials in combatting MDR infections 

Nanomaterials (NMs) can be applied as a potential alternative strategy to manage 

infections caused by MDR pathogens.18-20 NMs can overcome the limitations of conventional 

antimicrobial drugs by circumventing the common resistance mechanisms of MRDOs like enzyme  
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inactivation, reduction of drug permeability, target modification and increased elimination 

through efflux pumps (Figure 2.1).21 This is due to their unique physical and chemical properties 

like high surface-volume ratio increasing interaction area targeting organisms.17, 22-23 NMs also have 

the ability to penetrate organisms by physical contact and destabilizing membrane potential or 

hindering molecular pathways by generating reactive oxygen species (Figure 2.1).24-26 Hence, NMs 

have the potential to reduce or eliminate the evolution of MDROs.27 Moreover, NMs supplemented 

with antimicrobial agents show enhanced activity in terms of antimicrobial efficacy and 

biocompatibility due to synergistic effects.21, 23 NMs are therefore regarded as next-generation 

antibiotics.17  

 

Figure 1.1 Mechanism of antibacterial resistance as compared to nanomaterials.17  

1.3 Nanomaterials  

Nanomaterials (NMs) can be broadly classified into three categories: (1) zero-dimensional 

(0D) commonly known as nanoparticles (NPs), (2) one-dimensional (1D) like nanotubes and 
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nanofibers and finally (3) Two-dimensional (2D) resembling large but thin sheets of layered 

materials (Figure 2.1).28-29 One of the most fundamental advantages of NMs is their dimensionality, 

which generates totally different properties compared to their bulk form.29-30 Based on the scope of 

my research, we will focus on 2D NMs and their properties. Graphene was the first 2D materials 

discovered in 2004 with predicted properties of a one-atom thick layer of sp2 carbons arranged in 

a hexagonal lattice.31 In light of the unique and tunable properties of graphene, studies have been 

extended to other layered materials which can be classified into two categories: (1) van der Waals 

layered materials with weak van der Waals forces holding the planes together and (2) non van der 

Waals layered materials containing covalent out-of-plane bonds.32-35  

  

Figure 1.2 Graphene is a carbon containing nanomaterial possessing all 3 dimensionalities. 

It can be wrapped up into 0D buckyballs (right), rolled into 1D nanotubes (middle) or stacked into 

2D graphite nanosheets (left).36 

  
1.3.1 Two-dimensional van der Waals material 

Structurally 2D van der Waals NMs have single layers of neutral charge which are stacked 

together by weak van der Waals forces.37-38 These layered NMs have strong-in-plane covalent 

bonds and weak out-of-plane van der Waals forces.39 Owing to their unique structure they can be 



  5 

separated into atomically thin layers with stable structures.39-40 Graphene is one of the most 

interesting 2D materials owing to its atomic structure and high carrier mobility.41 Owing to the 

success of graphene, 2D nanostructures are being increasingly researched due to their superior 

physical, chemical, catalytic and electrical properties in their layered form compared with their bulk 

precursors and their potential applications in various fields, ranging from electronics to medicine.38, 

40, 42 Researchers have synthesized several 2D layered materials with unique properties like 

transition metal dichalcogenides (TMDs),37, 43-44 black phosphorus (BP),45-46 carbon nitride (C3N4),47 

metal oxides,48 hexagonal boron nitride (h-BN),49 2D metal organic frameworks (MOFs)50 and 

MXenes51  (Figure 1.3). Unlike graphene whose zero bandgap possess a lot of limitations, these 

new 2d nanomaterials show enhanced properties and can behave like insulators (e.g. h-BN) or 

semiconductors (e.g. TMDs).30 By exploiting the electrical and surface properties of these layers, 

novel tunable NMs have been produced which are atomically thin to few layers.40  
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Figure 1.3. Two-dimensional (2D) layered van der Waals materials.52-59  

 
1.3.2 Non-van der Waals material 

Along with the rise of 2D van der Waals materials, many 2D inorganic materials have been 

synthesized and studied for novel applications.35 Researchers have found metal oxides as one of 

the most versatile 2D materials because of their bandgap ranging from insulators to 

semiconductors.60 This led to the discovery of iron oxides (hematene) and their derivatives as a 

non van der Waals material with diverse applications that includes sensing,61 magnetic storage 

media62 and specifically catalysis (Figure 1.4A).63 Recently another class of ceramic materials 
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known as metal diborides with crystal structures consisting of alternative boron and metal planes 

held together with ionic/covalent bond have been researched (Figure 1.4B).64-66 The layered 

structure of metal diborides with their graphene-like boron sheets have generated stable 

dispersions of 2D ultrathin nanosheets in several solvents using ultrasonication-assisted exfoliation 

(Figure 1.4C).66 Results showed these metal diborides are flexible, scalable and tunable layered 

materials highly potent for further analysis and applications in biomedical fields. 

 

 
 

Figure 1.4. Synthesis and characterization of non van der Waals materials. (A) Schematic of 

the exfoliation of bulk hematite a non van der Waals material in DMF to produce hematene. 
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Showing two different crystallographic planes. The optical images of bulk hematite (left) and 

exfoliated in DMF (right).35 (B) Structure of non van der Waals metal diborides in top view and 

lateral views at thicknesses of layers. One unit cell with a and b axes is outlined in the top view.66 

(C) Optical images of metal diboride dispersions into layers in various organic solvents.66  

1.4 TMCs and their synthesis 

Transition metal dichalcogenides (TMDs), with the formula MX2 (where M = transition metal 

and X = chalcogen), have unique chemical, physical and electronic properties, ranging from 

insulators to semiconductors (e.g., Ti, Hf, Zr, Mo, and W dichalcogenides) to metallic or semi-

metallic (V, Nb, and Ta dichalcogenides).67 These properties arise from the progressive filling of 

the nonbonding d bands by the transition metal electrons.67 Owing to their out-of-plane weak van 

der Waals bonds, synthesis of these 2D NMs is straightforward. The fabrication methods can be 

classified into two categories: (1) top-down and (2) bottom-up (Figure 1.5).68  

The bottom-up approaches’ biggest advantage is in producing large scale 2D nanosheets for 

various applications.68 Among all the methods, chemical vapor deposition (CVD) is one of the most 

efficient ways of synthesizing uniform nanosheets with controlled thicknesses (Figure 1.5B).69-71 

Although this requires extremely high temperature due to high melting point of individual elements 

of these materials as well as costly equipment.61 Top down approaches are affordable, scalable 

and tunable methods to obtain single- to few-layered materials (Figure 1.5C-E).38, 64, 67-68 They 

consist of mechanical exfoliation,72 liquid-phase exfoliation65 or ion intercalation.73  Liquid-phase 

exfoliation method is one of the most common top-down methods and produces large-scale single- 

to few-layered nanosheets, which resulted into major advances in the field.64, 68, 73 Although with 

liquid exfoliation it is hard to control the number of layers and surface area of nanosheets, the 

method is extremely tunable and can enable functionalization with various solvents,74 surfactants75 

and polymers.26 We have successfully synthesized novel 2D layered materials for various 

biomedical applications. 
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Figure 1.5. TMCs and their synthesis methods. (A, B) Bottom-up approaches to produce large-

area high quality 2D nanosheets (A) Oxide thin film sulfurization and (B) Chemical vapor deposition. 

(C-E) top-down approaches of scalable synthesis of NMs. (C) mechanical exfoliation. (D) Liquid 

phase exfoliation. (E) Electrochemical exfoliation/ion intercalation.68  

1.5 Biomedical applications of TMCs 

Their ease of synthesis, unique properties and flexible surface modification abilities have 

made TMDs one of the most versatile NMs with great potential in the biomedical field.69 TMDs have 

strong light absorption ability in the near-infrared region making them a very good photothermal 

agent as well as cancer therapy in vivo.76-77 Due to their high surface-to volume ratio, large numbers 

of possible anchor sites, and high loading capacity through physical adsorption or chemical 

functionalization along with its high stability, TMDs are excellent candidates for drug delivery.78-80 

https://science.sciencemag.org/content/sci/340/6139/1226419/F2.large.jpg?width=800&height=600&carousel=1
https://science.sciencemag.org/content/sci/340/6139/1226419/F2.large.jpg?width=800&height=600&carousel=1
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Owing to its enhanced mechanical strength they are promising bone regeneration scaffolds used 

for tissue engineering.81 The unique chemical composition and direct band gap of layered TMDs 

makes them a highly potent bioimaging agent.82-83 Furthermore, tunable properties of TMDs like 

mechanical,69 catalytic84 and antimicrobial properties26, 85-86 along with high biocompatibility make 

them an attractive alternative for medical device fabrication. Hence with detailed research and 

specific modifications, TMDs are promising NMs for vast range of biomedical applications (Figure 

1.6).69 In this dissertation we have synthesized and characterized novel biocompatible 2D TMD 

molybdenum diselenide (MoSe2) along with detailed study of them as a broad-spectrum 

antimicrobial agent against MDR bacteria and fungi. 

 

 

Figure 1.6. Schematic representation of TMCs in biomedical applications.69, 76, 79, 81, 85-87  
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1.6 Nanozymes 

Nanozymes are nanomaterials with enzyme-like properties have attracted increasing 

interest over the past decade because of their ability to overcome the limitations of natural enzymes 

such as low stability, high cost, and difficult storage and can have a lot of potential applications 

(Figure 1.7A).87 Since the discovery of ferromagnetic nanoparticles with intrinsic horseradish 

peroxidase-like activity in 2007, a large number of NMs have been reported which show enzyme 

mimetic activity (Figure 1.7B).88 For example, iron oxide magnetic nanoparticles (Fe3O4 NPs) show 

pH-dependent peroxidase-like and catalase-like activities; Prussian blue NPs (PB NPs) possess 

multi-enzymatic activity;89 and manganese oxide (Mn3O4) NPs can mimic all three cellular 

antioxidant enzymes including superoxide dismutase, catalase, and glutathione peroxidase among 

them. Molybdenum (Mo) based nanomaterials have also been reported with multi-enzymatic 

activity (Figure 1.7C).84, 90-91 Other 2D TMDs have also shown peroxidase like activity like MoSe2.92-

94 By taking advantage of the unique physiochemical properties of NMs and further detailed 

research, a broad range of applications from detection, biosensing to substituting traditional 

enzymes in living cells can be achieved thereby bridging nanotechnology and biology.95 In this 

dissertation we have introduced and explored the enzymatic activity of the non van der Waals 

layered material hafnium diboride (HfB2). 
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Figure 1.7.  Nanozymes. (A) Recent applications of nanozymes in biosensing.96 (B) TEM images 

of nanozyme Fe3O4 MNPs of different sizes (top). Catalysis by Fe3O4 MNPs of various peroxidase 

substrates in the presence of H2O2 (middle). Scheme of the mechanism of catalysis by 

Fe3O4 MNPs where AH is the substrate (bottom).88 (C) Peroxidase‐like activity of TMC 

molybdenum (Mo)‐based nanozymes with various chromogenic substrates (top). The catalytic 

mechanisms of Mo‐based nanozymes: Fenton‐like reactions (left) and electron transfer reactions 

(right).84  

1.7 Dissertation overview 

 This dissertation focuses on the engineering of 2D layered nanomaterials by taking 

advantage of their versatile physiochemical properties followed by eradication of multidrug resistant 

bacteria and fungi as well as the enzyme mimicking activity of these innovative materials. In 

Chapter 2 we screen a range of TMDs to test their antibacterial efficacy when encapsulated by 

single-stranded DNA (ssDNA), inspired by our previous work.86 Then we developed a novel 
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nanomaterial consisting of MoSe2 nanosheets, the cationic polymer poly-L-lysine (PLL) and the 

nonionic block co-polymer Pluronic F77. This showed enhanced antibacterial activity through the 

synergistic effect of sharp 2D nanosheets of MoSe2 and cationic charge of PLL along with the 

stabilizing power of Pluronic F77 in biological media. It successfully eradicated MoSe2/PLL/F77 

against both gram-positive and gram-negative bacteria showing a broad-spectrum NM which is 

target specific due to its positive charge and enhanced biocompatibility and high efficiency at a very 

low concentration. In Chapter 3 we demonstrated the ability of MoSe2/PLL/F77 to eradicate and 

inhibit biofilms altogether. Since, biofilms have an extracellular matrix, it is much more difficult to 

eliminate them or prevent them from spreading. MoSe2/PLL/F77 not only successfully killed them, 

but they also prevented the growth and spreading of biofilms on various medically relevant surfaces 

when coated with MoSe2/PLL/F77, getting us one step closer to its potential application. In Chapter 

4 we tested the antifungal efficacy of MoSe2 wrapped in chitosan (CS), a known naturally occurring 

antifungal polymer. With the combination of MoSe2/CS we observed a highly biocompatible 

material which was successful in 100% elimination of both yeast-like fungi as well as filamentous 

fungi which are lot harder to kill. We also were able to eradicate a new class of fungal isolates 

designated by the CDC as drug-resistant, Candida auris. These strains are responsible for serious 

invasive infections and multiple hospital outbreaks globally.97 Additionally, detailed analysis of the 

antifungal mechanism of MoSe2/CS against fungi was done for a better understanding of how 

MoSe2 works. In Chapter 5 we synthesized and analyzed metal diborides, a new class of non van 

der Waals material for biomedical application. These high-temperature ceramic materials are 

structurally close to graphene and TMDs. Previously in our lab a detailed study of structural 

properties, mechanical properties and scalable synthesis of metal diborides was performed.64-66 

Hence, we further explored the possibility of using them in biomedical applications owing to its 

biocompatibility. We observed among all the metal diborides, HfB2 showed excellent peroxidase-

like activity with extremely high affinity for hydrogen peroxide. Furthermore, it was highly potent as 

an antibacterial agent against both gram-negative E. coli and MDR gram-positive S. aureus. Finally, 

Chapter 6 concludes this dissertation and provides possible future directions which can bridge 
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nanotechnology with biological applications, thereby solving a lot of current healthcare issues with 

promising alternative solutions. 
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CHAPTER 2 

Elimination of multi-drug resistant bacteria with the help of transition metal chalcogenides 

2.1 Introduction 

The increase in multi-drug resistant (MDR) infections have emerged as a global health 

hazard which make many current available antibiotics ineffective.1 According to World Health 

Organization (WHO), MDR infections comprise some of the greatest threats to global health, food 

security, and development today, resulting into 700,000 deaths annually.2-3 It has been reported 

that by the year 2050, mortality rate will be 10 million individuals per year.2-3 Individuals most 

affected by these MDR bacteria are clinical patients after surgery, premature infants, cancer 

patients and transplantation patients.4-5 Hence, finding an alternative to overcome this problem is 

an urgent necessity. Among all the species of bacteria, the Infectious Disease Society of America 

(IDSA) has identified six different species to be most harmful due to their resistance mechanism, 

emergence of new resistant species and virulence.3 They are referred to as ‘ESKAPE’ pathogens 

where each letter represents each species namely, Enterococcus faecium (E. 

faecium), Staphylococcus aureus (S. aureus), Klebsiella pneumoniae (K. 

pneumoniae), Acinetobacter baumannii (A. baumannii), Pseudomonas aeruginosa (P. aeruginosa) 

and Enterobacter species.6-7 This group consists of both gram-negative and gram-positive 

pathogenic species that are resistant to one or more conventional antibiotics. These ESKAPE 

pathogens commonly lead to fatality, especially among post-surgical patients, 

immunocompromised individual and infants.8  

The growth of resistance is attributed to the overuse and misuse of the conventional 

antibiotics and over the past two decades they have become ineffective against a broad spectrum 

of bacteria.9 Furthermore, the rise of new mutated strains every few months have made it 

impossible to contain and efficiently treat these infections.10-13 Thus alternative strategies are 

needed to combat the rise of MDR bacteria. Researchers are exploring next-generation strategies 

to circumvent the resistance mechanism of bacteria unlike the approach of traditional antibiotics.14-

15 Alternative strategies include antimicrobial peptides (AMP),14, 16 metal oxide nanomaterials17 and 

nanoparticles.18 Among these AMPs are shorter sequences of peptides which are cationic in nature 
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and target negatively charged bacteria cell membrane with high specificity.19 The electrostatic 

interaction between positively charged AMPs and negatively charged bacteria leads to cell 

disruption and finally cell death.19-20 Owing to its toxicity at higher concentration towards 

mammalian cells the scope of applying it as a potential antibacterial drug is limited.19, 21-22 

Furthermore lack of scalability, cost of production, stability and resistance mechanism of bacteria 

against them hinders their use as well.23-24 Whereas, antibacterial agents like nanoparticles,16 metal 

and metal oxides,25 carbon-based nanomaterials (CBNs),26 and biosurfactants27 rely on their 

unique physio-chemical properties and high surface-to-volume ratio commonly known as 

nanoantibiotics.28-30 These nanoantibiotics target bacteria by disruption of cell membrane, 

generation of oxidative stress and membrane depolarization making it far more effective against 

the growing resistant mechanism of these bacteria.28-29, 31-32 While they are highly effective they 

have some limitations like toxicity at higher concentration and difficult synthesis methodologies.33 

Hence, we require nanotechnology-enabled antibacterial systems that are highly effective against 

MDR bacteria, while being simple to synthesize and biocompatible towards mammalian cells. 

Recent studies have shown two-dimensional (2D) transition-metal chalcogenides (TMCs), 

a type of layered material have unique potential in medical applications.34-35 TMCs have exhibited 

great promise in terms of antimicrobial activity due to their large surface area, generation of reactive 

oxygen species and high biocompatibility attributed to their properties in 2D state and 

hydrophobicity compared to CBNs.35-40 It has been previously reported that polymers like 

oligonucleotides,36, 38 AMPs,41 and chitosan40 are good dispersing agent producing 2D nanosheets 

of TMCs which are biocompatible making it highly suitable as antibacterial agent. Hence, we 

synthesized and characterized different TMCs in single stranded (ss) DNA inspired by our previous 

work.38 Furthermore, we screened the antibacterial efficiency of these synthesized TMCs to identify 

the most efficient TMD. We observed complete eradication of bacteria by 2D TMD, molybdenum 

diselenide (MoSe2) at a concentration of 100 µg ml-1 after 4 h of incubation. 

To increase the efficiency and target MDR bacteria with higher specificity, we further 

integrated two antimicrobial components, AMPs and 2D MoSe2, into a single system to 

synergistically combat MDR bacteria. In this chapter, we report the synthesis and characterization 
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of stable 2D TMC complexes of molybdenum diselenide (MoSe2) encapsulated by the cationic AMP 

poly-L-lysine. The incorporation of PLL on nanomaterial surfaces reduces non-specific peptide 

interactions with mammalian cells while enhancing specific interactions with the negatively charged 

bacterial cell membrane. We hypothesized that the presence of cationic peptides on the surface of 

MoSe2, a two-dimensional material with intrinsic antibacterial activity, would increase the local 

concentrations of the cationic peptides thereby requiring lesser concentration of the AMP making 

it more biocompatible. It also enables MoSe2 to exhibit enhanced antibacterial efficiency at a much 

lower concentration as compared to MoSe2/ssDNA which is negatively charged due to phosphate 

bonds on the backbone of DNA.38 For further stabilization of the MoSe2/PLL solution at higher salt 

concentration we incorporated nonionic biocompatible block copolymer Pluronic F77 to provide 

steric stabilization. Hence, MoSe2/PLL/F77 showed high efficiency in eradicating bacteria. Hence, 

owing to its cationic nature it was also highly proficient against both gram-positive and gram-

negative ‘ESKAPE’ strains, at a lower minimum bactericidal concentration (MBC) of 50 µg ml-1. 

Furthermore, it was highly biocompatible towards both mammalian cells and red blood cells. 

MoSe2/PLL/F77 also inhibited any significant development of resistance towards gram-positive and 

gram-negative bacteria after 20 serial passages as compared to known clinical antibiotics. 

Additionally, with the help of transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM) we evaluated the antibacterial mechanism of MoSe2/PLL/F77 demonstrating 

multimodal antibacterial mechanism which includes electrostatic interactions with bacterial cell 

membrane, followed by disturbance to membrane potential, oxidative stress and finally cell death.  

2.2 Preparation and characterization of 2D TMCs 

 A scalable, affordable and tunable method of synthesizing 2D TMCs materials from bulk 

powders is liquid phase exfoliation of TMCs through ultra-sonication.42 In the liquid phase 

exfoliation, ultrasonic waves generate cavitation bubbles that collapse, releasing sufficient energy 

to break apart layered materials causing exfoliation of bulk materials into 2D nanoflakes.42-43 For a 

successful exfoliation bulk crystals are exposed to energetic forces like ultra-sonication and 

vibration to overcome the weak van der Waals forces that hold together these layered materials.44-

45 Inspired by previous work on the use of surfactant and oligonucleotides for the colloidal 
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stabilization of nanomaterials,36, 46-47 we first conducted studies dispersing the TMCs in various 

ssDNA sequences.38 These experiments have shown that TMCs can be stably dispersed by 

optimal ssDNA sequences in aqueous solution. In these dispersions, the ssDNA adsorbs to the 

surface of the TMC nanosheets through non-covalent π-π stacking interactions involving both 

purine and pyrimidine bases of the DNA molecules. This interaction enables the sugar-phosphate 

backbone of ssDNA to orient away from the surface of the TMC to establish a negatively charged 

hydrophilic outer layer stabilizes the nanosheets in aqueous solution. Hence to analyze the 

antibacterial efficacy of TMCs having different compositions, we used the T20 sequence of ssDNA 

which proved to be the most efficient in dispersing TMCs, MoSe2 and MoS2.38 For this study, we 

dispersed eight different TMCs (molybdenum disulfide (MoS2), molybdenum diselenide (MoSe2), 

tungsten disulfide (WS2), tungsten diselenide (WSe2), tin sulfide (SnS), tin diselenide (SnS), 

bismuth disulfide (Bi2S3) and bismuth diselenide (Bi2Se3)) in ssDNA T20. 

We took bulk powders of eight different TMCs MoS2, MoSe2, WS2, WSe2, Bi2S3, Bi2Se3, 

SnSe, and SnS, and ultra-sonicated them for 2 h in aqueous solutions containing 1.6 mg ml-1 T20 

ssDNA sequence. The concentration of the TDMCs were determined using ICP-MS and optical 

images were also taken (Figure 2.1A). MoSe2 in ssDNA had a dark brown color with mass 

concentration of 0.806 mg ml-1. Whereas MoS2 and WS2 had a dark green color with concentrations 

of 0.15 mg ml-1, 0.16 mg ml-1, respectively. WSe2, SnSe, SnS, Bi2Se3 and Bi2S3 were light brown 

in color with concentrations 0.29 mg ml-1 1, 0.19 mg ml-1, 0.13 mg ml-1, 0.10 mg ml-1 and 0.16 mg 

ml-1, respectively. UV-vis spectra of the nanomaterial dispersions were acquired in the range of 

400-900 nm at room temperature (Figure 2.1B). Characteristic adsorption peaks for excitonic 

transitions were observed at the locations marked by asterisks (*). No significant peaks were 

observed for Bi2Se3 and Bi2S3 (Figure 2.1B). The aqueous stability of the nanomaterial dispersions 

was determined by measuring zeta potential for MoS2, MoSe2, WS2 and WSe2. For ssDNA 

dispersions the value ranged from -20 mV to -40 mV (Figure S2.1). The nanosheets were 

negatively charged because of the phosphate backbone of ssDNA, which stabilizes the sheets and 

prevents their aggregation through electrostatic repulsion. TEM images were also taken to study 

the morphology of the resulting TMC nanosheets (Figure 2.1C). The biopolymer dispersions 
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produced materials with thin nanosheet structures. Typical lateral dimensions of the flakes were 

~100 nm by ~100 nm for MoSe2 and MoS2, ~300 nm by ~200 nm for WSe2, ~250 nm by ~150 nm 

for WS2, ~250 nm by ~200 nm for Bi2Se3 and Bi2S3, ~250 nm by ~250 nm for SnSe, and ~350 nm 

by ~200 nm for SnS. 

 

Figure 2.1: Characterization of TMCs. (A) Exfoliation of TMCs in ssDNA solution as a dispersing 

agent. (B) Characterization of different TMCs using UV-vis spectroscopy in ssDNA solution. 

Excitonic peaks (*) over a range of wavelength from 300 nm to 900 nm. (C) TEM images of TMCs 

dispersed in ssDNA. (D) TEM image showing dispersed MoSe2/CS nanosheets. 

2.3 Screening of antibacterial activity of TMCs 

To study the difference in antimicrobial effects of all eight above-mentioned TMCs 

dispersed in ssDNA (Figure 2.2A), we treated Escherichia coli (E. coli) MG1655, a non-pathogenic 

K12 strain with different concentrations of the TMC nanosheets for 4 h. After treatment, the 

efficiency of individual TMCs were determined through the microdilution method. Out of the eight 

compounds, MoSe2/ssDNA was the most promising antimicrobial agent, with 99.97% eradication 

of E. coli at a concentration of 50 μg ml-1. MoS2/ssDNA and WSe2/ssDNA were the next most-

effective material, killing over 98.62% and 98.52% of the bacteria at 50 μg ml-1 concentration, 

respectively. WS2/ssDNA showed 97.77% but not as effective as WSe2/ssDNA, which is in 

agreement with previous studies as well.37 Bi2S3/ssDNA, Bi2Se3/ssDNA and SnS/ssDNA showed 
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the least amount of activity with 97.66%, 97.67% and 94.40% respectively. Lastly SnSe/ssDNA 

proved unstable, showing signs of aggregation beyond 24 h, and measurements of its antimicrobial 

activity were inconclusive (Figure 2.2A).  

Since MoSe2 provided significantly higher antibacterial activity compared to the other 

TMCs, we also performed a comparison to study the antibacterial effectiveness of MoSe2/ssDNA 

compared to the most widely used 2D antimicrobial graphene oxide (GO).48 The experiment 

showed that MoSe2/ssDNA provided substantially enhanced activity compared to GO (Figure 

2.2B). At a concentration of 100 μg ml-1, MoSe2/ssDNA completely (100%) eradicated the E. coli 

culture, whereas GO eliminated only 79.76% of the cells. 

 

Figure 2.2: Antibacterial screening of TMCs. (A) CFUs at different concentrations were used to 

determine MBC values of different TMCs against K-12 E. coli (gram-negative) strain. MoSe2 was 

determined at to have highest antibacterial efficiency at 50 μg ml-1 of nanomaterial. (B) Comparison 

of antibacterial activity between MoSe2 and GO against K-12 E. coli strain. All experiments were 

done in triplicate. Dashed line (at the bottom) indicates complete eradication of bacteria cells. 

2.4 Antibacterial activity and biocompatibility test 

2.4.1 Antibacterial activity against MDR bacteria 
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Previous reports suggest that cationic polypeptide, poly-L-lysine (PLL) has the ability to 

interact with the negatively charged bacterial cell membrane whereas, hydrophobic butyl chains 

enabled it to interact with the surface of the 2D TMCs like MoSe2.49-51 We thus investigated 

nanosheet formulations combining both PLL and MoSe2 in the hopes of obtaining higher 

antibacterial activity. MoSe2 was ultrasonicated in presence of PLL for 2 hours. PLL helped stabilize 

the MoSe2 layers via electrostatic interactions, after ultrasonication breaks through the weak van 

der Waals interactions of the layers resulting in successful exfoliation (Figure S2.2A). Stabilization 

was confirmed by zeta potential measurements showing +41 mV positive charge of the resulting 

solution (Figure S2.3A). Despite the high stability of the MoSe2/PLL in the colloidal suspension, 

we observed aggregation in solutions having high salt concentrations. To further stabilize our 

material in buffer media, we introduced the known biocompatible nonionic block copolymer Pluronic 

F77,52-53 which provided additional stabilization to the nanosheets using steric repulsion. Zeta 

potential measurements of the colloidal dispersions showed a reduced zeta potential of +21 mV 

(Figure S2.3A). After successful stabilization of MoSe2 nanosheets using PLL and Pluronic-F77, 

excess polymer was removed from the solutions using dialysis for 24 h. An optical image of the 

colloidal solution shows a dark brown colored solution (Figure S2.3B). We evaluated the 

morphology of the nanomaterial using TEM (Figure S2.2B). The morphological analysis of 

MoSe2/PLL/F77 using TEM, demonstrated successful exfoliation and thin flake-like structures of 

dispersed nanomaterial with lateral dimensions in the range of 50-100 nm. The polymer content on 

the surface of MoSe2 was further determined using thermogravimetric analysis (TGA). The TGA 

analysis of MoSe2/PLL/F77 demonstrated presence of 22% polymer on the surface of MoSe2 

(Figure S2.2B) 

After successful synthesis of MoSe2/PLL/F77, we evaluated the antibacterial efficiency of 

MoSe2/PLL/F77 against multidrug resistant (MDR) gram-negative and gram-positive bacteria 

known as ‘ESKAPE’ strains.6 Minimal bactericidal concentrations (MBC) were evaluated using 

microdilution and colony counting after incubating the material for 2 h at 37 °C. MoSe2/PLL/F77 

completely eradicated both gram-positive and gram-negative strains at 50 µg ml-1 (Figure 2.3A 

and 2.3B). It was equally effective against both types of bacterial strains showing its broad-
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spectrum antibacterial efficacy. We also observed that MoSe2/PLL/F77 was far more effective at a 

lower MBC concentration of MoSe2 with reduced incubation time compared to MoSe2/ssDNA. This 

confirms that the addition of a cationic PLL enhanced the killing of bacteria by synergistically 

working with the MoSe2 nanoflakes.  Furthermore, both P. aeruginosa and K. pneumoniae were 

successfully killed at a considerably low concentration of 50 µg ml-1. Usually, it is harder to treat 

these species owing to their thick extracellular layer and low permeability of antibiotics, thus 

demonstrating the potency of MoSe2/PLL/F77 as an antibacterial agent.54-55 

2.4.2 Biocompatibility 

We then determined the biocompatibility of MoSe2/PLL/F77 on mammalian RAW 264.7 

cells using the alamarBlue assay. This fluorescence-based assay measures the metabolic activity 

of cells based on oxidation-reduction chemistry where the indicator to changes the color in 

response to chemical reduction of growth medium (DMEM) resulting from the cell growth.56 Results 

show above 90% mammalian cell viability at a concentration as high as 200 µg ml-1 (Figure 2.3C). 

We also tested MoSe2/PLL/F77 against human red blood cells (RBCs) using hemolysis assays. 

The hemolysis assay measures the cytotoxicity of different materials by determining the extent of 

cell lysis. After incubation of MoSe2/PLL/F77 with RBCs for 2 h, no significant hemolysis was 

observed, with below ~30% hemolysis of RBC observed at concentrations as high as 200 µg ml-1 

(Figure 2.3D). Concentrations which cause less than 50% (indicated by the dashed line) hemolysis 

of red blood cells are considered hemocompatible.16  

2.4.3 Resistance study 

Overuse of antibiotics has led to the evolution of bacteria strains which led to resistance 

mechanisms making these antibiotics redundant. Hence, we evaluated the growth of bacteria in 

presence of antibiotics imipenem, gentamicin, rifampin, PLL and MoSe2/PLL/F77. We studied 

resistance development in P. aeruginosa and S. aureus. Both the strains were treated with 

antibiotics for 16 hours, MIC was determined at 0.5 x MIC concentrations. Therein, colonies from 

the treatment were used for the next round of exposure to the antibacterial compounds. This 

procedure was carried out for 20 serial passages. No resistance development was observed for 
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MoSe2/PLL/F77 after 20 serial passages (Figure S 2.4). We observed both P. aeruginosa and S. 

aureus developed resistance to PLL after 8 passages and a 4-fold increase in dosage. For P. 

aeruginosa, we treated the bacteria with two clinically approved antibiotics: imipenem and 

gentamicin with more than 4-fold increase in dosage after 10 passages ((Figure S 2.4A). Similarly, 

S. aureus developed resistance to the rifampicin after 8 passages with more than 4-fold increase 

in dosage (Figure S 2.4B). Whereas MoSe2/PLL/F77 showed no development of resistance 

confirming that 2D TMC, MoSe2 is a useful antibacterial agent against growing resistance. 

 

 

 

Figure 2.3: Antibacterial activity and biocompatibility of MoSe2/PLL/F77. (A) Minimum 

bactericidal concentrations (MBC) of MoSe2/PLL/F77 against gram-positive multidrug-resistant. 
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(MDR) ‘ESKAPE’ strains. (B) MBCs of MoSe2/PLL/F77 against gram-negative MDR ‘ESKAPE’ 

strains. (C) Percent mammalian cell viability of HEK 293 after treatment with MoSe2/PLL/F77 

showing. (D) Percent hemolysis of whole human red blood cells (RBCs) on treatment with 

MoSe2/PLL/F77. All experiments were performed in triplicate. (Experiments were performed by 

Abhishek Debnath). 

2.5 Morphological study 

To evaluate effects of MoSe2/PLL/F77 on bacteria cells, we analyzed the morphology of 

bacteria cells using SEM and TEM (Figure 2.4). We analyzed morphology of gram-negative A. 

baumannii and gram-positive S. aureus bacteria at a concentration of 50 µg ml-1 (1 x MBC) of 

MoSe2. The untreated cells were considered control and were compared with cells after treatment 

with the material. SEM images showed both the bacterial strains having intact morphology in the 

absence of MoSe2/PLL/F77 (Figure 2.4A and 2.4C). After treatment with 1 x MBC of 

MoSe2/PLL/F77, the bacterial cell membrane demonstrated distinct membrane damage, disruptive 

features and interaction with nanomaterials (Figure 2.4B and 2.4D). Further analysis of the cross-

sectional view in the TEM images of the control samples showed that the cytoplasm was intact with 

unbroken cell membranes and healthy cells (Figure 2.4E and 2.4G). Whereas, treated samples 

show sharp-edged MoSe2 nanoflakes encapsulating the bacteria cells along with ruptured cell 

membrane and leaking of cytoplasm (Figure 2.4F and 2.4H). The localization of nanomaterials 

around the bacteria can be attributed to the strong electrostatic interactions between 

MoSe2/PLL/F77 and the negatively charged phospholipids of bacterial outer membrane. The 

presence of these nanoflakes generates physical stress which can destabilize and reduce the 

rigidity of the cell membrane, leading to disruption and membrane damage. The high turgor 

pressure inside the cell combined with these interactions with the membrane enables the rupture 

of cell wall, cytoplasmic leakage and finally cell death. Hence, we validate that MoSe2/PLL/F77 

weakens, damages, inhibits and kills both gram-positive and gram-negative bacterial strains. 
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Figure 2.4. Morphology of cells of MoSe2/PLL/F77 against A. baumannii and S. aureus. (A, 

C) SEM images of healthy control cells of A. baumannii (A) and S. aureus (C). (B, D) SEM images 

showing disruptive features (red arrows), morphological deformation (cyan arrows) and broken 

outer membrane (green arrows) of A. baumannii (B) and S. aureus (D) in the presence of 

MoSe2/PLL/F77. (E, G) TEM images of control cells of A. baumannii (E) and S. aureus (G) with 

intact cytoplasm. (F, H) TEM images of A. baumannii (F) and S. aureus (H) in the presence of 

MoSe2/CS showing MoSe2 flakes interacting with cell wall (pink arrows), leading to rupturing of 

the cell wall (green arrows) and cytoplasmic leakage (orange arrows).  

2.6 Conclusion 

We synthesized several TMC compositions in ssDNA and characterized them with the help 

UV-vis spectroscopy and TEM. We observed the synthesis of 2D nanosheets which we screened 

to analyze their antibacterial efficacy. We observed that among all TMCs MoSe2 nanosheets were 

dispersed in ssDNA most efficiently. We also compared the antibacterial activity against a known 

2D material, GO and observed MoSe2 to be ~21% more effective against gram-negative strain E. 

coli at 100 μg ml-1 within 4 h of treatment. We also successfully designed and fabricated a novel 

target-specific antibacterial agent where MoSe2 was prepared by liquid phase exfoliation 
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encapsulated in cationic AMP, PLL and nonionic Pluronic F77 (MoSe2/PLL/F77). Electron 

microscopy of the synthesized nanosheets showed a high degree of exfoliation of bulk MoSe2 into 

monolayer and few-layer nanosheets of various sizes. Evaluation of the antibacterial activity of the 

MoSe2/PLL/F77 nanosheets revealed their exceptional ability to eradicate MDR gram-positive and 

gram-negative bacteria within 50 μg ml-1 of MoSe2/PLL/F77 after treatment of 2 h. We also tested 

the toxicity of the material with alamarBlue assay and hemolysis assay which clearly showed it to 

be highly biocompatible at concentration as high as 200 μg ml-1. Furthermore, TEM and SEM of 

the treated bacteria cell showed multimodal action of MoSe2/PLL/F77 which includes membrane 

disruption, leaking of cytoplasm and disintegration leading to cell death. Additionally, we tested our 

material for development of resistance over 20 serial passage of P. aeruginosa and S. aureus. We 

observed no development of resistance was observed by bacteria while parallel experiments with 

clinical antibiotics showed rapid resistance development. The remarkable antibacterial 

performance and inhibition of resistance shows the ability of MoSe2/PLL/F77 as a potent 

antibacterial system with the capacity to combat a broad spectrum of different drug-resistant 

bacterial pathogens. In the future, MoSe2/PLL/F77 has the possibility of further researching them 

against biofilms which is the lead cause of nosocomial infections. It can also be analyzed for several 

biomedical applications like wound dressings, ultrafiltration of membranes and environmental 

applications. 
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Chapter 3 

Eradication and inhibition of bacterial biofilms using 2D MoSe2 wrapped in biopolymers 

3.1 Introduction 

Pathogenic bacteria and fungi are an ever-growing global threat to human health,1 and the 

rapid evolution of pathogenic bacteria into multi-drug resistant (MDR) ones also pose a significant 

danger to healthcare and food supplies.2-4 Existing clinical antibiotics have become ineffective 

against many MDR bacteria due to misuse and overuse.5-6 When antibiotics fail to kill bacteria, they 

adhere to living or inanimate surfaces leading to the formation of biofilms.5 Biofilms are communities 

of microbes found either attached to a surface or buried firmly in an extracellular matrix (ECM) as 

aggregates.7 The outer layer of the biofilm, containig ECM, made up of polysaccharides, DNA and 

peptides, and provides a protective coating.8-9 They have proven to be extremely adaptable and 

resilient in the environment and very hard to kill. Moreover, the biofilms are responsible for causing 

a broad range of chronic diseases and due to the emergence of antibiotic resistance in bacteria it 

has really become difficult to treat.7 Thus far, only a few molecules such as proline, arginine, 

phenylalanine and tryptophan containing agents have demonstrated effective killing against 

biofilms by targeting the stress response in bacteria.10-11 Hence, commonly available antibiotics are 

ineffective for treating these biofilm related infections ineffective, due to their higher values of 

minimum inhibitory concentration (MIC) and minimum biofilm eradication concentration (MBEC), 

which may result in in-vivo toxicity.7 Currently, biofilm growth has become a global issue in 

healthcare recognized as nosocomial diseases, which are leading to growing fatalities.12-13 

Nosocomial diseases are spread through the medical environment or people coming in contact with 

healthcare settings.14 Biofilm infections of the teeth, lungs, skin, heart and urinary tract are highly 

lethal.15-17 In fact, biofilm infections are source of 60% of post-surgical complications and 80% of 

deaths caused by infections.18-19 Nearly 80% of all medical devices and surgical implants such as 

intravenous and urinary catheters, dentures, breast implants, contact lenses and pacemakers are 

known to have been infected by pathogenic bacteria.20-25 Nosocomial diseases are prevalent all 

over the world, and on average 8.7% hospital patients at a time are infected by nosocomial 

diseases worldwide. Currently approximately 2 million people in the United States, 30,000 people 
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in Europe, 25% to 40% of patients in India and over 1.4 million in the rest of the world suffer from 

post-surgical complications due to nosocomial diseases leading to billions of dollars being spent 

annually.15, 26-27 Hence, there is an urgent need to tackle biofilms and their role in nosocomial 

infections. 

In the recent years, nanometer-sized antimicrobial agents have shown promising potential in 

combating MDR bacteria due to their greater activity, large surface to volume ratio, and ability to 

control their physiochemical properties.5 Thus, they have a potential future in controlling and 

treating pathogenic biofilms on various medical devices and implants.28 The nanomaterials showing 

antibiofilm activity so far are metals and their oxides,29-31 inorganic materials and nanoparticles,32-

36 two dimensional (2D) nanomaterials,37-40 peptides41 or combinations of these.41-44 In addition, 

biopolymers or nanoparticle/nanomaterial-polymer composites are being explored in an effort to 

make these nanomaterials less toxic.40, 44-49 Recently, near-infrared light (nIR) or alternating 

magnetic fields coupled with nanomaterials like gold nanorods and 2D transition metal 

dichalcogenides (TMCs) are being investigated to eradicate biofilms.15, 49-51 Despite the immense 

progress in exploring these novel antibiofilm agents, their direct use has been limited due to 

complexity of preparation, short term effect, toxicity, lack of clinical applicability and high cost.28 

Thus, there is an immediate requirement for a cost-effective nanomaterial that can be easily 

synthesized, is highly biocompatible and can be used as a potent coating on biomedical 

instruments or implants.  

Since the discovery of graphene in 2004,52-53 2D nanomaterials have received significant 

attention due their ultrathin dimensions, and exceptional physical and chemical properties.54-58 

Since then, ultrathin TMCs have been investigated and further explored in various fields like 

catalysis,59-61 sensors,62-63 energy storage,64-65 environmental remediation66-67 and 

nanomedicine.68-71 Owing to their large surface area, stability, and high biocompatibility, they have 

many advantages as alternative materials for biomedical applications.68, 70 In recent years, their 

antimicrobial properties have been investigated in depth.72 Additionally, it has been reported that 

atomically thin TMCs are capable of bacterial membrane damage due to their sharp edges and 

presence of abundant active sites lead to reactive oxygen species (ROS) generation.73-75 Unlike 
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antibiotics, 2D materials exhibit a physical antimicrobial mechanism, which reduces the chances of 

pathogenic MDR to grow resistance towards them.76 Few-layer TMD nanosheets can be produced 

in a high yield and cost-effective manner in large quantities by liquid phase exfoliation,77-79 

specifically, with solvents matching the surface energy of TMCs.49 However, organic solvents are 

often toxic to cells,49 so biocompatible water-soluble surfactants,78 biomacromolecules79-82 and 

polymers83-86 must be used to stabilize the nanosheets to prevent them from reaggregating,78 

although the yield of nanosheets using these dispersants tend to be lower than with organic 

solvents. Previously, poly-L-lysine (PLL) has been reported to reduce the toxicity of single-walled 

carbon nanotube (SWNT) when processed on its surface.87 PLL is a well-established polycationic 

biopolymer known to show antimicrobial activity.88 Furthermore, PLL has successfully exfoliated 

bulk TMCs in aqueous medium with high yield at a low cost in our lab previously showing great 

antibacterial efficacy against a range of MDR bacteria.89  

In this paper, we report a synthesis of 2D molybdenum diselenide (MoSe2) in the presence of 

0.2 mg ml-1 of the cationic peptide polymer PLL with the help of liquid phase exfoliation (LPE) to 

enhance the eradication of MDR biofilms. The MoSe2 nanosheets were stabilized in water and 

other physiological media with the help of 0.5% (wt/v%) biocompatible polymer Pluronic F77. We 

observed that MoSe2/PLL/F77 dispersions demonstrated efficient killing of several pathogenic 

bacteria: methicillin-resistant Staphylococcus aureus (MRSA), Acinetobacter baumannii (A. 

baumannii) and Pseudomonas aeruginosa (P. aeruginosa). The concentrations of MoSe2/PLL/F77 

required to kill each of these bacteria were quite low (75 µg ml-1, 50 µg ml-1 and 75 µg ml-1, 

respectively). This was achieved without any external stimulus like near infrared (nIR) light,15, 90 

antibacterial drugs,40 complex ligands,46 or biocidal nanoparticles.44 It successfully eradicated both 

gram-positive and gram-negative bacterial biofilms at a concentration of 150 µg ml-1. After 

treatment with MoSe2/PLL/F77 we observed significant decrease in biofilm mass and metabolic 

activity. Confocal microscopy and electron microscopy were done to qualitatively and quantitatively 

demonstrate greater than 90% destruction and inhibition in growth and maturation of biofilms. The 

MoSe2/PLL/F77 dispersion was also successfully coated over various surfaces pertinent to surgical 

tools like implants, catheters, and pacemakers. These coatings were long-lasting and highly 
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effective in inhibiting biofilm growth, with less than ~6.57% surviving cells. We used energy 

dispersive x-ray analysis (EDX) to detect the presence of Mo and Se elements inhibiting biofilm 

formation on different surfaces. The therapeutic potential of MoSe2/PLL/F77 nanosheets was 

evaluated by analyzing its cytotoxicity toward mammalian cells, demonstrating more than 90% 

viability. These results indicate that MoSe2/PLL/F77 nanosheets are highly efficient antibiofilm 

agents with a high degree of biocompatibility toward mammalian cells which can be used as 

coatings to prevent biofilm growth in hospitals and public settings. 

3.2 2D MoSe2/PLL/F77 synthesis and characterization 

MoSe2/PLL/F77 was prepared via ultrasonication of bulk molybdenum diselenide (MoSe2) 

powder in solution phase in a two-step process using 0.2 mg ml-1 PLL followed by 0.5% Pluronic 

F77. The resulting dispersion has a dark brown color (Figure 1A). UV-vis spectra and TEM were 

used to characterize the structure and composition of MoSe2/PLL/F77. The concentration of 

MoSe2/PLL/F77 was ~0.3 mg ml-1 determined using ICP-MS. UV-vis spectra of the MoSe2 

dispersions were acquired in the range of 500-900 nm at room temperature. Characteristic 

adsorption peaks for excitonic transitions were observed at 700 nm and 800 nm marked by 

asterisks (*) in Figure 1B. TEM measurements indicate the biopolymer dispersions contained thin 

nanosheet structures (Figure 1C). Typical lateral sizes of the MoSe2 flakes were ~50 nm by ~150 

nm. 

 

Figure 3.1. Characterization of MoSe2/PLL/F77 nanosheets. (A) Glass vial containing 

MoSe2/PLL/F77 has a dark brown color. (B) UV-vis of MoSe2/PLL/F77 having characteristic 
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excitonic peaks at 700 nm and 800 nm. (C) TEM images showing MoSe2/PLL/F77 nanosheets with 

lateral dimensions of ~50 nm by ~150 nm. 

3.3 Effect of MoSe2/PLL/F77 on bacterial biofilm  

 The minimum bactericidal concentration (MBC) is the minimum concentration of material 

required to completely kill bacterial cells, while the minimum biofilm eradication concentration 

(MBEC) is the minimum concentration of material required to completely eradicate an existing 

biofilm. MBC and MBEC values were determined for MRSA, A. baumannii and P. aeruginosa using 

the microdilution test in TSB medium. To determine MBC, overnight cultures of bacteria was treated 

with different concentrations of MoSe2/PLL/F77 ranging from 0 to 100 µg ml-1. MRSA and P. 

aeruginosa were found to have MBC values of 75 µg ml-1, whereas A. baumannii had a value of 

50 µg ml-1 (Figure 2A). To determine MBEC, biofilms of each strain were grown on a 96-well plate 

for 48 h and treated with different concentrations of MoSe2/PLL/F77 ranging from 50 µg ml-1 to 

200 µg ml-1. Results show that all three strains have MBEC values of 150 µg ml-1 (Figure 2B).  

 To quantify biofilm formation and viability, gram-positive MRSA bacteria and gram-negative 

A. baumannii bacterial were used to perform the CV assay and the XTT assay. CV is a basic dye 

consisting of hexamethyl pararosaniline chloride, and binds to the negatively charged molecules 

and stains the bacteria cell as well as the surrounding ECM. The results shown in Figure 2C indicate 

that the remaining biofilm mass decreases gradually as the concentration of MoSe2/PLL/F77 was 

increased. The biofilm mass decreases to 25% of the mass of the untreated biofilm at 125 µg ml-1 

(Figure 2C), and further decreases to 20% at 200 µg ml-1. This supports the concept of electrostatic 

interaction between the positively charged MoSe2/PLL/F77 and negatively charged ECM leading 

to detachment or damage of the biofilm leading to mass loss from the surface. 

 The XTT assay is an effective way to determine the metabolic activity or the viability of the 

bacteria cell. The colorless tetrazolium salt turns bright orange upon reduction when in contact with 

undamaged cell surface due to trans membrane-plasma membrane electron transfer and indicates 

a metabolically active bacterial cell. The results shown in Figure 2D agree with the CV assay 

showing a drastic decrease in the metabolic activity of the bacteria with increasing MoSe2/PLL/F77 

concentration. The metabolic activity of the bacteria decreases to 7% at 125 µg ml-1 and eventually 
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to 0 at 200 µg ml-1 (Figure 2D). The results also indicate that, despite the residual biomass left as 

observed in the CV assay, there is little to no metabolic activity left in the biofilm when treated with 

125 µg ml-1 of MoSe2/PLL/F77. This points to the fact that even though there is some biomass left 

after electrostatic interaction, they are damaged and killed, with no metabolic activity.   

 

Figure 3.2. Quantitative measurement of biofilm eradication in presence of MoSe2 /PLL/F77 

solution. (A) MBC of MRSA, Acinetobacter baumannii (A. baumannii) and Pseudomonas 

aeruginosa (P. aeruginosa) in solution. (B) MBEC of MRSA, A. baumannii and P. aeruginosa 

biofilm. (C) Crystal violet assay to determine the relative biofilm mass left in presence of MoSe2 

/PLL/F77. (D) XTT assay to determine the relative cell viability in presence of MoSe2 /PLL/F77. 
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3.4 Eradication of mature bacterial biofilm  

CSLM was performed to visualize the biofilm coverage and the live-to-dead cell ratio after 

treating with MoSe2/PLL/F77. All three strains of bacteria were grown for 48 h to form a biofilm. 

Biofilm-containing control slides as well as slides treated with 150 µg ml-1 of MoSe2/PLL/F77 were 

treated with SYTO9 green-fluorescent nucleic acid stain and the red-fluorescent PI. SYTO9 can 

label the entire population of cells, both healthy and damaged. In contrast, PI can only penetrate 

bacteria with damaged membranes. When stained with both, PI causes a reduction in SYTO9 stain 

fluorescence once it penetrates the cell. Thus, green fluorescence indicates live cells and red 

fluorescent indicates dead or damaged cells. From the confocal images (Figure 3A-F), it is verified 

that the control slide in the absence of MoSe2/PLL/F77 shows ~95.49%, ~94.63% and ~89.2% 

percent of live cells for MRSA, A. baumannii and P. aeruginosa respectively. In contrast, the 

MoSe2/PLL/F77 treated slides only show ~14.55%, ~12.15% and ~14.17% viable cells left (Figure 

S1A). Thus, biofilms are damaged and inactivated in the presence of MoSe2/PLL/F77. 

Along with CSLM, SEM imaging was also done on control and treated samples to 

microscopically view the biofilm change. Biofilms were first grown on MBEC assay plates with stubs 

for 48 h followed by treatment with MoSe2/PLL/F77 at a concentration 150 µg ml-1 for 6 h. The 

samples were then processed to observe the change in biofilm morphology in the control from 

treated samples. Samples without MoSe2/PLL/F77 showed thick layers of biofilm expanding over 

the surface (Figure 3G-I) while the treated samples lacked healthy cells, biofilm, or ECM (Figure 

3J-L). After treating MRSA, A. baumannii and P. aeruginosa biofilms with MoSe2/PLL/F77, the SEM 

images showed only ~6.89%, ~6.58% and ~4.42% cells remaining compared to their control 

samples respectively (Figure S1B) which was manually determined on three images taken from 

different regions (Figure S1C-E). The cells had apparent deformities and images showed 

MoSe2/PLL/F77 was wrapped around the cells, demonstrating damaging of cells and destruction 

of biofilm growth and ECM, respectively. 
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Figure 3.3. Analysis of effects of MoSe2/PLL/F77 solution on biofilm growth. (A-C) Confocal 

images of the MRSA (A), A. baumannii (B), and P. aeruginosa (C) untreated control films. (D-F) 

Confocal images of MRSA (A), A. baumannii (B), and P. aeruginosa (C) biofilms treated with ~150 

µg ml-1 of MoSe2/PLL/F77. (G-I) SEM images of MRSA (G), A. baumannii (H), and P. aeruginosa 

(I) cells in absence of MoSe2/PLL/F77. (J-L) SEM images of MRSA (J), A. baumannii (K), and P. 

aeruginosa (L) treated with ~150 µg ml-1 of MoSe2/PLL/F77.  
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3.5 MoSe2/PLL/F77 coating to inhibit biofilm growth 

Biofilm growth and nosocomial infections can be caused by pathogenic bacteria harbored 

on medical instruments like implants, catheters, and pacemakers. Hence, the capacity of surfaces 

coated with MoSe2/PLL/F77 to deter bacterial growth were examined. The medically relevant 

surfaces PMMA, which is used to coat denture strips; hydrophilic PTFE, which is used to coat 

catheters; and medical grade Ti alloy used in implants and pacemakers were coated with 

MoSe2/PLL/F77 and exposed to bacteria. MRSA, A. baumannii, and P. aeruginosa biofilms were 

grown on uncoated and MoSe2/PLL/F77-coated surfaces, followed by SEM imaging to see the 

differences in the growth. The MoSe2/PLL/F77 coatings successfully repressed cell growth on all 

the materials, with massive differences in the final biofilm formation between control surfaces and 

coated surfaces (Figure 4A-F). PMMA-coated glass slides showed only ~6.53%, ~5.39%, and 

~5.69% bacteria cells for MRSA, A. baumannii and P. aeruginosa, respectively, on coated samples 

compared to the uncoated samples (Figure S2A-C). Hydrophilic PTFE showed ~3.93%, ~5.02%, 

and ~6.57% bacteria cells for MRSA, A. baumannii and P. aeruginosa, respectively, on coated 

samples compared to the uncoated samples respectively (Figure S2D-F). Medical grade Ti alloy 

had ~3.28%, 4.30%, and ~2.66% bacteria cells of MRSA, A. baumannii, and P. aeruginosa on 

coated samples compared to the uncoated samples respectively (Figure S2G-I). This calculation 

was done by counting cells in three SEM images taken from different regions. Photographs and 

SEM images of PMMA glass slide, hydrophilic PTFE membrane and Ti alloy before and after 

coating with MoSe2/PLL/F77 showed significant differences in appearance and color, clearly 

showing the presence of the coating (Figure S3). We also observed the coating to be robust and 

uniform even after multiple washes and incubation in liquid medium (Figure S3A-C). Although it 

was less robust on smoother surfaces like glass slides.   
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Figure 3.4. Inhibition of biofilm growth on different surfaces precoated with MoSe2/PLL/F77. 

(A, B) Biofilm growth of MRSA, A. baumannii, and P. aeruginosa on an uncoated (A) and coated 

(B) PMMA surface respectively. (C, D) Biofilm growth of MRSA, A. baumannii, and P. aeruginosa 

on uncoated (C) and coated (D) hydrophilic PTFE surface. (E, F) Biofilm growth of MRSA, A. 

baumannii, and P. aeruginosa on uncoated (E) and coated (F) medical grade Ti-alloy. (I) 

Comparing number of cells present on coated and uncoated surface of medical grade Ti-alloy. 

To demonstrate the efficiency of the coating, MoSe2/PLL/F77 was coated on the lower half 

of the MBEC assay plate stubs while the top half was kept uncoated (Figure 5A). Subsequently, 

biofilm growth was initiated along the entire stub for 48 h and processed for SEM imaging to 

observe the efficacy of the coating. Despite being on the same stub and treated under the same 

conditions, the uncoated part of the stub showed complete coverage by biofilm formation while the 

MoSe2/PLL/F77-coated region had few individual cells to none, present (Figure 5C-E). MRSA, A. 

baumanni, and P. aeruginosa biofilms had ~4.08%, 4.19%, and 5.84% bacteria cells on the bottom 

coated region compared to the top uncoated region (Figure S4 D-G) which was manually 

determined on three images taken from different regions. To ensure that the bottom region was 

coated with MoSe2/PLL/F77, EDX was performed on the coated as well as the uncoated region 

and compared for all three strains of bacteria (Figure S4A-C). Both the uncoated (bottom) and 

coated (top) region showed presence of carbon (C), oxygen (O) and sodium (Na). Phosphorous 

(P) and calcium (Ca) peaks are attributed to the hydroxyapatite MBEC plates. EDX also had trace 

amounts of palladium (Pd) and gold (Au) from the sputter coating. The coated region showed strong 

presence of ~8 and ~17 atomic percent of molybdenum (Mo) and selenium (Se), respectively 

(Figure 5B and Table S2), while there was negligible Mo or Se present in the uncoated regions. It 

was also observed that the percentage of C decreases significantly on the coated region to ~40 

atomic percent as opposed to ~80 atomic percent in the uncoated region due to the extensive 

biofilm (Figure 5B and Table S2).  
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Figure 3.5. Analysis of biofilm growth on same object partially precoated with on 

MoSe2/PLL/F77. (A) Photograph of the MBEC stub with top half uncoated and bottom half coated 

with MoSe2/PLL/F77, along with a schematic diagram. (B) The atomic percentages of each element 

on the uncoated and coated region of the same stub from EDX measurements. (C-E) SEM images 

showing MRSA (C), A. baumannii (D), and P. aeruginosa (E) biofilm growth on top uncoated portion 

of MBEC (region with no coating) versus lack of biofilm growth on the bottom coated region of the 

same MBEC stub that is coated with MoSe2/PLL/F77.  
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3.6 Biocompatibility test 

 In order to ensure the biocompatibility of these coated surfaces, the viability of mammalian 

HEK 293 cells were tested with alamarBlue assay and the cytotoxicity of the coating was observed 

with LDH assay. Resazurin present in alamarBlue solution indicates oxidation-reduction that is 

demonstrated by a colorimetric change. The reduced resorufin gives a fluorescent pink color, with 

the intensity proportional to the percentage of viable cells respiring. Thus, the change in color 

indicates the oxidation due to respiration, thus quantitatively measuring the viability of mammalian 

cells in presence of the coated substrate. The results show 95-100 % viability of mammalian cells 

(Figure 6A).  

The supernatant was collected before treating the mammalian cells with alamarBlue 

followed by the LDH assay. Lactate dehydrogenase is a cytosolic enzyme secreted by damaged 

mammalian cells. The secreted LDH can be quantified by catalyzing the enzymatic reaction where 

tetrazolium salt is converted to a red formazan product. The level of formazan is proportional to 

percent of damaged cells. The results show ~4% cytotoxicity at 50 µg ml-1 of MoSe2/PLL/F77 and 

a ~10% cytotoxicity at 200 µg ml-1 (Figure 6B).  The low cytotoxic over a wide range of 

MoSe2/PLL/F77 concentrations further demonstrates its biocompatibility.  

 

Figure 3.6. Biocompatibility test for MoSe2/PLL/F77 coating.  (A) Viability of HEK 293 

mammalian cells tested with the help alamarBlue assay in presence of MoSe2/PLL/F77 coated 
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hydrophilic PTFE membrane. (B) Percent cytotoxicity generated by MoSe2/PLL/F77 coated 

hydrophilic PTFE membrane on HEK 293 cells. 

3.7 Discussion 

Biofilms are organized colonies of microbes (e.g., bacteria, fungi, or yeasts) that form 

heterogeneous bodies on living and non-living surfaces by secreting extracellular polymeric 

substances (EPS) to form ECM. These substances protect individual cells from such as 

antibacterial agents making it difficult to treat biofilm-related infections.28 In this paper, we prepared 

MoSe2 nanosheets encapsulated in cationic polymer PLL with the help of ultrasonication to 

electrostatically interact with negatively charged outer layer of bacteria. We used Pluronic F77 to 

stabilize the nanosheets in solution.  Our results show excellent antibacterial activity, consistent 

with our previous results, with high biocompatibility and no antibacterial resistance for over 20 

passages.91 Both gram-positive and gram-negative bacteria were completely killed at 75 µg ml-1 

and 50 µg ml-1 within 2 h of incubation.  

The formation of biofilms leads to a rigid hydrated EPS secreted by bacteria, which is 

difficult for most particles or drugs to penetrate. The ECM varies in composition from strain to strain, 

but they are principally composed of DNA, lipids, and humic substances making them negatively 

charged.37 Owing to the negatively charged matrix covering the biofilm, the cationic MoSe2/PLL/F77 

is attracted to ECM, leading to interaction of negatively charged ECM and positively charged PLL.89 

Also, the atomically thin nature of 2D MoSe2 nanosheets can effectively perforate through the thick 

ECM layer to reach the cells underneath, causing membrane disruption and triggering cell death. 

Various other reports of antibiofilm agents typically focus on inhibition of initial biofilm formation;92 

however, removal of established biofilm remains a challenging problem. With the help of the MBEC 

assay we successfully destroyed 100% of the mature biofilms of MRSA, A. baumannii and P. 

aeruginosa at 150 µg ml-1 concentration (Figure 2A and 2B).  

The performance achieved in our results compare quite favorably with the existing 

literature. Previous antibiofilm studies with carbon-based nanomaterials like graphene quantum 

dots (GQDs) showed 48.85% destroyed at 500 µg ml-1 concentration after 24 h incubation against 

S. aureus strains.93 Graphene oxide was able to kill 20.16% and 10.22% S. aureus and P. 
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aeruginosa biofilm respectively.37 In our results, MoSe2/PLL/F77 destroyed 93.1% and 95.57% of 

MRSA and P. aeruginosa, respectively. When GO was coupled with silver nanoparticle (AgNPs) 

which are known antibacterial agents, the concentration required to kill 98% P. aeruginosa was 25 

µg ml-1 but after 12 h of incubation.41 Polyethyleneimine and AgNP-decorated GO nanocomposite 

(GO−PEI−Ag) showed further enhanced antibiofilm destruction of 89.96% E.coli and 93.45% S. 

aureus at just 10 µg/ml within 2 hour.44 Our MoSe2/PLL/F77 material was able to eradicate 100% 

mature bacterial biofilm within 6 h of incubation time with 150 µg ml-1. The antibacterial activity of 

TMDCs have also been reported in the literature, where molybdenum disulfide-penicillin-near 

infrared (MoS2-Pen-NIR) killed only ~86.15% S. aureus with 0.171 mg ml-1 (MoSe2) + 0.366 mg ml-

1 (Pen) within 6 h whereas MoSe2/PLL/F77 killed 100% of S. aureus with 150 µg ml-1 within the 

same timeframe.49 Chitosan (CS)-MoS2 nanosheets loaded with antibiotics tetracycline 

hydrochloride (CM-TH) managed to only destroy ~80% at 80 µg ml-1 after treating it for 16-18 h.40 

Another report showed 80% killing with CS-MoS2 with 225 µg ml-1.87  

Surface contamination due to the development of bacterial biofilms is a critical problem 

with nosocomial infections. Hence, there are extensive efforts to develop enhanced antimicrobial 

materials that can efficiently suppress bacterial adhesion and biofilm formation.48 One of the most 

relevant issues is bacterial colonization of medical devices and implants after surgery that has a 

significant impact on both the patient health and the costs related to the treatment of the infection.15 

Hence, we showed successful coating of medically relevant surfaces with MoSe2/PLL/F77: PMMA, 

which is used to coat denture strips; hydrophilic PTFE, which is used to coat catheters; and medical 

grade Ti alloy used in implants and pacemakers. All three MDR bacterial strains in this study (gram-

positive (MRSA) and gram-negative (A. baumannii, and P. aeruginosa)) have completely 

suppressed biofilm growth with >94% killing of bacterial cells on the coated surfaces. A previous 

report has shown MoS2 surfaces (MoS2SUR) produced using MoS2 particles (MoS2PAR) inhibited 

28.5% and 38.4% S. aureus and P. aeruginosa respectively with 20% concentration after 24 

h.94 Lanthanum hydroxide and graphene oxide nanocomposites (La@GO) managed to 

inhibit 100% of gram-negative E. coli within 2 h at a much higher concentration of 500 µg 
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ml-1.95 Various polymers have also been used like ultra-high molecular weight (uHMW) 

poly(N,N-dimethylacrylamide) (PDMA) inhibited >99.3% biofilm formation of S, aureus 

with 2 mg ml-1 dopamine and 10 mg ml-1 PDMA after 48 h.47  

Overall, MoSe2/PLL/F77 was able to eradicate both gram-positive and gram-negative 

bacterial biofilm at comparable concentration within just 6 h of time. It efficiently coated different 

medically relevant surfaces like PMMA glass slides, hydrophilic PTFE membranes and Ti-alloys. It 

was evident from the EDX data which demonstrates the presence of ~7% Mo and ~15% Se on the 

bottom coated region and the absence of them in the top uncoated region. Furthermore, increased 

carbon (C) percentage of ~77% on the uncoated surface shows the presence of biofilm which 

decreases down to ~42% in presence of biofilm coating. We hypothesize this comes from the 

remaining biomass attached to the surface observed from the CV assay (biomass left ~20%) even 

though the metabolic activity decreases to 0 as determined by the XTT assay. MoSe2/PLL/F77 also 

proved to be biocompatible (>95%) with low toxicity (<10%) towards mammalian cells making it a 

highly suitable candidates for antimicrobial coatings. Thus, MoSe2/PLL/F77 has great potential to 

be used as an antibiofilm agent as well as a coating for various surfaces to prevent the growth and 

spread of nosocomial infections. 

3.8 Conclusion 

MoSe2 nanosheets dispersed in PLL and 0.5% F77 (MoSe2/PLL/F77) were prepared by 

simple liquid phase exfoliation method. TEM imaging of the exfoliated nanosheets showed 

monolayer and few-layer nanosheets of various sizes, and UV-vis spectra showed the clear 

excitonic peaks of MoSe2. Evaluation of the antibacterial activity of the MoSe2/PLL/F77 nanosheets 

revealed their exceptional ability to kill both gram-positive (MRSA) and gram-negative (A. 

baumannii and P. aeruginosa) bacteria with MBC values of 50 to 75 µg ml-1 within 2 h. With the 

help of the MBEC assay, biofilm eradication concentration was determined to be 150 µg ml-1 within 

6 h of exposure to MoSe2/PLL/F77. The CV assay showed a significant decrease in biofilm mass 

(below 25%) and 0% metabolic activity after exposure of mature biofilms to MoSe2/PLL/F77 for 6 

h. We also demonstrated successful inhibition of biofilm growth on several medically relevant 
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coated surfaces (PMMA-coated glass slides, hydrophilic PTFE membranes and medical grade Ti-

alloy) with only below ~6% surviving bacterial cell demonstrating the high efficacy of the 

MoSe2/PLL/F77 coating. To substantiate our claim, we showed presence and absence of biofilm 

on a single surface which inhibits biofilm growth >94% on the MoSe2/PLL/F77 coated region 

whereas the uncoated region is covered with biofilm. Furthermore, EDX analysis on the partially 

coated surface showed presence of Mo and Se elements on the coated region as opposed to 

increased presence of carbon on the uncoated region signifying presence of biomass, thereby 

proving the presence and effects of MoSe2/PLL/F77 coating on biofilm growth. Finally, the high 

biocompatibility (>95%) of MoSe2/PLL/F77 with mammalian cells with lower than 10% cytotoxicity 

of MoSe2 makes it an ideal antibiofilm agent. The high antibacterial performance of the 

MoSe2/PLL/F77 nanosheets with its ability to coat various surfaces introduces future possibilities 

for further exploiting them in developing antibiofilm coatings, wound dressings, and membranes for 

potential applications in health care settings which can further prevent and inhibit the growth of 

MDR biofilms. 
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CHAPTER 4 

Eradication of Fungi Using MoSe2/Chitosan Nanosheets 

4.1 Introduction 

Fungal diseases have emerged as one of the leading causes of deaths across the world.1 

Along with the significant threat to human health, these fungal pathogens can cause considerable 

economic losses.2 The treatment of fungal diseases is increasingly challenging due to the 

emergence of antifungal drug resistance,3 leading to a high mortality rate.4 In the past few years, 

fungal diseases have infected over a billion patients per year worldwide, leading to more than 1.5 

million fatalities.1-2, 4 Recent global estimates have found that ~3,000,000 cases of chronic 

pulmonary aspergillosis, ~223,100 cases of cryptococcal meningitis complicating HIV/AIDS, 

~700,000 cases of invasive candidiasis, ~250,000 cases of invasive aspergillosis and over 

10,000,000 cases of fungal asthma occur annually.5 Fungal disease can also damage plants and 

crops, causing major losses in agricultural activities and food production.6 Animal pathogenic fungi 

are threatening bats, amphibians and reptiles with extinction.7 It is estimated that fungi are the 

highest threat for animal-host and plant-host species, representing the major cause (approximately 

65%) of pathogen-driven host loss.8 In this complex scenario, it is now increasingly clear that 

climate change has resulted in increased incidences of fungal diseases.9 Furthermore, there is an 

emerging pathogen Candida auris (C. auris) that has been associated with nosocomial outbreaks 

on five continents.10 This new species of yeast was first discovered in Japan in 200911 and has 

garnered massive attention due to its worldwide spread, its ability to cause epidemics in healthcare 

settings, and its resilience against enhanced infection prevention and control (IPC) measures.12 C. 

auris frequently occurs in critically ill patients exhibiting innate and evolving resistance to common 

anti-fungal drugs and displays higher minimum inhibitory concentrations (MICs) than usual,13-14 

leading to its recognition as multi-drug resistant (MDR). Hence, the global emergence of C. auris 

validates a new threat that will require enhanced antifungal agents and prevention control 

measures across the world.12, 15-16 Current therapeutics to treat fungal diseases remain insufficient 

as compared to antibiotics, and novel therapeutic alternatives are promptly required.17 Based on 

all these factors, concerns over a pandemic of fungal origin in the near future have been raised.7  



  62 

 Currently, therapeutic options for antifungal drugs are limited to Amphotericin B, azoles, 

echinocandins and 5-flucytosine. However, pathogenic fungi have several well-characterized 

resistance mechanisms leading to the gradual inefficacy of these drugs.13, 17-21 Although 

researchers are investigating novel ways to target these resistant fungal pathogens, they are 

evolving and growing new resistant genes at a much faster rate. Hence, alternative approaches 

are needed to strengthen the antifungal pipeline.1 In recent years, nanomaterials have been used 

to form novel antimicrobial agents with distinctive chemical and physical properties.17, 22 

Nanomaterials like silver (Ag),22-23 zinc oxide (ZnO),24 titanium dioxide (TiO2),24 iron oxide (Fe3O4),25 

copper oxide (CuO),26 magnesium oxide (MgO),27 and nitric oxide (NO) nanoparticles28 have 

displayed antibacterial activity. However, their toxicity has proven to be challenging for applications 

in the biomedical field.29 One-dimensional (1D) single walled carbon nanotubes (SWCNTs) 

displayed antifungal activity against Fusarium graminearum and Fusarium poae but at very high 

concentrations of 500 µg ml-1 with less than 96% killing efficiency.30 However, CNTs when 

conjugated with antifungal drugs like amphotericin B showed relatively good killing efficiency at 80 

µg ml-1 against Candida albicans.31 Two-dimensional (2D) nanomaterials have attracted a great 

deal of attention in the past decade as potential antimicrobial agents.32 Carbon-based 

nanomaterials (CBNs) such as graphene and graphene oxide have been studied extensively for 

their antimicrobial properties,33-34 due to their extremely high mechanical strength, large surface to 

volume ratio and prominent physicochemical properties in interaction with bacteria.35 Lately, 

transition-metal dichalcogenides (TMDCs) have also shown unique potential in the biomedical 

field.36-37 In particular, they have exhibited great promise in antimicrobial activity due to their large 

surface area, hydrophobicity and high biocompatibility attributed to their 2D structure and better 

biocompatibility compared to CBNs.31, 37-44 Molybdenum disulfide (MoS2) modified with chitosan 

(CS) and silver nanoparticles (MoS2-CS-AgNPs) was able to inhibit the growth of plant fungi 

Saccharomyces uvarum and Aspergillus niger, at low concentrations of 6.8 µg ml-1 and 4.2 µg ml-

1, respectively, but only after long incubation times of 72 h.37 A nanocomposite of AgNPs coupled 

with zinc oxide (Ag@ZnO) showed complete killing (MFC) of C. krusei at 250 µg ml-1 after 18 h of 

incubation.45 Recently, our group conducted a detailed study of liquid exfoliated TMDC nanosheets 
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encapsulated in synthetic single-stranded DNA and found that molybdenum diselenide (MoSe2) 

showed excellent antibacterial efficiency against many strains of MDR bacteria currently.46  

 However, there have been relatively few studies on the antifungal potential of TMDCs.37, 

47-49 At the same time, there has been a growing interest in the development and use of biological 

materials to combat the growing resistance of microbial strains to drugs.50-51 Chitosan (CS) is a 

cationic polysaccharide that is nontoxic, biocompatible and biodegradable since it is derived from 

the shells of crustaceans, and has diverse therapeutic properties including antimicrobial activity.37, 

39, 52 CS has been known to inhibit mRNA synthesis once it enters the cell cytoplasm, thus triggering 

cell death, and making it a good antifungal agent. The cationic nature of CS allows it to interact 

with the negatively charged fungal cell wall making it highly target-specific, and it can increase the 

permeability of cell membranes causing leakage of the cytoplasm. Chitosan also acts as a chelating 

agent that binds with trace elements present in the cells, thereby inhibiting fungal cell growth.53-54 

In addition, the incorporation of nanoparticles into CS matrices can markedly improve antimicrobial 

activities and enhance biocompatibility.37, 39, 55-56 Thus, the combination of CS and 2D materials 

have excellent potential as antifungal agents to combat pathogenic fungi. In this paper, we report 

the antifungal activity of 2D MoSe2 nanosheets formed by liquid phase exfoliation in a 0.5% (w/v%) 

low-molecular-weight (LMW) CS aqueous solution. The resulting MoSe2 nanosheets are 

encapsulated in CS (MoSe2/CS) and exhibit exceptional antifungal activity. Moreover they do so 

without any requiring any modifications, such as surface functionalization with complex ligands,37 

biocidal nanoparticles,57 photosensitizers,58 or antifungal drugs,31 and in the absence of any 

external stimulus such as near infrared (nIR) light,59 that have been reported in the literature. Both 

unicellular and filamentous fungi were successfully inhibited at low concentrations of MoSe2/CS 

between 37 to 75 µg ml-1. The effects of MoSe2/CS nanosheets on the membrane structure and 

integrity of fungal cells were investigated through a series of carefully designed experiments, which 

showed more than 95% of cells had membranes that were depolarized and disintegrated. High 

resolution imaging via confocal scanning laser microscopy (CSLM), transmission electron 

microscopy (TEM), and scanning electron microscopy (SEM) were used to directly show physical 

disruption of the lipid bilayer occurring on the fungal cells as a result of interaction with the 
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MoSe2/CS nanosheets. The therapeutic potential of MoSe2/CS nanosheets was evaluated by 

analyzing its cytotoxicity toward mammalian cells, demonstrating more than 90% viability of 

mammalian cells and human red blood cells until 75 µg ml-1 of MoSe2/CS. These results indicate 

that MoSe2/CS nanosheets are highly efficient antifungal agents with a high degree of 

biocompatibility toward mammalian cells, and the antifungal action is a combination of membrane 

damage, membrane depolarization and metabolic inactivation. The MoSe2/CS nanosheets were 

also used to kill several strains of the highly pathogenic and multidrug-resistant fungus Candida 

auris. 

 

 

Figure 4.1. Synthesis and characterization of MoSe2/CS. (A) Schematic illustration of exfoliation 

of bulk MoSe2 in 0.5% CS solution to form MoSe2 nanosheets encapsulated in CS. The structure 

of CS is shown at bottom. Yellow spheres are Se atoms, and purple spheres are Mo atoms. (B) 

Glass vial containing a dark brown MoSe2/CS dispersion. (C) UV-vis spectrum of MoSe2/CS having 
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characteristic excitonic peaks (*) at ~700 nm and ~800 nm. (D) TEM image showing dispersed 

MoSe2/CS nanosheets. 

4.2 Preparation and characterization of 2D MoSe2/CS 

Chitosan (CS) is a linear polysaccharide composed of β-(1-4)-linked D-glucosamine and 

N-acetyl-D-glucosamine arrayed in a random order. Acetyl moieties within N-acetyl-D-glucosamine 

provide a bulky group keeping the nanosheets from aggregating due to steric repulsion, whereas 

the amine groups (-NH2) in D-glucosamine act as a hydrophilic outer layer to interface with the 

surrounding aqueous solution. Bulk MoSe2 powder was dispersed in 0.5% (w/v) low-molecular-

weight CS in 1% acetic acid using ultrasonication (Figure 1A) to form CS-wrapped MoSe2 

nanosheets. The resulting dispersion had a dark brown appearance (Figure 1B) and a 

concentration of ~0.32 mg ml-1. Visible to near-infrared absorbance spectroscopy was performed 

to identify the characteristic peaks of MoSe2 at approximately 700 nm and 800 nm (Figure 1C). 

Transmission electron microscopy (TEM) images (Figure 1D) showed the 2D nature of the 

dispersed nanosheets. They had mono- to few-layer thickness, with the largest nanosheet in 

Figure 1D having lateral dimensions ~70 nm by ~200 nm. 

4.3 Antifungal activity of MoSe2/CS 

Fungi can be classified into two categories: (1) unicellular fungi, including S. cerevisiae, C. 

parapsilosis, I. orientalis, C. albicans, C. neoformans, and C. gattii; and (2) filamentous fungi, 

including A. fumigatus. The minimum fungicidal concentration (MFC) values of MoSe2/CS were 

determined for both categories using the microdilution method (see Experimental Methods section 

for more details) as shown in Figure 2. The MFC values of biosafety level 1 (BSL-1) strains S. 

cerevisiae, C. parapsilosis and I. orientalis were determined to be 12.5 µg ml-1, 6.25 µg ml-1 and 

6.25 µg ml-1, respectively of MoSe2, dispersed in 5 mg ml-1of CS (Figure 2A-C and Table 1). The 

more resistant pathogenic BSL-2 fungi C. albicans, C. gattii, and C. neoformans required higher 

concentrations, with MFCs at 75 µg ml-1 (Figure 2D-F and Table 1). 

The minimum inhibitory concentration (MIC) values for the unicellular fungi S. cerevisiae, 

C. albicans and filamentous fungi A. fumigatus were measured according to the procedure 
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described in the Experimental Methods section, and were found to be 3.125, 37.5 and 12.5 µg ml-

1, respectively (Figure 2G-I). The microdilution test for MFC determination was not performed on 

A. fumigatus due to its filamentous nature and lack of individual colonies. The MICs of other strains 

including C. parapsilosis, I. orientalis, C. neoformans, C. gattii, F. verticillioides and F. falciforme 

were determined to be 0.78, 0.78,1.56, 1.56, 0.5 and 0.5 µg ml-1, respectively (Figure S1 and Table 

1). 

The killing efficiency of MoSe2/CS was compared to 0.5% CS as a control. The 0.5% CS 

solution alone managed to kill only 95.75% of S. cerevisiae, 80.68% of C. parapsilo and 79.0% of 

I. orientalis at similar concentration of MoSe2 applied (Figure 2A-C). On the other hand, in the case 

of BSL-2 fungi C. albicans, C. gattii, and C. neoformans, the 0.5% CS could only eliminate 58.6%, 

56.8% and 63.0% of these fungi strains, respectively (Figure 2D-F). Hence, we can conclude that 

0.5% CS was far less potent against these strains and that the combined effect of MoSe2 and CS 

results in the high killing efficiency of MoSe2/CS at lower concentrations. 
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Table 4.1. MIC and MFC values of MoSe2/CS against different fungal strains. 

Fungal Strain Type BSL Level Incubation 

time (h) 

MFC (µg 

ml-1) 

MIC (µg 

ml-1) 

S. cerevisiae Unicellular 1 3 12.5 3.125 

C. 

parapsilosis 

Unicellular 1 3 6.25 0.78 

I. orientalis Unicellular 1 3 6.25 0.78 

C. albicans Unicellular 2 3 75 37.5 

C. 

neoformans 

Unicellular 2 3 75 1.56 

C. gattii Unicellular 2 3 75 1.56 

A. fumigatus Filamentous 2 3 - 12.5 

F. 

verticillioides 

Filamentous 2 3 - 0.5 

F. falciforme Filamentous 2 3 - 0.5 
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Figure 4.2. Antifungal activity of MoSe2/CS against unicellular and filamentous fungi. (A, B, 

C) CFUs at different concentrations were used to determine MFC of BSL-1 S. cerevisiae (A), C. 

parapsilosis (B) and I. orientalis (C) was determined to be 12.5, 6.25 and 6.25 μg ml-1, respectively, 

using the microdilution method. (E, F, G) MFC of BSL-2 C. albicans (E), C. neoformans (F), and C. 

gattii (G) were determined to be 75 μg ml-1. (G, H, I) Absorbance over time to determine MIC of 

unicellular S. cerevisiae (BSL-1) (G), C. albicans (BSL-2) (H) and filamentous A. fumigatus (BSL-
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2) (I) were determined to be 3.125, 37.5 and 12.5 μg ml-1, respectively. * indicates complete 

eradication of fungal cells. 

4.4 Biocompatibility test 

To test the effect of MoSe2/CS on mammalian cells, we performed several biocompatibility 

assays (see Experimental Methods section for more details). The hemolysis assay was performed 

by incubating human red blood cells (RBCs) with different concentrations of MoSe2/CS. The same 

volume of 0.5% CS solution in separate samples were used as controls (Figure 3A). After 

incubation for 3 h, only ~1.5% to 9% lysis of RBCs was observed for MoSe2/CS for concentrations 

as high as 150 µg ml-1 (indicated by the red dashed line). Materials that induce up to 5% hemolysis 

of RBC (indicated by the red dashed line in Figure 5A) are considered to be biocompatible. 

Therefore, we can conclude that MoSe2/CS can be considered as fairly biocompatible up to 150 µg 

ml-1.60 Meanwhile, the 0.5% CS had a much stronger effect, causing lysis of ~7% to 50% when 

added at the same volumes as the MoSe2/CS preparations (Figure 3A). The surfactant Triton X is 

also used as a positive control for complete lysis of RBCs. 

The viability of the human embryonic kidney cell line HEK 293 was tested using the XTT 

and alamarBlue viability assays with MoSe2/CS dispersions at different concentrations (Figure 3B-

C). The colorimetric XTT assay results indicate that after incubation for 3 h with MoSe2/CS at 

concentrations ranging from 0 to 75 µg ml-1, more than 90% of cells were viable which is considered 

to be biocompatible (indicated by the red dashed line in Figure 5B and C). In fact, the MoSe2/CS 

nanosheets were more biocompatible than the CS alone. We also used the fluorescence-based 

alamarBlue assay. In the presence of MoSe2/CS at different concentrations, the portion of viable 

cells is above ~90% (indicated by the red line) compared to ~70-98% biocompatibility of 0.5% CS 

alone (Figure 5C). Hence, the above results all demonstrate the biocompatibility of MoSe2/CS at 

concentrations above the MFC level, and the XTT assay further shows that the viability of cells in 

0.5% CS solution is less than in MoSe2/CS at concentrations ranging from 37.5 to 100 µg ml-1.  
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Figure 4.3. Biocompatibility test for MoSe2/CS solution. (A) Hemolysis assay to determine the 

toxicity of MoSe2/CS and 0.5% CS alone against RBCs. Percent hemolysis below the red dashed 

line (5% lysis) is considered non-toxic.60 (B) Percent cell viability of HEK293 cells when treated with 

different concentrations of MoSe2/CS and 0.5% CS alone. Percent viability above the red dashed 

line at 90% is considered biocompatible. (C) Percent biocompatibility of HEK293 mammalian cells 

tested with the alamarBlue assay in the presence of MoSe2/CS and 0.5% CS alone. Percent 

viability above the red dashed line at 90% is considered biocompatible.  

4.5 Confocal scanning laser microscopy (CSLM) 

 

Fluorescence imaging using confocal scanning laser microscopy (CSLM) was conducted 

on the unicellular fungi C. albicans and the filamentous fungi A. fumigatus to visualize the fungal 

cells and their viability after treatment with MoSe2/CS (Figure 5). Intense green fluorescence 

results from ConA binding to polysaccharides including alpha-mannopyranosyl and alpha-

glucopyranosyl residues and indicates the cell walls of the fungi, while the bright red fluorescence 

is due to the FUN 1 cell stain staining localized in dense aggregates in the cytoplasm of 

metabolically active cells (red arrows). Metabolically inactive cells are indicated by the absence of 

bright red aggregates (white arrows). Fungal cells were treated with MoSe2/CS at the 

concentrations of 0 µg ml-1 (negative control), 25 µg ml-1, 50 µg ml-1, and 100 µg ml-1 with 3 h 

incubation. A stark difference is observed between samples that were treated with 0 µg ml-1 and 

those treated with 50 µg ml-1 and 100 µg ml-1 of MoSe2/CS. The negative control sample has 

substantially more red fluorescent aggregates as compared to samples treated with 25 µg ml-1,  
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clearly indicating that MoSe2/CS at 25 µg ml-1 shows some antifungal activity. Samples treated with 

50 µg ml-1 and 100 µg ml-1 show close to no red fluorescence, indicating inactive cells or dead cells 

due to the MoSe2/CS treatment. 

 

Figure 4.4. Fluorescence imaging of fungal cells by confocal scanning laser microscopy 

(CSLM). The structures appearing green (Con A stain) are the fungal cell walls and those appearing 

red (FUN 1 stain) are metabolically active cytoplasm. The viable cells are marked with blue arrows. 

The absence of red aggregates in the cells signifies loss of viability or dead cells (red arrows). (A) 

C. albicans (unicellular) cells after treatment with MoSe2/CS at 0 (negative control), 25, 50, and 
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100 µg ml-1 for 3 h of incubation. The two rows of images are at different magnification levels (B) 

A. fumigatus (filamentous) cells after treatment with MoSe2/CS at 0 (negative control), 25, 50, and 

100 µg ml-1 for 3 h incubation.  

4.6 Changes in fungal cell morphology 

 

To observe the changes in morphology after treating the fungal cells with MoSe2/CS at the 

MFC, TEM and SEM imaging was performed on C. albicans and A. fumigatus (Figure 5). Cells 

were prepared for microscopy according to the protocols described in the Methods section. The 

treated fungi were compared to untreated control samples of fungi that were subjected to the same 

sample preparation conditions in the absence of MoSe2/CS. A stark difference was observed 

between the treated and untreated fungi. SEM imaging showed the untreated C. albicans had intact 

unicellular cells and the untreated A. fumigatus had healthy filaments (Figure 5A and C). In 

contrast, the treated cells showed distinct membrane damage, breaking of filaments and deformed 

cells (Figure 5B and D). The cross-sectional view in TEM images of the control samples showed 

that the cytoplasm was intact with unbroken cell membranes and healthy cells (Figure 5E and G). 

The treated samples showed sharp-edged MoSe2/CS nanosheets assembling around the fungal 

cells and filaments, broken outer cell walls and leaking of cytoplasm leading to deformation of cells 

(Figure 5F and H). These observations indicate that the positively charged MoSe2/CS complexes 

localize around the negative outer membranes due to electrostatic interactions. The presence of 

these complexes weakens the cell wall, destabilizing and reducing its rigidity, leading to disruption 

and membrane damage. The high turgor pressure inside the cell combined with these disturbances 

to the membrane enables the breaking of the cell wall and cytoplasmic leakage. Hence, MoSe2/CS 

weakens, damages, inhibits and kills both unicellular and filamentous fungi. 
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Figure 4.5. Cell morphology of C. albicans and A. fumigatus after treatment with MoSe2/CS. 

(A, C) SEM images of healthy control cells of C. albicans (A) and A. fumigatus (C). (B, D) SEM 

images after treatment with MoSe2/CS for 3 h showing disruptive features (red arrows), 

morphological deformation (cyan arrows) and broken outer membrane (green arrows) of C. 

albicans (B) and A. fumigatus (D) in the presence of MoSe2/CS. (E, G) TEM images of control cells 

of C. albicans (E) and A. fumigatus (G) with intact cytoplasm. (F, H) TEM images after treatment 

with MoSe2/CS for 3 h of C. albicans (F) and A. fumigatus (H) in the presence of MoSe2/CS showing 

MoSe2 flakes interacting with cell wall (pink arrows), leading to rupturing of the cell wall (green 

arrows) and cytoplasmic leakage (orange arrows).  

4.7 Fungal Membrane Potential and Membrane Integrity 

 

To determine the effect of MoSe2/CS on the fungal cell membranes, and thereby elucidate 

its inactivation mechanisms, we conducted flow cytometry experiments to measure the 

transmembrane potential and membrane integrity of the fungi. Many antifungal agents have been 

known to exert fungicidal effects through destabilization of the transmembrane potential of cell 

membranes, subsequently leading to the physical disruption of the lipid bilayer or membrane 

damage.  

The membrane potential was investigated with the probe DiBAC4 which preferentially 

enters cells whose membrane potential has collapsed to fluorescently label them. The amount of 

depolarization was indicated by the degree of fluorescence: the higher the fluorescence, the higher 

the depolarization. Cell counts are shown as a function of the DiBAC4 fluorescence in Figure 6A 

for a negative control (no MoSe2/CS), cells treated with 50 and 100 µg ml-1 of MoSe2/CS, and a 

positive control (cold absolute ethanol). The calculated proportion of damaged and undamaged 

cells are shown in the bar plots in Figure 6B. The cells in the negative control sample having a 

DiBAC4 fluorescence peak at ~1.4 were healthy cells with normal transmembrane potential. After 

incubation for 3 h with MoSe2/CS at concentrations of 50 and 100 µg ml-1 the percentages of 

depolarized cells are 99.9% and 98.0%, respectively. Interestingly, the depolarization due to 
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positive control (cold absolute ethanol) was 80.0%, indicating that the MoSe2/CS was able to 

change the membrane potential even more strongly than ethanol. 

The effect of MoSe2/CS nanosheets on membrane integrity was validated by measuring 

the uptake efficiency of a membrane-impermeable dye, propidium iodide (PI), by fungal cells 

treated by MoSe2/CS at different concentrations. PI can enter cells only if the membrane is 

damaged or compromised. Upon entering cells, PI binds to single and double-stranded nucleic 

acids and produces a strong red fluorescence. C. albicans was treated with MoSe2/CS nanosheets 

at concentrations of 50 and 100 µg ml-1 and with cold absolute ethanol (positive control) for 3 h 

(Figure 6C). The higher the PI fluorescence, the higher the disintegration of the membrane. The 

calculated proportion of cells with damage to the membrane integrity were 99.4%, 99.1% and 

99.1% respectively, as shown in the bar plots in Figure 6D. The negative control without any 

MoSe2/CS again has fully intact cells. This experiment clearly showed that the MoSe2/CS 

nanosheets upon interacting with the fungal cells caused extensive membrane damage, which 

resulted in the leakage of the dye molecules. The results of the PI uptake assay confirmed the 

potential of MoSe2/CS nanosheets to cause physical disruption of the lipid bilayer leaking the 

cytoplasm, thereby causing cell death.  
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Figure 4.6. Membrane depolarization and membrane disintegration of C. albicans cells. (A) 

Plot of normalized event number in flow cytometry as a function of DiBAC4 (green) fluorescence 

intensity of 4 different samples together showing the extent of depolarization of C. albicans cells 

upon treatment with negative control, 50 and 100 µg ml-1 of MoSe2/CS and cold absolute ethanol 

(positive control) after 3 h incubation. (B) Bar plots of the proportion of cells with depolarization for 

the samples shown in panel (A). (B) Plot of normalized event number in flow cytometry as a function 

of PI (red) fluorescence intensity of 4 different samples together showing the extent of 

depolarization of C. albicans cells upon treatment with negative control, 50 and 100 µg ml-1 of 

MoSe2/CS and cold absolute ethanol (positive control) after 3 h incubation. (D) Bar plots of the 

proportion of disintegrated cells for the samples shown in panel (C). 
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4.8 Treatment of Candida auris (C. auris) 

 

Since its discovery in 2009,11 C. auris has been detected in more than 30 countries.16 In 

contrast to other Candida species, C. auris spreads easily in healthcare settings causing 

nosocomial outbreaks.14, 61 The prevalence of C. auris is increasing due to its ability to persist both 

in the human host and on various surfaces, and its resistance to common disinfection protocols.12, 

62 It exhibits intrinsic resistance to common antifungal drugs like fluconazole13 and variable 

susceptibility to other azole antifungal drugs, 5-flucytosine,20 amphotericin B,19 and 

echinocandins.18, 20-21 It displays higher MICs than usual,13-14, 16 leading to its classification as being 

multi-drug resistant (MDR).15 In most cases, invasive infection with C. auris occurs in critically ill 

patients, i.e., those in intensive care facilities and undergoing invasive procedures.63-64 This, along 

with its unknown mechanism of resistance, has led to the pandemic potential of C. auris by causing 

an expanding range of nosocomial infections worldwide.11, 13-14  

In this study, MoSe2/CS was used to treat nine different strains from the C. auris panel 

identified by the CDC with the most resistance against all three classes of antifungal drugs. In 

addition, the following strains are able to survive on a range of surface types and their rate of 

recovery was higher than any other fungal strains, indicating the potential consequence of 

environmental contamination.65-66 Hence, they were categorized as multidrug resistant C. auris 

panel by CDC & FDA AR Isolate Bank. The MFC of MoSe2/CS was determined using the 

microdilution method against three different C. auris isolates (0386, 0388, 0389), C. 

duobushaemulonii (0394), C. haemulonii (0395), K. ohmeri (0396), C. krusei (0397), C. lusitaniae 

(0398) and S. cerevisiae (0399). MFC of C. auris strains and C. krusei were all found to be between 

100 and 150 μg ml-1, as shown in Figure 7A-D and summarized in Table 2. The MFC for more 

susceptible isolates C. duobushaemulonii, C. haemulonii, K. ohmeri, C. lusitaniae and S. cerevisiae 

were determined to be between 25 μg ml-1 and 50 μg ml-1respectively, as shown in Figure S7 and 

summarized in Table 2. MIC measurements for C. auris (0389) and C. krusei strains revealed that 

they were inhibited at 50 and 25 μg ml-1, respectively (Figure 7E and F). Each experiment was 
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done in triplicate and compared with 0.5% CS in the absence of MoSe2. The results show excellent 

efficacy of MoSe2/CS against all the isolates.  

Table 4.2. MIC and MFC values of MoSe2/CS against different fungal strains of C. auris 
panel. 

Fungal Strain Type Biosafety 

Level 

Incubation 

time (h) 

MFC (µg 

ml-1) 

MIC (µg 

ml-1) 

C. auris (0386) Unicellular 2 3 150 - 

C. auris (0388) Unicellular 2 3 100 - 

C. auris (0389) Unicellular 2 3 150 50 

C. krusei (0397) Unicellular 2 3 125 25 

C. 

duobushaemulonii 

(0394) 

Unicellular 2 3 50 - 

C. haemulonii 

(0395) 

Unicellular 2 3 37.5 - 

K. ohmeri (0396) Unicellular 2 3 37.5 - 

C. lusitaniae (0398) Unicellular 2 3 37.5 - 

S. cerevisiae (0399) Unicellular 2 3 37.5 - 
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Figure 4.7. Antifungal activity of MoSe2/CS against C. auris panel. (A, B, C and D) CFUs at 

different concentrations to determine the MFC of BSL-2 C. auris panel including C. auris (0386), C. 

auris (0388), C. auris (0389) and C. krusei (0387) were determined to be 150, 100, 150 and 125 

µg ml-1, respectively, using the microdilution method. (E and F) Absorbance over time to determine 
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MICs of C. auris (0389) and C. krusei (0387) (BSL-2), were found to be 50 and 25 µg ml-1 

respectively. * indicates complete eradication of fungal cells. 

4.9 Discussion 

In this study, we prepared MoSe2 nanosheets encapsulated in chitosan that completely 

eradicated (i.e.100% killing) both unicellular and filamentous fungi within 3 h of incubation at a 

various range of concentrations. Our results show superior performance in terms of MFC and MIC 

values and a short incubation duration compared to previous reports of various nanomaterials and 

nanoparticles acting as antifungal agents (see Supporting Information Table S1 for comparisons). 

Antifungal studies with carbon-based nanomaterials like SWCNTs after incubation for 3 h showed 

killing efficiency up to ~96% at a concentration of 500 μg ml-1 against Fusarium graminearum and 

Fusarium poae.31 In comparison, our MoSe2/CS nanosheets against C. albicans had an MFC value 

of 75 μg ml-1 over the same incubation time. Reduced graphene oxide (rGO) manages to inhibit 

(MIC) only 50% of Aspergillus niger after 7 days of incubation at 50 μg ml-1.48 In comparison, our 

MoSe2/CS inhibited the growth of A. fumigatus at a far lower concentration of 12.5 μg ml-1. GO 

coupled with other nanomaterials like silver nanoparticles (AgNPs) shows increased inhibition in 

terms of MIC against C. albicans at 8 μg ml-1 but only after a far longer incubation period of 18 h. 

Low molecular weight CS (LMWCS) has shown good antifungal efficiency against C. albicans with 

an MIC <40 μg ml-1, similar to the MoSe2/CS MIC of 37.5 μg ml-1. However, the incubation period 

for LMWCS was considerably longer at 24 h instead of 3 h for our work.53 The antifungal activity of 

another TMDC material, MoS2, has also been reported previously, but only when modified with 

both CS and AgNPs (MoS2-CS-Ag), making it highly effective at just 6.8 μg ml-1 against 

Saccharomyces uvarum and 4.2 μg ml-1 against Aspergillus niger. However, both these organisms 

were less virulent BSL-1 strains and were incubated for 72 h,37 a far longer duration than our 3 h 

incubation time. A synthetic polymer with antimicrobial properties designed for potential use in 

medical devices showed promise against several organisms but did not demonstrate any efficacy 

against C. auris.67  
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Overall, the MoSe2/CS nanosheets here were tested against a wide range of fungal strains 

from BSL-1 to BSL-2 and demonstrated the capacity to completely eradicate them at varying 

concentrations. With MoSe2/CS we observe complete eradication of various strains in C. auris 

panel. In addition, there seems to be a correlation between the susceptibility of these C. auris 

isolates toward conventional antifungal drugs and toward MoSe2/CS. The isolates that exhibit 

higher MIC values when treated by known drugs like amphotericin B, fluconazole and flucytosine 

(i.e. C. auris (0389)) also exhibited higher MFC when treated by MoSe2/CS, whereas C. 

duobushaemulonii or C. haemulonii with lower MIC values were more susceptible towards 

MoSe2/CS in the panel (Table S2). C. auris also showed higher MFC and MIC as compared to the 

C. albicans we tested before. Hence, MoSe2/CS proved efficient against a panel of drug resistant 

fungal strains, making them a potent antifungal agent for potential use in healthcare settings.  

To understand how MoSe2/CS inactivates fungal cells, we evaluated the transmembrane 

potential and membrane integrity of C. albicans under treatment with the nanosheets. MoSe2/CS 

successfully depolarized 99.9% of cells at a concentration of only 50 μg ml-1. Even the cold absolute 

ethanol (positive control) was only able to depolarize 80.0% of the cells (Figure 6C). A previous 

study on C. albicans to examine the depolarization effects due to carbon nanotubes functionalized 

with amphotericin B (fCNTs-AMB)31 showed effective depolarization was achieved by incubating 

for a much longer period of 16 h at 10 μg ml-1 concentration found depolarization of 92.7% of cells. 

Similarly, the extent of membrane damage after 3 h of incubation is significant, as shown by the 

shift in MoSe2/CS-treated cells compared to the control cells. The fast rate of damage within 3 h of 

incubation with C. albicans with MoSe2/CS shows a very high level of membrane damage, with 

99.4% and 99.1% of cells disintegrated for 50 and 100 μg ml-1 of MoSe2/CS, respectively (Figure 

6D). In previous work with carbon nanotubes, 10 μg ml-1 of fCNTs-AMB incubated with C. albicans 

for 16 h led to membrane damage in 80% of cells.31 MoSe2/CS acts even faster than lytic 

antimicrobial peptides21 with a shorter exposure time of 3 h revealing evident depolarization and 

permeabilization effects. Such rapid depolarization with MoSe2/CS treated cells is likely due to the 

electrostatic interaction of the cationic CS polymer with the negatively charged chitin on the fungal  
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cell surface.  

 Other recent studies on the nature of interaction between bacterial membranes and other 

types of 2D nanosheets can offer insights into our MoSe2/CS system. MoS2 nanosheets have been 

shown to attach to the surface of the bacterial cell membrane and insert themselves into the 

membrane through the formation of indentations on the membrane surface.68 The mechanism of 

action of CS-MoS2 nanosheets against bacteria was observed to be a multistep process that started 

with the attachment of the positively charged CS to the bacterial cell surface via electrostatic 

interactions, leading to embedding of the MoS2 nanosheets into the membrane through formation 

of dents.39 For fungi exposed to our MoSe2/CS system, the strong electrostatic interaction between 

MoSe2/CS nanosheets and the combination of polyglucan and chitin molecules in the fungal 

membrane initiates the antifungal activity. This CS-driven interaction helps the thin 2D MoSe2 

nanosheets puncture the cell membrane, which in turn destabilizes the turgor pressure of the cell 

and leads to cytoplasmic leakage.68 This synergistic effect leads to rapid depolarization of cell 

membrane, which then modifies the membrane permeability initiating disintegration of the cell 

membrane. Furthermore, the CS that enters the cell cytoplasm via the MoSe2 nanosheets can also 

inhibit mRNA synthesis and inactivate the metabolism of the cell.  

4.10 Conclusion 

MoSe2 nanosheets dispersed in chitosan (MoSe2/CS) were prepared by liquid phase 

exfoliation. Electron microscopy of the synthesized nanosheets showed a high degree of exfoliation 

of bulk MoSe2 into monolayer and few-layer nanosheets of various sizes. Evaluation of the 

antifungal activity of the MoSe2/CS nanosheets revealed their exceptional ability to inhibit the 

growth of both unicellular and filamentous fungi leading to complete eradication with a brief three-

hour incubation period. The MFC concentrations of MoSe2/CS required to eradicate both unicellular 

and filamentous fungi ranged from 6.25 to 75 μg ml-1 of MoSe2 dispersed in 5 mg ml-1 of CS. The 

concentrations at which these different strains were inhibited ranged from 0.5 to 37.5 μg ml-1 of 

MoSe2 in 5 mg ml-1of CS. Detailed investigations of the mechanism of antifungal action showed 

that the MoSe2/CS nanosheets induced fungal cell death through a combined action of membrane 
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damage, membrane depolarization, metabolic inactivation, and cytoplasmic leakage. The 

MoSe2/CS nanosheets were also found to possess high biocompatibility toward mammalian cells. 

They were also highly potent against a panel of MDR C. auris fungi at a range of concentrations 

from 37.5 to 150 μg ml-1 within 3 h incubation time. The highly effective antifungal action of the 

chitosan exfoliated MoSe2/CS nanosheets were observed without the need for any additional 

surface functionalization of the nanosheets with complex ligands, biocidal nanoparticles, 

antimicrobial peptides, photosensitizers, or antibiotics, and they do not need any nIR assisted 

photothermal action. The remarkable antifungal performance of the MoSe2/CS nanosheets 

introduces future possibilities for further exploiting them in developing antifungal coatings, wound 

dressings, and ultrafiltration membranes for potential biomedical and environmental applications.  
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 CHAPTER 5 

Peroxidase-like Activity of Hafnium Diboride Nanozyme with Antibacterial Properties 

5.1 Introduction 

Enzymes are biological catalysts found in nature that play crucial roles in the functioning 

of all living things.1 Many applications like water purification, pharmaceutical and food industries 

also use natural enzymes for specific reactions.2-4 However, natural enzymes have limitations 

including high cost, difficult synthesis processes and low stability.5 In light of these drawbacks, 

more cost-effective alternative artificial enzymes have been developed, and are also typically more 

stable.6 Artificial enzymes developed from nanomaterials having enzyme-like activity were first 

coined as “nanozymes” in 2004, followed by the discovery of the peroxidase-like activity of 

ferromagnetic nanoparticles (Fe3O4 NPs) in 2007.6-8 They have the capability to address the 

limitations of natural enzymes and conventional artificial enzymes by being more affordable, stable, 

tunable, and scalable in production.9  

Natural enzymes are generally divided into several classes based on the type of reaction they 

catalyze and are often named for the substrates on which they act. For example, oxidoreductases 

are enzymes that catalyze redox reactions, and include oxidase, peroxidase, catalase, superoxide 

dismutase and nitrate reductase. Nanozymes are similarly named according to the enzymes that 

they mimic.10 Peroxidase catalyzes the reduction of H2O2 and the oxidation of substrates like 

3,3,5,5-tetramethylbenzidine (TMB).6 Natural peroxidases such as horseradish peroxidase (HRP) 

are used in a wide range of applications from wastewater treatment to enzyme immunoassays.11-

12 The advantages of HRP are high turnover number and small size, but it is very expensive and 

highly sensitive to degradation.13 Hence nanozymes are being investigated favored for biomedical 

applications ranging from biosensing, cancer therapy, to antibacterial activity.14 Many varieties of 

nanozymes have been reported in the literature including nanoparticles (NPs),15-16 nanosheets,17-

19 nanocubes,20 quantum dots,21 nanofibers22-23 and nanotubes.24 For example, iron oxide (Fe3O4) 

NPs show pH-dependent peroxidase-like and catalase-like activities with high turnover number.6 

Manganese oxide (Mn3O4) NPs show multi-enzymatic properties including performing the same 

catalytic action as superoxide dismutase, catalase, and glutathione peroxidase.25 Prussian blue 
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NPs, copper manganese nanoflakes (CuMnO2) nanoflakes and vanadium oxide (V3O16) 

nanomaterials also show multi-enzymatic activity.26-28 Taking advantage of the intrinsic properties 

of nanomaterials have led to a broad range of applications of nanozymes for in vitro detection to 

replace specific enzymes in biological systems.7  

Two-dimensional (2D) materials are composed of atomic layers held together by different 

intermolecular forces.29 Most 2D materials have van der Waals (vdW) attractive forces like 

electrostatic interactions and hydrophobic interactions between atomic layers.30 On the other hand, 

some layered nanomaterials are known as non-vdW 2D materials because of mixture of ionic and 

covalent interactions occur between layers.31 2D materials have previously been reported to show 

catalytic activity. Among 2D nanomaterials, boron (B) and nitrogen (N) doped graphene show 

affordable catalytic activity.13 Molybdenum diselenide (MoSe2) liquid exfoliated in silk fibroin has 

shown both catalytic as well as antibacterial activity.18 Molybdenum disulfide (MoS2) also displayed 

comparable catalytic activity in both nanosheet and nanofiber forms.23, 32  

Metal diborides (MB2) are ultra-high temperature ceramics33 that exhibit exceptional thermal, 

chemical, and mechanical stability, which we have recently exfoliated into 2D nanosheets.34-35 Their 

layered crystal structures consist of hexagonal layers of boron atoms separated by metal layers 

that are held together by mixed ionic-covalent type bonding (Figure 1).36 We assessed MB2 

materials like ZrB2, CrB2 and TaB2 for their ability to be exfoliated in several surfactant solutions 

and screened for their peroxidase activity. Among these, HfB2 dispersed in the block copolymer 

Pluronic F68 was the most promising. In general, nanosheets of 2D materials can be exfoliated 

and stabilized in dispersants such as organic solvents, polymers, oligonucleotides and 

surfactants.37-39 Pluronic F68 is an amphiphilic and biocompatible block-copolymer used in medical 

applications,40 and has been previously used to exfoliate and disperse nanomaterials.41 It is a 

triblock copolymer with alternating hydrophilic poly(ethylene oxide) (PEO) and hydrophobic 

poly(propylene oxide) (PPO) blocks (Figure 1).  

In this work, hafnium diboride (HfB2) nanosheets were exfoliated and dispersed in F68 by liquid 

phase exfoliation, and the resulting peroxidase-like activity and antibacterial activity of the F68-

encapsulated HfB2 nanosheets (HfB2/F68) were measured. We characterized the morphology, 
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thickness, and composition of HfB2/F68 using transmission electron microscopy (TEM), scanning 

electron microscopy (SEM) and electron dispersive x-ray spectroscopy (EDS). The HfB2 

nanosheets have thicknesses ranging from few- to multilayers. The catalytic activity of the HfB2/F68 

nanozyme towards the oxidation of TMB in the presence and reduction of hydrogen peroxide (H2O2) 

is studied in detail. The detailed kinetics and catalytic performance were analyzed using the 

Michaelis Menten equation. We observed high binding affinity of HfB2/F68 towards H2O2, and also 

saw high rates of reaction for both TMB and H2O2 substrates. Analysis of the reaction mechanism 

showed that it follows the ping-pong mechanism like naturally occurring horseradish peroxidase 

(HRP).  

HfB2/F68 was further analyzed for biomedical applications. We examined the antibacterial activity 

of HfB2/F68 nanozyme over various HfB2 concentrations and incubation times. It was successful in 

eradicating both gram-negative Escherichia coli (E. coli) and gram-positive methicillin-resistant 

Staphylococcus aureus (MRSA) with a very low nanozyme concentration of <11 µg ml-1 within 5 

hours of incubation. It also showed over 80% biocompatibility towards mammalian cells and was 

completely nonhemolytic even at higher concentrations of the nanozyme. We also conducted an 

extensive literature survey to compare the performance of the HfB2/F68 nanozyme with other 

similar nanozymes, and found it to be extremely affordable and easily synthesizable with very 

competitive catalytic activity and exceptional antibacterial efficacy. 

5.2 Preparation and characterization of 2D HfB2/F68 

Bulk materials layered materials can be separated into layered nanosheets with thicknesses 

ranging from a few layers down to single layers by liquid phase exfoliation (LPE),43 where ultrasonic 

waves are converted into mechanical energy that separate the layers in a liquid medium.44 

Subsequently, dispersing agents in the solution adsorb on the dispersed flakes, thereby stabilizing 

them by electrostatic repulsion and preventing them from reaggregating.45 From our previous work 

with 2D materials, we have used various polymers, surfactants and solvents to successfully 

exfoliate TMDCs, borides and carbides.35, 38, 46 In particular, we have conducted extensive studies 

on metal diborides as quasi-2D nanosheets.35 Here we exfoliated hafnium diboride (HfB2) 
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nanosheets dispersed in Pluronic F68 (Figure 1) to study its antimicrobial and nanozyme 

properties. The HfB2/F68 nanosheets were prepared by bath sonication of 200 mg of HfB2 powder 

in 5 mL of aqueous F68 solution for 24 h in an ice water bath. The excess unexfoliated material 

was removed by centrifugation at 5000 rpm for 5 min. The resulting dispersion had a light grey 

appearance (Figure 1) and a concentration of ~30-50 mg ml-1 as determined by the extinction 

coefficient from UV-vis spectroscopy and ICP-MS.  

 

Figure 5.1. Schematic of the liquid phase exfoliation of HfB2 by 3% Pluronic F68.  

Exfoliated HfB2/F68 nanoflakes were characterized using atomic force microscopy (AFM), 

transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HR-

TEM) and energy dispersive spectroscopy (EDS). TEM images showed numerous nanosheets of 

varying sizes (Figure 2A). It was employed to determine the surface area of the nanoflakes by 

measuring 500 nanoflakes and plotting a histogram (Figure S1A and S1B). The average area was 

503.30 nm2 (Figure 2B). The morphology of the HfB2/F68 nanosheets was studied by AFM (Figure 

2C). Dispersed nanosheets were spin-coated in silicon wafers followed by annealing treatment to 
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remove organic residues. The nanoflakes exhibit different thicknesses and surface areas (Figure 

S1C and S1D). Additionally, from the AFM images we can see nanoflakes stacked together. A 

histogram of the surface area and flake thickness distribution was made from the AFM images 

using 427 nanoflakes. The average surface area obtained from AFM image was 4000.81 nm2 

(Figure 2D). The thickness varied from ~5-42 nm with average thickness of 12.92 nm (Figure 2E 

and 2F). From our results we observed much smaller flakes to be imaged using TEM as compared 

to AFM evident from average surface area.  
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Figure 5.2. Characterization of HfB2 liquid exfoliation by F68.  (A) TEM image used for 

measuring the surface area of the HfB2 nanoflakes. (B) Surface area distribution of 500 nanoflakes 

using TEM. The average surface area was calculated as 503.30 nm2. (C) AFM image with varying 

thickness and surface area distribution of 427 nanoflakes. (D) The average surface area from AFM 

images was calculated as 4000.81 nm2. (E) Thickness profile of 6 different individual flakes in (C). 
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(E) Thickness distribution of 427 nanoflakes showed average thickness was calculated as 12.92 

nm.   

We also saw presence of few layered nanoflakes from the AFM height distribution 

confirming presence of 2D nanosheets of HfB2/F68. HR-TEM images showed the hexagonal atomic 

order of HfB2 (Figure 2b). The presence of hafnium in the flakes was confirmed from the EDS 

spectrum (Figure 2c), showing the characteristic peak around 2 keV, which is not present when 

the measurement was taken off the flake. The copper peak at 8 keV corresponds to the grid and 

there is a small Ti peak caused by some impurities. C and O peaks are also found, and they may 

correspond to F68 adsorbed on the surface of HfB2, or some minor oxidation of the HfB2 flakes 

during processing. 

 

Figure 5.3. HR-TEM and EDS data. (A) TEM image of a HfB2/F68 nanoflake. (B) HR-TEM image. 

(C) EDS spectrum on and off the flake. 

5.3 Catalytic Activity of HfB2/F68  

TMB is a common chromogenic peroxidase substrate used to study enzyme mimics with 

peroxidase-like activity due to its high sensitivity and its molar extinction coefficient being the 

highest among the known colorimetric substrates. TMB can be oxidized by peroxidase in the 

presence of H2O2 to display a blue color with maximum absorbance at 652 nm.18 The oxidation 

mechanism for this reaction follows a two-step process of single electron oxidation.47 The 

peroxidase-like activity of HfB2/F68 is shown in Figure 4 where it acts to oxidize TMB in the 

presence of H2O2. This colorimetric reaction has been analyzed by measuring the absorbance at 

652 nm. To verify if the peroxidase-like activity of HfB2/F68 was the sole contribution from the 2D 

HfB2 nanoflakes, we compared the enzymatic activity of the combined material against 3% F68 
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alone at different concentrations. The results were observed after 30 mins incubation time of the 

reaction mixture. We observed that enzymatic activity increased with increasing concentration of 

HfB2/F68, while the 3% F68 failed to activate the reaction (Figure 4A). Furthermore, we performed 

a time-dependent study of different concentrations of HfB2/F68 at three different incubation times. 

We observed the absorbance increased with increasing time, showing strong enzymatic activity 

(Figure 4B). The reaction was done from a range of 0 to 15 μg ml-1, where absorbance increased 

with increasing concentration. All the experiments were done in triplicate.  

  

Figure 5.4. Enzymatic activity of nanozyme. (A) Comparison of enzymatic activity of nanozyme 

HfB2/F68 vs just 3% F68. (B) Concentration dependent study of HfB2 over 30 mins of time. All the 

experiment were done in triplicate.  

We note that we initially performed a screening for peroxidase activity by assessing three 

commonly used substrates (Figure S4): 3,3,5,5-tetramethylbenzidine (TMB), 2,2'-azino-bis (3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS) and o-phenylenediamine (OPD) at optimized 

concentrations.  After 30 mins of reaction, the typical color changes for the oxidation of these 

substrates were clearly visible. TMB, ABTS and OPD upon oxidation turn blue, green and yellow, 

respectively. Optical images show distinct difference in activity after 3 mins (initial) and 30 mins 

(final) incubation time (Figure S2). 

To confirm that the 2D nanosheet morphology of HfB2 is needed for the catalytic reaction, a 

comparison between exfoliated HfB2 nanoflakes and bulk powder HfB2 was done (Figure S3). The 
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powder sample had a concentration about ~5000 times higher than the exfoliated HfB2 sample. 

Despite this, the exfoliated sample showed a more intense blue color after 30 mins corresponding 

to the higher yield of oxidized TMB. When the bulk material is exfoliated, more surface area and 

edges are exposed, all contributing to the improved catalytic activity which can only be observed 

in presence of HfB2 nanoflakes. 

5.4 Optimization of the catalytic reaction 

To obtain the optimum performance of the HfB2/F68 nanozyme, we systematically altered 

the experimental conditions including concentration of TMB, concentration of H2O2, pH, 

temperature, and concentration of F68 (Figure 5). First, the catalytic activity as a function of 

concentration of TMB is shown in Figure 5A. The highest values of catalytic activity occur at a TMB 

concentration between 5 to 12 mM, with highest relative activity occurring at about 10 mM. The 

optimal H2O2 concentration for the nanozyme activity was found to be at 10 mM, although 80% or 

more of the maximum activity can be achieved in the entire range of H2O2 concentrations that was 

tested (1 mM to 100 mM) (Figure 5B). Like the natural horseradish peroxidase (HRP) and other 

peroxidase-mimics,6, 26, 48 the HfB2/F68 nanozyme achieves high catalytic activity in acidic pH of 4 

(Figure 5C). The optimal temperature for the peroxidase-like activity was found to be 35 ºC, and 

more than 60% of relative activity was obtained in the range from 30 ºC to 40 ºC (Figure 5D). The 

concentration of F68 for dispersing the MoSe2 was optimized by testing different mass percentage 

(w/v%) values of 0.5%, 1%, 2%, 3%, and 4%. We found the highest catalytic activity occurred for 

3% F68 at 10 μg ml-1 HfB2 (Figure 5E). After completing this series of systematic studies, we found 

that the optimal conditions for the peroxidase-like activity of the HfB2/F68 nanozyme were: TMB 

concentration of 10 mM, H2O2 concentration of 10 mM, pH of 4, temperature of 35ºC and 3% F68. 
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Figure 5.5. Optimal parameters for the peroxidase-like activity. Relative catalytic activity as a 

function of different conditions. (A) Concentration of F68. (B) HfB2 concentration. (C) TMB 

concentration. (D) H2O2 concentration and. (E) pH and (F) temperature. The highest activity was 

set as 100% in each plot and done in triplicate. 

5.5 Steady-state kinetics and reaction mechanism 

Nanomaterials that mimic naturally occurring enzymes can be measured with the help of Michaelis-

Menten kinetic equation. We used steady-state kinetics to obtain insights into the oxidation of TMB 

and reduction of H2O2. We determined the catalytic constants by measuring the initial reaction rates 

at different substrate concentrations and fitting the data to the Michaelis-Menten equation: 
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   𝑉 =
𝑉𝑚𝑎𝑥  × [𝑆]

(𝐾𝑀 + [𝑆])
 

           (1) 

where, V is the initial reaction rate, Vmax is the maximum rate, KM is the Michaelis constant, and [S] 

is the substrate concentration. Vmax is the maximum rate reached in the reaction and corresponds 

to the velocity where the substrate is saturated. KM is a catalytic constant that describes the affinity 

of the substrate to the catalyst, and it is the concentration at half the maximum velocity Vmax. To 

avoid factors that affect catalysis like product inhibition or reverse reactions, the initial rates of the 

catalytic reaction at different substrate concentrations were recorded.  

The kinetics assay of HfB2/F68 was done for both TMB and H2O2 as substrates (Figure 6). We 

observed that both substrates follow the Michaelis-Menten fitting curve. From our experiments we 

observe that TMB has a maximum velocity of 5.56 x 10-4 M/s (Figure 5a) and 3.268 x 10-4 M/s for 

H2O2 (Figure 56). The Michaelis constants obtained were 0.275 mM (Figure 6A) for TMB and 

0.229 for H2O2 (Figure 6B). Lower values of KM indicate higher binding affinity between the 

substrate and the nanozyme. HfB2/F68 seems to have slightly higher binding affinity for H2O2 than 

for TMB based on the these Michaelis constants. Furthermore, the nanozyme has lower KM values 

for both TMB and H2O2 compared to HRP (Table 1). Similarly, HfB2/F68 showed faster initial rate 

as compared to HRP for both the substrates.6 The higher affinity of TMB and H2O2 can be attributed 

to lower concentrations of these substrate to reach maximum catalytic activity. 

Table 5.1. Comparison Kinetic parameters of HfB2/F68 and HRP. 

Catalyst Substrate KM (mM) Vmax (M/s) 

HfB2/F68 
TMB 0.275 5.56 x 10-4 

H2O2 0.229 3.26 x 10-4 

HRP6 
TMB 0.434 1.00 x 10-7 

H2O2 3.7 8.78 x 10-8 
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Figure 5.6. Steady-state kinetic experiments. (A) and (B) are Michaelis-Menten plots for TMB 

and H2O2, respectively. The error bars represent the standard error of three repeated 

measurements.  

 

Details about the reaction mechanism involving TMB and H2O2 with the nanozyme can be 

understood by comparing Lineweaver-Burk plots of both substrates with the natural peroxidase 

HRP. A well-known mechanism for HRP is called the ping-pong mechanism, which can be 

confirmed by parallel lines of double-reciprocal plots of the concentration and velocity.19 The 

equation for this reaction was the double reciprocal plots of the Michaelis-Menten equation is known 

as the Lineweaver-Burk plots: 

1

  𝑉
= (

𝐾𝑀 

𝑉𝑚𝑎𝑥

) (
1

[𝑆]
) +

1

𝑉𝑚𝑎𝑥

 

           (2) 

The double reciprocal graphs were made by fixing concentrations of one substrate while the varying 

the concentration of the other substrate (Figure 7A and 7B). The resulting lines are parallel to each 

other for different concentration of that substrate, confirming that the reaction between the 

substrates and HfB2/F68 follows a ping-pong mechanism. This suggests that one substrate will 

bind to the catalyst first followed by the release of the product, and then just after the release the 

second substrate binds and reacts.49 This mechanism is common among other nanozymes with 

intrinsic peroxidase-like activity.19, 23, 50  

To calculate the turnover number or catalytic rate constant ( 𝑘𝑐𝑎𝑡) the following equation was used: 
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   𝑘𝑐𝑎𝑡 =
𝑉𝑚𝑎𝑥  

[𝐸]
 

           (3) 

where [E] is the molar concentration of catalyst. The rate constant, also known as the turnover 

number, measures the amount of substrate converted to product by unit time as the maximum 

velocity (Vmax) is reached and represents the ability of forming product after the catalyst binds with 

the substrate. The calculated  𝑘𝑐𝑎𝑡  for the HfB2/F68 nanozyme was 1.5 x 10-3 s-1 and 9.3 x 10-4 s-1 

for TMB and H2O2, respectively.  

The kinetic parameters of the reaction between the nanozyme, TMB and H2O2 substrates were 

determined. The resulting KM values showed that the HfB2/F68 nanozyme has higher affinity 

towards TMB and H2O2 compared to HRP. Furthermore, the higher value of Vmax shows that 

HfB2/F68 achieves maximal activity faster than HRP. These results all indicate that nanozyme 

HfB2/F68 can be successfully used to mimic the naturally occurring peroxidase enzyme HRP with 

excellent efficiency. The catalytic reaction also follows a ping-pong mechanism involving both 

substrates. 

 

Figure 5.7. Ping-pong mechanism. Double reciprocal plots (Lineweaver-Burk) for (A) TMB and 

(B) H2O2. The final working concentration of the nanozyme was 10 μg/mL of HfB2, the concentration 

of F68 was 3%(v/w) and all experiments were conducted at pH 4 and 35ºC. 
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5.6 Antibacterial Activity of HfB2/F68 Nanozyme  

The growing antibiotic resistance of bacteria pose a significant challenge for healthcare 

systems, including in the healing of infected wounds and disinfection of surfaces.51 Recently, 

various alternative antimicrobial agents based on nanomaterials have been studied.18, 38, 52-54 To 

evaluate the antibacterial activity of HfB2/F68 we chose two well-known strains: gram-negative E. 

coli and multi-drug resistant gram-positive S. aureus. The minimum bactericidal concentration 

(MBC) values of HfB2/F68 were determined for both bacteria using the microdilution method as 

shown in Figure 8. The MBC values of biosafety level 1 (BSL-1) strains E. coli was 10 µg ml-1 after 

4 h of incubation with HfB2/F68 and 7 µg ml-1 after 5 h of incubation time (Figure 8A). For BSL-2 

S. aureus the MBC was determined to be 12 µg ml-1 and 11 µg ml-1 after 4 h and 5 h of incubation 

respectively (Figure 8B). Subsequently we also did a study of antibacterial activity of HfB2/F68 in 

the presence of H2O2 (Figure S5). The range of concentration used for of HfB2/F68 was 0 - 15 µg 

ml-1 and for H2O2 was 0-0.1 mM (as 0.05 mM to 0.1mM is considered biologically relevant).21, 55 We 

analyzed the MBC of E. coli and S. aureus with varying concentrations of HfB2/F68 keeping the 

concentration of H2O2 at 0.1 mM for different incubation times (Figure S5A and S5B respectively). 

Also, we did the same with different H2O2 concentrations keeping the concentration of HfB2/F68 

fixed at 7 µg ml-1 and 12 µg ml-1 for E. coli and S. aureus respectively (Figure S5C and S5D 

respectively). The above results show similar antibacterial efficacy with and without the presence 

of H2O2 showing the ability of HfB2/F68 to be a highly potent antibacterial agent.  

5.7 Biocompatibility of HfB2/F68 Nanozyme  

The viability of the epithelial cell line A549 in the presence of HfB2/F68 was analyzed with 

alamarBlue viability assays at different concentrations of HfB2/F68 (Figure 8C). The fluorescence-

based alamarBlue assay results indicate that after incubation for 24 h with HfB2/F68 at 

concentrations ranging from 0 to 15 µg ml-1, where 0 µg ml-1 indicates the absence of any HfB2 

indicating our control, there was more than 80% of the cells remaining viable. Furthermore, at up 

to 12 µg ml-1 of HfB2/F68 concentration, the mammalian cells showed more than 90% cell viability 

which is considered biocompatible. We also performed the biocompatibility assay in presence of 
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0.1 mM H2O2 and observed a slight decrease in viability of cells down to ~70% at higher 

concentrations of 15 µg ml-1 of HfB2/F68 as compared to just HfB2/F68 (Figure S5). 

To further examine the biocompatibility of HfB2/F68, we performed a hemolysis assay by 

incubating whole human red blood cells (RBCs) with different concentrations of HfB2/F68 ranging 

from 0 to 20 µg ml-1. After incubation for 24 h, only ~3.5% lysis of RBCs was observed for HfB2/F68 

for concentrations as high as 20 µg ml-1 (Figure 8D). Materials that induce up to 5% hemolysis of 

RBC are considered biocompatible.56 From optical images as well we can attest to the fact that 

HfB2/F68 has near to no hemolytic effects on the RBCs (Figure S6A). Additionally, we measured 

the optical absorbance spectra of the samples after incubation over a broad spectrum of 

wavelengths from 300-700 nm and found very low absorbance from lysed RBCs across a wide 

range of concentrations of HfB2/F68 (Figure S6B). Only the positive control of Triton X showed 

significant cell lysis and high optical absorbance. Therefore, we can conclude that HfB2/F68 can be 

considered biocompatible.  
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Figure 5.8. Antibacterial activity and biocompatibility of HfB2/F68. (A) CFUs of E. coli after 

treatment with different HfB2/F68 concentrations at 4 and 5 h of incubation times. (B) CFUs of S. 

aureus after treatment with different HfB2/F68 concentrations at 4 and 5 h of incubation times. (C) 

Percent cell viability of A549 epithelial cells when treated with different concentrations of HfB2/F68. 

(D) Hemolysis assay to determine the toxicity of HfB2/F68.  

5.8 Discussion 

In this study, we successfully prepared HfB2 nanosheets exfoliated and dispersed in an aqueous 

solution of the nonionic surfactant Pluronic F68 by bath sonication. We found 3% F68 concentration 

to be optimal for highest catalytic efficiency of the resulting HfB2/F68 nanozyme. We hypothesize 

that a higher concentration of 4% F68 makes the nanoflake exfoliation less effective because of 

the decrease in surface tension caused by the concentration of dispersing agent.57 Lower F68 

concentrations (0.5%, 1% and 2%) are not as effective as 3% F68 because those concentrations 

of the dispersing agent are not enough to keep the separated layers of HfB2 stabilized in solution. 

We also observe 0.5% and 1% of F68 to be more effective than 2% F68 probably because of better 

adsorption on the HfB2 nanoflake surface (Figure 5A). 

Understanding the kinetics of a catalytic reaction is essential for all enzymes and enzyme-

mimics. In the past, steady-state kinetics and the theory developed by Leonor Michaelis and Maud 

Leonora Menten have been followed.58 The modern Michaelis-Menten equation is derived based 

on the steady-state assumption (Equation 1). Insights about the reaction mechanism can be 

obtained from two relevant kinetic parameters Vmax and KM, where KM is the measure of binding 

affinity of a specific substrate, and a lower value of KM correlates to larger binding affinity.59 The 

rate of reaction when the enzyme is saturated with substrate is the maximum rate of reaction 

or Vmax.59  

To overcome the drawbacks of natural peroxidases like high cost and low stability, 

nanozymes with superior catalytic activity are required.13 A comparison of catalytic performance 

was conducted and the catalytic rate constants or turnover number (kcat), calculated with the molar 

concentration of the nanozymes based on reported performance were analyzed (Table S1). 
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Nanozymes from different nanostructures were chosen for the comparison. The affinity of HfB2/F68 

with respect to H2O2 and the corresponding catalytic rate constant per mass for different 

nanozymes was also studied. Most nanozymes have high values of KM for H2O2 corresponding to 

low affinity for hydrogen peroxide. The affinities of different nanozymes for hydrogen peroxide were 

plotted (Figure S6). Importantly, HfB2/F68 nanozymes have very high affinity for hydrogen peroxide 

compared to all the nanozymes in Table S1. Only gold nanoparticles with graphitic carbon nitride 

(Au/g-C3N4) show slightly higher binding affinity value of 0.222 mM towards H2O2 as compared to 

HfB2/F68 with 0.229 mM.55 However, HfB2/F68 has a much higher rate of reaction (Vmax) with a 

value of 3.26 x 10-4 compared to 1.50 x 10-5 reaction rate of Au/g-C3N4 (Table S1). This is an 

important result, especially for applications involving reactions with hydrogen peroxide. The cost of 

HfB2/F68 is also significantly lower than Au/g-C3N4. 

One of the main drawbacks of natural enzymes is their high cost which is why lower cost 

nanozymes are needed. For instance, HRP shows excellent catalytic activity with turnover number 

(kcat) (Table S1) but can cost up to $3110/gram which is higher than all the nanozymes used in this 

comparison. Hence, we compared the prices of known nanozymes with their corresponding 

catalytic efficiency (Figure S8). The first reported nanozyme ferromagnetic nanoparticles (Fe3O4 

MNPs), cost ~$16/gram which is much more affordable than HRP with a turnover number higher 

than that of HfB2/F68. However, they are toxic with low biocompatibility and instability over long 

times, making them unsuitable for biomedical applications.6, 60 Other expensive nanozymes 

involving inert metals like Au and Pt cost ~$300/gram and shows good catalytic activity (Table S1) 

have far lower binding affinity towards H2O2 (Figure S7 and S8).15-16, 55 The most cost effective 

nanozymes include HfB2, tungsten oxide (WO3),19 Prussian blue (PB NPs),28 molybdenum 

diselenide (MoSe2)18 and molybdenum disufide (MoS2)32 with prices lower than $16/gram. HfB2 

nanozymes, MoS2 nanofibers (NF), MoSe2 and PB NPs nanoparticles showed optimal results in 

terms of the relation between activity and cost-effectiveness (Figure S8). Moreover, HfB2 has the 

highest TMB turnover activity per cost among nanozymes from 2D nanostructures. This might be 

caused by the low concentration of H2O2 required to reach the maximum velocity. We also analyzed 

the affinity of HfB2/F68 with respect to TMB, which is lower than the rest of the nanozymes, but it 
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can achieve high catalytic activity at a much faster rate (Table S1). HfB2/F68 excels in the relation 

between affinity towards H2O2 and catalytic activity compared to other enzyme-mimics. These 

findings make HfB2/F68 nanozyme a promising candidate for applications involving extreme 

conditions since it is capable of achieving high activity despite the high concentration of TMB 

required. 

We also analyzed the antibacterial activity of HfB2/F68 nanozyme in the absence (Figure 

8A and 8B) and presence of H2O2 (Figure S4). The results show the extraordinary efficiency of 

HfB2/F68 at a concentration below 12 µg ml-1 against both gram-negative E. coli and drug resistant 

gram-positive S. aureus within 5 h of incubation. In the literature, MoSe2 nanozymes synthesized 

in silk fibroin show wound healing ability with the assistance of 0.1 mM H2O2 at a much higher 

concentration of 50 µg ml-1.18 In comparison, graphene quantum dots (GDQs) could only achieve 

eradication of bacteria at 100 μg ml-1 and 1mM H2O2.21 Gold nanoparticles with ultrathin graphitic 

carbon nitride (Au/g-C3N4) also displays antibacterial efficiency at comparable concentration of 20 

µg ml-1 but in the presence of 0.1 mM H2O2 and 8 h of incubation.55 Hence, HfB2/F68 as a nanozyme 

can be studied further for various applications to replace natural enzyme owing to its very low cost, 

ease of synthesis, catalytic efficiency and binding affinity towards H2O2. Furthermore, there is scope 

for tunability and functionalization to incorporate specificity to increase its efficiency. It can also be 

used as disinfectants and as antibacterial agent in absence of H2O2 attributed to its very high 

antibacterial efficacy and biocompatibility.  

5.9 Conclusions  

In conclusion, we have prepared HfB2 nanosheets dispersed and stabilized in F68, and 

demonstrated their nanozyme and antibacterial performance. Characterization by microscopy 

methods showed the nanosheets had average surface area of 1394.3 nm2 and average thickness 

of 18.28 nm. The intrinsic peroxidase-like activity of HfB2/F68 was investigated using TMB and 

H2O2 as substrates. The optimal conditions for the catalytic activity of the HfB2/F68 nanozyme were 

found to be 10 mM H2O2, 10 mM TMB, pH4, 35 ̊C, and 3% F68. Catalytic parameters were 

determined by steady state kinetic experiments and the catalytic performance was compared with 

other nanozymes in the literature, showing that HfB2/F68 has one of the highest affinity towards 
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H2O2 and highest TMB turnover activity per cost among nanozymes from 2D nanostructures, and 

is very cost effective and can be produced by a facile and environmentally benign bath sonication 

method. Steady state kinetic assays also revealed that the reaction mechanism follows a ping-pong 

mechanism like HRP. The high affinity of the nanozyme for hydrogen peroxide opens the door for 

future possible applications such as detecting biomolecules that are closely related to the 

generation of H2O2. Furthermore, the antibacterial assay showed 100% eradication of E. coli and 

S. aureus at 7 µg ml-1 and 12 µg ml-1 of HfB2/F68, respectively, after treatment for 5 h. These MBC 

values are among the lowest measured from antimicrobial agents from nanomaterials. The 

HfB2/F68 also showed excellent biocompatibility based on mammalian cell viability and hemolysis 

assays, which suggests it may be suitable for future use as an antimicrobial agent or in other 

biomedical applications. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Conclusions 

 Two-dimensional (2D) materials of different compositions has been studied extensively in 

the last two decades since the advent of graphene and its derivatives in 2004.1–3 These novel 2D 

materials are used in numerous applications of various fields of research such as biomedicine, 

biosensing and chemical sensing as well as energy storage and generation, electronics, etc.4 In 

this thesis we covered synthesis of biocompatible novel nanomaterials and biological applications 

of two types of layered materials: (1) 2D van der Waals transition metal chalcogenides (TMCs) 

and (2) Layered non-van der Waals metal diborides. Layered materials with their unique physical, 

chemical and electrical properties along with the fact that they are extremely tunable has a lot of 

potential for application in medical fields addressing current health problems. One of the major 

limitations of using nanomaterials in biology is their cytotoxicity which we have addressed in this 

thesis by interfacing biological molecules to produce biocompatible 2D nanomaterials. In 

conclusion, we have demonstrated simple synthesis of 2D layered materials followed by their 

characterizations. We demonstrated the antimicrobial activity of the synthesized materials and 

addressed the challenge of growing resistance of MDR microbes. We also evaluated their mode 

of action and biocompatibility. Finally, we tested our synthesized metal diborides for intrinsic 

catalytic activity for future application in biomedicine.  

 In Chapter 2, we synthesized several TMCs with various compositions in a 

oligonucleotide sequence of ssDNA with the sequence T20 inspired by our previous work.5 After 

characterization we observed MoSe2 nanosheets were dispersed in ssDNA most efficiently and 

was most potent against bacteria. It was even ~21% more effective against GO in eliminating gram-

negative strain E. coli. To increase the efficacy of antibacterial activity, we successfully designed 

and fabricated a novel target-specific biocompatible antibacterial agent where MoSe2 was prepared 

by liquid phase exfoliation encapsulated in cationic polymer PLL and nonionic Pluronic F77 

(MoSe2/PLL/F77). Evaluation of the antibacterial activity of the MoSe2/PLL/F77 nanosheets 
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revealed their exceptional ability to eradicate ESKAPE strains. The multimodal action of 

MoSe2/PLL/F77 against both gram-positive and gram-negative bacteria was elucidated with the 

help of SEM and TEM. Additionally, we observed no development of resistance against 

MoSe2/PLL/F7 even after 20 passages of bacteria. The remarkable antibacterial performance and 

inhibition of resistance shows the ability of MoSe2/PLL/F77 as a potent antibacterial system with 

the capacity to combat a broad spectrum of different drug-resistant bacterial pathogens.  

In Chapter 3, we further tested MoSe2/PLL/F77 against MDR biofilms which are a leading 

cause of spreading of MDR infections in hospitals and public places. We observed complete 

eradication of mature biofilm against both gram-positive and gram-negative drug-resistant bacteria. 

We also demonstrated successful inhibition of biofilm growth on several medically relevant surfaces 

(PMMA-coated glass slides, hydrophilic PTFE membranes and medical grade Ti-alloy) coated with 

MoSe2/PLL/F77 with only below ~6% surviving bacterial cell demonstrating the high efficacy of the 

MoSe2/PLL/F77 coating. Furthermore, EDX analysis of the coating showed presence of Mo and Se 

elements on the coated region as opposed to increased presence of carbon on the uncoated region 

signifying presence of biomass, thereby proving the presence and effects of MoSe2/PLL/F77 

coating on biofilm growth. This brings us one-step closure towards practical application in solving 

problems against growing resistance of MDR bacteria and biofilm. 

In Chapter 4, we prepared another novel material consisting of MoSe2 nanosheets 

dispersed in chitosan (MoSe2/CS) to target MDR fungal strains including C. auris panel which has 

been declared as an imminent threat by CDC. Since, fungal strains are more difficult to treat and 

with the lack of antifungal drugs available we replaced PLL with chitosan a naturally occurring 

antifungal polymer. We observed a successful synthesis of 2D MoSe2 nanosheets in presence of 

CS. They showed exceptional efficiency against growth of both unicellular and filamentous fungi 

leading to complete eradication. A detailed investigation of the mechanism of antifungal action 

showed that the MoSe2/CS nanosheets induced fungal cell death through a combined action of 

membrane damage, membrane depolarization, metabolic inactivation, and cytoplasmic leakage. 
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The MoSe2/CS nanosheets were also found to possess high biocompatibility toward mammalian 

cells.  

In Chapter 5, we investigated a completely different material metal diborides. They are 

non-van der Waals layered materials held together by ionic/covalent bonds. Recently the liquid 

phase exfoliation and structural properties of metal diborides were explored in our lab.6–8 We further 

analyzed them for biomedical applications in this dissertation. We successfully synthesized and 

characterized hafnium diboride (HfB2) nanoflakes in biocompatible block-co polymers Pluronic F68. 

Size and thickness distributions for the nanoflakes showed nanoflake like property. We examined 

its catalytic activity and discovered a new nanozyme which showed peroxidase mimicking 

properties. HfB2/F68 nanozyme possess intrinsic peroxidase-like activity which was investigated 

with the help of TMB and H2O2 as substrates. Catalytic parameters were determined by steady 

state kinetic experiments and the catalytic performance was compared with other nanozymes in 

the literature. Comparison showed that HfB2/F68 has one of the highest affinities towards H2O2 and 

highest TMB turnover activity per cost between nanozymes when compared with 2D-

nanostructures. Steady state kinetic assays also revealed that the reaction mechanism follows a 

Ping-Pong mechanism like HRP. Furthermore, antibacterial assay showed complete eradication of 

E. coli and MDR S. aureus and high biocompatibility.  

Thus, the work covered in my thesis explores antimicrobial efficacy of layered materials for 

future applications in healthcare system to tackle the growing drug-resistance of microbes. We 

also introduce layered materials as a novel nanozyme with antibacterial ability to eradicate both 

gram-positive and gram-negative bacteria. I believe that the research in this dissertation paves 

the path for future solution to the problems faced in the healthcare system and overcome the 

limitations posed by current approaches. Additionally, with further research of metal diborides 
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scientists can learn and synthesize various biocompatible materials. It can open new possibilities 

of applications in biomedicine, catalysis, biosensing and functional electronics.  

6.2 Future directions 

  Recent development in 2D materials and multiple research in the field of biomedical 

applications have opened up numerous possibilities. Hence, following are the possible direction 

these projects can lead to in the immediate future.  

6.2.1 Surface coating 

One of the most critical problems faced by healthcare systems are multi-drug resistant 

infections (MDR). The primary reason for these infections is their ability to attach and survive on 

surfaces, both in healthcare settings and on common surfaces.9 Colonization of these MDR 

microbes on surgical implants and tools leads to infections and biofilm formation which is the major 

reason for complications in the use of implants and are the predominant cause for implant 

failure.10,11 We demonstrated successful antibacterial coating with the help of MoSe2/PL/F77 on 

various medically relevant surfaces (PMMA-coated glass slides, hydrophilic PTFE membranes and 

medical grade Ti-alloy). MoSe2/PL/F77 not only eradicated mature biofilms but also effectively 

inhibited the growth of biofilm on coated surfaces. Furthermore, with incorporation of viscous 

material like chitosan (CS), more robust coating can be developed like MoSe2/CS. These coatings 

on hospitals equipment, medical devices and in general surfaces in public places can avoid the 

growth and spread of MDR infections. 

6.2.2 Wound healing patches 

Prolonged time to heal wounds and the possibility of infections in patients suffering from 

diabetes or post-surgical patients not only gives rise to complications but also makes the entire 

process expensive.12,13 Current therapies cannot fully address the impaired healing, provoking 

wound complications like infections and poor wound closure.13 Thus, unique properties of 

nanomaterials and anti-inflammatory properties of biomaterials like antimicrobial peptides (PLL) 

or polymers (CS) can provide an alternative solutions for next generation of wound nano-

therapies. We were able to make free standing films of MoSe2/CS which were excellent in 

inhibiting growth of bacteria and fungi in solution. Owing to its viscosity, elasticity and hydrophilicity 
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it can be further analyzed for wound healing patches. Additionally, both MoSe2/PLL/F77 and 

MoSe2/CS can be incorporated in methylcellulose-based polymers for applications on noninvasive 

wounds and burn regions for prevention of infection thereby expediting the healing process. Thus, 

these biocompatible nanomaterials can bridge the gap between scientific knowledge and translate 

them into commercially available wound healing products.  

6.2.3 Lysing of viral capsids  

 With the onset of SARS-CoV-2 pandemic and other viral diseases, we need fast and simple 

means of detection which consists of one important step of extraction of RNA/DNA. Often 

extraction process can be time consuming, expensive, and complicated limiting conventional 

extraction kits for large-scale extraction process.14 Hence, we are analyzing the ability of these 

synthesized nanomaterials for lysing of viral capsids for a fast, affordable, and efficient extraction 

of RNA/DNA. With our material MoSe2/PLL/F77 and MoSe2/CS we were able to lyse viral capsids 

in a very short time. Further analysis can achieve binding of the extracted RNA/DNA in buffer 

comprising of chaotropic agents and organic solvents to separate them from the nanomaterials 

for rapid large-scale detection, analysis and storage.  

6.2.4 Mechanistic study of metal diborides in medical applications 

Metal diborides are a class of ultrahigh-temperature ceramic materials showing flexibility 

and strong mechanical properties in composite form.6,7 In our research we observed the facile 

production of HfB2 nanoflakes in aqueous solution of biocompatible Pluronic F68 which has the 

advantage of an environmentally friendly process of water bath sonication. Researchers can further 

investigate synthesizing these metal diborides in other biocompatible oligonucleotide, polymers 

and surfactant to generate higher yield. We also discovered the peroxidase-like activity of HfB2 with 

high affinity towards H2O2 opening the door for future possible applications in catalysis, ROS 

production and biomedicine. For instance, detecting biomolecules that are closely related to the 

generation of H2O2 by creating biosensors made of this nanozyme. Since HfB2/F68 also displayed 

exceptional antibacterial efficiency, scientist should perform detailed studies into its mechanism of 

action and cytotoxicity. With its ability to kill microbes and to form strong, flexible composites it can 

be further examined for future applications as an antimicrobial agent and coatings. 
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S1. Materials and supplies 

 
Chemicals 

 Molybdenum disulfide (MoS2), molybdenum diselenide (MoSe2), tungsten disulfide (WS2), 

tungsten diselenide (WSe2), tin sulfide (SnS), tin diselenide (SnS), bismuth disulfide (Bi2S3) and 

bismuth diselenide (Bi2Se3), poly-L-lysine (PLL), phosphate buffer saline solution (PBS, pH 7.4), 

Dulbecco’s phosphate buffered saline (DPBS), Muller-Hilton broth (MHB), Muller-Hilton agar 

(MHA), brain heart infusion (MHI) broth, brain heart infusion (BHI) agar, Dulbecco’s modified 

Eagle’s medium (DMEM), trypsin-EDTA,  tryptic soy agar (TSA), tryptic soy broth (TSB), Luria-

Bertani (LB) broth and LB agar  were purchased from Sigma-Aldrich. T20 ssDNA was purchased 

from Integrated DNA Technologies (IDT). RAW 264.7 (TIB-71™) macrophage cells were 

purchased from ATCC. Whole red blood cells (RBCs) from a single donor were purchased from 

Innovative Research. The alamarBlue reagent cell proliferation assay was purchased from G-

Biosciences. Acetone and ethanol were purchased from VWR. Osmium tetroxide (OsO4, 98% 

purity) was purchased from Combi-Blocks Inc. Pluronic F77 was obtained from BASF Corporation.  

Bacteria strains 

 Escherichia coli (E. coli) strain MG1655 (ATCC, 700926), Staphylococcus aureus (S. aureus) 

(ATCC, 29213), Methicillin resistant Staphylococcus aureus (MRSA) (ATCC, BAA 1720), 

Pseudomonas aeruginosa (P. aeruginosa) (ATCC, BAA 2113), Klebsiella pneumoniae (K. 

pneumoniae) (ATCC, BAA 2342), Vancomycin-resistant Enterococcus faecium (E. faecium) 

(ATCC, 51299), Acinetobacter baumannii (A. baumannii) (ATCC, BAA 1797) and Enterobacter 

cloacae (E. cloacea) (ATCC, BAA 2468). 

2. Preparation of TMC dispersions and characterization  

Preparation of TMC/ssDNA 

The T20 ssDNA aqueous solution (1.6 mg ml-1) was dissolved in 8 ml of autoclaved water 

and 200 mg of bulk power source material was added. The mixture was probe sonicated with a 

13 mm tip with Branson Digital Sonifier SFX 550 for 2 h at 11 W power under. After sonication, 

the dispersion was centrifuged at 5000 rpm for 5 mins followed by 21,000 g for 1 minute to 
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remove the excess bulk powder flakes using an Eppendorf 5424 Microcentrifuge and the 

supernatant was collected. The concentration of nanosheets in the final dispersion was 

determined using ICP-MS. The MoSe2/PLL/F77 dispersions were stable for several weeks. Liquid 

dispersions for ICP-MS analysis were first acidified in nitric acid overnight and diluted to a final 

nitric acid concentration of 2 wt%. The samples were then analyzed by a Thermo Fisher iCap Q 

quadrupole instrument. The color of the resulting dispersions varied from brown to green 

depending on the material.  

Preparation of MoSe2/PLL/F77 

We ultrasonicated 200 mg of TMC were added to 8 ml aqueous solution containing 1 mg 

ml-1 of PLL with a 13 mm tip at a power level of 12 W for 2 hours using a Branson Digital Sonifier 

450D. After ultrasonication, the sample was centrifuged at 5000 g for 5 minutes followed by 21,000 

g for 1 minute to remove the excess bulk powder using an Eppendorf 5424 Microcentrifuge. The 

supernatant then was further ultrasonicated for 30 minutes with 3% (w/v%) Pluronic F77 added to 

a concentration of 0.5% w/v for 30 minutes. The resulting solution was than dialyzed for 24 h using 

100 kD molecular weight cutoff cellulose ester membrane. The concentration of nanosheets in the 

final dispersion was determined using ICP-MS. The MoSe2/PLL/F77 dispersions were stable for 

several weeks. Liquid dispersions for ICP-MS analysis were first acidified in nitric acid overnight 

and diluted to a final nitric acid concentration of 2 wt%. The samples were then analyzed by a 

Thermo Fisher iCap Q quadrupole instrument. 

Characterization 

Absorbance (UV-Vis) spectra for the dispersed 2D MoSe2/PLL/F77 were acquired using a 

Jasco V-670 Spectrophotometer using a quartz cell with a path length of 1.0 cm. Transmission 

electron microscopy (TEM) samples were prepared by drop-casting 10 µl of dilute MoSe2/PLL/F77 

dispersion on a holey carbon grid followed by washing with 10 µl of water and dried with filter paper. 

Images were acquired on a Philips CM-12 TEM operated at 80 kV with the help of a Gatan model 

791 CCD camera. 

S3. Antibacterial studies  
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Overnight cultures of bacteria were grown in their respective medium at 37 °C. E. coli strain 

MG1655 was grown in LB broth. TSB broth (Sigma Aldrich) and TSB agar (Sigma Aldrich) were 

used to grow S. aureus, MRSA, P. aeruginosa and A. baumannii whereas E. faecium were grown 

in BHI broth and BHI agar in presence of 4mcg/ml of vancomycin. K. pneumoniae was grown in 

MHB. They were harvested at the mid-exponential growth phase (optical density (OD) at 600 nm 

wavelength, OD600 = 0.33). Cells were centrifuged at 2500 rpm for 5 min and the pellets were 

washed with 1×PBS. The final pellet was resuspended in minimal essential medium (MEM) and 

OD600 was measured on a spectrometer, then diluted to 107 cell-forming units (CFU)/mL in MEM 

medium. Bacteria at concentrations of 107 CFU/ml were incubated with different concentrations of 

nanomaterials (TMC/ssDNA and MoSe2/PLL/F77) for 4 h and 2 h respectively. After incubation, 

bacteria were plated in agar plates using serial dilution method and after overnight growth 

remaining bacterial was calculated by colony counting method. 

S4. Biocompatibility 

Hemolysis assay 

Fresh RBC was diluted in 1x PBS to dilute it to the concentration of 2 x 107 and centrifuged 

at 5000 g for 10 minutes. The supernatant was collected, and pellet was washed with 1x PBS three 

times to remove any hemoglobin from lysed cell. The diluted cell was than incubated with varying 

concentrations of nanomaterials in presence of humidity containing 5% CO2 at 37 °C for 2 hours. 

After incubation, solution was centrifuged, and absorbance of supernatant was measured at 570 

nm. RBC suspension in 1x PBS was used as a negative control whereas RBC lysed with 0.5% 

Triton X-100 was taken as a positive control. 

Cell viability of mammalian cell 

Rat macrophage 264.7 cell cell line was cultivated in DMEM medium containing 10% FBS 

and 1% antibiotics. The cells were cultured in presence of humidity containing 5% CO2 at 37 °C. 

The cells were passaged thrice a week before performing cell experiments. Cell viability was 

determined by seeding mammalian cells to the order of 1 x 105 order in 96 well plate for 24 h. The 

cells were incubated with varied concentrations of nanomaterials for 24 h. After incubations, 

supernatant was removed and replaced with 10% alamerBlue solution in DMEM. After 4 hours 
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incubation with 10% alamerBlue solution, the fluorescence was measured (excitation/emission: 

560 nm/610nm). Cells without nanomaterials were considered as 100% viable. All experiments 

were performed in quadruplicate. 

S5. Morphology study 

SEM Imaging 

For scanning electron microscopy (SEM) imaging, cells were initially fixed and washed 

following the same method used for TEM samples. Washed cells were then concentrated into a 

small volume of DPBS and applied to poly-L-lysine (PLL)-coated coverslips for 10 min. Excess cells 

were removed by briefly rinsing in DPBS and the coverslips were transferred to a solution of 1% 

OsO4 in DPBS for 1 h at room temperature, followed by thorough washing with deionized water. 

Samples were dehydrated in a graded ethanol series (20%, 40%, 60%, 75%, 90% and 100%) and 

critical-point dried in a Balzers-Union CPD-020 unit using carbon dioxide as the transition fluid. 

After routine mounting on aluminum stubs, samples were sputtered-coated with 10-12 nm of gold-

palladium in a Technics Hummer-II unit. Images were generated on a JEOL JSM6300 SEM 

operated at 15 kV and acquired with an IXRF model 500 digital processor. 

TEM Imaging 

For transmission electron microscopy (TEM) imaging, samples treated by MoSe2/CS and 

control samples were initially fixed in a suspension with 2.5% glutaraldehyde in Dulbecco’s 

phosphate buffered saline (DPBS) overnight at 4°C, followed by washing in DPBS. Cells were then 

placed into a drop of 1% agarose on a glass slide and treated with 1% osmium tetroxide (OsO4) in 

DPBS for 1 h, washed thoroughly with deionized water, and dehydrated in a graded acetone series 

(20%, 40%, 60%, 80% and 100%). Spurr’s epoxy resin was used to infiltrate and embed the 

samples. 70-nm-thick sections were cut on a Leica Ultra cut-R microtome followed by post-staining 

with uranyl acetate and lead citrate. Images were generated on a Philips CM-12 TEM operated at 

80 kV and acquired with a Gatan model 791 CCD camera.  

S 6. Resistance study  
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S. aureus (ATCC-BAA 1720) and A. baumannii (ATCC- BAA 1797) was inoculated in TSB 

medium and cultured overnight at 37 °C at 200 rpm. The overnight culture was further diluted in 

TSB medium and incubated with MoSe2/PLL/F77 or antibiotics solutions in TSB medium. The 

plates were sealed and incubated for 16 hours. The MIC was determined. The bacteria from 25 

concentration of MoSe2/PLL/F77 or antibiotics was further diluted in TSB medium and treated with 

fresh solution of MoSe2/PLL/F77 or antibiotics and incubated as above. This process was repeated 

for 20 passages. 

S7. Supplementary figures 

 

Figure S 2.1. Zeta potentials of dispersions of 2D TMCs in ssDNA.38 
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Figure S 2.2. Synthesis and characterization of MoSe2/PLL/F77.  (A) Schematic illustration of 

exfoliation of bulk MoSe2 in PLL and Pluronic F77 solution to form MoSe2/PLL/F77 nanosheets. 

The structure of PLL is shown at bottom along with Pluronic F77. (B) Glass vial containing a dark 

brown MoSe2/PLL/F77 dispersion. (C) TEM image showing dispersed MoSe2/PLL/F77 nanosheets. 
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Figure S2.3. Zeta potential and TGA. (A). Comparison of zeta potential of MoSe2/PLL and 

MoSe2/PLL/F77. (B) TGA data of MoSe2/PLL/F77. (Experiment credit: Abhishek Debnath). 

 

 

Figure S 2.4. (A) Development of resistance by Pseudomonas aeruginosa against imipenem, 

gentamicin, PLL and MoSe2/PLL/F77 after treatment at 0.5 x MIC concentrations. (B) 

Development of resistance by Staphylococcus aureus against antibiotic rifampin, PLL, and 

MoSe2/PLL/F77 after treatment at 0.5 x MIC concentrations. (Experiment credit: Abhishek 

Debnath). 
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S1. Materials and supplies 

Materials 

Molybdenum (IV) selenide (MoSe2, 325 mesh, 99.9% trace metals basis, item number: 

778087), poly-L-lysine hydrochloride (PLL, mol. Wt. >30,000), phosphate buffer saline solution 

(PBS, pH 7.4), Dulbecco’s phosphate buffered saline (DPBS), Dulbecco’s modified Eagle’s 

medium (DMEM), tryptic soy broth, tryptic soy agar, crystal violet (CV, 548-62-

9),  Poly(methacrylic acid methyl ester) (PMMA, 9011-14-7), hydrophilic polytetrafluoroethylene 

membrane (PTFE, JAWP04700, 1.0 um pore size, 47 mm diameter) and (sodium 3′-[1-

[(phenylamino)-carbony]-3,4-tetrazolium]-bis(4-methoxy-6-nitro)benzene-sulfoni acid hydrate) 

(XTT, 111072-31-2) salt were purchased from Sigma-Aldrich. Glutaraldehyde solution (25% in 

H2O) was purchased from Thomas Scientific Holdings LLC. Human embryonic kidney 293 cells 

(HEK293) were purchased from ATCC. Osmium tetroxide (OsO4, 98% purity) was purchased from 

Combi-Blocks Inc. LIVE/DEAD BacLight Bacterial Viability Kits was purchased from Thermo Fisher 

Scientific. Minimum biofilm eradication concentration (MBEC) assay plates with stubs were 

purchased from Innovotech’s MBEC Assay® (Product Codes 19132). Pluronic F77 was obtained 

from BASF Corporation. Medical grade titanium alloy (Ti-alloy, 6-4 Eli Grade 23 Titanium Grade) 

was obtained from TMS Titanium.  

Bacterial strains 

 The antibacterial activity of MoSe2/PLL/F77 was studied using the Methicillin resistant 

Staphylococcus aureus (MRSA, ATCC, BAA 1720), Acinetobacter baumannii (A. baumannii, 

ATCC, BAA 1797) and Pseudomonas aeruginosa (P. aeruginosa, ATCC, BAA 2113). 

S2. Preparation and characterization of MoSe2/PLL/F77   

Preparation of MoSe2/PLL/F77 dispersions  

The MoSe2/PLL/F77 dispersions were prepared by first probe sonicating 200 mg of MoSe2 

in the presence of 1.6 mg ml-1 PLL in 8 ml of water, to make a dispersion of MoSe2/PLL. The 

sonication was done for 2 h at 25 W power using Branson Digital Sonifier SFX 550. The sonicated 

sample was centrifuged for 5 mins at 5000 rcf followed by 1 min at 21000 rcf using an Eppendorf 

https://www.sigmaaldrich.com/catalog/search?term=548-62-9&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=US&focus=product
https://www.sigmaaldrich.com/catalog/search?term=548-62-9&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=US&focus=product
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5424 Microcentrifuge. The supernatant was collected leaving the pellet which contained excess 

MoSe2 and PLL. The MoSe2/PLL dispersion was further sonicated in 0.5% Pluronic F77, an 

amphiphilic nonionic biocompatible surfactant for 30 mins at 11 W power. The resultant dispersion 

was then dialyzed for 36 h in water to remove excess the PLL and Pluronic F77. The 

MoSe2/PLL/F77 dispersions were stable for several weeks. The concentration of nanosheets in the 

final dispersion was determined using inductively coupled mass spectrometry (ICP-MS). Liquid 

dispersions for ICP-MS analysis were first acidified in nitric acid overnight and diluted to a final nitric 

acid concentration of 2 wt%. The samples were then analyzed by a Thermo Fisher iCap Q 

quadrupole instrument. 

Optical characterization and transmission electron microscopy 

Absorbance (UV-Vis) spectra for the dispersed 2D MoSe2/PLL/F77 were acquired using a 

Jasco V-670 Spectrophotometer using a quartz cell with a path length of 1.0 cm. Transmission 

electron microscopy (TEM) samples were prepared by drop-casting 10 µl of dilute MoSe2/PLL/F77 

dispersion on a holey carbon grid and left to dry under ambient conditions. Images were acquired 

on a Philips CM-12 TEM operated at 80 kV with the help of a Gatan model 791 CCD camera. 

S3. Bacterial cell preparation and biofilm quantification assay 

Biofilm growth 

Overnight cultures of MRSA, A. baumannii, and P. aeruginosa were grown in tryptic soy 

broth (TSB) at 37°C and harvested at mid-exponential growth phase (optical density (OD) at 600 

nm wavelength, OD600 = 0.33). Bacteria samples were diluted in TSB medium to obtain an of OD600 

= 0.01. Then, 150 µl of this stock solution from each strain was incubated in 96-well plates or 

minimum biofilm eradication concentration (MBEC) assay plates coated with hydroxyapatite. Cells 

were incubated at 37°C for 48 h and the growth medium was changed after 24 h. All the 

experiments were done in triplicate. 

Measurement of minimal bactericidal concentration (MBC)  

Different concentrations of MoSe2/PLL/F77 were made by serial dilution. Bacterial cells 

were grown to OD600 of ~0.4 and ~0.33, respectively, and diluted to 106 CFU (cell-forming units) ml-
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1 in their respective growth medium. Equal volumes of cell culture and nanomaterial at different 

concentrations were then added to a 96 deep-well plate. The 96 deep-well plate was then incubated 

at 37 °C for 2 h. The final cell viability was determined using the microdilution method on agar 

plates. For MRSA, A. baumannii and P. aeruginosa agar plates were incubated for 16 h at 37 °C. 

Minimum biofilm eradication concentration (MBEC) 

The 96-well plates were used to grow biofilms of MRSA, A. baumannii and P. aeruginosa 

as mentioned above. The biofilms were washed three times with 1x PBS, followed by incubation at 

different concentrations of MoSe2/PLL/F77 solution. 1x PBS was used as positive control. It was 

treated for 6 h at 37°C. After treatment, the wells were pipetted gently to mix the biofilm adhered at 

the bottom of the 96 well plate. The MBEC was calculated using the microdilution method on TSB 

agar plates. The final cell colonies were counted after 16 h at 37 °C to determine the MBEC. 

Biofilm formation assay (crystal violet assay) 

Biofilms of MRSA, A. baumannii, and P. aeruginosa were grown on 96-well plates as 

described above. MBEC stubs were washed three times in 1x PBS to remove unattached cells. 

The biofilm was incubated with different concentrations of MoSe2/PLL/F77 solutions at 37°C for 6 

h. After incubation, the MoSe2/PLL/F77 solution was discarded, and the 96-well plate was washed 

with 1x PBS. The plate was then incubated with 150 µl of 0.1% crystal violet (CV) solution and 

incubated for 30 mins at room temperature. The plate was rinsed and washed with 1x PBS and 

kept upside down for it to dry out completely for 2-3 h. Each well was treated with 150 µl of 30 % 

acetic acid for 30 mins at room temperature to dissolve the crystal violet attached to the biomass. 

Then, 100 µl of the solubilized crystal violet solution was transferred to a new flat bottom plate and 

absorbance was taken at 550 nm on a microplate spectrophotometer with acetic acid in water as 

blank. 

Metabolic activity (XTT assay) 

Biofilms of MRSA, A. baumannii, and P. aeruginosa were grown on 96-well plates as 

described above. They were washed 3 times with 1x PBS to remove unattached cells, and then 

incubated with different concentrations of MoSe2/PLL/F77 solution at 37°C for 4 h. After incubation 

the MoSe2/PLL/F77 solution was discarded and the 96-well plate was washed with 1x PBS. The 
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plate was then incubated with a 150 µl of 1 mg ml-1 solution of XTT salt and 12 µl of 1mM menadione 

salt at 37°C for 5 hours in dark. The solution from each well was taken individually and centrifuged 

at 2500 rcf using an Eppendorf 5424 Microcentrifuge to remove any nanomaterial particle or 

biomass that might have been present in the solution. 100 µl of the supernatant was transferred to 

a new plate and the absorbance was measured at 490 nm on a microplate spectrophotometer. 

S4. Electron microscopy study  

Confocal scanning laser microscopy (CSLM) 

For biofilm visualization by confocal laser scanning microscopy. Biofilms of MRSA, A. 

baumannii, and P. aeruginosa were grown for 48 h on 8-well µ-slides from ibidi. They were 

incubated with different concentrations of MoSe2/PLL/F77 for 6 h at 37°C. The stains SYTO9 

(excitation/emission maxima at 480/500 nm) and propidium iodide (PI, excitation/emission maxima 

at 490/635 nm) from a LIVE/DEAD BacLight bacterial viability kit were added to treated and 

untreated (control) biofilms individually. The stained cells were incubated at room for 30 mins 

followed by imaging. Stained samples were observed with a Nikon C2 confocal scanning laser 

microscope equipped with argon and He lasers and mounted on a Zeiss Axiovert100 M microscope 

(Carl Zeiss, Inc.). 

Biofilm treatment for scanning electron microscope (SEM):  

Biofilms were grown on stubs of MBEC assay plates as mentioned above with gentle 

shaking at 110 rpm. The stubs were then incubated in a 150 µg ml-1 concentration of 

MoSe2/PLL/F77 solution for the treated samples and 1x PBS for the untreated control sample at 

37°C for 4 h. After the incubation, each individual stub was detached from the plate and fixed in 

2.5% glutaraldehyde in DPBS for 12 h and kept at 4°C. 

SEM imaging:  

After fixing the samples in suspension with 2.5% glutaraldehyde in DPBS overnight at 4°C, 

they were washed in DPBS three times to remove excess cells. The MBEC stubs were then 

transferred to a solution of 1% osmium tetroxide in DPBS for 30 mins, followed by thorough washing 

with deionized water. Samples were dehydrated in a graded ethanol series and critical-point dried 

in a Balzers-Union CPD-020 unit using carbon dioxide as the transition fluid. After mounting on 
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aluminum stubs, samples were sputter-coated with 10-12 nm of gold-palladium in a Technics 

Hummer-II unit. Images were generated on a JEOL JSM6300 SEM operated at 15kV and acquired 

with an IXRF model 500 digital processor. 

S5. Biofilm inhibition study 

Biofilm growth on pre-coated substrates: 

The MBEC assay plate was dipped in 200 µl of MoSe2/PLL/F77 solution at the MBEC 

concentration for the coated stubs and 1x PBS for the untreated or control stub at 37°C for 48 h. 

The solution was allowed to dry out, resulting into a uniform coating around the MBEC stubs. It was 

them washed 3 times in 1x PBS to remove any excess nanomaterial. Then biofilm was grown 

following the usual protocol as mentioned above. After growing biofilm, it was then washed in 1x 

PBS and fixed with the help of glutaraldehyde in DPBS. Another set of samples was made by 

dipping the MBEC stubs in 100 µl of the MoSe2/PLL/F77 to ensure coating of approximately half of 

the stub, followed by biofilm growth on the entire of the stub. This experiment was performed to 

demonstrate inhibition of biofilm growth by MoSe2/PLL/F77 coating as well as biofilm growth on the 

same stub around the untreated area. These samples were then prepared for SEM imaging 

mentioned above. 

Energy dispersive X-ray (EDX) spectroscopy analysis: 

The half MoSe2/PLL/F77 coated stubs of MBEC assay plates with biofilm grown on them 

were prepared for SEM imaging as mentioned above. EDX was carried in an SEM system (XL30 

Environmental FEG, FEI) with accelerating voltage at 20kV and spot size of 3 pixels wide (1.2 nm).  

Biofilm growth on different samples: 

Hydrophilic poly-tetrafluoroethylene (PTFE) films, poly(methyl methacrylate) (PMMA) 

coated coverslips obtained by spin coating glass coverslips with PMMA five times at 1500 rpm for 

60 s, and medical grade titanium alloy (Ti-alloy) cubes were dipped in 300 µl of MoSe2/PLL/F77 

solution in 12-well plates. 1x PBS was used for the uncoated or control samples. The samples were 

incubated at 37°C for 48 h until completely dried out. These coated and uncoated samples were 
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washed three times with 1x PBS followed by biofilm growth as mentioned above. They were then 

fixed in 2.5% glutaraldehyde in DPBS and prepared for SEM imaging. 

S6. Biocompatibility of coating 

Biocompatibility of coatings: 

The cytotoxicity of MoSe2/PLL/F77 coatings toward HEK 293 cells was evaluated by 

alamarBlue assay and LDH assay. Cells were seeded in 24-well microplates at a density of 1 × 

105 cells ml−1 in a 500-µl volume with DMEM medium. After 24 h of cell attachment, the plates were 

washed with DPBS and the MoSe2/PLL/F77-coated hydrophilic PTFE films were introduced into 

the DMEM solution. Cells were incubated for 24 h. The wells were washed 3 times with 1x DPBS 

to remove any unattached cells. To check the viability of the attached cells, they were incubated 

with 500 µl of 10% alamarBlue solution in DMEM at 37°C for 5 h. The fluorescence intensity was 

measured at 530 nm (excitation) and 590 nm (emission) using a microplate reader. To determine 

the cytotoxicity of MoSe2/PLL/F77 through damaged cells, the supernatants from each well were 

pipetted out into a 96-well plate for the lactate dehydrogenase (LDH) assay. 50 µl of supernatant 

and 50 µl of reaction mixture were incubated at room temperature for 4 h. The absorbance was 

measured at 490 nm and 680 nm using a microplate reader. Cell damage was expressed as a 

relative absorbance relative to that of Triton X-100 as a negative control and DMEM medium as a 

positive control. 
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S7. Supplementary information 

 

Figure S1: Analysis of effects of MoSe2/PLL/F77 solution on biofilm growth. (A) Percent of live cells 

present in control samples in comparison to samples treated with MoSe2/PLL/F77 obtained by 

confocal imaging. (B) Number of cells present before and after treatment with MoSe2/PLL/F77 for 

6 h on hydroxyapatite coated MBEC stubs covered with biofilm of different strains. (C-F) Manual 

counting of bacteria with the help of SEM imaging before and after treatment with MoSe2/PLL/F77 

for 6 h on hydroxyapatite coated MBEC stubs covered with MRSA (C), A. baumannii (D), and P. 

aeruginosa (E). 
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Figure S2: Analysis of inhibition of biofilm growth on different medically relevant surfaces precoated 

with MoSe2/PLL/F77. (A-C) Poly(methyl methacrylate) (PMMA) covered glass slides. Manual 

counting of bacteria with the help of SEM imaging on PMMA surface, uncoated (A) and precoated 

with MoSe2/PLL/F77 (B). (C) Bar plot showing number of bacteria cells present on uncoated and 

coated regions. (D-F) Hydrophilic polytetrafluoroethylene (PTFE) membrane. Manual counting of 

bacteria with the help of SEM imaging on PMMA surface, uncoated (D) and precoated with 

MoSe2/PLL/F77 (E). (F) Bar plot showing number of bacteria cells present on uncoated and coated 

regions. (G-I) Medical grade titanium alloy (Ti-alloy) surface. Manual counting of bacteria with the 
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help of SEM imaging on PMMA surface, uncoated (G) and precoated with MoSe2/PLL/F77 (H). (I) 

Bar plot showing number of bacteria cells present on uncoated and coated regions. 

Figure S3: Analysis of different surfaces to grow biofilm on. (A-C) Camera images of different 

surfaces uncoated (left) and coated (right) with MoSe2/PLL/F77. (A) Confocal images of the MRSA 

(A), A. baumannii (B), and P. aeruginosa (C) untreated control films. The surfaces are poly(methyl 

methacrylate) (PMMA) covered glass slides (A), hydrophilic polytetrafluoroethylene (PTFE) 

membrane (B) and medical grade titanium alloy (Ti-alloy) surface (C). (D-F) SEM images of 

surfaces with no coating and coated with MoSe2/PLL/F77. The surfaces are poly (methyl 

methacrylate) (PMMA) covered glass slides (D), hydrophilic polytetrafluoroethylene (PTFE) 

membrane (E) and medical grade titanium alloy (Ti-alloy) surface (F). 
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Figure S4: Analysis of inhibition of biofilm growth on MBEC stub half uncoated (top part) and the 

other half precoated with on MoSe2/PLL/F77. (A-C) EDX analysis of half-coated MBEC stub with 

MoSe2/PLL/F77 showing the absence and presence of Mo and Se elements on uncoated and 

coated region with MRSA (A), A. baumannii (B), and P. aeruginosa (C). (D-F) Manual counting of 

bacteria on SEM images at regions with no coating and coating with MoSe2/PLL/F77 on the same 

MBEC stubs with MRSA (D), A. baumannii (E), and P. aeruginosa (F). (G) Number of cells present 

on the uncoated region against the coated region on the same MBEC stub for different strains. 

 
Table S1. Percentage inhibition of biofilm on different surfaces. 

Different Surfaces Percentage inhibition of biofilm growth 

 MRSA A. baumannii P. aeruginosa 

MBEC assay with 

Hydroxyapatite coated 

stubs 

93.10 93.42 95.58 

PMMA coated glass 

slides 

93.46 94.60 94.30 

PTFE membrane 96.06 94.97 93.42 

Ti-alloy  96.71 95.69 97.33 
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Half-coated 

hydroxyapatite stubs  

95.91 95.80 94.15 
 

 

 

Table S2. Atomic percent of elements present on uncoated region against region coated 
with MoSe2/PLL/F77 on the same hydroxyapatite stub. 

Elements Uncoated Region Coated Region 

 MRSA A. baum

annii 

P. 

aerugino

sa 

MRSA A. 

baumanni

i 

P. 

aerug

inosa 

Carbon (C) 76.53 74.59 80.36 45.05 39.95 40.93 

Oxygen (O) 11.5 9.36 9.64 10.79 9.35 7.22 

Sodium (Na) 0.76 0.71 0.69 0 0.76 0 

Phosphorou

s (P) 

4.5 5.05 3.26 7.19 5.93 5.58 

Calcium (Ca) 4.85 7.03 2.88 11.86 10.66 8.97 

Selenium 

(Se) 

0.02 0.28 0 15.82 21.15 7.42 

Molybdenum 

(Mo) 

0 0 0 6.24 8.11 7.52 

Palladium 

(Pd) 

0.74 0.92 0.87 1.22 1.82 1.37 

Gold (Au) 1.06 1.22 1.26 1.83 2.1 1.99 

 

Table S3. Comparison of efficacy of different nanomaterials against biofilms. 

Drug or 

Antibiofilm 

Agent 

Microbe 

Strain 

Dosage 

 

Anti-

biofilm 

Assay 

Incubati

on 

Time 

Percent 

Inhibiti

on 

Yea

r 

Ref. 

Zinc oxide 

particle (ZnO) 

of diameter 12 

nm 

S. aureus 30% 

(wt/vol%) 

Colony 

counting 

method 

24 h 87 201

3 

42 

Chitosan 
(CS)- 

molybdenum 
disulfide 
(MoS2) 

nanosheets- 
tetracycline 

hydrochloride 

S. aureus 80 µg/ml Crystal 

violet 

(CV) 

staining 

assay 

16-18 h >80 201

7 

40 
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drugs (CM-

TH) 

CM-TH Salmonella 80 µg/ml CV 

staining 

assay 

16-18 h >80 201

7 

40 

Graphene 

quantum dots 

(GQDs) 

S. aureus 500 

µg/ml 

Biofilm 

mass 

24 h  48.85 201

8 

41 

Graphene 

oxide (GO) 

S. aureus 50 µg/ml Safranin 

staining 

24 h 20.16 201

8 

39 

GO P. aeruginosa 50 µg/ml Safranin 

staining 

24 h 10.22 201

8 

39 

Poly(oxanorbo
rneneimide)- 
stabilized oil-

in-water 
nanocomposit
es (X-BNCs) 

P. aeruginosa 16% Cocultur

e model 

and 

colony 

counting 

method 

3 h 99.5 201

8 

45 

dextran-block-
poly((3-

acrylamidopro
pyl) 

trimethylamm
onium chloride 

(AMPTMA)-
co-

butylmethacryl
ate (BMA)) 
(DA95B5) 

MRSA 32 µg/ml MBEC 

assay 

18-24 h 

 

99 201

8 

46 

DA95B5 Vancomycin-

resistant E. 

faecalis 

(VRE) 

512 

µg/ml 

MBEC 

assay 

18-24 h 99.68 201

8 

46 

Quaternary 
ammonium 

poly(oxanorbo

rneneimides) 

(PNPs) 

P. aeruginosa 900 nM Alamar 

Blue 

assay 

3 h 90 201

8 

32 

PNPs MRSA 1500 nM Alamar 

Blue 

assay 

3 h 90 201

8 

32 

Graphene 
oxide–silver 

nanoparticles 
(GO–AgNPs) 

P. aeruginosa 25 µg/ml Confoca

l Assay 

12 h 98 201

8 

39 
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Polyethylenei
mine (PEI)-

modified and 
AgNP-

decorated GO 
nanocomposit

e 
(GO−PEI−Ag) 

E. coli 10 µg/ml CV 
staining 
assay 

2.5 h ~89.96 201
8 

44 

GO-PEI-Ag S. aureus 10 µg/ml CV 

staining 

assay 

2.5 h ~93.45 201

8 

44 

Ultra-high 

molecular 

weight 

(uHMW) 

poly(N,N-

dimethylacryla

mide) (PDMA) 

S. aureus 2 mg/ml 

(dopamin

e) + 10 

mg/ml 

(PDMA) 

Flowcyt

ometry 

48 h >99.3 201

8 

47 

Molybdenum 

disulfide-

penicillin-near 

infrared 

(MoS2-Pen-

NIR) 

S. aureus 0.171 

mg/ml 

(MoSe2) 

+ 0.366 

mg/ml 

(Pen) 

Colony 

counting 

method 

6 h ~86.15 201

8 

49 

MoS2-Pen-

NIR 

E. coli 0.171 

mg/ml 

(MoSe2) 

+ 0.366 

mg/ml 

(Pen) 

Colony 

counting 

method 

6 h ~84.05 201

8 

49 

Lanthanum 
hydroxide and 

graphene 
oxide 

nanocomposit

es (La@GO) 

E. coli 500 

µg/ml 

Colony 

counting 

method 

2 h 100 201

9 

94 

CS-MoS2 S. aureus 225 

µg/ml 

Resazur

in 

reductio

n test 

24 h 80 201

9 

87 

MoS2 surfaces 
(MoS2SUR) 
produced 

using MoS2 
particle 

(MoS2PAR) 

S. aureus 20% CV 

staining 

assay 

24 h 28.5 202

0 

94 

MoS2SUR 
produced 

using  
MoS2PAR 

P. aeruginosa 20% CV 

staining 

assay 

24 h 34.8 202

0 

94 
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MoSe2/PLL/F

77 

MRSA 150 

µg/ml 

MBEC 

assay 

6 h 100 202

1 

Thi

s 

wor

k 

MoSe2/PLL/F

77 

A. baumannii 150 

µg/ml 

MBEC 

assay 

6 h  100 202

1 

Thi

s 

wor

k 

MoSe2/PLL/F

77 

P. 

aeruginosa 

150 

µg/ml 

MBEC 

assay 

6 h  100 202

1 

Thi

s 

wor

k 

 

 

 

 

  



  175 

APPENDIX C 

SUPPLEMENTAL MATERIAL FOR CHAPTER 4 
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S1. Materials and supplies 

Chemicals 

 Molybdenum (IV) selenide (MoSe2, -325 mesh, 99.9% trace metals basis, item number: 

778087), low molecular weight chitosan (LMW CS) (50,000-190,000 Da, 75-85% deacetylated, 

item number: 448869), phosphate buffer saline solution (PBS, pH 7.4), Dulbecco’s phosphate 

buffered saline (DPBS), potato dextrose broth (PDB) medium, PDB agar, Dulbecco’s modified 

Eagle’s medium (DMEM), trypsin-EDTA, poly-L-lysine, and propidium iodide (PI) were purchased 

from Sigma-Aldrich. Glacial acetic acid, yeast malt (YM) broth, YM agar, glutaraldehyde solution 

(25% in H2O) were purchased from Thomas Scientific Holdings LLC. Difco Sabouraud dextrose 

broth (SDB) medium and Difco SDB agar were purchased from Spectrum Chemical Mfg. Corp. 

Human embryonic kidney 293 cells (HEK293) were purchased from ATCC. Whole red blood cells 

(RBCs) from a single donor were purchased from Innovative Research. The alamarBlue reagent 

cell proliferation assay was purchased from G-Biosciences. Acetone and ethanol were purchased 

from VWR. Osmium tetroxide (OsO4, 98% purity) was purchased from Combi-Blocks Inc. 

Concavalin A, Alexa Fluor 488 conjugate (ConA), Invitrogen FUN 1 cell stain (Fun 1) and Invitrogen 

(Bis-(1,3-Dibutylbarbituric Acid) Trimethine Oxonol) (DiBaC4) were purchased from Thermo Fisher 

Scientific.  

Fungal strains 

 Issatchenkia orientalis (I. orientalis, ATCC 6258), Saccharomyces cerevisiae (S. 

cerevisiae, ATCC 9763), Candida parapsilosis (C. parapsilosis, ATCC 22019), Candida albicans 

(C. albicans, ATCC 76485), Cryptococcus neoformans (C. neoformans, ATCC 208821), 

Cryptococcus gattii (C. gattii, ATCC MYA-4071), Aspergillus fumigatus (A. fumigatus ATCC, MYA-

4609), Fusarium verticillioides (F. verticillioides, ATCC MYA-3629) and Fusarium falciforme (F. 

falciforme, ATCC MYA-3636) were purchased from ATCC. The Candida auris panel including 

Candida auris (C. auris, 0386), C. auris (0388), C. auris (0389), Candida duobushaemulonii (C. 

duobushaemulonii, 0394), Candida haemulonii (C. haemulonii, 0395), Krusei ohmeri (K. ohmeri, 

0396), Candida krusei (C. krusei, 0397), Candida lusitaniae (C. lusitaniae, 0398) and 
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Saccharomyces cerevisiae (S. cerevisiae, 0399) were obtained from the CDC & FDA Antibiotic 

Resistance (AR) Isolate Bank. 

S2. Preparation of MoSe2/Chitosan (CS) dispersions and characterization 

Preparation of MoSe2/Chitosan (CS) dispersions 

 A 0.5% (w/v) solution of chitosan (CS) was made by dissolving the solid polymer in 1% 

acetic acid. 500 mg of bulk MoSe2 powder was ultrasonicated in 20 ml of the 0.5% CS solution for 

2 h at 25 W power using a 1/8” microtip probe in a Branson Digital Sonifier SFX 550. The sonicated 

sample was centrifuged at 5,000 rcf for 10 min followed by centrifuging at 21,000 rcf for 5 min using 

an Eppendorf 5424 Microcentrifuge with a fixed angle (45°) rotor. The supernatant was then 

collected for subsequent experiments. For control experiments, a 0.5% CS solution was sonicated 

and centrifuged following the same protocol but without any MoSe2. The concentration of MoSe2 

was calculated with the help of inductively coupled plasma mass spectrometry (ICP-MS). Liquid 

dispersions for ICP-MS analysis were first acidified in nitric acid overnight and diluted to a final nitric 

acid concentration of 2 wt%. The samples were then analyzed by a Thermo Fisher iCap Q 

quadrupole instrument. 

Optical characterization and electron microscopy 

Absorbance (UV-Vis) spectra for the dispersed 2D MoSe2/CS were acquired using a Jasco 

V-670 Spectrophotometer using a quartz cell with a path length of 1.0 cm. TEM samples were 

prepared by drop-casting 10 µl of dilute MoSe2/CS dispersion on a holey carbon grid and dried with 

edge of filter paper followed by washed with water and the same drying process. Images were 

acquired on a Philips CM-12 TEM operated at 80 kV with the help of a Gatan model 791 CCD 

camera. 

S3. Fungal cell preparation and antifungal assay 

Fungal cell preparation 

Overnight cultures of I. orientalis, S. cerevisiae and C. parapsilosis were grown in YM broth 

at 30°C. C. albicans, C. neoformans and C. gattii were grown in SDB medium at 30°C for 16 h. A.  
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fumigatus, F. falciforme and F. verticillioides were grown in the PDB medium at 26°C for 48 h. They 

were grown to mid-exponential growth phase with 0.4 optical density (OD) at 600 nm. Cells were 

centrifuged at 2,500 rpm for 5 min and the pellets were washed with 1x phosphate buffered saline 

(PBS). The final pellet was resuspended in their respective growth medium and OD600 was 

measured. Cells were then diluted to 107 colony forming units per milliliter (CFU ml-1). All 

experiments were performed in triplicate. 

Measurement of minimum fungicidal concentration (MFC) 

MFC values against different fungal strains were determined using varying concentrations 

of MoSe2/CS. The fungal cell samples were diluted 100-fold in medium and allowed to grow until 

they reached OD600 = 0.4 while shaking at 250 rpm. After washing and redispersion, fungal cultures 

were incubated with different concentrations of MoSe2/CS nanomaterials (1.56 to 150 µg ml-1) for 

3 h. After incubation, fungi were plated in agar plates using the serial dilution method and allowed 

to grow overnight to enable counting of the surviving colonies. All the experiments were done in 

triplicate. 

Measurement of minimum inhibitory concentration (MIC) 

MIC values of MoSe2/CS were determined using varying concentrations of nanomaterials, 

including the MFC value for each fungal strain. 100 µl of the fungal cell culture at a concentration 

of 105 CFU ml-1 and 100 µl of MoSe2/CS were incubated together at 30°C in a 96-well plate in their 

respective growth media while shaking at 250 rpm. The OD of each well at 600 nm were measured 

and recorded as a function of time using a microplate reader for 24 h at 30 min intervals. Negative 

controls containing cells without MoSe2/CS were measured in parallel. OD measurements were 

plotted for each MoSe2/CS concentration to determine the lowest concentration at which the optical 

density reading remained constant, indicating full inhibition of cell growth over time. This 

concentration is defined as the MIC. All experiments were performed in triplicate. 

S4. Biocompatibility study 

Mammalian cell viability of MoSe2/CS 
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 The cytotoxicity of MoSe2/CS toward human embryonic kidney 293 cells (HEK293) cells 

was evaluated by alamarBlue and cell counting assays (CCK-8). Cells were seeded in 96-well 

microplates at a density of 1 × 105 cells ml−1 in a 200-µl volume with DMEM medium. After 24 h of 

cell attachment at 37°C in presence of 5% CO2, the plates were washed with DPBS and the 

MoSe2/CS at different concentration were incubated with the mammalian cells for 3 h at 37°C in 

presence of 5% CO2. Then, the wells were washed three times with 1x DPBS to remove any 

unattached cells. To check the viability of the attached cells, they were incubated with 200 µl of 

10% (v%) alamarBlue solution in DMEM at 37°C in presence of 5% CO2 for 5 h. The fluorescence 

intensity (FI 590) was measured at 530 nm (excitation) and 590 nm (emission) using a microplate 

reader. Cell damage was expressed as the fluorescence relative to that of DMEM medium alone 

as a control sample.  

Similarly, XTT assays were also performed to check the biocompatibility of MoSe2/CS 

against HEK293 cells. A 10 v% CCK-8 solution was added to the treated and washed mammalian 

cells to reach a 200-µl total volume, followed by 2 h incubation at 37°C in the presence of 5% CO2. 

After incubation with the CCK-8 solution, 180 µl of supernatant was collected in a fresh 96-well 

microplate and absorbance at 450 nm was collected using a microplate reader. Mammalian cells 

treated with just DMEM without any MoSe2/CS were measured as control samples. The 

absorbance of DMEM was subtracted from all the above values as blank. All the experiments were 

performed in triplicate. 

The percentage difference in reduction between treated and control cells in the alamarBlue 

cytotoxicity assay was calculated using the formula: 

% 𝐵𝑖𝑜𝑐𝑜𝑚𝑝𝑎𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐹𝐼 590 (𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒)

𝐹𝐼 590 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒)
× 100     (1) 

Where, FI 590 (treated sample) and FI 590 (control sample) are the fluorescence intensity obtained 

at 590 nm emission and 530 nm excitation for the treat and control samples, respectively. 

 The percentage of viable cells in the cell counting proliferation assay was calculated using 

the formula: 
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% 𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐴𝑏𝑠 (𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒)

𝐴𝑏𝑠 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒)
× 100   (2) 

Where, Abs (treated sample) and Abs (control sample) are the absorbance at 450 nm of the treated 

and control samples, respectively. 

Hemolysis assay 

 Fresh single-donor human red blood cells (RBCs) were diluted 1:20 in PBS (pH 7.4), 

pelleted by centrifugation (1,000 rcf, 10 min), and washed three times in PBS. The RBCs were 

counted using a cell counter and diluted to a final concentration of 2 × 107 cells ml-1. Equal volumes 

of RBCs were incubated with varying concentrations of MoSe2/CS in a 96-well plate in a humidified 

atmosphere containing 5% CO2 at 37 °C for 3 h. Following incubation, the 96-well plate was 

centrifuged (1,000 rcf, 10 mins) and 100 μl of supernatant were transferred to a black 96-well plate. 

Hemoglobin release upon lysis of the RBCs was monitored through the optical absorbance at 405 

nm (Abs) using a microplate reader. Positive and negative controls for hemolysis were taken as 

RBCs lysed with 1% Triton X-100 (1:1 vol/vol) and RBC suspension in PBS, respectively. The 

percent hemolysis was plotted against nanomaterial concentration, and the experiment was 

performed in triplicate. 

The percentage of hemolysis was calculated using the formula:  

% 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =
𝐴𝑏𝑠 (𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒) − 𝐴𝑏𝑠 (𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

𝐴𝑏𝑠 (𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) − 𝐴𝑏𝑠 (𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
× 100 (3) 

S5. Mechanistic study 

Electron microscopy of fungal cell morphology 

 For transmission electron microscopy (TEM) imaging, samples treated by MoSe2/CS and 

control samples were initially fixed in a suspension with 2.5% glutaraldehyde in Dulbecco’s 

phosphate buffered saline (DPBS) overnight at 4°C, followed by washing in DPBS. Cells were then 

placed into a drop of 1% agarose on a glass slide and treated with 1% osmium tetroxide (OsO4) in 

DPBS for 1 h, washed thoroughly with deionized water, and dehydrated in a graded acetone series 

(20%, 40%, 60%, 80% and 100%). Spurr’s epoxy resin was used to infiltrate and embed the 

samples. 70-nm-thick sections were cut on a Leica Ultra cut-R microtome followed by post-staining 
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with uranyl acetate and lead citrate. Images were generated on a Philips CM-12 TEM operated at 

80 kV and acquired with a Gatan model 791 CCD camera. For scanning electron microscopy (SEM) 

imaging, cells were initially fixed and washed following the same method used for TEM samples. 

Washed cells were then concentrated into a small volume of DPBS and applied to poly-L-lysine 

(PLL)-coated coverslips for 10 min. Excess cells were removed by briefly rinsing in DPBS and the 

coverslips were transferred to a solution of 1% OsO4 in DPBS for 1 h at room temperature, followed 

by thorough washing with deionized water. Samples were dehydrated in a graded ethanol series 

(20%, 40%, 60%, 75%, 90% and 100%) and critical-point dried in a Balzers-Union CPD-020 unit 

using carbon dioxide as the transition fluid. After routine mounting on aluminum stubs, samples 

were sputtered-coated with 10-12 nm of gold-palladium in a Technics Hummer-II unit. Images were 

generated on a JEOL JSM6300 SEM operated at 15 kV and acquired with an IXRF model 500 

digital processor. 

Confocal scanning laser microscopy (CSLM) 

 For fungal cell visualization by CSLM, fungal cells of C. albicans (unicellular) and A. 

fumigatus (filamentous) were grown overnight and then diluted in SDB medium to 3 x 107 CFU ml-

1 and transferred to 4-well µ-slides from ibidi. They were incubated with different concentrations of 

MoSe2/CS for 3 h at 30°C. At the end of incubation, each sample was incubated for 30-35 min at 

30°C with fluorescent stain mixture containing 1 µl ml-1 of FUN-1 cell stain (Fun 1) and 5 µl ml-1 

solution of concavalin A-Alexa Fluor 488 conjugate (ConA) in PBS. The stained cells were then 

imaged. FUN 1 (excitation at 543 nm and emission at 560 nm long-pass filter) is converted to 

orange-red intravacuolar structures by metabolically active cells, while ConA (excitation 

wavelength at 488 nm and emission at 505 nm long-pass filter) binds to glucose and mannose 

residues of cell wall polysaccharides with green fluorescence. Stained samples were observed with 

a Nikon C2 confocal scanning laser microscope equipped with argon and He lasers and mounted 

on a Zeiss Axiovert100 M microscope (Carl Zeiss, Inc.). 

Membrane integrity and membrane polarization 
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Evaluation of the antifungal mechanism of MoSe2/CS was determined using flow 

cytometric assays. For the analysis of membrane permeabilization, overnight cultures of C. 

albicans were diluted in the SDB medium to 3 x 107 CFU ml-1. Aliquots of the fungal suspension 

were then incubated with or without MoSe2/CS nanosheets at 37°C for 3 h. At the end of the 

incubation time, the fungal suspensions were incubated in the dark for 60 min at 37°C with bis-(1,3-

dibutylbarbituric acid) trimethine oxonol (DiBAC4) at a final concentration of 1 M, to evaluate 

changes in the transmembrane potential. To monitor modifications in membrane integrity following 

treatment with the MoSe2/CS, a filtered solution of propidium iodide (PI) at a final concentration of 

10 g ml-1, was incubated for 60 min at 37°C with each sample. An untreated sample of fungal cells 

pelleted and resuspended in cold absolute ethanol for 30 min at -20°C was used as a positive 

control for permeabilization. After centrifugation at 1000 g for 10 min, the ethanol was removed by 

aspiration, the pellet was suspended in SDB medium, and the PI was added as described above. 

The fluorescence intensity of all samples was detected with a Stratedigm A600 HTAS cytometer 

equipped with an argon laser (488 nm, 5 mW) and using a photomultiplier tube fluorescence 

detector for green (525 nm) or red (610 nm) filtered light. The detectors were set on logarithmic 

amplification. Optical and electronic noise were eliminated by setting an electronic gating threshold 

on the forward scattering detector, while the flow rate was kept at a data rate below 200 

events/second to avoid measurements of more than one cell at a time. For each sample, at least 

20,000 events were acquired. All the experiments with the fluorescent probes were conducted in 

triplicate. The percentage of cells depolarized and disintegrated were calculated by comparing 

number of events in positive control sample as compared to the treated and negative control 

samples. 
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S6. Supplementary information 

 

Figure S1: Antifungal efficiency of MoSe2/CS against unicellular and filamentous fungi. (A-

F) Time-course measurements of absorbance at 600 nm used for MoSe2/CS MIC determination. 
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(A, B) The MIC of BSL-1 fungi C. parapsilosis and I. orientalis is 0.78 μg ml-1. (C, D) The MIC of 

BSL-2 fungi C. gattii, and C. neoformans is 25 μg ml-1 and 1.56 μg ml-1. (E, F) The MIC for BSL-2 

filamentous fungi F. verticillioides is 0.5 μg ml-1 and F. falciforme is 0.78 μg ml-1. 

 

Figure S2: Multimodal killing mechanism of MoSe2/CS against C. albicans. (A) SEM images 

of healthy control cells of C. albicans at different magnifications. (B) SEM images of cells treated 

with MoSe2/CS at different magnifications showing disruptive features (red arrows), morphological 

deformation (light blue arrows) and broken outer membranes (green arrows). 
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Figure S3: Multimodal killing mechanism of MoSe2/CS against A. fumigatus. (A) SEM images 

of healthy control cells of C. albicans at different magnifications. (B) SEM images of cells treated 

with MoSe2/CS at different magnifications showing disruptive features (red arrows), morphological 

deformation (light blue arrows) and broken outer membranes (green arrows).  
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Figure S4:  Multimodal killing mechanism of MoSe2/CS against C. albicans. (A) TEM images 

of healthy control cells of C. albicans. (B) TEM images of cells treated with MoSe2/CS showing 

sharp edges of MoSe2 flakes interacting with cell wall (pink) leading to rupturing of cell wall (green) 

and cytoplasmic leakage (orange). 
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Figure S5:  Multimodal killing mechanism of MoSe2/CS against A. fumigatus. (A) TEM images 

of healthy control cells of C. albicans. (B) TEM images of cells treated with MoSe2/CS showing 

sharp edges of MoSe2 flakes interacting with cell wall (pink) leading to rupturing of cell wall (green) 

and cytoplasmic leakage (orange). 
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Figure S6: Confocal scanning laser microscopy (CSLM) of C. albicans. The green structures 

(Concanavalin A, Alexa Fluor 488 Conjugate) represent the fungal cell wall and the red structures 

(FUN 1 Cell Stain) are metabolically active cytoplasm. The viable cells have red fluorescent nuclei 

(blue arrows) and the absence of red aggregates signifies metabolically inactive cells (red 

arrows). (A) C. albicans (unicellular) cells after treatment with MoSe2/CS at 0 μg ml-1 (negative 



  190 

control), 25 μg ml-1, 50 μg ml-1, and 100 μg ml-1 after 3 h incubation. (B) Zoomed in images of C. 

albicans (unicellular) cells after treatment with MoSe2/CS for 0 μg ml-1 (negative control), 25 μg ml-

1, 50 μg ml-1, and 100 μg ml-1 after 3 h incubation. 
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Figure S7: Confocal scanning laser microscopy (CSLM) of A. fumigatus. The green structures 

(Concanavalin A, Alexa Fluor 488 Conjugate) represent the fungal cell wall and the red structures 

(FUN 1 Cell Stain) are metabolically active cytoplasm. The viable cells have red fluorescent nuclei 

(blue arrows) and the absence of red aggregates signifies metabolically inactive cells (red 

arrows). (A) A. fumigatus (unicellular) cells after treatment with MoSe2/CS for 0 μg ml-1 (negative  
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control), 25 μg ml-1, 50 μg ml-1, and 100 μg ml-1 after 3 h incubation. (B) Zoomed in images of A. 

fumigatus (unicellular) cells after treatment with MoSe2/CS for 0 μg ml-1 (negative control), 25 μg 

ml-1, 50 μg ml-1, and 100 μg ml-1 after 3 h incubation. 

 

Figure S8: Antifungal efficiency of MoSe2/CS against Candida auris (C. auris) panel. CFUs at 

different concentrations were used to determine MFC values of a BSL2 C. auris panel including (A) 

C. duobushaemulonii (0394), (B) C. haemulonii (0395), (C) K. ohmeri (0396), (D) C. lusitaniae 

(0398) and (E) S. cerevisiae (0399) was determined to be 50 μg ml-1, 37.5 μg ml-1, 37.5 μg ml-1, 
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37.5 μg ml-1 and 25 μg ml-1 respectively, using the microdilution method. * indicates complete 

eradication of fungal cells. 

Table S1. Comparison of efficacy of antifungal agents against different fungal strains. 

Drug or 

Antifungal 

Agent 

Fungal Strain Dosa

ge 

(µg/m

l) 

Antifun

gal 

Assay 

Incubati

on 

Time 

Killing 

Efficien

cy 

Year Ref. 

fCNT-AMB C. albicans 80 MIC 4 h 99.9% 2012 47 

fCNT-AMB C. 

neoformans 

20 MIC 4 h 99.9% 2012 47 

LMW CS (10 kDa) 

Water soluble 

C. albicans <40 MIC 24 h - 2008 52 

LMW CS (10 kDa) 

Water soluble 

C. albicans <40 MIC 24 h - 2008 52 

LMW CS (10 kDa) 

Water soluble 

C. albicans <40 MIC 24 h - 2008 52 

MoS2-CS Saccharomyc

es uvarum 

18.1 MIC 72 h - 2019 39 

Ag NPs Saccharomyc

es uvarum 

9.8 

 

MIC 72 h - 2019 39 

MoS2-CS-Ag Saccharomyc

es uvarum 

6.8 MIC 72 h - 2019 39 

Amphotericin B 

(AMB) 

Saccharomyc

es uvarum 

2.3 MIC 72 h - 2019 39 

Voriconazole 

(VRC) 

Saccharomyc

es uvarum 

0.4 MIC 72 h - 2019 39 

Natamycin (NAT) Saccharomyc

es uvarum 

1.6 MIC 72 h - 2019 39 

MoS2-CS Aspergillus 

niger 

13.4 MIC 72 h - 2019 39 

Ag NPs Aspergillus 

niger 

7.4 MIC 72 h - 2019 39 

MoS2-CS-Ag Aspergillus 

niger 

4.2 MIC 72 h - 2019 39 

AMB Aspergillus 

niger 

1.1 MIC 72 h - 2019 39 

VRC Aspergillus 

niger 

2.6 MIC 72 h - 2019 39 

NAT Aspergillus 

niger 

0.2 MIC 72 h - 2019 39 

SWCNTs Fusarium 

graminearum 

500 MFC 3 h >95.2% 2014 36 

 

MWCNTs Fusarium 

graminearum 

500 MFC 3 h 85.1% 2014 36 
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GO Fusarium 

graminearum 

500 MFC 3 h 84.3% 2014 36 

rGO Fusarium 

graminearum 

500 MFC 3 h 50% 2014 36 

SWCNTs Fusarium 

poae 

500 MC 3 h >90.8% 2014 36 

 

MWCNTs Fusarium 

poae 

500 MFC 3 h 84.4% 2014 36 

GO Fusarium 

poae 

500 MFC 3 h 82.1% 2014 36 

 

rGO Fusarium 

poae 

500 MFC 3 h 32% 2014 36 

AgNPs C. albicans 40 MFC 48 h 90% 2018 55 

AuNPs C. 

parapsilosis 

1 MIC 48 h 90% 2018 56 

AgNPs C. 

parapsilosis 

0.5 MIC 48 h 90% 2018 56 

AuAgNPs C. 

parapsilosis 

0.5 MIC 48 h 90% 2018 56 

AuNPs C. krusei 1 MIC 48 h 90% 2018 56 

AgNPs C. krusei 0.5 MIC 48 h 90% 2018 56 

AuAgNPs C. krusei 1 MIC 48 h 90% 2018 56 

AuNPs C. glabrata 1 MIC 48 h 90% 2018 56 

AgNPs C. glabrata 0.5 MIC 48 h 90% 2018 56 

AuAgNPs C. glabrata 0.5 MIC 48 h 90% 2018 56 

AuNPs C. albicans 2 MIC 48 h 90% 2018 56 

AgNPs C. albicans 0.5 MIC 48 h 90% 2018 56 

AuAgNPs C. albicans 0.5 MIC 48 h 90% 2018 56 

ZnO NPs C. albicans 1000 MFC 24 h 99.5% 2011 57 

GO-AgNPs hybrid C. albicans 8 MIC 24 h - 2013 58 

CNSs-AgNPs 

hybrid 

C. albicans 8 MIC 24 h - 2013 58 

GO-AgNPs 

nanocomposite 

Fusarium 

graminearum 

9.37/ 

4.68 

MFC/MI

C 

3 h 99%-

99.5% 

2016 59 

Ag@ZnO NC C. krusei 250 MIC 18 h 100% 2016 60 

rGO Aspergillus 

niger 

50 MIC 7 days 50% 2012 48 

rGO Aspergillus 

oryzae 

100 MIC 7 days 50% 2012 48 

rGO Fusarium 

oxysporum 

100 MIC 7 days 50% 2012 48 

MoSe2/CS F. falciforme 0.5 MIC 3 h - 2020 This 

wor

k 
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MoSe2/CS C. 

parapsilosis 

6.25/ 

0.78 

MFC/MI

C 

3 h  100% 2020 This 

wor

k 

MoSe2/CS A. fumigatus 12.5 MIC 3 h - 2020 This 

wor

k 

MoSe2/CS C. albicans 75/ 

37.5 

MFC/MI

C 

3 h 100% 2020 This 

wor

k 

MoSe2/CS C. auris 

(0389) 

150/ 

50 

MFC/MI

C 

3 h 100% 2020 This 

wor

k 

MoSe2/CS C. krusei 

(0397) 

125/ 

25 

MFC/MI

C 

3 h 100% 2020 This 

wor

k 
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Table S2. MIC of antifungal drugs against different C. auris strains. 

ARBa

nk 

Numb

er Species 

Ampho

-tericin 

B 

Fluco

n-

azole 

Flucy

to-

sine 

Itraco

n-

azole 

Micafungi

n 

Posaco

n-azole 

Vorico

n- 

azole 

386 

Candida 

auris 0.5 >256 0.5 0.5 0.25 0.5 16 

388 

Candida 

auris 1.5 >256 0.125 0.5 0.125 0.25 2 

389 

Candida 

auris 4 256 128 0.25 0.25 0.125 4 

394 

Candida 

duobushae-

mulonii  4 

<0.12

5 0.06 0.06 0.016 0.125 

396 

Kodameae 

ohmeri  2 0.5 0.125 0.5 0.06 0.03 

397 

Candida 

krusei  64 2 1 0.125 1 1 

398 

Candida 

lusitaniae 0.38 1 

<0.12

5 0.125 0.125 0.5 0.016 

399 

Saccharo-

myces 

cerevisiae  2 

<0.12

5 0.06 0.25 0.5 0.03 
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APPENDIX D 

SUPPLEMENTAL MATERIAL FOR CHAPTER 5 
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S1. Methods and supplies 

Materials 

Hafnium diboride powder (HfB2, SKU:01542) was obtained from Smart Elements. Pluronic 

F68, Pluronic F68, Pluronic T1107 were obtained from BASF Corporation. Dulbecco’s phosphate 

buffered saline (DPBS), Dulbecco’s modified Eagle’s medium (DMEM), phosphate buffer saline 

(PBS), tryptic soy broth (TSB), tryptic soy agar (TSA), Luria-Bertani (LB, Miller) medium, LB agar, 

3,3,5,5-tetramethylbenzidine (TMB), o-phenylenediamine (OPD), 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS), di-azo-aminobenzene (DAB), 30 wt. % hydrogen 

peroxide solution and sodium acetate buffer solution were purchased from Sigma Aldrich. Glacial 

acetic acid was purchased from Thomas Scientific Holdings LLC. Human embryonic kidney 293 

cells (HEK293) were purchased from ATCC. Whole red blood cells (RBCs) from a single donor 

were purchased from Innovative Research. 

Bacterial strains 

Escherichia coli (E. coli) MG1655 (700926) and methicillin-resistant Staphylococcus 

aureus (MRSA, BAA 1720) bacterial strains were obtained from ATCC. 

S2. Preparation and characterization of HfB2/F68 dispersions  

HfB2 Dispersion 

HfB2 nanoflakes were dispersed in Pluronic F68 by liquid-phase exfoliation by bath 

sonication in a Branson 5800 Digital Sonifier. 200 mg of HfB2 powder was added to  5 ml of 3% 

(w/v) aqueous F68 solution, followed by bath sonication for 24 hours in ice water to avoid 

overheating. Then the bulk material was removed by centrifugation for 5 minutes at 5000 rcf. The 

mass concentration of HfB2 was determined from the molar extinction coefficient obtained by 

inductively coupled plasma mass spectrometry (ICP-MS) and measuring absorbance at 600 nm in 

a Synergy H1 Hybrid Multi-Mode Reader (BioTek). Liquid dispersions for ICP-MS analysis were 

first acidified in nitric acid overnight and diluted to a final nitric acid concentration of 2 wt%. The 

samples were then analyzed by a Thermo Fisher iCap Q quadrupole instrument. 
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Characterization of HfB2/F68  

TEM samples were prepared by drop-casting 10 µl of dilute HfB2/F68 dispersion on a holey 

carbon grid and left to dry under ambient conditions. Images were acquired on a Philips CM-12 

TEM operated at 80 kV using a Gatan model 791 CCD camera. The surface area measurement 

on was done by measuring the thickness of 200 nanoflakes from TEM images employing ImageJ 

software.  

HRTEM samples were prepared by drop-casting HfB2/F68 dispersions onto lacey carbon 

grids (Cu-400LC, Pacific Grid Tech).  Imaging and energy dispersive x-ray spectroscopy (EDS) 

analysis were performed using a FEI Titan operating at an accelerating voltage of 300 kV.  

Samples for AFM imaging were prepared by spin-coating 20 μL of dispersion on a silicon 

substrate at 2500 rpm for one minute. This step was repeated three times. Then the sample was 

annealed under argon gas for three hours at 300ºC to remove excess polymer and other organic 

residues. The images were obtained by a Bruker Multimode V AFM and processed by Gwyddion 

software.42 The thickness distribution on was made by measuring the thickness of 200 nanoflakes 

from AFM images using Gwyddion. 

S3. Catalytic activity of HfB2/F68 

Catalytic Activity Characterization 

The peroxidase-like activity of HfB2 nanozyme was studied with the colorimetric TMB 

substrate on 96-well plates and the absorbance of the oxidized TMB was measured with the 

Synergy H1 multi-plate reader at a wavelength of 652 nm.  

For the optimization of nanozyme activity in terms of Pluronic F68 concentration, pH, temperature, 

H2O2 concentration and TMB concentration, just one parameter was varied at a time while the rest 

of the conditions were fixed, and absorbance was measured after 30 minutes of reaction. The 

highest absorbance was set as 100% relative activity in all the assays. The final working 

concentration of nanozyme was 9 μg ml-1 HfB2 in all experiments. For the optimal pH determination, 

the experiment was carried out at 37 ºC, 0.2 M sodium acetate buffer, 7 mM H2O2, 7 mM TMB, and 
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varying pH from pH 3.5 to 12. The relative activity at different TMB concentrations was studied at 

37 ºC with reaction mixtures of 0.2 M sodium acetate buffer at pH 4, 7 mM H2O2, and varying TMB 

concentrations from 0 mM to 20 mM. The catalytic activity at different H2O2 concentrations was 

studied at 37 ºC with reaction mixtures of 0.2 M sodium acetate buffer at pH 4, 10 mM TMB, and 

varying H2O2 concentrations from 0 mM to 100 mM. For determining optimal Pluronic F68 

concentration, the experiment was performed at 37 ºC with F68 concentration ranging from 0.5% 

to 4% (w/v) in 0.2 M sodium acetate buffer at pH 4, 10 mM TMB, and 10mM H2O2. The optimal 

temperature was determined by studying different temperatures from 10 ºC to 100 ºC with F68 

concentration ranging of 3% (w/v) in 0.2 M sodium acetate buffer at pH 4, 10 mM TMB, and 10mM 

H2O2.  

Steady State Kinetics 

The kinetic experiments were carried out by measuring the absorbance change with time. 

The initial rate velocity was determined by linear regression analysis of the change in absorbance 

and time on the early stage of the reaction. Then the initial velocity of the reaction and the substrate 

concentrations were fitted to the Michalis-Menten equation (Equation 1) 

   𝑉 =
𝑉𝑚𝑎𝑥  × [𝑆]

(𝐾𝑀 + [𝑆])
 

           (1) 

where V is the initial reaction rate, Vmax is the maximum rate, KM is the Michaelis constant, and [S 

] is the substrate concentration.  

All the kinetic experiments were conducted with a fixed concentration of 7 μg ml-1 HfB2 nanozyme, 

0.2 M acetate buffer at pH 4 and 37ºC. The kinetic parameters of TMB were determined by fixing 

the concentration of H2O2 tat10 mM. For determining H2O2 kinetic parameters, the concentration of 

TMB was fixed at 10 mM. 

Reaction Mechanism 

The reaction mechanism was studied with the double reciprocal plot of the initial rate 

velocity and substrate concentration using Lineweaver-Burk plots (Equation 2). These 

experiments were conducted with a fixed concentration of 10 μg ml-1 HfB2 nanozyme, 3% F68, 0.2 



  202 

M acetate buffer at pH 4 and 37ºC. For the double reciprocal plot of TMB, three different 

experiments were done having three different concentrations of H2O2 (1, 2 and 5 mM) and varying 

the concentration of TMB for each experiment. Similarly, the double reciprocal plot of H2O2 was 

obtained with three different concentrations of TMB (1 mM, 2 mM, and 5 mM).  

1

  𝑉
= (

𝐾𝑀 

𝑉𝑚𝑎𝑥

) (
1

[𝑆]
) +

1

𝑉𝑚𝑎𝑥

 

           (2) 

S4. Antibacterial activity of HfB2/F68 

Bacterial cell preparation 

Cultures of E. coli was grown in LB medium and MRSA was grown in TSB medium for 16-

18 h at 37 °C. They were then harvested to mid-exponential growth phase (optical density (OD) at 

600 nm wavelength, OD600 = 0.33). At growth phase, cultures were centrifuged at 2500 rpm for 5 

mins, and pellets were washed three times in PBS to remove dead cells. Finally, cell pellets were 

redispersed in 1x PBS and diluted to a cell concentration of 107 CFU ml-1.  

Measurement of minimum bactericidal concentration (MBC) 

MBC values against E. coli and S. aureus bacterial strains were determined using varying 

concentrations of HfB2/F68. Each strain at concentrations of 107 CFU ml-1 were used determined 

by taking OD600 = 0.4 while shaking at 250 rpm. 100 µl of bacteria cell was incubated with 100 µl 

of different concentrations of nanozyme (ranging from 0 to 15 µg ml-1 of HfB2) at different time limit 

(ranging from 2 h to 5 h). After incubation, bacteria were plated in agar plates using the serial 

dilution method and allowed to grow overnight to enable counting of the surviving colonies. All the 

experiments were done in triplicate. 

S5. Biocompatibility study HfB2/F68 

Biocompatibility of HfB2/F68 

 The cytotoxicity of HfB2/F68 toward human embryonic kidney 293 cells (HEK293) cells was 

determined with alamarBlue. 200 µl of cells were seeded in 96-well microplates at a density of 1 × 

105 cells ml−1 in DMEM medium. After 24 h of cell attachment at 37°C in the presence of 5% CO2, 
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the plates were washed with DPBS, and then various HfB2/F68 concentrations (ranging from 0 to 

15 µg ml-1 of HfB2) were incubated with the mammalian cells for 24 h at 37°C in presence of 5% 

CO2. Then, the wells were washed three times with 1x DPBS to remove any unattached cells. To 

check the viability of the attached cells, they were incubated with 200 µl of 10% (v%) alamarBlue 

solution in DMEM at 37°C in presence of 5% CO2 for 5 h. The fluorescence intensity (FI 590) was 

measured at 530 nm (excitation) and 590 nm (emission) using a microplate reader. Cell damage 

was expressed as the fluorescence relative to that of DMEM medium alone as a control sample.  

The percentage difference in reduction between treated and control cells in the alamarBlue 

cytotoxicity assay was calculated using the formula: 

% 𝐵𝑖𝑜𝑐𝑜𝑚𝑝𝑎𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐹𝐼 590 (𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒)

𝐹𝐼 590 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒)
× 100     (3) 

where, FI 590 (treated sample) and FI 590 (control sample) are the fluorescence intensity obtained 

at 590 nm emission and 530 nm excitation for the treated and control samples, respectively. 

Hemolysis assay 

 Fresh single-donor human red blood cells (RBCs) were diluted 1:20 in PBS (pH 7.4), 

pelleted by centrifugation (1,000 rcf, 10 min), and washed three times in PBS. The RBCs were 

counted using a cell counter and diluted to a final concentration of 2 × 107 cells ml-1. Equal volumes 

of RBCs were incubated with varying concentrations of HfB2/F68 (ranging from 0 to 20 µg ml-1 of 

HfB2) in a 96-well plate in a humidified atmosphere containing 5% CO2 at 37 °C for 4 h. Following 

incubation, the 96-well plate was centrifuged (1,000 rcf, 10 mins) and 100 μl of supernatant was 

transferred to a black 96-well plate. Hemoglobin release upon lysis of the RBCs was monitored 

through the optical absorbance over a range of 300 to 700 nm (Abs) using a microplate reader. 

Positive and negative controls for hemolysis were taken as RBCs lysed with 1% Triton X (1:1 

vol/vol) and RBC suspension in PBS, respectively. The percent hemolysis was plotted as a function 

of HfB2/F68 concentration, and the experiment was performed in triplicate. 

The percentage of hemolysis was calculated using the formula:  

% 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =
𝐴𝑏𝑠 (𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒) − 𝐴𝑏𝑠 (𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

𝐴𝑏𝑠 (𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) − 𝐴𝑏𝑠 (𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
× 100  (4) 
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S6. Supplementary information 

 
 

Figure S1: Size and thickness analysis of HfB2/F68 nanozyme. (A, B) Examples of TEM images 

used for measuring the surface area of the HfB2 nanoflakes. Surface area distribution was done 

with 500 flakes showing average area of nanoflakes is 503.30 nm2. (C, D) Example of an AFM 

images used for thickness and surface area measurement of HfB2 nanoflakes. Thickness 

distribution was obtained with 427 nanoflakes yielding 12.92 nm as the average thickness and 

4000.81 nm2a as the average surface area.  
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Figure S2: Screening for peroxidase-like activity of HfB2/F68. Optical images taken after 3 and 

30 mins of reaction with 10 μg/mL HfB2/F68, 10 mM of substrate (substrate is listed above each 

well), and 10 mM H2O2 in 0.2 M acetate buffer at pH 4. 

 
 

Figure S3: Comparison with bulk HfB2 powder. Catalytic activity of exfoliated HfB2/F68 and HfB2 

powder were compared. Optical images taken after 3 and 30 mins of reaction with 10 μg/mL 

HfB2/F68, 10 mM of substrate (material is listed above each well), and 10 mM H2O2 in 0.2 M acetate 

buffer at pH 4. 
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Figure S4: Antibacterial activity of HfB2/F68 at different incubation times. (A) CFUs of E. coli 

after treatment with different HfB2/F68 concentrations and 0.1 mM H2O2 at various incubation times 

of 2, 3, 4 and 5 h. (B) CFUs of S. aureus after treatment with HfB2/F68 and 0.1 mM H2O2 

concentrations at different incubation times of 2, 3, 4 and 5 h. (C) CFUs of E. coli after treatment 

with different H2O2 concentrations and 7 μg ml-1 HfB2/F68 at various incubation times of 2, 3, 4 and 

5 h. (D) CFUs of S. aureus after treatment with different H2O2 concentrations and 12 μg ml-1 

HfB2/F68 at various incubation times of 2, 3, 4 and 5 h. 
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Figure S5: Biocompatibility test for HfB2/F68 nanozyme in presence of 0.1 mM H2O2. Percent 

biocompatibility of A549 epithelial cells tested with the alamarBlue assay after incubating with 

different HfB2/F68 concentrations and 0.1 mM H2O2. All the experiments were done in triplicate. 
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Figure S6: Hemolysis assay of HfB2/F68 nanozyme. (A) Optical image of hemolysis assay to 

determine the toxicity of HfB2/F68. (B) Spectra of samples after hemolysis assay over a range of 

wavelength ranging from 300 – 700 nm with different concentrations of HfB2/F68. Triton X is used 

as the positive control against which the rest of the samples are compared. All the experiments 

were done in triplicate. 
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Figure S7: Affinity of catalysts for H2O2. The x-axis represents the reciprocal of the Michaelis 

constant (KM) for H2O2. The higher the value, the higher the affinity of the catalyst towards H2O2.1-

17  
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Figure S8: Catalytic performance and cost efficiency comparison of nanozymes. Relation 

between H2O2 affinity of nanozymes compared against their cost. The y-axis represents the 

reciprocal of the Michaelis constant (KM) for H2O2 and the x-axis represents cost ($/gram). Blue 

square represents nanoparticles, Brown circle represent nanofibers and green triangles 

represents 2D nanosheets, whereas red star represents our material HfB2.3-9, 11-18  

 

 

Table S1. Comparison of enzymatic efficacy of nanozymes against different fungal strains. 

Nanozyme Substrat

e  

1/KM 

(mM-1)  

KM 

(mM) 

Vmax  

(M s-1) 

Turnover 

number 

(Kcat) 

Year Ref. 

Ferromagnetic 

nanoparticles 

(Fe3O4 MNPs) 

TMB 10.20 0.098 3.44 × 10-8 3.02 × 104 2007 5 

Fe3O4 MNPs H2O2 0.006 154 9.78 × 10-8 8.58 × 104 2007 5 

ZnFe2O4 MNP

s 

TMB 1.176 0.85 13.31 × 10-

8 

4.36 × 1010 2012 11 

ZnFe2O4 MNP

s 

H2O2 0.602 1.66 7.74 × 10-8 2.54 × 1010 2012 11 

Cobalt oxide 

nanoparticle 

(Co3O4 NPs) 

TMB 9.708 0.103 2.56 x 10-7 101.19 2013 4 

Co3O4 NPs H2O2 0.005 173.51 1.89 x 10-7 74.70 2013 4 

Iron Oxide 

nanoparticles 

(Fe3O4 NPs) 

TMB 4.291 0.233  1.76 x 10-7 22.22 2013 4 

Fe3O4 H2O2 0.002 479.91 2.75 x 10-7  34.72 2013 4 

Bovine serum 

albumin 

(BSA)-

stabilized 

platinum (Pt) 

nanoparticles 

TMB 8.40 

0.119 21 × 10-8 

0.23 2015 9 

BSA-Pt NPs H2O2 0.023 41.8 16.7 × 10-8 0.18 2015 9 

Prussian blue 

(PB) 

nanoparticles 

TMB 2.96 0.337 2.16 x 10-7 1.16 × 105 2016 16 
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PB 

nanoparticles 

H2O2 0.068 14.7 1.17 x 10-7 5.87 × 104 2016 16 

β-casein–gold 

nanoparticles 

(CM–AuNPs) 

(4.2 nm) 

TMB 43.47 0.023   3.57 × 10-8 1.42 × 10-6 2016 10 

CM–AuNPs 

(4.2 nm) 

H2O2 0.007 130 4.05 × 10-8 2.46× 10-6 2016 10 

Ultrathin 

graphitic 

carbon nitride 

(g-C3N4) 

TMB 38.31 0.0261 1.36 x 10-7 0.125 2017 13 

g-C3N4 H2O2 1.67 0.6 43.2 x 10-7 4 2017 13 

Gold 

nanoparticle 

with g-C3N4 

(Au/g-C3N4) 

TMB 3.38 0.295 8.6 x 10-7 0.796 2017 13 

Au/g-C3N4 H2O2 4.5 0.222 150.8 x 10-

7 

13.96 2017 13 

MoSe2 TMB 4.61 0.2168 3.52 × 10-7 0.357 2017 6 

MoSe2 H2O2 0.39 2.53 1.3 × 10-8 0.013 2017 6 

Co3O4 

nanoparticles 

deposited on 

montmorillonit

e (Co3O4–

MMT NPs) 

TMB 462.31 0.0021

63 

1.74 × 10-8 0.014 2018 17 

Co3O4–MMT 

NPs 

H2O2 0.048 20.492 34.23 × 10-

8 

0.276 2018 17 

Porous Co3O4 

nanoplates  

(Co3O4-F) 

TMB 12.19 0.082 6.55 × 10-8 1.57 2018 12 

Co3O4-F H2O2 0.45 2.22 11.82 × 10-

8 

2.84 2018 12 

Raw 

molybdenum 

disulfide 

nanoflakes 

(MoS2 NFs) 

TMB 4.54 0.22  1.37 x 10-7 0.55 × 104 2018 15 

MoS2 NFs H2O2 0.81 1.22 1.32 x 10-7 0.52 × 104 2018 15 

Cysteine 

(cys)- MoS2 

NFs 

TMB 5.88 0.17 1.41 x 10-7 0.56 × 104 2018 15 

Cys- MoS2 

NFs 

H2O2 0.50 1.98 1.52 x 10-7 0.61 × 104 2018 15 
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Vanadium 

oxide 

nanotextiles 

(V6O13 NTs) 

TMB 6.53 0.153 1.51 × 10-8 7.75 x 10-6 2018 8 

V6O13 NTs H2O2 0.33 2.99 3.12 × 10-8 1.6 x 10-5 2018 8 

CuMnO2 

nanoflakes 

TMB 1.733 0.577 8.15 × 10-8 3.06 x 10-5 2019 2 

CuMnO2 

nanoflakes 

H2O2 0.036 27.653 27.65 × 10-

8 

1.04 x 10-4 2019 2 

Fe3C 
decorated 

carbon 
nanofibers 
(Fe3C/C 

NFs) 

TMB 0.561 1.78 203.2 × 10-

8  

5.49 x 10-5 2019 1 

Fe3C/C 
NFs 

H2O2 0.176 5.65 21.28 × 10-

8 

5.75 x 10-6 2019 1 

Reduced 
graphene 

oxide (rGO 
sheets) 

TMB 15.62 0.064 1.12 x 10-7  94 2019 7 

rGO sheets H2O2 0.009 109 2.54 x 10-7 2.12 × 102 2019 7 

Nitrogen 
doped (N) 

rGO sheets 

TMB 16.94 0.059 1.4 x 10-6 1.17 × 103 2019 7 

N-rGo sheets H2O2 0.045 22 1.71 x 10-6 1.43 × 103 2019 7 

Boron doped 
(B) rGO 
sheets 

TMB 1.82 0.548 5.58 x 10-6 4.66 × 103 2019 7 

B-rGo sheets H2O2 0.09 11 2.63 x 10-6 2.19 × 103 2019 7 

h-BN-rGO 
sheets 

TMB 
26.31 0.038 3.80 x 10-7 

3.16 × 102 2019 7 

h-BN-rGO 
sheets 

H2O2 0.015 63 5.14 x 10-7 
4.28 × 102 2019 7 

BN-rGO 
sheets 

TMB 
6.67 0.15 5.73 x 10-7 

4.77 × 104 2019 7 

BN-rGO 
sheets 

H2O2 0.025 39 6.01 x 10-7 
5.01 × 104 2019 7 

NB-rGO 
sheets 

TMB 
6.71 0.149 7.87 x 10-7 

6.56 × 104 2019 7 

NB-rGO 
sheets 

H2O2 0.026 38 8.22 x 10-7 
6.85 × 104 2019 7 

Tungsten 
oxide (WO3) 

TMB 
100 0.01 1.53 x 10-8 

2.4 x 10-4 2019 18 

WO3 H2O2 0.79 1.26 3 x 10-8 4.8 x 10-4 2019 18 

Fe-Ag2S TMB 13.34 0.075 2.09 x 10-8 1.81 x 10-5 2019 3 

Fe-Ag2S H2O2 
2.12 0.471 

37.40 x 10-

8 

3.25 x 10-4 2019 3 

Horseradish 

peroxidase 

(HRP) 

TMB 

2.3 0.434 1.00 x 10-7 

4 × 104 2007 5 
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HRP H2O2 2.7 3.7 8.78 x 10-8 3.48 × 104 2007 5 

HfB2/F68 TMB 3.63 
0.275 5.56 x 10-4 

15.90 2021 This 
work 

HfB2/F68 H2O2 4.36 
0.229 3.26 x 10-4 

9.34 2021 This 
work 
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