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Abstract 

      Microbial contamination is a very important issue worldwide which affects multiple aspects 

of our everyday life: health care, water purification systems, food storage, etc. Traditional 

antibacterial therapies are becoming less efficient because inadequate use and disposal of antibiotics 

have triggered mutations in bacteria that have resulted in many antibiotic-resistant strains. 

Therefore, it is of great importance to develop new antibacterial materials that will effectively combat 

both planktonic bacteria and their biofilms in an innovative manner. 

      In this context, the goal of this thesis was to develop two different carbon/polymer 

nanocomposites (reduced graphene oxide/polyethylenimine and carbon quantum dots/polyurethane) 

which exhibit excellent antibacterial properties through two different effects: photothermal and 

photodynamic. Electromagnetic irradiation was used (near-infrared laser radiation or gamma rays) in 

these experiments, for the purpose of triggering the photothermal effect and enhancing the 

photodynamic effect of the nanocomposites. 

      In the first experimental part of this thesis, a simple and efficient strategy for bacteria capture 

and their eradication through photothermal killing is presented. The developed device consists of a 

flexible Kapton interface modified with gold nanoholes (Au NH) substrate, coated with reduced 

graphene oxide-polyethyleneimine thin films (K/Au NH/rGO-PEI). The K/Au NH/rGO–PEI device 

was efficient in capturing and eliminating both planktonic Gram-positive Staphylococcus aureus (S. 

aureus) and Gram-negative Escherichia coli (E. coli) bacteria after 10 min of NIR (980 nm) 

irradiation. Additionally, the developed device could effectively destroy and eradicate 

Staphylococcus epidermidis (S. epidermidis) biofilms after 30 min of irradiation. 

 

  In the second experimental part, the preparation of a hydrophobic carbon quantum 

dots/polyurethane (hCQD-PU) nanocomposite with improved antibacterial properties caused by 

gamma-irradiation pre-treatment is presented. Hydrophobic quantum dots (hCQDs), which are able 

to generate reactive oxygen species (ROS) upon irradiation with low power blue light (470 nm), were 

incorporated in the polyurethane (PU) polymer matrix to form a photoactive nanocomposite. 

Different doses of gamma irradiation (1, 10 and 200 kGy) were applied to the formed nanocomposite 

in order to modify its physical and chemical properties and improve its antibacterial efficiency. The 

pre-treatment by gamma-irradiation significantly improved antibacterial properties of the 

nanocomposite, and the best result was achieved for the irradiation dose of 200 kGy. In this sample, 

total bacteria elimination was achieved after 15 min of irradiation by blue light, for Gram-positive 

and Gram-negative strains. 

 

Keywords: antibacterial nanocomposites, reduced graphene-oxide, carbon quantum dots, 

photodynamic effect, photothermal effect, NIR, gamma-irradiation. 

Scientific field: Electrical and Computer Engineering 

Scientific subfield: Materials Science in Electrical Engineering (Radiation modified carbon 

nanomaterials) 

 



Aпстракт 

Контаминација бактеријама је веома распрострањен проблем који утиче на много 

различитих аспеката свакодневног живота: здравство, системе за пречишћавање воде, чување 

хране итд. Традиционалне антибактеријске терапије су постале мање ефикасне, услед 

неадекватне употребе и одлагања неискоришћених антибиотика, што је довело до мутација 

бактерија и резултовало појавом многобројних антибиотски отпорних врста. Стога је веома 

важно да се развију нови антибактеријски материјали који би се ефикасно борили како са 

планктонским бактеријама тако и са њиховим биофилмовима, на иновативан начин. Сходно 

томе, циљ ове дисертације био је развијање два различита нанокомпозита на бази угљеника и 

полимера (редуковани графен оксид/полиетиленимин и угљеничне квантне 

тачке/полиуретан), који испољавају одлична антибактеријска својства кроз два различита 

ефекта: фотодинамички и фототермални. Електромагнетно зрачење (блиско инфрацрвено и 

гама зрачење) коришћено је у оба експеримента, у сврху активирања фототермалног и 

побољшања фотодинамичког ефекта.  

      У првом експерименталном делу ове дисертације представљена је једноставна и 

ефикасна стратегија за хватање бактерија и њихово искорењивање фототермалним убијањем. 

Развијени уређај се састоји од флексибилног Каптон интерфејса модификованог са златним 

наношупљинама (Au NH), који је затим обложен танким слојем редукованог графен оксид-

полиетиленимина (K/Au NH/rGO–PEI). K/Au NH/rGO–PEI уређај је врло ефикасан у хватању 

и уклањању планктонских Грам-позитивних Staphylococcus aureus (S. aureus) и Грам-

негативних Escherichia coli (E. coli) бактерија након 10 мин зрачења ласером у блиској 

инфрацрвеној области (980 nm). Поред тога, развијени уређај може ефикасно уништити и 

искоренити биофилмове Staphylococcus epidermidis (S. epidermidis) након 30 минута 

озрачивања.  

      У другом експерименталном делу представљена је припрема нанокомпозита који се 

састоји од хидрофобних угљеничних квантних тачака и полиуретана (hCQD-PU) са 

побољшаним антибактеријским својствима узрокованим третманом гама зрачењем. 

Хидрофобне квантне тачке (енг. hydrophobic carbon quantum dots - hCQD), које су способне да 

стварају реактивне врсте кисеоника (reactive oxygen species – ROS) након зрачења видљивом 

плавом светлошћу мале снаге (470 nm), уграђене су у полиуретански (PU) полимер матрикс 

како би формирали фотоактивни нанокомпозит. Формирани нанокомпозит је затим изложен 

различитим дозама гама зрачења (1, 10 и 200 kGy) како би се изменила његова физичка и 

хемијска својства и побољшала његова антибактеријска ефикасност. Третман гама зрачењем 

значајно је побољшао антибактеријска својства нанокомпозита, а најбољи резултат је 

постигнут за дозу зрачења од 200 kGy. У овом узорку постигнута је потпуна елиминација 

бактерија након 15 мин зрачења плавом светлошћу, за Грам-позитивне и Грам-негативне 

сојеве. 

Кључне речи: антибактеријски нанокомпозит, редуковани графен оксид, угљеничне квантне 

тачке, фотодинамички ефекат, фототермални ефекат, гама зрачење. 

Научна област: Електротехника и рачунарство 

Ужа научна област: Електротехнички материјали и технологије (Угљенични 

наноматеријали модификовани зрачењем)  



Résumé 
 

      La contamination microbienne est un problème très important dans le monde entier qui 

affecte de nombreux aspects de notre vie quotidienne: soins de santé, systèmes de purification de 

l'eau, stockage des aliments, etc. Les thérapies antibactériennes traditionnelles deviennent moins 

efficaces, car une utilisation et une élimination inadéquates des antibiotiques ont déclenché des 

mutations chez les bactéries qui ont conduit à de nombreuses souches résistantes aux antibiotiques. 

Par conséquent, il est très important de développer de nouveaux matériaux antibactériens pour 

combattre de manière efficace les bactéries planctoniques et leurs biofilms. 

Dans ce contexte, l'objectif de cette thèse était de développer deux nanocomposites différents 

carbone / polymère (oxyde de graphène réduit / polyéthylénimine et nanostructures de carbone / 

polyuréthane) originaux qui présentent d'excellentes propriétés antibactériennes à travers deux effets 

différents : photothermique et photodynamique. Une irradiation électromagnétique a été utilisée 

(rayonnement laser proche infrarouge ou rayons gamma) dans le but de déclencher l'effet 

photothermique et d'améliorer l'effet photodynamique des nanocomposites. 

Dans la première partie expérimentale de cette thèse, une stratégie simple et efficace pour la 

capture de bactéries et leur éradication par destruction photothermique est présentée. Le dispositif 

développé consiste en une interface à base de Kapton modifié avec des nano-trous d'or (Au NH), et 

recouvert d’une couche mince d'oxyde de graphène/ polyéthylèneimine (K / Au NH / rGO-PEI). Le 

dispositif K / Au NH / rGO- PEI a été efficace pour capturer et éliminer à la fois les bactéries 

planctoniques à Gram positif Staphylococcus aureus (S. aureus) et à Gram négatif Escherichia coli 

(E. coli) après 10 min d'irradiation à 980 nm. De plus, le dispositif développé s’est avéré efficace 

pour détruire et éradiquer des biofilms de Staphylococcus epidermidis (S. epidermidis) après 30 min 

d'irradiation. 

Dans la deuxième partie expérimentale de ce travail de thèse, la préparation d'un 

nanocomposite à base de nanostructures de carbone hydrophobes / polyuréthane (hCQD-PU) avec 

des propriétés antibactériennes améliorées induites par un prétraitement par irradiation gamma est 

présentée. Des nanostructures de carbone hydrophobes (hCQD), capables de générer des espèces 

réactives de l'oxygène (ROS) suite à une irradiation avec une lumière bleue de faible puissance (470 

nm), ont été incorporées dans la matrice polymère en polyuréthane (PU) pour former un 

nanocomposite photoactif. Le nanocomposite ainsi formé a été exposé à différentes doses 

d'irradiation gamma (1, 10 et 200 kGy) afin de modifier ses propriétés physiques et chimiques et 

d'améliorer son efficacité antibactérienne. Le prétraitement par irradiation gamma a considérablement 

amélioré les propriétés antibactériennes du nanocomposite, et le meilleur résultat a été obtenu pour 

la dose d'irradiation de 200 kGy. Cet échantillon a permis l'élimination totale des bactéries après 15 

min d'irradiation par la lumière bleue, pour les souches à Gram positif et à Gram-négatif. 

 

Mots-clés : nanocomposites antibactériens, oxyde de graphène réduit, nanostructures de carbone, 

effet photodynamique, effet photothermique, irradiation gamma. 
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PART I: Introduction 

  

This thesis project consists of developing two different carbon/polymer nanocomposites 

(reduced graphene oxide/polyethyleneimine and carbon quantum dots/polyurethane) that exhibit 

antibacterial properties through two different effects: photothermal and photodynamic. Additionally, 

electromagnetic irradiation was used (near-infrared laser radiation and gamma rays), in order to 

trigger the photothermal effect and enhance the photodynamic effect of the nanocomposites.  

Bacterial infections are one of the world’s biggest health problems. Traditional antibacterial 

therapies are becoming less efficient, because inadequate use and disposal of antibiotics have caused 

mutations in bacteria that led to many antibiotic-resistant bacterial strains. Therefore, the 

development of novel antibacterial materials that will effectively fight both planktonic Gram-positive 

and Gram-negative bacteria, and their biofilms is crucial. Microbial contamination is a very important 

issue that includes multiple fields: health care, water purification systems, food storage, etc. 

Antibacterial materials can help prevent the formation of biofilms and solve problems related to the 

use of conventional antimicrobial agents, such as residual toxicity, short-term antimicrobial activity, 

and development of resistance in microorganisms. 

The application of carbon nanomaterials is an emerging area of nanoscience and 

nanotechnology in the last few decades. When material’s dimensions are reduced to nanoscale they 

display unique physical, chemical, electrical and optical properties compared to their macro-scaled 

equivalents. Recently, researchers have focused on their biological properties, owing to their great 

potential as antibacterial agents and their low toxicity.  

In the first experimental part of this thesis, a simple and efficient strategy for effective bacteria 

capture and their subsequent eradication through photothermal killing will be presented. The 

developed device consists of a flexible Kapton interface modified with gold nanoholes (Au NH) 

substrate, coated with reduced graphene oxide-polyethyleneimine thin films (K/Au NH/rGO-PEI). 

The K/Au NH/rGO–PEI device was effective to capture and eliminate efficiently both planktonic 

Gram-positive Staphylococcus aureus (S. aureus) and Gram-negative Escherichia coli (E. coli) 

bacteria after 10 min of NIR (980 nm) irradiation, and to destroy and eradicate Staphylococcus 

epidermidis (S. epidermidis) biofilms after 30 min irradiation. 

 

In the second experimental part, the preparation of a hydrophobic carbon quantum 

dots/polyurethane nanocomposite (hCQD-PU) with improved antibacterial properties caused by 

gamma-rays pre-treatment will be discussed. Hydrophobic quantum dots (hCQDs), which are able to 

generate reactive oxygen species (ROS) upon irradiation with low power blue light (470 nm), were 

incorporated in the polyurethane (PU) polymer matrix to form a photoactive nanocomposite. 

Different doses of gamma irradiation (1, 10 and 200 kGy) were applied to the formed nanocomposite 

in order to modify its physical and chemical properties and improve its antibacterial efficiency. The 

pre-treatment by gamma-irradiation significantly improved the photodynamic effect in the 

incorporated hCQDs and consequently, the antibacterial properties of the nanocomposite. The best 

result was achieved for the irradiation dose of 200 kGy, where the total bacteria elimination was 

achieved after 15 min of irradiation by blue light, for Gram-positive and Gram-negative strains. 

      The main contribution of this doctoral thesis is the multidisciplinary approach to the design 

of novel antibacterial materials and the application of different modification methods in order to 

change and enhance their properties. Material engineering, chemistry, physics and microbiology were 

successfully combined in order to achieve the desired results. Two different antimicrobial materials 

in forms of nanocomposites with the potential in real-life applications, were synthesized and 

characterized.  
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Chapter 1. Antimicrobial resistance 
 

 
      In this chapter, I will outline the importance and major challenges of designing antibacterial 

materials. But first, I need to introduce bacteria and biofilms as concepts, in order to more easily 

understand the scale of antibiotic resistance and biofilm associated problems.  

      Bacteria are a prokaryotic microorganism, which is typically a few micrometres in length, and 

have a number of shapes (spheres, rods and spirals). According to the structure, components and 

function of their cell-wall, bacteria can be divided into two main categories: Gram-positive and Gram-

negative. Gram-positive bacteria have a single lipid bilayer surrounded by a thick porous layer of 

peptidoglycan (20-50 nm), while Gram-negative bacteria have a double lipid bilayer (inner and outer 

membrane) separated by periplasm and thin peptidoglycan [1] (Fig. 1.1a, b). Both Gram-positive and 

Gram-negative bacteria bear a negative charge [2]. As one of the first forms of life on Earth, they are 

present in most of its habitats. Additionally, they live in a symbiotic or parasitic relationship with 

plants, animals and humans. If bacteria live in a parasitic relationship with other organisms, they are 

called pathogens. Pathogenic bacteria are the main cause of different infections and diseases in 

humans. The pathogen that so far has the highest disease burden throughout history is Mycobacterium 

tuberculosis, which kills about two million people a year, and is found in both developing and 

industrialized countries [3]. Other serious infections include nosocomial (hospital-acquired) 

infections, such as Clostridium difficile, Enterobacter spp., Enterococcus faecium, Enterococcus 

faecalis, Escherichia coli, Haemophilus influenzae, Klebsiella pneumoniae, Proteus mirabilis, 

Pseudomonas aeruginosa, Salmonella spp., Serratia spp., Staphylococcus aureus, Staphylococcus 

epidermidis, Stenotrophomonas maltophilia, and Streptococcus pneumoniae [4]. The term 

“superbugs” refers to microbes with enhanced morbidity due to multiple mutations providing them a 

high resistance to antibiotics specifically recommended for their treatment. 

      Since the discovery of penicillin by Alexander Fleming in 1928, antibiotics have 

revolutionized medicine and saved countless lives. Unfortunately, the increase in the usage of 

antibiotics has led to the appearance of many resistant strains. Some predictions are warning of a 

return to the pre-antibiotic era, with the data confirming over 20,000 potential resistance genes [5]. 

 

 
 

Figure 1.1. The cell wall structure of a) Gram-positive and b) Gram-negative bacteria (reproduced 

with permission from ref.  [2]). 
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     The most notorious Gram-negative pathogens are Escherichia coli (E. coli), Salmonella 

enterica, and Klebsiella pneumoniae, which cause a variety of diseases in humans and animals. Over 

the past fifty years, a strong correlation has been identified between antibiotic use in the treatment of 

these diseases and the development of antibiotic resistance. Among Gram-positive bacteria, the most 

prevalent is Staphylococcus aureus (S. aureus). It is related to strong skin infections and carried as a 

nasal commensal in 30% of the population [4]. After the discovery of penicillin, it seemed like S. 

aureus infections were controllable, however, it lasted for a very short time.  S. aureus and other 

Gram-positive bacteria could produce enzyme penicillinase, which made them resistant to most of 

the penicillins. In 1959, methicillin was designed as a first antibiotic that did not contain penicillinase. 

However, after only 3 years, a new strain of methicillin-resistant S. aureus (MRSA) appeared, and 

shortly after there was a multidrug-resistant strain of S. aureus. Not so long ago, MRSA moved from 

a hospital and became a major community-acquired (CA) pathogen.  

      Mechanisms and origins of antibiotic resistance are numerous. Molecular mechanisms have 

been studied extensively, and the findings significantly improved our knowledge about cells. 

Resistance can occur by modification of RNA or protein components in bacteria cells. The term 

intrinsic resistance refers to the existence of genes in bacterial genomes that could generate a 

resistance phenotype, i.e., proto- or quasi- resistance [4]. Among all the possibilities of bacteria to 

mutate and develop resistance to antibiotics, the human factor has a predominant role in their 

resistance. Since the 1940s, the amounts of produced antibiotics have been increasing, as well as their 

use and release in the environment. It is estimated that several million tons of antibiotic compounds 

have been released into the biosphere over the last 50 years, creating constant maintenance pressure 

for resistant strains in all the environments [4]. Today, more than 50% of the produced antibiotics are 

used as additives in animal food, in order to promote animal growth [6]. Another example of human 

activity that contributes to the environmental reserve of resistance is certainly the use of antibiotics 

in agriculture and aquaculture. The impact of the disturbing human activity was confirmed by recent 

studies, which have proven that the acquired resistance to antibiotics was found even in bacteria 

isolated from humans and wild animals living in remote areas of the planet, who have never been 

exposed to antibiotic therapies [7,8]. These findings confirm the scale and the complexity of the 

mechanisms of antibiotic resistance, but also highlight the emergency of finding new innovative 

measures to fight the bacteria.  

 

 

1.1 Bacterial adhesion and formation of biofilms 
 

     Bacteria can be found in two different forms: the free-floating (planktonic) bacteria, and in 

the form of a biofilm – a community of bacteria. Biofilm is formed by excreting a slimy, glue-like 

substance when bacteria adhere to surfaces in moist environments. The sites of biofilm formation 

include all sorts of surfaces: natural materials, plastics, metals, medical implant materials, even plant 

and body tissue. It is likely to be found wherever there is a combination of moisture, nutrients and a 

surface. A single bacterial species may form a biofilm community, however, a majority of biofilms 

in nature consist of rich mixtures of many species of bacteria, but also fungi, algae, yeasts, protozoa, 

other microorganisms, debris and corrosion products [9]. For example, in typical dental plaque 

biofilms, more than 500 bacterial species have been identified [9].  

 

     Bacterial adhesion is a very important step in the process of biofilm formation, and it is 

extremely complicated because it can be affected by many factors such as environmental issues, 

bacterial characteristics, material surface properties etc. [10]. Bacterial adhesion comprises two 

phases, first is the initial and reversible physical phase, and the second is time-dependent and 

irreversible molecular phase [10].  Phase one of bacterial adhesion consists of the initial attraction 

between cells and the surface through the effects of physical forces: Brownian motion, van der Waals 

forces, gravitational forces, surface charge electrostatic forces and hydrophobic interactions [10,11]. 

These forces can be further classified as long-range (distance between cells and surfaces > 50 nm) or 
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short-range (distance < 5 nm) forces. They are crucial for the initial bacterial adhesion to surfaces. 

Phase two consists of molecular reactions between bacteria and the surface to which they are about 

to attach. Bacterial surface polymeric structures, which include capsules, fimbriae, or pili and slime, 

have a main role in the firm adhesion of bacteria to the surface. The bacterial properties (such as 

hydrophobicity, surface charge) and surface properties of the material (chemical composition, surface 

roughness, wettability) are very important in the adhesion process [10,12]. Heaving this in mind, 

scientists are designing new anti-adhesion materials to stop the biofilm formation. Beyond phase two, 

some strains are capable of forming a biofilm (Fig. 1.2). Following the strong attachment, bacteria 

start colonizing the surface and creating an extracellular polymeric matrix, which contains a mixture 

of sugars, proteins, fats and DNA molecules [13]. This matrix makes biofilm extremely resistant to 

host defense mechanisms, but also creates a physical barrier for antibiotics and disinfectants to reach 

the bacteria in the biofilm. Additionally, biofilms contain a population of persister cells, which 

represent the dormant bacterial cells, which survive the antibiotic treatment and adapt to a slow 

growth rate by forming small sub-colonies [10,14]. Once the structure becomes mature, some bacteria 

start detaching, enabling the biofilm to spread (Fig. 1.2).  

 

 
Figure 1.2. Stages of a biofilm life cycle, courtesy of the Montana State University Center for 

Biofilm Engineering, P. Dirckx. 

   

      Nosocomial infections are primarily caused by bacterial colonization of a wide range of 

biomedical surfaces. The prevalence rate of nosocomial infections ranges from 4% to 10% (reaching 

up to 30% in intensive care units) in western-industrialized countries, making them the sixth-leading 

cause of death [15–17]. The proportion is even higher (>15%) in developing countries [18]. The 

formation of biofilm on a biomedical device for implantation can be very dangerous, leading to many 

post-surgical complications such as infections, implant rejection and even death [19–21]. Also, the 

surfaces in the near-patient environment play a major role in the spread of these infections [16]. 

Therefore, the development of antibacterial surfaces and coatings capable to prevent the bacterial 

colonization of biomedical surfaces is the key to limiting and eliminating nosocomial infections.  

 

1.2 Nanomaterials as antibacterial agents 
 

      Today, there is an urgent need for alternatives to antibiotics, and new antibacterial materials 

or coatings that would prevent biofilm formation. Microbial contamination is a serious issue, which 

involves multiple fields, including health care and biomedical industries, water purification systems, 

food storage and packaging [10]. A disturbing data published by the World Health Organization 

(WHO) estimate that by 2025 half of the world population will be living in water-stressed areas [22]. 
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Today, around 829 000 people die annually from diarrhea caused by unsafe drinking water [23]. 

Additionally, there were an estimated 687,000 hospital-acquired infections (HAI) in U.S. acute care 

hospitals in 2015, and about 72,000 hospital patients with HAIs died during their hospitalizations 

[24]. These alarming numbers highlight the importance of finding new antimicrobial agents and 

surfaces.  

 

     Nanomaterials and nanotechnology offer a potential replacement for conventional treatment 

techniques and antibacterial surfaces. Nanomaterials (usually ranging from 1 to 100 nm) exhibit 

unique physical, chemical and biological properties which are quite different compared to their macro 

scaled counterparts. Today, nanotechnology-based materials provide a solution to many technological 

and environmental challenges in different fields, such as water technology, solar energy, catalysis 

and medicine [10]. Nanomaterials could be used in forms of nanoparticles (NPs) or nanocomposites, 

and mechanisms of their interaction with bacteria are numerous.   

 

      Nanomaterials derived from silver [25–29], gold [30,31], zinc oxide [32,33], calcium oxide 

[34], titanium dioxide [35–38], magnesium oxide [39], copper oxide [40–42] and graphene-based 

nanomaterials [43–45] have been researched as efficient coatings, wound dressings, in cosmetics and 

food storage applications and water treatment. There are many different toxicity mechanisms [1] 

among nanoparticles, and their main advantage over traditional antibiotics, is the fact that NPs fight 

the microbes via multiple mechanisms simultaneously [46]. For this reason, microbes are unlikely to 

develop resistance against them, because it is not likely to have multiple mutated genes. However, 

several studies have revealed that metal nanomaterials induce acute tissue toxicity in humans, which 

has resulted in their limited use [47].  

      When it comes to water disinfection, the most important advantages of nanomaterials are their 

large specific surface area and high reactivity, but also the fact that they are not strong oxidants, and 

are relatively inert in water. Therefore, they are not expected to form harmful disinfection by-products 

(DBPs) [48]. Nanoparticles have shown excellent antimicrobial activity towards a broad spectrum of 

Gram-negative, Gram-positive bacteria [1,21,34,48,49], and fungi [50]. However, there are certain 

limitations to the direct use of free nanoparticles in water treatment. Firstly, nanoparticles tend to 

aggregate, which decreases their surface area and thereby their activity [51]. Secondly, certain 

nanoparticles can be harmful to aquatic life and human health, and thirdly, the separation and disposal 

or reuse of nanoparticles from the treated water is still a challenging task [52]. Additionally, the fate 

of released nanomaterials in the aquatic environment needs to be studied more carefully and 

extensively in the following years, as well as their impact on human health [52].  

 

In order to avoid the potentially adverse effects of nanotechnology, it is very challenging to 

develop materials that could limit the release of nanoparticles in the environment, but at the same 

time keep their high reactivity. The development of nanocomposite materials proved to be an effective 

and promising approach that meets all the required conditions [53]. Nanocomposites can overcome 

the drawbacks of nanoparticles such as aggregation, the difficulty of separation and leakage into the 

water, enhance the performance of nanoparticles and allow easier reusability and recycling. The most 

promising approach is to develop nanocomposites that can take advantage of both, the host material 

and the impregnated nanoparticles [53]. They are usually designed by incorporating desirable 

nanoparticles on the supporting material, such as polymers or membranes. Therefore, nanocomposites 

are often defined as a multiphase material, in which at least one dimension of the component phase 

is lower than 100 nm [54]. Nanocomposites have promising applications in both water treatment and 

biomedical field, as antibacterial surfaces and implants. 

      Some classifications suggest that antibacterial surfaces can be divided into two categories, 

anti-biofouling and bactericidal [20]. “Anti-biofouling” refers to the surface that is resistant or has 

the ability to limit the attachment of microbes. On the contrary, “bactericidal surface” allows the 

attachment of microbes but has a mechanism to disrupt the attached cells, which results in cell death. 
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Bactericidal surfaces can either chemically or physically disrupt the cell morphology, or by 

combining both mechanisms [21]. The chemical approach means that the surface is chemically 

modified, functionalized or coated with biocidal material (nanoparticles [55–58], polymers [59–61], 

antibiotics [62,63]). While the physical approach includes different methods of modification of the 

material topography, in order to repel the microbes.  

 

 

1.3  Photodynamic and photothermal therapy 
 

      Photodynamic (PDT) and photothermal therapy (PTT) are very promising alternatives to 

conventional antibacterial approaches. Both of these treatments are photo-based and they are 

minimally invasive, with negligible toxicity.  

 

1.3.1 Photodynamic therapy (PDT) 

 
Photodynamic therapy (PDT) is a form of phototherapy which includes the use of a chemical 

photosensitizer (PS), oxygen and visible light. The concept of photodynamic therapy dates back to 

1900, when a medical student Oscar Raab, accidentally discovered that the micro-organisms that had 

been incubated with certain dyes could be killed when they were exposed to light [64]. After, it was 

discovered that oxygen is necessary for this effect, so the term “photodynamic action” was coined 

[65]. However, more profound research and application of PDT started much later [66], in the 1970s, 

thanks to efforts of Dr. Thomas Dougherty working at Roswell Park Cancer Institute in Buffalo, NY, 

who introduced the first photosensitizer.  

      It is proven that PDT kills microbes (bacteria, fungi, and viruses), and therefore, it is used for 

treating different skin conditions caused by bacteria (acne vulgaris, seborrhoea, rosacea, psoriasis) 

[67–69], dental infections (periodontitis) [70], in ophthalmology [71] and even gastric Helicobacter 

Pylori [72]. More importantly, PDT has proven to be efficient against malignant cancer cells, 

specifically head and neck [73], early-stage lung cancer [74], bladder [74], skin [75], and prostate 

cancer [76].  

 

• Mechanism of action 

      Molecular oxygen is in the triplet state in nature and tissues, while almost all other molecules 

are in a single state. Oxygen is relatively inert in physiological conditions because reactions between 

triplet state and singlet state are “forbidden” by quantum mechanics. A molecule of PS is in the singlet 

state (ground state) and it has two electrons with opposite spins. When a PS receives one photon of 

light with appropriate quantum energy (wavelength), one electron is excited into a higher energy 

orbital (Fig. 1.3). This singlet excited state PS is highly unstable, and it is losing its excess energy 

either by the light emission (fluorescence) or heat generation (internal conversion). However, the 

excited singlet PS may undergo a process known as “intersystem crossing”, in order to create a more 

stable excited triplet state with parallel spins [65]. This triplet-state PS is much more stable and has a 

longer lifetime (a few microseconds) than the singlet-state PS (a few nanoseconds). It can decay to 

the ground state by photon emission (phosphorescence), but more frequently it transfers its energy to 

molecular oxygen. This process has two pathways: 

      The Type 1 pathway includes reactions of triplet-state PS with biological substrates (cell 

membranes, or biomolecules) which result in the production of radical ions. These radicals can react 

with oxygen and produce reactive oxygen species (ROS), such as superoxide (O2
•−), hydroxyl 

radical (•OH) and hydrogen peroxide (H2O2) [77].  
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      The Type 2 pathway involves energy transfer from the excited triplet state of PS to the 

ground-state oxygen (3O2) in order to produce singlet oxygen (1O2), which can oxidize many 

biological molecules and lead to cytotoxicity [78]. The generation of ROS is much simpler by the 

Type 2 pathway, so most of the PSs used in cancer treatment are believed to operate by Type 2 rather 

than Type 1 mechanism [65]. The whole process is illustrated in Figure 1.3.  

 

Figure 1.3. Jablonsky diagram. When the PS absorbs light (hv), the electron shifts from a non-

excited low-energy singlet state to a high-energy singlet state. This excited state can release a 

photon (fluorescence) or an internal (non-radiative decay) conversion occurs. When the PS reacts 

with molecular oxygen, Type 1 and Type 2 reactions occur, in which superoxide, hydroxyl radical, 

hydrogen peroxide (Type 1)  and singlet oxygen (Type 2) are formed. Reproduced from [65]. 

 

 

• Types of photosensitizers and light sources 

      An optimal photosensitizer should have favourable physical, chemical and biological 

properties. There are three generations of PSs used in clinical practice. The first generation was 

developed in the 1970s and early1980s and belongs to the group of porphyrin-based dyes. The second 

generation belongs to the group of chlorins, bacteriochlorins, metalated derivatives of PSs etc, and 

they generally possess higher quantum yield of singlet oxygen. And finally, the third generation of 

PSs, which should provide the activation with the light of longer wavelength, have better tumour 

specificity and photosensitivity. There are two pathways of achieving this, either by modifying 

existing PS with biological conjugates such as peptides and antibodies or by chemical encapsulation 

of PSs in carriers for a targeted delivery [79].  

      An ideal PS should possess high stability and water solubility, high ROS production, and a 

strong absorption peak in red to near infra-red (NIR) region. More importantly, it should not be toxic 

in dark conditions and should have a rapid clearance from normal tissues [65]. Additionally, there are 

two drawbacks that are important to overcome by an ideal PS. Light-mediated destruction of PSs, 

known as “photobleaching”, and a “self-shield” effect, which represents a decrease in the light 

penetration into tissues, caused by the absorption of light by PS molecules [80]. The application of 

nanoparticles in PDT is a major step forward in addressing some of the challenges associated with 

classic PS. 
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      The light source and its wavelength is an important factor that influences PDT. The 

wavelength of the light source (both lasers and lamps are in use) should match the maximum 

absorption wavelength of the PS.  Most of the PSs absorb in the visible region (below 700 nm), 

however, the most beneficial is NIR region (700-1100 nm) because of its deep penetration into tissues, 

without harming the surrounding cells. Also, the advantage of using a laser over a lamp is the emission 

of highly coherent monochromatic light through an optical fiber, which means that the light can be 

very precisely delivered to the treatment spot. Consequently, significant efforts are being put into the 

development of new photosensitizers, which absorb in the NIR region.  Naphthalocynanine (776 nm), 

bacteriochlorin (780 nm), indocyanine green (780 nm) and Alexa fluor (750 nm) are some of them 

[81]. 

• Reactive oxygen species (ROS) and antioxidants 

      Reactive oxygen species (ROS) are a group of chemically reactive ions, radicals, and 

molecules derived from oxygen. ROS are generated as by-products of cellular metabolism, primarily 

in mitochondria. When the production of ROS is grater than the antioxidant capacity, it can cause 

damage to cellular macromolecules (lipids, proteins and DNA) [82]. Initially, ROS was considered 

only as a damaging agent in cell metabolism, however, later it was discovered that it plays a positive 

role as well. “Humans have a balanced system of reactive species and antioxidants that allows some 

reactive species to perform useful functions while minimizing oxidative damage” [83].  

      Very often there is a confusion between terms “reactive oxygen species” and “free radicals”, 

as they are used interchangeably in the literature. This is correct in some cases, but in most cases, it 

is not. Just to clarify, superoxide anion radical (O2
•−), hydroxyl radical (•OH) and hydrogen peroxide 

(H2O2) are collectively called reactive oxygen species, but only O2
•− and •OH are free radicals. Apart 

from them, reactive oxygen species include also diverse peroxides, such as lipid peroxides, and 

peroxides of proteins and nucleic acids [84]. Other definitions are given in the Glossary. In this thesis, 

the focus will be mostly on the production of ROS as antimicrobial defense mechanism, through 

photodynamic therapy.  
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1.3.2 Photothermal therapy (PTT) 

 

 
      Photothermal therapy (PTT) is an extension of photodynamic therapy, which also includes 

the use of electromagnetic radiation (usually in infrared wavelength region) for the treatment of 

various medical conditions, including bacterial infections and cancer [85]. As mentioned earlier, 

when a photosensitizer is excited by an external light source, it shifts to an excited state (Fig. 1.3), 

and from there it either releases a photon (fluorescence) or releases energy as heat (internal 

conversion). Photothermal therapy uses this released heat to kill the targeted cells, and it doesn’t 

require oxygen for this interaction (unlike the photodynamic therapy).  

      Nanotechnology plays a very important role in PTT, offering another alternative approach to 

treatment of cancer and bacterial infections, which is based on the implementation of heating 

nanoparticles. According to Jaque et al., the desired properties of those nanoparticles are: i) they are 

smaller than 100 nm, which enables them easy incorporation into cells, ii) they are dispersable in 

biocompatible liquids, iii) in the absence of an external stimuli they should exhibit minimal adverse 

effects on the host biosystem, and iv) they should produce heat efficiently when externally excited 

[85].  

 

1.3.3 Photothermal and photodynamic treatment of bacteria - state of the art 

 
      The lifetime of singlet oxygen is very short (10-320 ns), for this reason, its diffusion is limited 

to only 10-55 nm in cells, approximately [86]. Therefore, photodynamic damage is most likely to 

happen close to the intracellular location of PS [87]. There are three main mechanisms of cell death 

caused by the PDT: apoptotic, necrotic and autophagy-associated cell death. A major role in the type 

of the cell death mechanism plays a subcellular localization of PS in different organelles. However, 

it is accepted that apoptosis (programmed cell death) is the principal mechanism of cell death caused 

by PDT [65]. When it comes to PTT, there are also different mechanisms of cell death, depending on 

the temperature and time of exposure of cells to the heated nanoparticles. When temperatures are 

higher than 48°C and exposure is longer than a few minutes, cell death is achieved by a coagulative 

necrosis process. The effect of such high temperatures is considered drastic and unreversible [88]. 

However, the problem here is the lack of selectivity and the possibility of damaging also healthy cells. 

In the temperature range between 41-48°C cells are exposed to hyperthermia, which causes protein 

denaturation and cell damage [89]. Diathermia treatments include heating up to 41°C. This 

temperature does not induce significant changes on the cellular level, however, these moderate 

heating treatments are beneficial for health, and are mainly applied in physiotherapy [85,90].  

      The structure of PS is very different between anti-cancer drugs and antimicrobial drugs and 

therapies. Anti-cancer PS is preferably lipophilic with no surface charge, while antimicrobial PS, is 

preferred to have a positive charge. Additionally, for an anti-cancer PS, it is beneficial to have a 

longer wavelength (NIR) of an absorption band because of the deeper tissue penetration, while for 

antibacterial PS this is not necessary [65].  

      There are numerous reports confirming the excellent results of PDT and PTT in the bacteria 

eradication. According to Lucky et al., the nanoparticles used in PDT can be classified into (i) PS 

alone, (ii) carriers of PS and (iii) energy transducers of PS [79]. Additionally, the nanoparticles may 

be biodegradable (e.g. natural or synthetic polymer-based nanoparticles) and non-biodegradable (e.g. 

ceramic- and metal-based nanoparticles) [81]. 

      Grinholc et al. used a porphoporphyrin photosensitizer and a light source of 624 nm 

wavelength to evaluate the photodynamic inactivation of 40 clinical isolates of methicillin-resistant S. 

aureus and 40 clinical isolates of methicillin-sensitive S. aureus. The results of the study indicated 

the reduction of 3log10 in the number of bacteria [91]. In another study, Kashef et al. [92] explored 
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the influence of PDT on E. coli (ATCC25922) and resistant strains of E. coli using methylene blue 

(MB) and toluidine blue O (TBO) photosensitizers. Their results showed that MB (50 μg/mL) excited 

by a laser light (163.8 J/cm2) induced a reduction of 53.1% and 37.6% of viable E. coli (ATCC25922) 

and drug-resistant E. coli (from the initial concentration of 104-105 CFU/mL). Moreover, TBO 

(50μg/mL) and a laser dose of 46.68 J/cm2 killed 98.2% and 83.2% of E. coli (ATCC25922) and 

drug-resistant E. coli. Maaoui et al. demonstrated that polyvinyl pyrrolidine-coated Prussian blue 

nanoparticles (PVP/PB NPs) were an efficient photothermal agent able to inactivate both Gram-

positive and Gram-negative pathogens under 810 and 980 nm irradiation for 10 min [93]. Recently, 

a group of researchers evaluated the efficiency of indosanine green excited by a diode laser (810 nm) 

on the Porphyromonas gingivalis. Their results showed that the number of bacteria was significantly 

reduced, and the growth of the biofilm was inhibited [94]. There are reports confirming that PS does 

not have to be in direct contact with the bacteria, to induce the photodynamic effect. If singlet oxygen 

is generated in sufficient quantities, close to the cell membrane of bacteria, it will be able to diffuse 

into the cell and cause damage [95]. In some studies, there was even a layer of moist between bacteria 

and PS, and singlet oxygen was still able to diffuse across the gap [96].  

      Graphene and graphene-based materials have been extensively studied for PTT, due to their 

strong ability to convert NIR light into heat. Wang et al. used reduced graphene oxide (rGO) 

functionalized with anti-S. aureus polyclonal antibody, through physisorption, for efficient capture 

and NIR (808nm) killing of S. aureus [97]. Colleagues from the group have recently investigated the 

synergistic effect of gold nanorods and rGO on E. coli strain and demonstrated the killing efficiency 

of 99% of bacteria in solution after only 10 min [98]. They could also achieve a targeted killing of E. 

coli UTI89 by functionalizing graphene coating with multimeric heptyl α-D-mannoside probes. Recently, 

an antibacterial surface based on a polyelectrolyte-stabilized rGO sheets that kill airborne bacteria on 

contact upon minutes of solar NIR irradiation was reported by Hui et al. [99]. The observed activity 

was reported to be retained even when the film was placed underneath a piece of pork tissue, 

indicating that solar light in the NIR region plays a dominant role in the observed activity.  

      In summary, photodynamic and photothermal therapies require photosensitizers, the light of 

a specific wavelength, and oxygen (in the case of PDT). Both PDT and PTT hold a great promise in 

antimicrobial therapies, due to their efficiency, environment friendliness and the fact that the bacteria 

are not likely to develop resistance to them. In the experimental part of this thesis,  two different 

strategies to fight microbes are presented. One is based on the photothermal effect on the layer of 

reduced graphene oxide, and the other uses the photodynamic effect of carbon quantum dots as a new 

class of photosensitizers. Both of these materials and their properties will be discussed in the 

following chapters.  
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Chapter 2. Carbon nanomaterials 

 
 

       Carbon is a basic element of all the organic molecules, and therefore, it is responsible for life 

on Earth. Also, carbon is a basic building block of all carbon nanomaterials. It is the sixth element in 

the periodic table, which means that six electrons are surrounding the nucleus (Fig. 2.1a) and these 

electrons are in the following configuration  1𝑠22𝑠22𝑝2. The two electrons that occupy the inner shell 

1s are closest to the nucleus and do not affect chemical reactions, while the remaining four electrons 

occupy the outer shell with 2s and 2p orbitals (Fig. 2.1b).  

      For most of the carbon nanomaterials it is characteristic to have an sp2 hybridization of carbon 

atoms, resulting from the superposition of one 2s and two 2p orbitals (Fig. 2.1c). These hybridized 

orbitals are oriented in the xy plane with the 120° angle between them, while the remaining non-

hybridized orbital is normal to their plane.  

 

 

 

Figure 2.1. (a) Atomic structure of carbon atom. (b) Energy levels of outer electrons in carbon 

atoms. (c) The formation of sp2 hybrids. (d) The crystal lattice of graphene, where A and B are 

carbon atoms belonging to different sub-lattices, a 1 and a 2 are unit-cell vectors. (e) σ bond and π 

bond formed by sp2 hybridization. Reproduced with permission from [100]. 

 

      Carbon has a variety of allotropic modifications, owing to its flexibility and strong bonds. 

Three of them occur naturally: graphite, amorphous carbon and diamond. The distinction between 

the three allotropes is the arrangement of the atoms and their bonding within the structure. Diamond 

possesses a diamond lattice crystalline structure, graphite has lattice structure of the honeycomb, 

while amorphous carbon (such as coal or soot) has no crystalline structure [101]. Graphite’s three-

dimensional (3D) structure is useful in various applications like in pencils, batteries, metallurgy, rods, 

etc.  

      Carbon nanomaterials include graphene, graphene nanoribbons, carbon nanotubes, 

nanodiamonds, carbon quantum dots, etc. (Fig. 2.2). The physical, chemical, mechanical and other 

differences between them are due to different structures and shapes. In the experimental part of this 

thesis, graphene and carbon quantum dots will be used, therefore, in the following chapters their basic 

properties will be presented.  
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Figure 2.2. The schematic structures of carbon nanomaterials: Graphene, Diamond, Graphene 

oxide, Carbon nanotube, and Carbon quantum dot. Reproduced with permission from ref. [102]. 

 
 

2.1 Graphene  

 
      Graphene is a single layer (monolayer) of graphite, a two-dimensional (2D) material 

consisting of carbon atoms that are tightly bound in a hexagonal honeycomb lattice. Graphene is the 

thinnest compound discovered at one atom thickness, the lightest material known, the strongest 

compound revealed, the best heat conductor at room temperature, and also the best conductor of 

electricity [101]. The first theoretical research on graphene began already in 1947 [103]. However, 

the first time graphene was isolated from a highly oriented pyrolytic graphite was in 2004 by Kostya 

Novoselov and Andre Geim [104]. This was also the first time when existing theoretical descriptions 

of its composition, structure and properties were confirmed and characterized experimentally. The 

two scientists finally received a Nobel prize in 2010 for this discovery. After that moment, the 

explosion in the material science industry started. Due to its unique properties, graphene has been 

explored in many different fields such as electronic industry, solar cells, light-emitting diodes (LED), 

touch panels, photovoltaics, energy storage etc. [105–108]. Recently, biomedical researchers started 

exploiting graphene and graphene-based materials for application in biomaterials, biosensors, tissue 

engineering and regenerative medicine [109–111].  

 

2.1.1  Structure and properties of graphene 

 
      Graphene consists of tightly packed pure carbon atoms arranged in a sp2 hybridized 

honeycomb lattice (Fig. 2.1d). The bonds between carbon atoms in a hexagonal lattice are extremely 

strong covalent σ bonds, with a distance of only 0.142 nm [104,112]. These bonds are responsible for 
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graphene’s stability and elasticity. However, in literature, graphene also refers to a multi-layered 

material, in which layers of sp2-networks are connected with weak van der Waals forces, π – π* 

stacking interactions with an interlayer spacing of 0.335 nm (Fig. 2.1e).  

      Graphene’s honeycomb network is the basic building block of other carbon allotropes, such 

as 3D graphite (hundreds of thousands of individual layers of linked carbon atoms stacked together), 

1D nanotubes and nanoribbons, or 0D fullerenes and graphene quantum dots.  

      Graphene oxide (GO) is a monolayer of graphene containing numerous oxygen functional 

groups, such as hydroxy, carbonyl, carboxyl and epoxy groups (Fig. 2.2). Reduced graphene oxide 

(rGO) is more defective than graphene, but easier to modify with different functional groups [113].  

      A very unique property of graphene is the fact that it has a zero bandgap because the 

conductive and valence bands meet at Dirac points, which is why it is considered as a semimetal 

[114]. This property is a drawback in terms of using graphene in certain electronic applications (such 

as FET transistors technology) because it prevents them from switching off. However, it is possible 

to turn graphene into a semiconductor by certain modifications. Opening a bandgap is possible by 

breaking lateral symmetry of graphene sheets by different chemical or structural modifications. For 

example, if some carbon atoms in the hexagonal structure are replaced by other atoms (e.g. nitrogen), 

the symmetry of the lattice breaks, and the gap between 𝜋 - 𝜋∗is formed [114].  

       Theoretical predictions about the remarkable electronic properties of graphene were 

confirmed by the experiments many years later. The mobility of the charge carriers in graphene is 

very high, up to 150 000 cm2/Vs. Therefore, it is often said that graphene electrons act very much 

like photons in their mobility, due to the lack of mass [101]. However, the quality of graphene and 

the substrate that is used, are limiting factors (with silicon dioxide as the substrate, for example, 

mobility is potentially limited to 40000 cm2/Vs [101]. 

      Another beneficial characteristic of graphene is its elastic properties. Atomic force 

microscopy tests conducted on graphene sheets revealed that the sheets with a thickness of 2-8 nm 

had spring constants from 1-5 N/m and Young's modulus of 0.5 TPa [115]. However, graphene used 

in these studies was flawless, which is difficult to reproduce, but anyway confirms great elasticity of 

graphene. Besides being very subtle and flexible material, graphene is the strongest material ever 

observed due to the very dense network of sp2 bonds [116].  

      Optical properties of graphene are also very unique. Firstly, it is transparent, and secondly, a 

single layer can absorb 2.3% of white light, and adding another layer increases this number by 

approximately the same value [117]. This feature provides graphene potential application in the field 

of optical electronics.  

      Thermal properties of graphene are also remarkable, with the thermal conductivity up to 5000 

W/mK at room temperature, which is 20 times higher than copper [118]. This quality makes graphene 

suitable for application in microelectronics. 

  

2.1.2 Preparation of graphene  

 
      Graphene fabrication methods can be divided into top-down and bottom-up approaches. In 

top-down methods, bulk graphite is used as a starting material, which is exfoliated to single or few-

layered graphene. In the bottom-up method, graphene is obtained from smaller carbon sources and 

includes epitaxial growth on SiC or chemical vapor deposition (Fig. 2.3). 
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Top-down approaches: 

• Mechanical exfoliation of graphite 

      Mechanical exfoliation, known as a “scotch-tape method” was used by Novoselov and Geim 

when they isolated graphene for the first time. In this method, a single graphene sheet can be separated 

from the crystalline graphite through the attachment to an adhesive tape [104]. This method is perfect 

for characterizing physical properties of graphene, because the obtained sheets are micrometer-sized 

and without defects. However, it is not easy to control the number of layers and the production yield 

is very low, so it is not a suitable method when it comes to biomedical application of graphene where 

larger quantities are necessary.  

• Chemical oxidation of graphite to graphite oxide 

      Chemical oxidation of graphite is the most widely used technique, which allows the large-

scale production of graphene. In this method, graphite is chemically oxidized to graphite oxide, which 

is later exfoliated by sonication to graphene oxide (GO), and finally reduced in order to remove 

oxygen-containing functional groups. The most used oxidation method today, was presented by 

Hummers in 1958 [119], and it involves the use of sulfuric acid (H2SO4) and potassium permanganate 

(KMnO4) in which graphite is soaked in order to produce graphite oxide.  

      After the oxidation of graphite, the sonication and stirring are applied to graphite oxide in 

order to separate the layers, and finally, graphene oxide (GO) is formed. The surface of GO is highly 

oxygenated, bearing hydroxyl, epoxide, diol, and carbonyl functional groups [120]. These oxygen-

containing functional groups allow GO to be dispersible in water and in many other organic solvents 

and also provide an overall negative surface charge of GO. The presence of these functional groups 

disrupts the π-conjugation, which results in GO becoming an insulator.  

      Reducing graphene oxide is the next step, which involves removing oxygen-containing 

functional groups. This process is crucial because it has an impact on the quality of rGO in terms of 

how close its structure will be to the pristine graphene. There are many different ways of reduction, 

such as chemical (e.g., hydrazine monohydrate, sodium borohydride, hydroquinone), thermal or 

photochemical [121–123]. The most widely used is a chemical reduction by hydrazine monohydrate, 

mostly because it eliminates the majority of the oxygen-containing functional groups and it results in 

stable rGO aqueous dispersion [124,125]. However, the main disadvantage of this method is the high 

toxicity of hydrazine monohydrate and the fact that the final rGO has many defects, which 

significantly reduces its conductivity. For this reason, many green reductants have been researched 

in the last few years such as vitamin C, amino acids, phytoextracts etc. [126–128]. 

 

• Electrochemical exfoliation of graphite 

      A recently emerged method of graphene production with low cost and high yield is the 

electrochemical exfoliation of graphite (usually highly oriented pyrolytic graphite - HOPG)  

[129,130]. In this method, graphite is used as a working electrode in a solution of electrolytes such 

as ammonium sulphate or tetra-n-butylammonium bisulphate. Upon application of an electric 

potential, these electrolytes intercalate into the graphite layers which further leads to expanding of 

graphite and separating the layers, finally. The exfoliated graphene sheets are then collected by 

vacuum filtration and dispersed in organic solvents (i.e. N, N-dimethylformamide) forming a stable 

dispersion. This method results in high-quality single or few-layer graphene sheets (C:O ratio around 

25.3, lateral sizes around 5-10 µm) with high yield (around 75%), and it is faster and simpler than 

other methods [131]. According to some scientists, this is currently the most promising approach for 

large-scale industrial production and bulk application, such as polymer fillers and energy storage 

devices, where high charge-carrier mobilities are not substantial [132].  
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Bottom-up approaches: 

• Epitaxial growth 

      This method requires a suitable substrate such as silicon carbide (SiC). Graphene “grows” on 

a SiC substrate while heating at very high temperatures (higher than 1300℃) in ultra-high vacuum 

[133]. The main advantage of epitaxial growth over other techniques is the fact that the obtained 

graphene layers are already on semiconducting or semi-insulating substrates, which is convenient for 

application in electronics [134]. However, this advantage can be also a drawback, because there is no 

perfect method to transfer graphene to other surfaces. Additionally, the price of SiC monocrystal 

wafers is very high, so it makes the industrial application very limited. 

 

 

Figure 2.3. Fabrication methods of graphene. Top-down methods which include liquid-phase 

exfoliation and micromechanical cleavage of graphite. The bottom-up fabrication of graphene is 

usually performed by means of epitaxial growth on SiC or chemical vapor deposition, typically on 

Cu using small molecules, such as methane, as precursors. Reproduced from reference [132]. 

 

 

• Chemical Vapor Deposition (CVD) method  

      Unlike the epitaxially grown graphene, the CVD method allows the transfer of graphene onto 

different surfaces (gold, Ge) by wet chemical transfer [125,135,136]. The process relies on the use of 

polymers such as polymethylmethacrylate (PMMA), which is spin-coated on the substrate already 

coated with graphene. The backside of the graphene can be separated by oxygen plasma treatment 

from the substrate, before moving the graphene sheets to the new substrate [125]. 
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2.1.3 Application of graphene 

 
As a material with such amazing properties, graphene has consequently numerous applications, some 

of which are already in use, and some are still in the research stage. 

 

• Optoelectronics 

      Graphene has a huge potential in optoelectronics, due to its incredible ability to transmit more 

than 90% of light, and a very low electrical resistance. Additionally, it is highly conductive, so it 

would work very well in optoelectronic applications such as liquid crystal display (LCD) 

touchscreens for smartphones, tablet and desktop computers, and televisions [101]. Engineers predict 

that soon it might replace indium tin oxide (ITO), which is currently the most widely used material 

for optoelectronic applications. The recent discovery showing that the optical absorption of graphene 

can be changed by adjusting the Fermi level, as well as its very high tensile strength and flexibility, 

makes it almost inevitable that it will soon find its application in optical electronics [101]. 

• Photovoltaic cells 

      As it was mentioned already, graphene offers a low level of light absorption (around 2.3% of 

white light) and high electron mobility, which makes it suitable for the manufacture of photovoltaic 

cells, as an alternative to silicon or ITO. Currently, silicon is most widely used, but when it turns light 

into electricity it absorbs a photon for every electron produced, which means that a lot of energy is 

lost as heat [101]. Recent research finds that when graphene absorbs a photon, it produces multiple 

electrons [137]. Additionally, silicon is able to generate electricity only from the light of a certain 

wavelength, while graphene is able to work on all the wavelengths. Graphene’s flexibility is also very 

important here because it opens new possibilities of using photovoltaic cells in clothing or curtains 

that could help power our homes, for example.  

• Energy storage 

      This area of research has been studied a lot, but there is always the same problem: a battery 

can potentially hold a lot of energy but needs a long time to charge, while a capacitor can be charged 

very fast, but it cannot hold that much energy [101]. The ideal solution would be to develop the energy 

storage component such as a supercapacitor or a battery that could have both of the positive 

characteristics. Graphene is currently studied for a potential application in lithium-ion batteries (as 

an anode) and as supercapacitors, in order to improve the energy storage capacity and improve the 

charging rate [138,139]. In the future, graphene-enhanced lithium-ion batteries could be used in much 

higher energy usage applications, such as electric cars [101]. 

• Composite materials 

      Graphene has a great potential in the aircraft industry, because, as we mentioned already, it is 

a very strong, stiff and extremely light material. It is expected that in the future, a composite material 

consisted of graphene integrated into plastics could completely replace steel in the aircraft, reducing 

the weight, and improving fuel efficiency. Due to its electrical conductivity, it could also be used as 

a coating material which could prevent the damage from the lighting strikes. Graphene coating could 

also be used as a thermoelectric ice protection system, where the ultra-thin graphene layer could 

generate heat whenever the current is applied. This could prevent the accumulation of ice on the wings 

and propellers [140]. 
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• Ultrafiltration 

      Another fascinating property of graphene is the fact that while it allows water to pass through, 

it is almost completely impervious to liquids and gases [101]. This opens the possibility of using 

graphene as an ultrafiltration medium. Recently, a team of researchers has developed a monolayer 

graphene filter, with pore size of only 3-5 nm (currently used advanced nanoporous membranes with 

pores of 30-40 nm) [141]. This confirms graphene’s great potential in water filtration and desalination 

systems. 

• Biological applications 

 

      Graphene has a huge potential in the field of bioengineering, however, there are still some 

drawbacks that it needs to overcome. Large surface area and high electrical conductivity make it a 

great candidate for biosensors, which could monitor glucose levels, hemoglobin levels, cholesterol 

and even DNA sequencing [109]. Additionally, it has potential in the design of antibacterial materials 

and in tissue engineering [43,111]. However, there is still a lot of research to be done, and more 

profound in-vitro and in-vivo studies [142–144].  

 

2.1.4 Antibacterial activity of graphene and graphene-based materials 

 
      In the light of the graphene’s application as an antibacterial material in the experimental part 

of this thesis, its interaction with microbes will be discussed more profoundly, and an overview of 

the new research activities in this direction will be presented.  

      There are different mechanisms of antibacterial action of graphene-based materials. In the 

case of the interaction of GO or rGO with bacteria in suspension, the dominant mechanisms are the 

membrane rupture caused by the direct contact of bacteria with the sharp nanosheets, membrane 

wrapping and oxidative stress  [145–147]. Numerous studies revealed the loss of bacterial cell 

viability in a concentration and time-dependent manner, with a higher loss of viability of Gram-

positive bacteria [125]. Additionally, Liu et al. [148] showed that the antibacterial activity of GO in 

a suspension is also lateral size-dependent. They proved that larger GO sheets exhibited stronger 

antibacterial activity because they could more easily cover bacteria cells, and cells could not 

proliferate once fully covered, which resulted in the cell viability loss. Atomic force microscopy 

(AFM) images of E. coli bacteria covered with GO sheets are presented in Figure 2.4 (a-c).  

           However, when it comes to the surfaces coated with GO or rGO, the adhesion of bacteria is 

a very complex process influenced by many factors. The parameters influencing bacterial adhesion 

are surface roughness, surface charge, wettability, orientation and size of graphene sheets and surface 

functionalization [43]. Some of the first studies of bacterial adhesion and interaction with graphene 

surfaces were published by Akhavan and Ghaderi [149] and Hu et al. [150]. In these investigations, 

GO nanowells were deposited in a manner that allowed a significant number of edges to be exposed 

[149]. Therefore, these sheets with extremely sharp edges were able to interact with the bacteria, and 

physically disrupt the cell membrane, leading to bacterial inactivation. Hu et al. showed that GO 

significantly suppressed the growth of E. coli, leading to viability loss of 98.5%. Transmission 

electron microscopy (TEM) images confirmed that E. coli lost cellular integrity, the cell membrane 

became destroyed and cytoplasm was flowing out (Fig. 2.4 d, e). This was the outcome of the physical 

disruption of the cell membrane by the GO sharp edges and oxidative stress [150]. Krishnamoorthy 

et al. demonstrated that graphene nanoflakes had antibacterial activity towards four types of 

pathogenic bacteria (E. coli, Salmonella typhimurium, Enterococcus faecalis and Bacillus subtilis), 

which was dominantly caused by the formation of ROS [151]. Tu et al. demonstrated that graphene 

and GO nanosheets can penetrate the cell membrane and induce the degradation of the inner and outer 

cell membrane of E.coli [152]. The wrinkled surface of the GO nanosheet is also favorable for the 

immobilization of various materials, such as TiO2 [153] and Ag [154]. Taking into account the 

antibacterial properties of GO, their large size is very advantageous when used as substrates for 
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nanocomposites. The GO substrate could prevent the aggregation of nanoparticles and provide 

enhanced antibacterial activity through synergistic effects. Additionally, the use of GO nanosheets 

could provide easier recycling of nanocomposites from water, just by using a simple filtration. 

 

 

 
Figure 2.4. AFM image of E. coli bacteria after incubation in water (A) and incubation with GO 

suspension for 2 h (the scale bars are 1µm) (B, C); TEM images of E. coli before (D) and after 

exposure to GO nanosheets for 2 h (E) (reproduced with permission from ref. [148]  and ref. [150], 

respectively). 

 

      The antibacterial activity of graphene-based nanomaterials depends on a few crucial factors, 

such as the size, shape, and surface functional groups. Additionally, the incorporation of graphene 

into photocatalytic systems can enhance the disinfection rate of semiconductors [155]. Another 

application of graphene-based materials as an antimicrobial agent is photothermal disinfection. 

Strong near-infrared absorption ability of rGO nanocomposites can efficiently convert NIR light into 

heat [43,98], and allow highly efficient photothermal ablation of pathogens [99,156]. Wu and co-

workers [157] designed a graphene-based photothermal agent, consisting of magnetic reduced 

graphene oxide functionalized with glutaraldehyde (MRGOGA), which possesses excellent cross-

linking properties with proteins in bacteria and thus was used as a capturing agent for both Gram-

positive and Gram-negative bacteria, and subsequent killing of the captured bacteria.  

       However, apart from many studies that demonstrate the antibacterial activity of graphene, 

Barbolina et al. [158] pointed out the importance of purity of GO in the antibacterial application. In 

their work, highly purified and thoroughly washed GO (1 mg mL-1) did not exhibit antibacterial 

properties towards E. coli and S. aureus. In contrast, a suspension of insufficiently purified GO 

exhibited antibacterial properties. During the purification process, the pH of the solution was 

measured after each washing, and as the pH was increasing to the neutral, the bactericidal effect of 

GO completely disappeared. After the extensive study, they proved that the antibacterial activity in 

certain samples was only due to the presence of soluble acidic impurities. The opposed results, such 

as the one by Barbolina et al. and others [158–162] are important for the research community, because 

they give insight into new ideas and motivate researchers to conduct more profound studies.  
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Table 2.1 shows an overview of the mechanisms of antibacterial action of graphene presented in 

different research papers, together with the results confirming the absence of graphene’s antibacterial 

activity. 

 

Table 2.1. Summary of carbon-based nanomaterials as antibacterial agents. 

Material Size Toxicity 
Antibacterial 

mechanism 
Observations Ref. 

GO 

500, 200 and 

50 nm 

 

E. coli: 

90.9%, 

51.8%, and 

40.1% 

viability 

loss, 

respectively. 

Cutting of cell 

membrane by sharp 

edges and extraction of 

lipid molecules. 

 

Good and long-lasting 

antibacterial activity; no 

bacteria resistance; 

Physical damage; 

However, a tendency to 

agglomerate is reducing 

the antimicrobial activity. 

[152] 

 

GO 

0.753 – 0.01 

µm2 

 

E. coli: 

larger 

surface, 

stronger 

activity. 

Trap the bacteria and 

isolate them. 

 

Larger GO sheets cover 

bacteria more easily, but 

after removal of sheets, 

bacteria can be activated 

again. 

[148] 

 

Comparison of 

GO coating and 

suspension 

 

0.01 – 0.65 

µm2 

 

E. coli: 27% 

to 70% 

viability loss 

for a 

coating; 

In a 

suspension 

from 55 to 

0.5% 

viability loss 

ROS generation for 

coating; 

 

 

Cell entrapment in a 

suspension. 

 

ROS has a long-lasting 

activity;  

 

 

Cell entrapment method is 

reversible, bacterial cells 

could be recovered. 

[147] 

 

GO and rGO 

comparison 

 

From nm to 

µm lateral 

dimensions 

E. coli: 

98.5%, and 

90 %, 

respectively; 

Cell membrane damage 

due to direct contact 

and cutting of cells. 

rGO exhibited 

significantly higher 

cytotoxicity than GO. 

[150] 

 

Electrochemi-

cally exfoliated 

graphene: 

EHOPG3 and 

EHOPG12 

(depending on 

the applied 

voltage of 3 and 

12 V) 

Average 

lateral 

dimensions 

23.5 µm for 

EHOPG3, and 

12 µm for 

EHOPG12 

E. coli and 

S. aureus: 

No 

antibacterial 

activity in 

both 

samples. 

Different surface to 

volume ration did not 

have any influence on 

antibacterial activity. 

Treatment of S. aureus 

with 0.5 mg mL−1 of 

the EHOPG3 had no 

significant effect on 

bacterial growth while 

the same concentration 

of the EHOPG12 

evinced bacteriostatic 

activity. 

Major effect on bacteria 

was a slight change of 

bacteria morphology. 

Membrane remained intact 

despite significant change 

of chemical content of 

membrane components. 

[162] 

rGO No data 

E. coli: 

99.9% 

S. aureus: 

99.6 % 

viability loss 

Photothermal ablation 

upon NIR laser 

irradiation 

 

Can be focused on targeted 

area; 

Limited deeper tissue 

penetration. 

 

[157] 
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Amino-

functionalized 

GO: with 

poly(diallyldime

thylammoniumc

hloride) GO-

PDDA, and 

hydrothermal of 

ammonia 

solution 

(AMGO) 

No data 

E. coli ~ 

43% for GO; 

~ 78 % for 

GO-PDDA; 

~ 98% for 

AMGO 

 

Positive charge due to 

amino groups allowed 

capturing of bacteria, 

and NIR (808 nm) laser 

induced photothermal 

killing. 

The higher the number of 

amino groups, the stronger 

the antibacterial activity, 

which was confirmed by 

zeta potential 

measurements. 

[163] 

Graphene 

treated with 

fluorine plasma 

with different 

durations, 60 

and 90 s 

No data 
E. coli 

 

The combined actions 

of interfacial force and 

fluorine contribute to 

good antibacterial 

activity of partially 

fluorinated graphene 

(60 s). 

Partially fluorinated 

graphene (60 s of plasma 

treatment) exhibited much 

better antibacterial activity 

than fluorographene (90 s). 

[164] 

 

 

2.2 Carbon quantum dots - CQDs 
 

     Carbon quantum dots are a class of zero-dimensional (0-D) nano carbons, which represent 

quasi-spherical nanoparticles with sizes below 10 nm and unique properties [165,166]. Their main 

features are excellent chemical stability, good conductivity, ease of functionalization, strong 

photoluminescence (PL) emission and optical properties, environmental friendliness, low toxicity and 

photobleaching resistance [167]. Carbon quantum dots are easy to synthesize with a low cost. The 

structure and the components of CQDs determine their properties (Fig. 2.2). The abundance of 

carboxyl moieties on the surface of the CQDs provides them a great solubility in water and 

biocompatibility [165]. Additionally, CQDs are very suitable for surface passivation and chemical 

modification with several polymeric, inorganic, organic, or biological materials. Surface passivation 

can significantly enhance physical and fluorescence properties of CQDs [168–170]. 

      CQDs were discovered by chance by Xu et al. in 2004 [171], during single-walled carbon 

nanotubes (SWCNTs) purification. Since then, extensive studies have been conducted in order to 

improve the features, synthesis methods and the application of CQDs.  The name “carbon quantum 

dots” was proposed in 2006, by Sun et al. [172] who performed a synthetic route to obtain CQDs with 

the enhanced fluorescence emission. Similar to other carbon nanomaterials, CQDs can be synthesized 

by two different approaches: top-down and bottom-up. Compared to conventional semiconductor 

quantum dots, CQDs have many advantages, including low toxicity, ease of functionalization, tunable 

fluorescence emission, high stability, solubility in water, etc. Therefore, they have great potential in 

a wide range of applications, such as bioimaging, drug delivery, photodynamic therapy, 

photocatalysis, electrocatalysis, chemical sensing. However, there are still some drawbacks that need 

to be overcome, such as low quantum yield, a complex procedure of purification or functionalization, 

and sometimes the vagueness of their geometry and structure [165].  

 

 

2.2.1 Synthesis methods 

 
      The top-down approach includes breaking down larger carbon nanostructures, such as 

graphite [172], nanodiamonds [173], carbon nanotubes [174], carbon soot [175], activated carbon 

[176], and graphite oxide [177] by different methods (laser ablation, arc discharge, and 



24 

 

electrochemical oxidation). While the bottom-up approach consists of the synthesis of CQDs from 

molecular precursors, such as citrate [178], carbohydrates [179], and polymer-silica nanocomposites 

[180] through hydrothermal/solvothermal approach and microwave synthetic routes.   

 

Top-down approaches: 

 

• Arc discharge 

      The arc discharge is one of the most used methods for the synthesis of carbon nanotubes. In this 

process, two electrodes are used (usually carbon rods) with the diameter of a few mm. During the 

purification process of SWCNTs obtained by the arc discharge method, Xu et al. [171] isolated for the first 

time the unknown fluorescent carbon nanomaterial, which were CQDs. The arc-discharged soot was 

oxidized with nitric acid, extracted using sodium hydroxide solution, and the black extract suspension 

was then subjected to gel electrophoresis to obtain CQDs. 

 

• Laser ablation 

      Sun et al. [172] were the first who synthesized CQDs by laser ablation of a carbon material 

using argon as a carrier gas in the presence of water vapor.  Nanoparticles of carbon were formed in 

aggregates of different sizes; however, they did not exhibit fluorescence. For this reason, the acid 

oxidative treatment was performed on the sample, followed by the surface passivation, and the 

fluorescence was significantly improved. 
 

• Electrochemical oxidation 

      Zhou and colleagues were the first to describe the electrochemical method of preparation of 

CQDs [174]. Their experiment included growth of multi-walled carbon nanotubes (MWCNTs) on a 

carbon paper, which was then inserted into an electrochemical cell that contained degassed 

acetonitrile with 0.1 M tetrabutyl ammonium perchlorate as a supporting electrolyte [165]. Later, 

Ming et al. [169] proposed a one-step electrochemical approach using low-cost graphite as a carbon 

source. This method gave a higher yield of CQDs, without the assistance of any chemicals but pure 

water.  

 

 

Bottom-up approaches: 

 

• Hydrothermal/solvothermal method 

      Hydrothermal carbonization is a low cost, non-toxic and environmentally friendly approach 

in synthesizing CQDs, from different starting materials. Starting materials can be citric acid [181], 

polymers like chitosan [182] or polyethyleneimine [183], glucose [184], different fruit and vegetables 

sources, like orange juice [185], garlic [186]; animal derivatives such as dried shrimp [187], honey 

[188], etc. In this technique, a solution of an organic precursor is reacted and sealed in a hydrothermal 

reactor and high temperatures are applied.  

 

• Microwave approach 

      Microwave irradiation of organic compounds is a rapid and low-cost method to synthesize 

CQDs [189]. In the work of Zhu et al. [190] as a carbon source, a saccharide (glucose, fructose, etc.) 

was used, and as a reaction medium, different amounts of polyethylene glycol (PEG-200) were added 

to distilled water in order to form a transparent solution. The solution was exposed to microwave 

irradiation (500 W) during 2-10 min. The solution changed color from transparent to yellow (5 min) 

and dark brown (10 min), which implied the formation of CQDs.  
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2.2.2 Chemical structure of CQDs 

 

      Unlike other carbon materials, CQDs have high fluorescence and solubility in water. For this 

reason, they have received the attention of many research groups. However, their properties vary 

together with their structure, a huge number of carboxyl groups on their surface has an important role 

in their water solubility and biocompatibility [165,191]. Another advantage of CQDs is that they are 

very convenient for surface passivation and chemical modification with different polymeric, organic, 

inorganic and biological materials. The synthesis method can affect the properties of CQDs, but what 

they all have in common is the spherical shape. CQDs consist of smaller carbon nanoparticles with 

or without crystal lattice [192]. Additionally, the distance between the layers of CQDs is around 

0.34nm, which conforms to (002) spacing of the crystalline graphite [191].  

 

2.2.3 Surface modification of CQDs 

 

      Surface functionalization is very important for the photoluminescence properties of CQDs 

[193]. Functionalization affects their ability to interact with other organic molecules, drugs, 

prokaryotic and eukaryotic cells. However, when it comes to biological applications of CQDs, surface 

passivation plays an essential role [194]. Different macromolecules can be used for surface 

passivation of CQDs. The most common cationic macromolecule is polyethyleneimine (PEI), which 

provides a positive charge to CQDs. This is advantageous when they need to bind to negatively 

charged cell membranes or proteins, or DNA/RNA [195,196]. Neutral macromolecule that is often in 

use is polyethylene glycol (PEG). It is convenient because of its biocompatibility and biodegradability 

[197]. Additionally, the negative and neutral charge of CQDs surfaces are beneficial for therapeutic 

applications. The reason for this is because negatively charged groups can escape adsorption on 

proteins (due to electrostatic repulsion), which ensures their widespread circulation in blood, while 

neutral groups can avoid the immune system clearance [198–200]. 

      Another reason for surface passivation is the protection of CQDs from the contaminants in the 

environment. CQDs are very sensitive to contaminants, which makes their surfaces easily affected, 

and changes their optical properties [201]. Surface passivation is usually achieved by the formation 

of a thin insulating layer, which contains polymeric materials such as oligomeric PEG, and 

PEG1500N [172]. Researchers have proved that surface passivation is a crucial step in the production 

of CQDs with high fluorescence (Fig. 2.5).  

 

 
Figure 2.5. Aqueous solutions of PEG1500N-passivated CQDs (a) excited at 400 nm and (b) 

excited at the indicated wavelengths. Reproduced from ref. [172] 
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2.2.4 Applications of CQDs 

 

      Carbon quantum dots have various applications, such as sensing (biological and chemical), 

bioimaging, biomedicine (diagnostics, therapy and drug delivery), as antibacterial agents, in 

photocatalysis and electrocatalysis. Due to their water solubility, biocompatibility, resistance to 

photobleaching, and superior chemical stability, they have replaced semiconductor quantum dots in 

many fields.  

 

2.2.4.1 Sensing 

 

       In the chemical sensing field, the detection of heavy metals such as Hg2+ is very important. 

Heavy metals are toxic and can be very dangerous for the environment and human health. The first 

time CQDs were used in chemical sensing was a selective detection of Hg2+ in water and live cells 

[202–204]. Additionally, CQDs were used for the selective detection of Cu2+, Fe3+, Pb2+, Ag+, and 

usually, the sensing was based on the fluorescence quenching by the metal ions [165]. Biosensing is 

another aspect of sensing application of CQDs, which exploits their photoluminescence. Posthuma-

Trumpie et al. [205] showed the sensitivity at a picomolar range of CQDs. Moreover, apart from 

higher sensitivity, they are cheaper than gold or latex, easier to prepare and very stable. In the work 

of Li et al., CQDs were used for the detection of nucleic acids, where sensitivity was so high, that 

even a single-base mismatch could be identified [206]. Also, CQDs could be applied for the detection 

of dopamine [207], ascorbic acid [208] and glucose [209].  

 

2.2.4.2 Bioimaging 

 

      When it comes to bioimaging, apart from photoluminescence, the most important property of 

CQDs is their biocompatibility, which makes them suitable for both in vitro and in vivo visualization. 

However, even though CQDs themselves are not toxic, different surface passivating agents could be, 

therefore, for in vivo applications only the surface passivating agents with low cytotoxicity could be 

taken into account [210]. Researchers measured cell viability after the treatment with different 

amounts of CQDs. It was found that the average cell viability is higher than 95%, at the concentrations 

up to 1.8 mg mL-1, which confirms that CQDs are much more biocompatible than semiconductor 

quantum dots [165,167,211]. In the work of Hsu et al. [212], carbon dots derived from the green tea 

were used for the imaging of MCF-10A, MCF-7 and MDA-MB-231 cells. It was demonstrated that the 

CQDs were mostly localized on the cell membranes and cytoplasm. However, Fowley et al. [213] prepared 

water-soluble and biocompatible CQDs which were encapsulated in an amphiphilic polymer. These CQDs 

were found to cross the cell membrane and concentrate in the cytosol. This implies the localization of 

CQDs in the cells can vary, depending on the surface passivating agents, and mode of passivation.  

      Another advantageous feature of CQDs that makes them more attractive than other labeling agents 

is their ability to exhibit multicolor emission. This property allows researchers to choose exactly the 

excitation and emission wavelength [214]. In Figure 2.6, we can see the fluorescence images of cells 

treated with CQDs, upon excitation with the light of different wavelengths [212]. Achieving the emission 

in the NIR region is very advantageous. This is because NIR can penetrate the tissue without harming the 

surrounding cells, therefore, CQDs could be used for in vivo fluorescence tracking studies [215]. Yang et 

al. [215] were the first to report the study in which PEG1500N-passivated CQDs were used as a contrasting 

agent in live mice. A solution of CQDs was intravenously injected into mice, for the whole-body 

circulation. However, emissions were detected only in the bladder region. Around 3h after the injection the 

fluorescence was observed in urine, suggesting that it is the main elimination pathway of intravenously 

injected CQDs [215]. Their results demonstrated that CQDs injected into mice in different ways retain 

strong fluorescence in vivo. Taking into account the biocompatibility and nontoxicity of CQDs, this study 

confirmed the great potential of CQDs for bioimaging, which was later confirmed by other research groups 

[216–218]. However, before moving to human studies, there is still an urge to define the ideal passivating 
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agent and an optimal concentration of CQDs in cell cultures and animals, particularly apropos long-term 

effects.  

 

 
Figure 2.6. a) Emission spectra of CQDs at different excitation wavelengths; fluorescence images 

of MCF-10A cells treated with CQDs upon excitation with a) UV; c) blue and d) green light. 

Reproduced from ref. [212]. 

 

 

2.2.4.3 Nanomedicine 

 

• Diagnostics 

      Carbon quantum dots have great potential in diagnostics. Semiconductor quantum dots have 

been used for in vivo diagnostics of various diseases. However, since CQDs have proved to have 

lower toxicity than traditional semiconductor QDs, they became the preferred choice for in vivo 

labeling [218]. Recently, Li et al. [219] developed a new chemical method for the early detection of 

colorectal cancer. They used CQDs which were functionalized with -COCl and formed Cl-CQDs. Cl-

CQDs were then conjugated with anti-desmin, in order to detect protein desmin. Desmin is found in 

high concentrations on the serum of colorectal cancer patients [219]. Since the detection limit was 

below 1ng/mL, this work highlights a promising strategy for the evaluation of colorectal cancer risk 

with low cost and high sensitivity. Zheng et al. [220] developed a strategy for diagnostics of brain 

cancer cells. They synthesized a new type of CQDs (CD-Asp) by pyrolysis route, by using D-glucose 

and L-aspartic acid. These CD-Asp could efficiently target C6 glioma cells without any extra 

targeting molecules. Additionally, they were biocompatible and exhibited tunable full-color emission. 

In vivo fluorescence images showed much stronger fluorescence in glioma site, than in the normal 

brain, indicating their precise targeting of glioma tissue [220]. This research points out a potential 

application of CQDs for creating an intelligent biomedical platform which will integrate diagnostics, 

targeted delivery, and therapeutic functions. Additionally, many authors have confirmed a great 

potential of CQDs for the development of low-cost, efficient and sensitive diagnostic nanoprobes and 

point of care (POC) devices [198]. Anjana et al. have used CQDs for the design of microfluidic paper-

stripe for the detection of bilirubin [221]. Kurdekar et al. developed a CQD-based paper immunoassay 

for rapid detection of HIV-1 p24 antigen, which could enable early diagnostics of HIV infected 

individuals where nucleic-acid based tests are not practical or attainable [222]. This kind of POC 

diagnostic device is not only practical and low-cost, but is extremely important because it could 

provide the accessibility of healthcare in rural areas of developing countries [198]. 

 

• Therapy 

 

      CQDs are able to generate ROS upon photo-excitation, which makes them great candidates 

for photodynamic therapy [167,223]. As it was already discussed in the Chapter 1, compared to other 

conventional cancer and antibacterial therapies, PDT is less invasive, localized, and can be used 

repeatedly. However, PDT is not completely developed, and scientists are still in the search of 

perfectly efficient and safe photosensitizers, and this is where CQDs show a huge potential. Juzenas 

et al. [224] investigated CQDs coated with a poly(propionylethylenimine-co-ethylenimine) in a 

human prostate adenocarcinoma cell lines (Du145 and PC3) in vitro. This research proposed that 
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upon external light irradiation, produced CQDs could generate ROS, which could photodynamically 

kill cancer cells [198]. The most important advantage of CQDs in photodynamic therapy compared 

to other PSs is their tunable bandgap and low toxicity. This means that their bandgap could be made 

smaller so that CQDs could be triggered by the light of longer wavelengths, especially NIR, which is 

the most desirable wavelength.  

      Additionally, CQDs have been used in radiotherapy. In the work of Tao et al. [218], PEG-

coated CQDs were functionalized with silver, and used as a radiosensitizer in cancer cells, in vitro. 

These CQDs could selectively enter cancer cells, without showing cytotoxicity towards healthy cells. 

Upon irradiation by X rays, they produced ROS and destroyed the membrane of cancer cells.  
 

• Drug and gene delivery 

 

      Conventional methods of treating cancer could be improved by the targeted delivery of drugs, 

which could improve their efficacy and reduce the side effects. CQDs have been considered as very 

promising targeting agents, due to their ease of functionalization and biocompatibility. Additionally, 

due to their strong photoluminescence, CQDs exhibited dual functionality, as bio-imaging and drug 

delivery agents, with minimal cytotoxicity. Wang et al. [225] prepared hollow luminescent CQDs 

which were used as a vehicle for the drug doxorubicin. They exhibited pH-controlled release in a 

tumor microenvironment, fast uptake, and no cytotoxicity effects. In this work, they exhibited 

potential for both, cell imaging and drug delivery applications. Treating brain diseases, such as brain 

tumor and neurodegenerative disorders is very challenging. CQDs have a potential in this field 

because they could be functionalized with brain penetrating peptides (such as RGERPPR), which 

allows them to penetrate tumor vascular wall, and target tumor cells [226]. Additionally, CQDs have 

been used for gene delivery. Liu et al. [214] synthesized CQDs with PEI, which brought a positive 

charge on their surfaces. The presence of PEI facilitated the electrostatic interactions with negatively 

charged DNA.  

Although CQDs have remarkable properties and potential for many applications, there are still 

some issues that need to be overcome. Firstly, it is difficult to synthesize CQDs with uniform sizes, 

and the size has a great influence on their properties. Secondly, CQDs obtained from different batches 

often show different sizes, quantum yield or PL properties. This issue prevents their 

commercialization. And thirdly, the application of CQDs in the field of biomedicine still needs more 

profound in vivo studies.  

 

 

2.2.4.4 Carbon quantum dots as antibacterial agents  

 

      The mechanism of antibacterial action of CQDs is their interaction with the bacterial cell wall 

and more importantly, the production of ROS when irradiated by visible light. It depends on their 

size, surface charge, functional groups etc. Bing et al. [227] explored the antibacterial activity of 

carbon dots with different surface charges. Their results showed that positively and negatively 

charged CQDs had a bactericidal effect on E. coli, while uncharged dots had no effect. Their results 

demonstrated that bacterial cell death by CQDs was followed by DNA fragmentation, chromosomal 

condensation, extracellular exposure of PS, and loss of structural integrity [227], suggesting that E. 

coli possessed the biochemical mechanism which supported their own termination, once the cell death 

had been triggered by CQDs. Travlou et al. [228] compared the antibacterial activity of sulfur-doped 

S-CQDs and nitrogen-doped N-CQDs. Their results proved that N-CQDs exhibited much higher 

antibacterial efficiency, which was connected to their positively charged amine and amide groups, 

and to the formation of ROS. However, S-doped CQDs exhibited much lower antibacterial activity. 

They were mostly negatively charged, due to the dissociation of sulfonic/carboxylic groups and 

sulfates, and exhibited size-dependent rather than surface charge-dependent inhibition of growth of 

Gram-positive bacteria. Meziani et al. reported very good antibacterial properties of CQDs, due to 

the high ROS production under visible light illumination; additionally, the inhibition effect was 
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observed even under ambient light conditions [229]. Li et al. investigated the antibacterial activity of 

spermidine-capped fluorescent CQD (Spd-CQDs) toward E. coli, S. aureus, B. subtilis and P. 

aeruginosa strains and also against MRSA. They proved very promising antibacterial characteristics 

and high biocompatibility of Spd-CQDs [230]. Apart from having an antibacterial effect in the 

solution, CQDs can be used as fillers in antibacterial nanocomposite membranes [231]. Table 2.2 

displays an overview of some of the present research concerning CQDs as antibacterial agents, both 

in colloid form, or as fillers of nanocomposites. 

 

Table 2.2 CQDs as antibacterial agents 
 

Material Toxicity 
Antibacterial 

mechanism 
Observations Ref. 

Positively charged 

(spermine – SC-dots), 

negatively charged 

(candle-soot – CC-dots), 

and 

uncharged glucose GC-

dots 

E. coli activity after 

treatment with: 

GC-dots: 100%, 

CC-dots ~80% 

SC-dots ~15% 

 

ROS production was 

the major factor of 

inhibiting bacterial 

growth. Moreover, 

positively charged SC-

dots could disrupt 

cytoplasmic membrane. 

CC-dots exhibited 

the bacteriostatic ability 

toward E. coli, 

and SC-dots exhibited 

the bactericidal 

activity, while GC-dots 

treatment had almost no 

effect. 

[227] 

CQD-EDA 

E. coli: around 95% 

viability loss in the 

light conditions 

after 6 h 

ROS production 

The dots were highly 

effective in bacteria 

killing under visible light 

illumination; the 

inhibition effect was 

observed even under 

ambient room lighting 

conditions. 

[229] 

Graphene quantum dots - 

GQDs 

E. coli: 80 % 

MRSA: 90 % 

viability loss; 

ROS production under 

the blue light exposure 

(470 nm). 

Fast antibacterial action, 

after only 15 min of 

exposure. 

[232] 

 

Comparison of GO, GQD, 

CQDCA and CQDNH 

E. coli, E. 

aerogenes, P. 

aeruginosa, 

Klebsiella 

pneumoniae, 

Bacillus subtilis 

For GO: MIC in the 

range of 500–4000 

µg/mL 

For all the tested 

quantum dots: MIC: 

3.905 – 250 µg/mL 

Singlet oxygen 

formation under blue 

light for all the samples 

except GO. 

 

Compared to other tested 

nanoparticles, GO has a 

poor antibacterial 

activity. 

The effects of the GQD 

and CQDCA on these 

bacteria strains are very 

effective. 

N-CQDs have shown the 

best antibacterial 

properties 

[45] 

Polyacrylonitrile (PAN) 

nanofibers containing 

different concentrations of 

CQDs. 

99.99+%, 6log units 

inactivation for all 

strains: E. coli 

B. subtilis 

Pseudomonas 

aeruginosa; 

And more modest 

inactivation for S. 

aureus: 

(98.3%, 1.8log 

units) 

 

Singlet oxygen 

production by CQDs 

upon illumination with 

visible light (420 nm). 

 

PAN nanofibers without 

CQDs showed no 

bacterial toxicity effect, 

as well as 

both PAN-CQDs-0.6% 

and PAN-CQDs-2.5% in 

dark. 

[233] 
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ZnO/CQDs antibacterial 

coating 

Streptococcus 

mutans 96.13%, 

S. aureus 90.28% 

and 

E. coli 92.35%) 

under natural light 

The natural light 

antibacterial 

mechanism was 

explored, which could 

be ascribed to the up-

conversion 

fluorescence of the 

CQDs and the 

interaction 

between CQDs and 

ZnO. 

CQDs significantly 

improved the 

antibacterial activity of 

the coating. 

The antibacterial activity 

of ZnO coating alone 

against E. coli, S. mutans 

and S. aureus was 

57.14%, 45.31%, and 

42.4% respectively. 

[234] 

Hydrophobic CQDs- 

polydimethylsiloxane 

nanocomposites 

Complete 

eradication (5log 

units) of S. aureus 

E. coli 

Klebsiella 

pneumoniae, 

after 15 min of 

exposure to blue 

light. 

Singlet oxygen 

production under the 

blue visible light (470 

nm) illumination 

BL irradiated 

polymer serves as a 

reservoir of singlet 

oxygen with relatively 

high 

lifetime. Large surface 

roughness of 86.2 nm 

significantly promoted 

fast 

singlet oxygen diffusion 

to the surface. 

[235] 

Graphitic carbon nitride 

quantum dots: 

g-CNQDs 

Inhibition of ~99% 

of E. coli and ~90% 

of S. aureus at a 

concentration of 

0.1mg/mL. 

Superoxide and 

hydroxy radical 

formation, under the 

visible light formation. 

The antibacterial activity 

of g-CNQDs was 

equivalent to that of the 

silver nanoparticles. 

[236] 
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Chapter 3. Polymers 

 
 

      A polymer is a large molecule or macromolecule, composed of many repeated chemical 

subunits called monomers [237]. Polymers can be synthetic and natural, and due to their broad range 

of properties, they play an essential role in everyday life. They are not limited to monomers of the 

same chemical composition or molecular weight and structure. Certain natural polymers are 

composed of one kind of monomer, but the majority of natural and synthetic polymers consist of two 

or more different types of monomers, and these are called copolymers [237].  

      Natural polymers such as nucleic acids, amino acids or proteins, are crucial for all living 

organisms. Solid parts of all plants are also made of polymers, and they include cellulose, lignin, and 

resins [237]. For example, cellulose is a polysaccharide, a polymer composed of sugar molecules. 

Wood resins are a simple hydrocarbon, isoprene. Many inorganic polymers also are found in nature, 

including diamond and graphite, both composed of carbon.  

 

 

3.1 Synthetic methods 
 

      Both synthetic and natural polymers are created via polymerization reactions, which include 

the covalent bonding of many small monomers into chains or networks. Some simple hydrocarbons, 

such as ethylene can be transformed into a polymer by adding one monomer after another. 

Polyethylene is composed of many repeating ethylene monomers, up to 10 000 monomers in a long 

chain [237]. Another type of reaction that happens in polymers’ formation, is when one atom of a 

polymer is replaced by another. For example, if one hydrogen atom in ethylene is replaced by a 

chlorine atom, vinyl chloride is produced, and further, it polymerizes to polyvinyl chloride (PVC) 

[237]. During polymerization, some chemical groups can also be lost from each monomer. This 

happens to the polymerization of polyethylene terephthalate (PET).  

      Generally, there are two categories of the laboratory methods of polymerization, and those are 

step-growth and chain-growth polymerization [238]. The main difference between them is that in 

chain-growth polymerization monomers are added to the chain one at a time, the example for this is 

polyethylene. In the step-growth polymerization chains of monomers may be combined one with 

another, and the example for this is polyester. Additionally, there is another approach called plasma 

polymerization, which does not belong to any of the mentioned two methods [239]. 

The field of polymer science is truly vast, and there are many families of both synthetic and natural 

polymers, but here we will mention only the ones that we will use in further experiments, in the 

formation of carbon nanomaterials/polymer nanocomposites.  

 
 

3.2 Polyurethane (PU) 

 
      Polyurethane (PU) is formed by a linear repetition of organic units joined by urethane 

(carbamate) links. PU is most commonly formed by reacting di- or tri-isocyanate with polyol. Since 

they contain two types of monomers, one after the other, they are classified as alternating copolymers 

[238].   

Polyurethanes are employed in making elastomeric fibers known as spandex, in the production of 

coating bases and surface sealants, hard plastic parts for electronic instruments, durable elastomeric 

wheels and tires, soft and rigid foams, etc. [237].  

 

https://www.britannica.com/topic/inorganic-polymers-1462212
https://www.britannica.com/science/carbon-chemical-element
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Figure 3.1. Polyurethane synthesis, wherein urethane groups  ̶ NH ̶ (C=O) ̶ O ̶  link the molecular 

units. Reproduced from [240]. 

 

 

 

 

3.3 Polyethyleneimine (PEI) 
 

      Polyethyleneimine (PEI) is a polymer with a repeating unit composed of an amine group and 

two carbon aliphatic CH2CH2 spacers [241]. Three different forms of PEI have been reported: linear 

- that contain secondary amines, branched PEIs which contain primary, secondary and tertiary amino 

groups and finally the dendrimeric, totally branched forms (Fig. 3.2) [242]. PEI is produced on an 

industrial scale and finds many applications usually derived from its polycationic character. 

 

 

Figure 3.2. a) Linear PEI fragment; b) Typical branched PEI; c) PEI dendrimer generation. 

Reproduced from [243]. 

 

      PEI finds many applications in products such as detergents, adhesives, water treatment agents, 

and cosmetics. It also has an important role in the papermaking process, as a wet-strength agent [244]. 

In biology, PEI has also various applications, especially in tissue culture and gene delivery [245]. 

However, in larger quantities, PEI is toxic to cells [246]. There are two mechanisms of PEIs toxicity, 

the disruption of the cell membrane that leads to necrosis, and the disruption of the mitochondrial 

membrane, leading to apoptosis. Due to its cationic properties, polyethyleneimine is used in cell 

culture to help weakly anchoring cells to attach to a plate [247]. PEI is efficient as a permeabilizer of 

the outer membrane of Gram-negative bacteria [248].  

 

 

 

https://en.wikipedia.org/wiki/Amine
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    Chapter 4. Gamma radiation 

 
 

      Gamma radiation is a form of electromagnetic radiation of the shortest wavelength and highest 

photon energy (Fig. 4.1) [249]. Such high energy (> 105 eV) is sufficient to produce electron 

disruptions (ionization) in any material that it encounters. In living cells, these disruptions result in 

damaging the DNA and other cellular structures [250].  

Gamma rays were discovered in 1900 by Paul Villard, a French chemist and physicist who detected 

them while studying radiation emitted by radium.  

      There are numerous applications of gamma radiation. Firstly, due to its ionizing property, it 

can destroy microbes, therefore it is used for sterilization of medical devices, food and cosmetics. 

Also, it is used as a diagnostic tool in nuclear medicine – in imaging techniques, and for cancer 

treatment by gamma knife surgery. It also has an application in industry, because it allows detection 

of objects and changes that cannot be seen otherwise (for example internal cracks in airplane wings).  

 

 

Figure 4.1. Electromagnetic radiation spectrum [251]. 

 

 4.1 Interaction of gamma rays with matter  

 
      When gamma radiation passes through matter, several types of radiation interactions with 

atoms occur. These interactions are described by the following effects: Compton scattering, 

photoelectric effect, production of electron-positron pairs, coherent scattering and photonuclear 

reactions. These effects are responsible for lowering the number of photons and loss of photon energy 

while passing through the matter.  

      The photoelectric effect describes the case in which a gamma photon transfers all the energy 

to an electron, usually from an inner shell. Photons are absorbed by the atom and the electrons are 

ejected (Fig. 4.2a). The photoelectric effect cannot occur if the electron binding energy is greater than 

https://en.wikipedia.org/wiki/Chemist
https://en.wikipedia.org/wiki/Physicist
https://en.wikipedia.org/wiki/Radiation
https://en.wikipedia.org/wiki/Radium
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photon energy. This is the dominant energy transfer mechanism for low-energy gamma-ray photons 

(energies < 50 keV) [252]. 

 

 

Figure 4.2 a) Photoelectric effect; b) Compton scattering; c) Pair production. Reproduced from 

[253]. 

      Compton scattering is an inelastic scattering in which the incident gamma photon interacts 

with an outer electron in the atom. In this process, photon is scattered, while electron, which received 

enough energy from the photon, is leaving the atom (Fig. 4.2b). Compton scattering happens when 

photon energy is significantly higher than the binding energy of an electron. This is the main 

absorption mechanism for gamma rays in the intermediate energy range from 100 keV to 10 MeV 

[252].  

      Pair production occurs when a gamma photon of very high energy (>1.02 MeV) interacts 

with the electric field of the nucleus [252]. The energy of the incident photon is converted into the 

mass of an electron-positron pair (Fig. 4.2c). 

Probability that one of the three interactions happens, depends on photon energy and the atomic 

number of the material (Z). The energy absorbed by the material during irradiation is expressed by 

the absorbed dose which has the unit of gray (Gy). Gray is defined as an energy of one joule imparted 

per kilogram of matter (1 Gy = 1 J/kg = 1 m2/s2 ). 

 

4.2 Effects of gamma irradiation on different materials 

 
        Gamma-irradiation causes ionization of fluids and gases that generally takes place through a 

series of complex free-radical reactions. Due to the high penetrating power of gamma rays and the 

exceptional reactivity of free radicals, gamma irradiation is a useful method of chemical modification 

of various materials. By using gamma rays, it is possible to make changes in the chemical structure 

of different compounds, avoiding numerous chemical reactions that take time and require significant 

consumption of reagents and organic solvents.  

      During interactions of high-energy photons and different materials such as polymers or carbon 

nanomaterials, many complex processes occur, such as structural modifications (oxidation, reduction, 

cutting), bond breaking, free radical formation, crosslinking, chain scissions, etc. [254]. Gamma 

irradiation can cause a reduction of organic compounds (such as dioxin [255]) or even metals. Satoshi 

et al. performed the synthesis of composite gold/iron-oxide nanoparticles by gamma irradiation [256]. 

Another interesting example is the removal of lead from aqueous solution by gamma-irradiation 

[257]. It is also used for functionalization of materials in order to avoid the use of aggressive or toxic 

chemicals. Wu et al. reported an easy strategy of using gamma irradiation to functionalize multiwalled 
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carbon nanotubes in a single step [258]. They decorated MWCNTs with Ag nanoparticles relying on 

covalently bonded polymers. They simultaneously performed one-step covalent grafting of the 

polymer on a surface of MWCNTs and a reduction of Ag+ ions to Ag, which were then efficiently 

anchored on MWCNTs.  

      Gamma irradiation can cause modification of polymers, by polymerizing monomers, an 

example of this being glucose polymerization [259]. Also, radiation processing offers a clean and 

additive-free method for the preparation of novel materials based on renewable, non-toxic, and 

biodegradable natural polymers [260]. Natural polysaccharides, for example, could be either 

degraded or cross-linked by radiation, depending on the irradiation conditions. Cross-linked natural 

polymers can be used as hydrogel wound dressings, face cleaning cosmetic masks, adsorbents of 

toxins, and non-bedsore mats; while low molecular weight products show antibiotic, antioxidant, and 

plant-growth promoting properties [260].   

 

 

Figure 4.3. (a and c) AFM topographic images and height profiles of graphene from the sonicated 

GO; (b and d) AFM topographic images and height profiles of graphene from the irradiated GO. 

Reproduced from [261]. 

      Gamma irradiation significantly affects carbon nanomaterials. Ansón-Casaos et al. explored 

its effect on the structure and composition of fully oxidized graphene oxide and graphene 

nanoribbons, as well as their reduced forms [262]. Their results showed small variations in graphene 

sheet stacking and overall chemical composition. By contrast, the significant changes caused by 

gamma irradiation were detected in carbon lattice, in which the displacement of carbon atoms was 

confirmed [262]. Generally, gamma irradiation of carbon nanostructures follows two directions. 

Firstly, carbon nanomaterials are incorporated in polymer matrixes under gamma irradiation, in order 

to improve the properties of nanocomposites. And secondly, they are used for tuning the 

physicochemical properties of carbon nanomaterials [262]. For example, in case of using graphene 

as a nano-filler in a nanocomposite material, it is necessary to improve its interaction with the polymer 

matrix, which is difficult to achieve due to graphene’s sharp edges. Therefore, Zhang et al. presented 

the use of gamma irradiation to smoothen the edges of graphene [261] (Fig. 4.3). The effects of 

gamma rays on carbon nanomaterials are highly dependent on irradiation conditions, type of material 

and the surrounding medium. Many examples showed different and even contradictory results after 
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applying irradiation under different conditions [263]. For example, the specific surface area of 

activated carbons prepared from lignite increased during irradiation [264]. On the other hand, it 

decreased for an activated carbon cloth prepared from the viscose rayon [265]. In some reports, 

gamma irradiation in different liquid media was used for both the reduction of graphene oxide, and 

the formation of composites. The mechanism of this reaction is based on the formation of a generation 

of active radicals through the solvent radiolysis. Therefore, GO was reduced during irradiation in 

ethanol/water and inert atmosphere, while the reduction did not occur in pure water and oxygen 

atmosphere [266]. Interesting effects were also noticed after gamma irradiation of SWCNTs and 

MWCNTs [267,268]. A group of researchers showed that the irradiation dose of 100 kGy improved 

the graphitization of MWCNTs and surface properties, while at the dose of 150 kGy, it induced 

damage in sp3 bonds [268]. Tosic et al. introduced a simple method of synthesizing oligographene 

nanoribbons by gamma irradiation [269]. Recently, our group investigated the influence of gamma-

irradiation of graphene quantum dots (GQDs) in two different media, water and isopropyl alcohol 

[270]. Changing the medium caused a shift in the position of the emission band in photoluminescence 

spectra. Additionally, it was confirmed that the photoluminescence properties were improved after 

gamma pre-treatment of GQDs in both media.  

      From the experimental results of various research groups, it can be concluded that gamma 

irradiation has a great potential in simple synthesis or in varying the properties of different materials, 

including polymers and carbon nanomaterials. By using gamma rays, it is possible to improve certain 

material characteristics, by a simple and environmentally friendly approach. In the experimental part 

of this thesis, the changes in a nanocomposite of polyurethane and carbon quantum dots caused by 

gamma irradiation pre-treatment, are presented.  
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PART II: EXPERIMENTS 

 

Chapter 5: Reduced graphene oxide/ polyethylenimine flexible nanoheaters 

for efficient capture and photothermal ablation of bacteria and biofilms 

 
      In this chapter, a simple and efficient strategy for successful bacteria capture and their 

subsequent eradication through photothermal killing will be presented. The developed device consists 

of a flexible nanoheater, comprising a Kapton/Au nanoholes substrate, coated with reduced graphene 

oxide-polyethyleneimine (K/Au NH/rGO-PEI) thin films. The Au NH plasmonic structure was 

designed to feature strong absorption in the NIR region, where most of biological matter has limited 

absorption, while PEI was selected for its strong ability of binding with bacteria through electrostatic 

interactions. The K/Au NH/rGO-PEI device was demonstrated to capture and eliminate effectively 

both planktonic Gram-positive S. aureus and Gram-negative E. coli bacteria after 10 min of NIR (980 

nm) irradiation and even more to destroy and eradicate Staphylococcus epidermidis (S. epidermidis) 

biofilms after 30 min irradiation. The developed technique is simple and rather universal with 

potential applications for extermination of different microorganisms. 

 

  

5.1 Experimental 

 

5.1.1 Chemicals  

      Hydrazine monohydrate, absolute ethanol and branched polyethyleneimine (PEI, 

MW~25,000) were purchased from Sigma-Aldrich, and used as received. Graphene oxide was 

purchased from Graphenea. Kapton® HN polyimide foils with a thickness of 125 µm were obtained 

from DuPontTM. 

5.1.2 Synthesis of rGO 

      Reduced graphene oxide, prepared by GO reduction with hydrazine monohydrate [123], was 

used only as a reference for comparison with rGO-PEI nanocomposite. First, a dispersion of GO in 

water (3 mg mL-1) was prepared by exfoliation through ultrasonication for 3 h to form a homogeneous 

brownish solution. Hydrazine monohydrate was added immediately to the GO suspension (1 µL for 

every 3 mg of GO). Further, the suspension was heated in an oil bath at 80 °C. After 12 h, the reduced 

GO precipitated out of the solution. The solid material was isolated by filtration over anodisc 

membrane with a pore size of 0.1 µm and was washed (2-3 times) with water, until the pH was 

between 6 and 7. After washing, the resulting black powder was collected and dried under vacuum 

using a mechanical pump.  

 

5.1.3 Preparation of reduced graphene oxide/polyethyleneimine (rGO-PEI) 

nanocomposite 

      First, a dispersion of GO in water (2 mg mL-1) was prepared by exfoliation through 

ultrasonication for 3 h. A dispersion of PEI in water at a concentration of 10 mg mL-1 was prepared 

separately. The aqueous suspensions were mixed in a round bottom flask (1:1 weight ratio), and 

heated in an oil bath under stirring at 80 °C for 12 h. After 12 h, the color of the suspension changed 

from brown to dark grey, suggesting that GO was partially reduced by PEI. The obtained suspension 

was centrifuged for 15 min at 13500 rpm, in order to separate rGO-PEI nanocomposite from 

supernatant, and then washed several times with deionized water. After drying, the product was re-

dispersed in ethanol. 
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We also prepared rGO-PEI composites with different weight ratios (1/2, 2/1 and 1/1), but 1/1 ratio 

turned out to have the best stability and dispersibility in ethanol. 

5.1.4 Preparation of gold nanoholes modified Kapton (K/Au NH)  

      Kapton is a polyimide film, which is known for its great thermal conductivity and high 

flexibility. Kapton foil was cut into pieces (10×10 mm2) and then cleaned with acetone in an 

ultrasonic water bath for 30 min, followed with isopropanol for 10 min and then dried under a nitrogen 

flow. The cleaned Kapton foils were modified with gold nanoholes (K/Au NH). Briefly, a monolayer 

of 980 nm polystyrene beads was first deposited on the surface of Kapton by self-assembly. To reduce 

the size of the particles and isolate them, SF6 and oxygen plasma etching for 11 min was employed 

(5 mTorr). The samples were coated with 2 nm Ti followed by 40 nm Au at a constant deposition rate 

of 2 Å s-1 using physical vapor deposition. The beads on top of the Kapton were removed by 

dissolution in chloroform (overnight). The arrays display holes of an average size of 630 nm and 

center-to-center spacing of 980 nm [271] (Fig. 5.4 and Fig. 5.5b). 

 

5.1.5 Preparation of reduced graphene oxide-polyethyleneimine coated K/Au 

NH (K/Au NH/rGO-PEI) 

      K/Au NH foils (10 x 10 mm2) were cleaned in ethanol in an ultrasonic water bath for 10 min, 

and then dried under nitrogen flow. The K/Au NH foils were modified with rGO-PEI by drop-casting 

(50µL, 2 mg mL-1) four times, each time followed by drying at room temperature (Fig. 5.5b). 

 

5.1.6 Measurement of the photothermal effect 

      Photothermal experiments were performed by using a continuous wave laser (Gbox model, 

Fournier Medical Solution) with an output light at 980 nm and power density of 2 W cm-2 for 10 min. 

This laser was injected into a 400 µm-core fiber and placed around 3 cm away from the bottom of the 

wells. Each sample was placed in a well of 12-well plate with 1 mL of deionized water. The 

temperature changes were captured by an Infrared Camera (Thermovision A40) and treated using 

ThermaCam Researcher Pro 2.9 software. 

 

5.1.7 Cell culture and cytotoxicity assay 

NG108-15 cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM, Gibco®) 

containing 10% fetal-bovine serum (FBS, Gibco®) and 1% penicillin/streptomycin mix (Gibco®) at 

37 C in a 5% CO2 incubator. 

Direct cytotoxicity testing. Cells were seeded onto 1 cm2 square glass, Kapton and K/Au NH/rGO-

PEI matrix. Each well was loaded with approximately 1×105 NG108-15 cells in 1 mL of medium and 

cultured for 24 h.  

Indirect cytotoxicity testing. NG108-15 cells were seeded into 96-well plates (5×103 cells/100 µL 

media per well) 24 h before experiment. Then, the medium was replaced with 100 µL of DMEM/10% 

FBS in which K/Au NH/rGO-PEI matrix was previously immersed for 24 h.  

Cytotoxicity assay. The cell viability was assessed by using resazurin cell viability assay. Briefly, for 

direct cytotoxicity testing, after 24 h of incubation in a 5% CO2 atmosphere at 37 C, the medium was 

aspired and the cells were washed with 500 µL of PBS to remove the dead cell debris. The incubated 

surfaces were transferred into a new 24-well culture plate containing 500 µL of medium and the cells 
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were exposed to resazurin solution (11 µg mL-1) in DMEM/10% FBS for 4 h at 37 C. Afterwards, 

the fluorescence with excitation/emission at 554/593 nm (18-nm/20-nm bandwidth) was recorded by 

using a fluorescence microplate reader (BioTeKTM CytationTM 5 Cell Imaging Multi-Mode Reader). 

The results were expressed as a percentage compared with controls. Each condition was replicated 

five times and data are presented as means  standard deviation. For indirect cytotoxicity testing, the 

experimental procedure was similar to that of the previous one.  

 

5.1.8 Bacteria culture and preparation 

      The bacteria used in this study were S. aureus and S. epidermidis (Gram positive bacteria) and 

E. coli K-12 MG1655 (Gram-negative) pathogenic strain. A single E. coli K-12 MG1655, S. aureus 

and S. epidermidis colony from LB/BHI agar plate was inoculated overnight in LB/BHI medium at 

37 °C with moderate shaking. The pre-culture was diluted 50–fold and allowed to continue for another 

3-4h, until the optical density at 600 nm (OD600) had reached 0.6 – 1. The E. coli K-12 MG 1655 and 

S. aureus cells were re-suspended in sterile Milli-Q water and adjusted to the required concentration. 

 

5.1.9 Antibacterial activity of the K/Au NH/rGO-PEI matrix 

      To assess the antibacterial properties of K/Au NH/rGO-PEI matrix, each substrate was 

immersed in the bacterial suspension at a concentration of 108 cfu mL-1 for 2 h at 37 C. Both the 

bacteria cell viability and morphological changes in bacteria were investigated. After incubation, 200 

µL of 103-fold diluted planktonic bacteria were spread onto LB/BHI agar plates and the plates were 

incubated at 37 C overnight. Then, the samples were gently rinsed with Milli-Q water to remove the 

planktonic cells and prepared for scanning electron microscopy (SEM) measurements. 

 

5.1.10 Photothermal antibacterial activity of the K/Au NH/rGO-PEI matrix 

      The interfaces were transferred to a new 12-well plate and irradiated with the laser set at 

980 nm illumination for 10 min at 2 W cm-2 laser power density. Following this treatment, both the 

control and NIR exposed samples were prepared for SEM imaging.  

 

5.1.11 Bacterial biofilm formation 

      S. epidermidis was grown on BHI agar plate, upon inoculation overnight in BHI broth at 

37 °C with moderate shaking (150 rpm). Upon 50-fold dilution, incubation was prolonged until the 

OD600 had reached 0.5 – 1. Then 50 µL of bacteria culture was plated onto each sample and incubated 

at 37 C. After 30 min, 1 mL of BHI medium was added to each 24-well microtiter plate and incubated 

at 37 °C without shaking for up to 30 h. After incubation, all samples were gently washed with Milli-

Q water to remove any non-adherent bacteria.  

 

5.1.12 Biofilm destruction by K/Au NH/rGO-PEI matrix under NIR irradiation 

      The S. epidermidis biofilms grown on glass slides (a control) and K/Au NH/rGO-PEI 

substrates were irradiated with a 980 nm-continuous wave laser for 10, 20 min or 30 min at 2 W cm-

2 laser power density. The NIR-induced bacterial eradication by the flexible nanoheater was then 

studied via agar plate counting (for planktonic cells), by the OD600 method, contact plate assay and 
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SEM measurements (for biofilm). Briefly, the viability of S. epidermidis cells detached in aqueous 

media from the surface (planktonic cells) during the exposure to laser was estimated by comparing 

the colony forming units for the samples at different irradiation times, with the initial bacterial 

suspension. Then, the effects of K/Au NH/rGO-PEI substrates after NIR irradiation against S. 

epidermidis cells adherent on the surface (biofilm) were measured by cell growth measurements, 

performed by their direct contact with the surface of BHI agar plates and by SEM measurements. For 

OD600 method (based on measuring the absorbance at 600 nm), the samples with the control were 

transferred into a new 24-well culture plate containing 1 mL of BHI medium and incubated at 37 C 

until the OD600 had reached 0.3. The results were expressed as percentage compared with the control. 

In addition, for each type of the surface, killing efficiency was calculated from visual images of 

bacterial colonies on BHI agar plates formed after the direct application of test surfaces and 

incubation at 37 C for 20 h and from SEM images. Statistical analyses were performed using ImageJ 

open-source image treatment program. The results were estimated by comparing the colony forming 

units for the samples with the control.  

 

5.2 Characterization 

 
Contact angle measurements were performed by a remote-computer controlled goniometer 

system (DIGIDROP by GBX). The contact angle was measured using 2 µL of deionized water. The 

accuracy is ±2°, and all measurements were performed in ambient atmosphere at room temperature.  

Fourier transform infrared (FTIR) spectra were recorded using a ThermoScientific FTIR 

instrument (Nicolet 8700) in the 650 - 4000 cm-1 range at a spectral resolution of 6 cm-1. 1 mg of 

dried sample was mixed with 200 mg of KBr powder in an agar mortar. The mixture was pressed into 

a pellet under 7 tons of load for 2-4 min, and the spectrum was recorded immediately. A total of 

64 accumulative scans were collected. The signal from a pure KBr pellet was subtracted as a 

background.  

UV-Vis spectroscopic measurements were carried out using a Perkin Elmer Lambda UV/Vis 

950 dual-beam spectrophotometer operating at a resolution of 1 nm. The UV-Vis spectra were 

recorded in quartz cuvettes of 1 cm path length between 200 and 1100 nm.  

X-ray photoelectron spectroscopy (XPS) was recorded using ESCALAB 220 XL spectrometer 

from Vacuum Generators featuring a monochromatic Al Kα X-ray source (1486.6 eV) and a spherical 

energy analyzer operated in the CAE (constant analyzer energy) mode (CAE = 100 eV for survey 

spectra and CAE = 40 eV for high-resolution spectra), using the electromagnetic lens mode. The 

angle between the incident X-rays and the analyzer is 58° and the detection angle of the 

photoelectrons is 30°.  

Raman spectroscopy measurements were performed on a LabRam HR Micro-Raman system 

(Horiba Jobin Yvon) using a 473-nm laser diode as excitation source. Visible light is focused by a 

100× objective. The scattered light is collected by the same objective in backscattering configuration, 

dispersed by a1800 mm focal length monochromator and detected by a CCD camera. 

Scanning Electron Microscopy (SEM) images of pathogens were recorded using a Zeiss 

Compat Merlin instrument with a secondary electron detector at 2 kV under high vacuum. The 

biological samples were fixed with 1% glutaraldehyde solution for 30 min in the dark at room 

temperature. Then the samples were dehydrated in a graded ethanol series of 25%, 50%, 75%, 95% 

and 100% (v/v) at 10 min intervals, followed by drying using a vacuum desiccator. Each sample was 

mounted on stubs and sputter-coated with 5 nm platinum layer.  

 



41 

 

5.3 Results and discussion 

 

5.3.1 Preparation and characterization of reduced graphene oxide-

polyethyleneimine (rGO-PEI) 

      In this study, we took advantage of the cationic properties of PEI along with the various other 

interactions (hydrogen, aromatic, electrostatic, hydrophobic) that rGO can form with different 

molecules and biological matter, to design a photothermal heating platform, capable of efficient 

capturing bacteria and their subsequent killing under NIR irradiation. To this aim, we prepared rGO-

PEI nanocomposites at different ratios (1/1, 1/2, 2/1) by heating a mixture of GO and PEI at 80 °C 

for 12 h. The rGO-PEI composites were dispersed in ethanol by ultrasonication of 1 h at room 

temperature (Fig. 5.1). The 1/1 ratio displayed better dispersibility and stability in ethanol without 

compromising its photothermal properties. This composite was further characterized in this study to 

establish its chemical structure.  

 

 

Figure 5.1. A sketch illustrating the formation of reduced graphene oxide-polyethyleneimine coated 

nanoheaters (K/Au NH/rGO-PEI) and their application in bacteria capture and photothermal killing 

(Reproduced from [272]). 

 

FTIR is a useful tool to assess the presence of different functional groups in carbon-based 

nanomaterials (Fig. 5.2a). The FTIR spectrum of GO includes a strong and broad absorption at 

3264cm-1 attributed to O–H vibration mode, and the C=O stretching mode of COOH groups located 

at the edges of GO sheets at 1731 cm-1. The peak at 1633 cm-1 is attributed to C=C stretching vibration 

as part of the ring breathing mode in the GO skeleton. The vibration mode at 1422 cm-1 is most likely 
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due to bending vibration of tertiary C–OH groups. The peaks at 1227 and 1057 cm-1 are assigned to 

O-H stretching vibration in carboxylic acid and C-O vibration in epoxy groups, respectively [273]. 

Compared to GO, the FTIR spectrum of rGO, obtained through hydrazine reduction, shows that most 

of oxygen-containing groups have disappeared, and C=C stretching vibration was shifted to 1568   

cm-1, revealing the higher reduction degree of GO and restoration of sp2 network. 

After reaction with PEI at 80 °C for 12 h, the FTIR spectrum of rGO-PEI clearly contains all 

the PEI absorption features. The peak at 1731 cm-1 completely disappeared, along with obvious 

weakening of the peak at 1057 cm-1 (Fig. 5.2a). The strong band at 1666 cm-1 in rGO-PEI is related 

to the formation of amide bonds [274], but could be also due to C=C stretching bonds. This band is a 

proof that covalent bonds are created between GO and PEI under described experimental conditions, 

suggesting that PEI was successfully grafted onto rGO nanosheets surface. 

The absorption spectra of the prepared rGO-PEI and starting materials were analyzed using 

UV-vis spectrophotometry in the 200-1000 nm range (Fig. 5.2b). PEI absorbs below 230 nm as 

expected for a polymer without any aromatic structure in its backbone. The UV-vis spectrum of GO 

exhibits a peak at 237 nm and a shoulder at 290 nm, which can be attributed to π –π* transition due 

to C=C bonds and n-π* transition due to C=O bonds, respectively. On the contrary, the absorption 

spectrum of rGO shows a red shifted broad absorption band with a peak at 273 nm after 12 h of 

reduction with hydrazine. This red-shift is accompanied by an absorption tail at λ>400 nm, indicating 

that the conjugated structure (sp2) was restored upon reduction of GO. The red shifted absorption 

band to 247 nm of rGO-PEI nanocomposite suggests that GO was partially reduced under our 

experimental conditions. The absorption of the rGO-PEI sample in the NIR region (700-1000 nm) 

slightly decreased compared to rGO due to the presence of PEI in the sample. However, this decrease 

in the absorption did not influence its photothermal properties, which were still excellent due to the 

underlying Au NH layer on Kapton (as discussed later). 

Raman spectroscopy is a commonly used technique to provide a structural fingerprint by 

which molecules can be identified. The Raman spectrum of the rGO-PEI matrix (Fig. 5.2c) displays 

the main features of graphene-based materials with a D-band at 1360 cm-1 and a G-band at 1588 cm-

1 [275]. The G peak appears due to the bond stretching of all pairs of sp2 atoms in both rings and 

chains. The D peak is due to the breathing modes of sp2 atoms in rings, and it is caused by disordered 

structure of graphene. The degree of the disorder of the sample can be determined based on the 

intensity ratio of D and G bands (ID/IG) [275]. The ID/IG ratio for rGO-PEI was determined to be 1.17, 

which is smaller than that of rGO obtained upon the reduction with hydrazine (ID/IG = 1.22), but 

higher than that of the initial used GO (ID/IG = 1.1). The increase in the ID/IG ratio could be ascribed 

to a decrease in the average size of the sp2 domains [276].  
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Figure 5.2. a) FTIR spectra of rGO (black), GO (red), PEI (blue) and rGO-PEI (green); b) UV/Vis 

absorption spectra of PEI (blue), GO (red), rGO-PEI (green) and rGO (black); c) Raman spectra of 

GO, rGO and rGO-PEI (reproduced from [272]).  

 

 XPS analysis was carried out to examine the surface elemental composition of rGO-PEI 

nanocomposite. The XPS elemental survey spectrum revealed that this nanocomposite was composed 

of the following elements: C, O, N. This result was confirmed by the specific characteristic signals at 

530, 398 and 284 eV, which correspond to O1s, N1s and C1s, respectively (Fig. 5.3a). The appearance 

of N1s peak in the XPS survey spectrum for rGO-PEI indicates that PEI chains were adsorbed or 

grafted onto the rGO structure.  
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Figure 5.3. XPS analysis of rGO-PEI. Wide scan survey spectrum (a), high resolution spectra of the 

N1s (b) and C1s (c). Reproduced from [272]. 

 

The high resolution XPS spectrum of the N1s (Fig. 5.3b) exhibits a dissymmetrical peak that 

can be fitted with two components at 399.5 and 400.8 eV attributed to -NH2 and -NH-, respectively 

[277]. The high resolution spectrum of the C1s (Fig. 5.3c) can be decomposed into several bands at 

284.2, 285.0, 286.2, 287.4 and 288.8 eV due to Csp2, C-H/C-C, C-O/C-N, C=O and OH-C=O, 

respectively, in accordance with the chemical composition of the material. 

 

5.3.2 Preparation and characterization of Kapton/Au nanoholes (K/Au NH) 

The development of electronic healthcare devices is made possible by nanostructuring, since 

no other combined bottom-up and top-down approaches offer so many degrees of freedom that allow 

man-made systems to fit the small structures of life. Here, we took advantage of colloidal lithography 

using polystyrene spheres of 980 nm in diameter to create large-area, self-assembled hexagonally-

packed monolayers on Kapton substrates. The size of the self-assembled polystyrene beads can be 

easily tuned by conventional SF6 and oxygen plasma etching. Then, physical vapor deposition grown 

electrical layers (40-nm thick Au) complete the devices for the concept of Kapton-based nanoheaters. 

Finally, upon the removal of polystyrene particles, a required K/Au NH configuration for PTT is 

obtained. Figure 5.4a illustrates representative SEM images of a homogeneous gold nanoholes array 

with an average diameter of 630±10 nm and a center-to-center spacing of 980 nm. The long-range 

ordered gold nanohole array supports both propagating and localized surface plasmon resonance 
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(LSPR) modes, with the hole diameter and periodicity being significant parameters in tuning the 

interface absorption band [278–282]. The absorption spectrum of the resulting K/Au NH array is 

between 500-1100 nm with a maximum absorption at around 950 nm (Fig. 5.4b). This is the reason 

we used the laser with the incident excitation wavelength of 980 nm for PTT. 

 

 

Figure 5.4. a) SEM images at low and high magnifications of K/Au NH formed by using colloidal 

lithography. b) Typical absorption spectrum for K/Au NH sample (Reproduced from [272]). 

 

5.3.3 Preparation and characterization of reduced graphene oxide-

polyethyleneimine coated nanoheaters (K/Au NH/rGO-PEI) 
 

The schematic representation of the preparation of the K/Au NH/rGO-PEI nanoheater is 

displayed in Fig. 5.1. The K/Au NH interface was coated with rGO-PEI by drop casting 4 times 50 

µL of an ethanolic solution of rGO-PEI (1/1, 2 mg mL-1) (stage 2). The SEM of the K/Au NH/rGO-

PEI shows a homogenous coating all over the surface (Fig. 5.5A).  

The wetting properties of the prepared interfaces were studied by water contact angle (WCA) 

measurements. As it can be observed from Figure 5.5C, Kapton covered with a continuous layer of 

Au displayed a hydrophilic character with a WCA of 80°. This is very different from the K/Au NH 

interface, which exhibited a hydrophobic character with a WCA of 105°. The increase of the WCA 

upon nanohole deposition is most likely connected with an increase of surface roughness. Coating 

the K/Au NH interface with rGO-PEI led to a decrease of the WCA to 54°, conferring a hydrophilic 

character to the surface. This property is advantageous as it will enhance the contact between bacteria 
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and the nanoheater’s surface. In the Fig. 5.5B, we can also observe a photograph of all the three 

surfaces: Kapton covered with a continuous layer of Au, K/Au NH interface and the K/Au NH/rGO-

PEI, respectively. 

 

Figure 5.5. (A) SEM image of the K/Au NH/rGO-PEI coating; (B) a photograph of (a) Kapton 

covered with a continuous Au film (K/Au), (b) Kapton/Au nanoholes (K/Au NH), (c) Kapton/Au 

nanoholes coated with rGO-PEI (K/Au NH/rGO-PEI); and (C) water contact angle measurements 

on the same surfaces, respectively (Reproduced from [272]). 

 

The photothermal properties of the different supports were assessed through irradiation with 

a 980nm - continuous wave laser, while the samples were placed in wells with 1 mL of water for 10 

min; the diameter of the laser beam was adjusted directly to the well (Fig. 5.6). The heating properties 

of Kapton foil and Kapton coated with a continuous Au film are also evaluated for comparison. While 

Kapton and K/Au film did not show photothermal heating ability under our experimental conditions 

(600 s of irradiation at 980 nm), K/Au NH displayed a steady increase of the temperature up to 500 s 

to reach about 42±1 °C, after 600 s of irradiation. Upon coating with rGO-PEI, the temperature of the 

K/Au NH/rGO-PEI increased to 70 °C under the same photothermal irradiation conditions, indicating 

its enhanced photothermal heating ability. 

                  

Figure 5.6. Temperature changes of different samples after 10 min of NIR irradiation (980 nm). 

Reproduced from [272]. 

(A) 
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5.3.4 Bacteria capture and photothermal killing 
 

        To assess the capture efficiency of K/Au NH/rGO-PEI surface, the following experiment was 

performed. Samples of Kapton, K/Au NH/rGO and K/Au NH/rGO-PEI were immersed in the 

bacterial suspension (1 mL), previously diluted to the desired concentration (103 cfu mL-1). After 1h 

of incubation, an aliquot of 300 µL was taken from each well and used for plating on agar plates. 

After overnight incubation of the plates at 37°C, we performed counting and comparing colony 

forming units for the samples with the control, in order to calculate the percentage of the bacteria 

remaining in the solution and the bacteria attached to the surface. The capture efficiency of K/Au 

NH/rGO-PEI nanoheater towards E. coli bacteria was 42 % and towards S. aureus bacteria it was 

47% (Table 5.1).  

 

              Table 5.1. Capture efficiency at 103 cfu mL-1 bacteria concentration. Reproduced                 

from [272]. 

 

Sample 

 

Incubation 

time 

E. coli - 

Percentage 

of bacteria in 

the solution 

Capture 

efficiency of 

E. coli 

S. aureus- 

Percentage 

of bacteria in 

the solution 

Capture 

efficiency of 

S. aureus 

Kapton 1 h 100 % 0 100 % 0 

K/Au 

NH/rGO 
1 h 95 % 5 % 98 % 2 % 

K/Au 

NH/rGO-PEI 
1 h 58 % 42 % 53 % 47 % 

 

 

The ability of the K/Au NH/rGO-PEI nanoheater to capture and kill bacteria was assessed for 

both Gram-positive S. aureus and Gram-negative E. coli bacteria under NIR (980 nm) laser 

continuous irradiation for 10 min. The morphology of the nanoheater immersed in a bacteria solution 

for 2 h before and after laser irradiation was visualized using SEM (Fig. 5.7 and 5.8).  
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Figure 5.7. SEM images of E. coli K-12 MG1655 after 2 h of incubation a) before and b) after laser 

irradiation at 980 nm for 10 min (reproduced from [272]). 

 

The SEM images of E. coli bacteria after 2 h of incubation before laser irradiation are shown 

in Fig. 5.7a. It can be easily observed that the nanoheater surface is covered with a dense and 

undamaged monolayer of bacteria with a rod–shaped morphology. On the contrary, after laser 

irradiation for 10 min, a decrease in the number of attached E. coli bacteria was obvious, but also the 

cells appeared to be damaged with the pronounced rupture of their outer membrane (Fig. 5.7b).  

A similar observation can be made for S. aureus bacteria (Fig. 5.8). The typical near-spherical 

shape of cocci completely covered the surface of K/Au NH/rGO-PEI nanoheater after 2 h of 

incubation before laser irradiation (Fig. 5.8a). After 10 min of laser irradiation, the number of bacteria 

in a monolayer dramatically decreased, and cells showed different forms of damages on the cell 

surface (Fig. 5.8b). 
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Figure 5.8. SEM images of S. aureus after 2 h of incubation a) before and b) after laser irradiation 

at 980 nm for 10 min (reproduced from [272]). 

SEM images confirmed both E. coli and S. aureus adhesion to rGO-PEI surface, and bacteria killing 

caused by hyperthermia. Furthermore, SEM imaging and the cell viability evaluation (Fig. 5.9) 

confirmed that rGO-PEI coating itself was not toxic to bacteria without laser irradiation.  

 

   Figure 5.9. Typical photographs of S. aureus and E. coli colonies and the corresponding 

statistical histograms after 2 h of incubation with K/Au NH/rGO-PEI (reproduced from [272]). 

 

      As can be seen in Fig. 5.9, the volume of viable E. coli and S. aureus cells after 2 h of 

incubation on the nanoheater surface is almost the same as the control group. Another aspect of this 

research is the non-specificity of bacteria capture by PEI. Indeed, the presence of amino groups in the 
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PEI backbone confers an overall positive charge to the surface in water. Under these conditions, the 

surface is capable of interacting by electrostatic interactions with any chemical or biological matter 

that bears a negative charge. This property is of high importance for water cleaning applications. 

 

5.3.5 Bacteria biofilm destruction  

      It is well known that the pathogenic bacteria grown on a surface in the form of biofilm are 

more difficult to eradicate, in comparison to their free-floating planktonic cell counterparts. 

 

Figure 5.10. SEM images of S. epidermidis biofilm a) before and after laser irradiation at 980 nm 

for b)10 min, c) 20 min and d) 30 min. Reproduced from [272]. 
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Living as a structured community of microbial cells, surrounded by their self-produced 

extracellular polymeric matrix, significantly increases their tolerance and resistance to the inhibitory 

effects of antibacterial agents [13]. In the present study, we investigated the capability of K/Au 

NH/rGO-PEI device to destroy S. epidermidis biofilms after NIR irradiation for a given time period, 

by SEM and by using a plate-counting method. Before laser irradiation, a uniform and thick biofilm 

structure consisting of multi-layered spherical microbial cells can be observed (Fig. 5.10a) on the 

surface of K/Au NH/rGO-PEI nanoheater. After 10 min of irradiation, the SEM images show obvious 

decrease in the biofilm mass, as well as morphological damage and a collapse of the bacterial cell 

membrane in the biofilm (Fig. 5.10b). After 20 min of irradiation, a noteworthy decrease in the 

biofilm mass can be observed (Fig. 5.10c) and finally, the biofilm was almost completely destroyed 

after 30 min of treatment (Fig. 5.10d). 

      It has to be highlighted that the NIR irradiation alone, in the absence of nanoheater, had no 

visible effects on the biofilm integrity. SEM image of S. epidermidis grown on a glass slide is 

presented in Figure 5.11. It can be observed that there is no change in the biofilm volume and 

structure before (Fig. 5.11a) and after (Fig. 5.11b) laser irradiation.  

  

 

Figure 5.11. SEM images of S. epidermidis biofilm a) before and b) after laser irradiation at 980 

nm for 10 min, following 30 h of incubation on the glass slide. Reproduced from [272]. 

 

As indicated by analysis of the survival rate and biofilm destruction, the mortality rate of the 

bacteria from the biofilm grown on the surface of nanoheater was increasing with the irradiation time, 

while the supernatant was sterile already after 10 min of irradiation (Fig. 5.12). 
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Figure 5.12. Planktonic and biofilm cell viability evaluation of S. Epidermidis at different laser 

irradiation times (reproduced from [272]). 

 

5.3.6 Cytotoxicity assay 

The indirect in vitro cytotoxicity test of K/Au NH/rGO-PEI nanoheater revealed the absence 

of release of cytotoxic components from the nanocomposite matrix during the 24 h of immersion in 

DMEM. As can be seen in Fig. 5.13a, the relative viability of NG108-15 cells remained above 95%. 

Our results indicate that the nanocomposite is stable. In contrast, the direct in vitro cytotoxicity 

demonstrated that the cells are not able to attach and grow on the sample. After 24h of incubation, 

compared with glass and Kapton, a significant decrease in cell viability was measured for K/Au 

NH/rGO-PEI nanoheater (Fig. 5.13b). 

 

 

 

   Figure 5.13. Relative cell viability of NG108-15 cells after 24 h of culture in DMEM (control) 

and DMEM in which K/Au NH/rGO-PEI matrix was previously immersed for 24 h (indirect 

cytotoxicity test) (a) and after 24 h of culture on 1 cm2 Kapton, glass and K/Au NH/rGO-PEI 

substrates (direct cytotoxicity test) (b). Reproduced from [272]. 
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5.3.7 Reuse of K/Au NH/rGO-PEI nanoheater 

           Apart from excellent antibacterial efficiency, an ideal antibacterial nanocomposite should 

allow the reuse,  in order to lower the costs of the production. After the capture and heating 

experiments, the K/Au NH/rGO-PEI nanoheater was rinsed in ethanol and recovered by dropcasting 

50 µL of previously prepared PEI solution (1 mg/mL). This change did not compromise the heating 

ability of K/Au NH/rGO-PEI nanoheater, nor did influence its cytotoxicity. After drying, the sample 

was rinsed and then immersed in MQ water for 3h to release excess PEI molecules and finally washed 

with ethanol again, before the experiment. The capture efficiency of the reused and recovered K/Au 

NH/rGO-PEI nanoheater was 95 % for the S. aureus bacteria, and 67 % for E. coli. The same sample 

allowed a reuse without additional drop of PEI and the capture rate after the second reutilization was 

was above 40 % for both strains. 

 

5.4 Conclusion 

In this study, we developed a Kapton/Au nanoholes/reduced graphene oxide-

polyethyleneimine (K/Au NH/rGO-PEI) nanoheater by using a simple and straightforward approach 

for efficient capture and photothermal killing of bacteria under NIR irradiation. The nanoheater takes 

advantage of the enhanced photothermal properties of the Kapton/Au NH upon coating with rGO-

PEI. Additionally, the presence of PEI, a branched polymer containing a large amount of electron-

rich amino groups, enables efficient capture of both Gram-positive and Gram-negative bacteria 

through electrostatic interactions. We demonstrated that the K/Au NH/rGO-PEI nanoheater was an 

effective photothermal agent toward both Gram-positive S. aureus and Gram-negative E. coli 

bacteria, under low-power NIR (980 nm) laser irradiation with complete bacteria eradication within 

10 min. Additionally, the nanoheater revealed to be very efficient for S. epidermidis biofilm 

destruction upon 30 min irradiation at 980 nm. Nanoheaters with efficient antibacterial properties, 

that are non-toxic for environment have the great potential for water purification systems, biomedical 

and industrial applications. The rapid and effective antibacterial activity as well as UV to NIR region 

absorption property might make K/Au NH/rGO-PEI antibacterial nanocomposite function even under 

normal solar light. 
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Chapter 6.  Antibacterial activity of gamma-irradiation pre-treated carbon 

quantum dots/polyurethane nanocomposites 

 
 

In this chapter, I will present an antibacterial hydrophobic carbon quantum dots/polyurethane 

nanocomposite (hCQD-PU), with improved antibacterial properties caused by gamma-irradiation 

pre-treatment. Here, the photodynamic treatment of bacteria was applied. The hydrophobic quantum 

dots (hCQDs), which are able to generate ROS upon irradiation with low power blue light (470 nm), 

were incorporated in the PU polymer matrix, to form a photoactive nanocomposite (Fig. 6.1). 

Different doses of gamma irradiation (1, 10 and 200 kGy) were applied to the formed nanocomposite 

in order to modify its physical and chemical properties and improve its antibacterial efficiency. The 

pre-treatment by gamma-irradiation significantly influenced the increase of the production of ROS. 

Therefore, our hCQD-PU nanocomposite exhibited antioxidative activity under the ambient 

conditions, and prooxidative activity when irradiated by blue light. The hCQD-PU nanocomposite 

irradiated with the dose of 200 kGy demonstrated the best antibacterial properties, with the complete 

eradication of Gram-positive S. aureus and Gram-negative E. coli  bacteria after 15 min of exposure 

to the blue lamp.  

 

 

Figure 6.1. Schematic representation of the designed nanocomposite and the principle of destroying 

bacteria by PDT. 

 

 

6.1 Experimental 

 

6.1.1 Materials  

      Commercially available medical grade transparent polyurethane (PU) donated by American 

Polyfilm with a thickness of 1.0 mm was used. Polyoxyethylene-polyoxypropylene- polyoxyethylene 

Pluronic 68 was obtained from Interchim, France, and phosphoric acid and toluene were purchased 

from Sigma Aldrich, Germany and used as received.  
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6.1.2 Synthesis of hCQDs 

  Following the previously reported method, the synthesis of hCQDs was performed [283,284]. 

First, 1g of polyoxyethylene-polyoxypropylene-polyoxyethylene Pluronic 68 was dissolved in 

100mL of water for about 15 min, in an ultrasonic water bath. Then 200 mL of phosphoric acid was 

added, and the mixture was stirred in order to produce a homogeneous reaction mixture. The reaction 

mixture was then heated on a magnetic stirrer at 250 °C for 145 min until the solution became brown. 

The mixture was cooled down to room temperature, and then 250 mL of water was added and stirred 

for another 2 h to produce a brownish-black colored precipitate. Finally, 300 mL of toluene were 

added to the solution. The reaction mixture was stirred overnight at room temperature until the 

solution turned yellow. Finally, the organic phase was decanted and then filtered using a vacuum 

pump, through hydrophobic filters with pore sizes of 0.2 and 0.1 µm. The obtained product was a 

colloid of hydrophobic carbon quantum dots – hCQDs. The reason we chose hydrophobic CQDs is 

the fact that the polyurethane which we have chosen as a matrix of nanocomposite swells in toluene, 

therefore, we needed CQDs which were soluble in toluene.  

 

6.1.3 Preparation of hydrophobic carbon quantum dots/polyurethane 

nanocomposite (hCQD-PU) 

      A transparent PU was immersed in the solution of hCQDs (1 mg mL−1) during 48 h. After, 

the obtained nanocomposite hCQD-PU was dried in a vacuum furnace for 12 h at 80 °C, in order to 

evaporate all the remaining toluene. The hCQDs were incorporated inside of the polymer matrix by 

the swell-encapsulation-shrink method. Then, the samples were exposed to gamma irradiation at 1, 

10 and 200 kGy doses (throughout the manuscript samples are labeled as hCQD-PU-1, hCQD-PU-

10, and hCQD-PU-200). As references (control samples) in some experiments, the hCQDs dispersion 

in toluene was also exposed to gamma irradiation at the same doses applied (hCQD-1, hCQD-10 and 

hCQD-200), as well as the pure polyurethane that was exposed to the highest irradiation dose (PU-

200) and hCQD-PU before gamma-irradiation.  

The samples were irradiated by gamma-ray flux from 60Co nuclide with the photon energy of 1.3MeV 

(Centre of Irradiation, Vinca Institute of Nuclear Sciences) at a dose rate of 13 kGy h-1.  

 

6.2 Characterization of the hCQDs and gamma irradiated hCQD-PU 

nanocomposites 

      Dynamic mechanical analysis (DMA) of neat PU and gamma irradiated hCQD-PU samples 

was performed using a TA Instrument dynamic mechanical analyzer DMA Q800. The temperature 

range was from -100°C to 100°C. The samples of uniform shapes were measured in the module tensile 

multi-frequency strain at 10 Hz, strain amplitude of 5 µm and heating rate 2 °C·min-1. All 

measurements were carried out without and with irradiation by blue light during 24 h. 

      Atomic force microscopy (AFM) was used to examine the surface morphology of the gamma-

irradiated hCQD-PU nanocomposites. Measurements were performed using a Quesant microscope 

(Ambios Technology, USA), and its own software. The AFM measurements were performed in air, 

using silicone T-shaped cantilever with a spring constant of 40 N/m. All images were obtained with 

512 × 512 image resolution over different square areas. Root-mean-square roughness-RMS of 

hCQDs-PU nanocomposites was determined by Gwyddion software [285]. 
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      Photoluminescence (PL) measurements of the gamma-irradiated hCQD-PU nanocomposites 

were performed on an RF-5301PC (Shimadzu, Japan) spectrofluorophotometer, at excitation 

wavelengths between 320 and 480 nm. 

6.2.1 Determination of reactive oxygen species 
 

6.2.1.1 Quenching of free radicals 

  For the investigation of radical scavenging activity (RSA) of composites, we used the DPPH 

assay [286]. This experiment is based on the feature of 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

molecule to show strong absorption in the UV-Vis spectrum, located at 518 nm. In this form, DPPH 

is a stable free radical. In the presence of antioxidants, DPPH forms a yellow compound which can 

be observed by UV-vis as a lowering in the intensity of the band at 518 nm. To calculate the value of 

RSA, the fresh solution of DPPH (100 μM in methanol) was prepared and the different sizes of 

hCQD-PU nanocomposites were added: 0.5×0.5, 1.0×1.0, 1.5×1.5 cm2. Nanocomposites were 

incubated with DPPH solution for 1 h, in dark and we measured the intensity of absorbance of the 

solution at 518 nm using a Spectrophotometer Shimadzu UV-Visible 2600 (Shimadzu Corporation, 

Tokyo, Japan). A methanol solution of ascorbic acid was used as a standard. The values of RSA for 

each composite were calculated using the formula RSA (%) = (Ac-APU-CQDs)/Ac × 100, where Ac is 

the intensity of absorption of control (DPPH in methanol) and APU-CQD is the intensity of the 

absorption band of a solution in which composites were dipped. Ascorbic acid was used as a standard. 

Measurements were replicated three times. 

Additionally, the ability of composites to adsorb DPPH was also investigated. In order to 

prevent false positive radical scavenging activity, which may be caused by physical adsorption of 

DPPH molecules by hCQD-PU, we soaked the composites (1.5 x 1.5 cm2) into DPPH methanol 

solution (100 μM) and after 1 h of incubation in dark, we recorded absorption spectra of composites 

(without previous rinsing). 

 

 

6.2.1.2 Production of hydroxyl radicals (•OH) 

      The fluorescence technique was used to analyze the formation of •OH radicals on the sample 

surface under UV irradiation, using terephthalic acid that reacts readily with •OH radicals, and 

produces highly fluorescent product, 2-hydroxyterephthalic acid [287]. The intensity of the peak 

attributed to 2-hydroxyterephthalic acid was known to be proportional to the amount of •OH radicals 

formed [287]. The selected concentration of terephthalic acid solution was 5×10−4 M in a diluted 

NaOH aqueous solution with a concentration of 2×10−3 M.  It has been proved that under these 

experimental conditions (concentration of terephthalic acid ˂ 10−3 M, room temperature), the 

hydroxylation reaction of terephthalic acid proceeds mainly by •OH radicals [287]. Gamma-irradiated 

hCDQ-PU samples were added to 200 mL of the 5×10−4 M terephthalic acid solution in 2 ×10−3 M 

NaOH and then exposed to the blue light (470 nm), with the power of the lamp of 15 W. Sampling 

was performed every 15 min. The solution was analyzed after filtration through 0.45 m membrane 

filter, on a Hitachi F-4500 fluorescence spectrophotometer. Upon excitation at 315 nm, the product 

of terephthalic acid hydroxylation (2-hydroxyterephthalic acid) exhibited a peak at approximately 

425 nm.  

 

6.2.1.3 Singlet oxygen production and oxygen lifetime measurements 

  

For the determination of singlet oxygen production, we used two different approaches, the 

first one includes the time-resolved near-infrared luminescence spectroscopy and the second one is 

based on the use of electron paramagnetic resonance (EPR) technique.  
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A piece of the hCQD/PU nanocomposite was inserted into a quartz cell in the oxygen or air 

atmosphere. For measurements in oxygen-free conditions, the samples were evacuated for at least 15 

minutes. The total pressure in the cell was measured with capacitance manometers (MKS Baratron). 

The kinetics of singlet oxygen, O2(
1g), after excitation of individual samples COMPEX 102 excimer 

laser (wavelength 308 nm, pulse width ~28 ns) was measured using time-resolved near-infrared 

luminescence spectroscopy. Luminescence of O2(
1g) at 1270 nm was recorded in reflection mode 

using a Judson Ge diode and interference filters. The signal from the detector was collected in a 

600MHz oscilloscope (Agilent Infiniium) and transferred to a computer for further analysis. The 

signal-to-noise ratio of the signals was improved by averaging of 1000 individual traces. The initial 

part (up to 2 μs) failed due to a large scattering of the laser pulse and luminescence of hCQDs and 

other compounds, and it was not used for evaluation.  

The transient absorption spectra in the visible part of spectra (400-720 nm) and kinetics of transients 

at 520 nm were recorded with a 150 W Xe lamp (Phillips) equipped with a pulse unit and an R928 

photomultiplier (Hamamatsu) using a laser kinetic spectrometer LKS 20 (Applied Photophysics, 

UK). 

 

      Electron paramagnetic resonance (EPR) is a technique used to study chemical species with 

unpaired electrons. EPR was used to determine the singlet oxygen generation of different hCQD-PU 

nanocomposites. With 1O2, 2,2,6,6-tetramethylpiperidine (TEMP) molecules quickly react and form 

a stable EPR active product, TEMP-1O2 (TEMPO). The concentration of TEMP was 2 wt%. The EPR 

experiments were performed at ambient temperature using a Varian E-line spectrometer operated at 

a frequency of 9.5 GHz. The gamma irradiated hCQD-PU nanocomposites and PU control were 

dipped in TEMP solution. All samples were treated in the following conditions: dark and exposed to 

BL, for 12h, respectively. The wavelength of BL was 470 nm (3W, V-TAC, Bulgaria).  

 

6.2.2 Bacteria culture and preparation 

     The bacteria used in this study were S. aureus CCM 4516 (Gram-positive) and E. coli CCM 

4517 (Gram-negative) pathogenic strains. The bacterial strains were purchased from CCM (Czech 

Collection of Microorganisms). Antibacterial activity was performed according to ISO 22196 

standard – Measurement of antibacterial activity on plastics and other non-porous surfaces [288]. The 

dimensions of the tested samples were 2.5 × 2.5 cm2. Blue light (470 nm) was used for the activation 

of hCQDs, the lamp power was 15 W, and the distance between samples and the lamp was 50 cm. 

The tested samples were irradiated for 15 and 5 min. 

 

 

 

6.2.3 Biocompatibility studies 
 

• Cytotoxicity study of released extracts 

      Cytotoxicity of extracts prepared in the presence of gamma-pretreated hCQD-PU 

nanocomposites, was determined. Before the experiments, samples (1×1 cm2) were sterilized in 

ethanol and dried. Sterilized samples were then incubated in 1 mL of Dulbecco’s Modified Eagle’s 

medium (DMEM, Gibco®) supplemented with 10% fetal bovine serum (FBS, Gibco®) and 1% 

penicillin-streptomycin (Gibco®) during 24 h at 37 °C and 5% CO2. After incubation, the released 

medium was diluted with fresh medium in different concentrations (from 1 % to 100 %) and tested 

in contact with cells for 24h. U-87 MG derived from a malignant glioma from a female patient by 

explant technique [ECACC 89081402, Sigma Aldrich, Saint-Quentin Fallavier, France] and HeLa 

cell line derived from cervical carcinoma from a 31 year old female [ECACC 93021013, Sigma 
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Aldrich, Saint-Quentin Fallavier, France] were used as model cell lines. Cells were maintained in 

DMEM supplemented with 10% FBS and 1% penicillin-streptomycin in a humidified incubator at 

37°C and 5% CO2. Briefly, cells were seeded at a density of 104 cells/well in a 96-well plate for 24 h 

before assay. The culture medium was then replaced with extracts. After 24 h, cells were washed with 

PBS and the cell viability was evaluated using resazurin cell viability assay. 100 mL of the resazurin 

solution (11 µg mL-1) in DMEM/10% FBS were added to each well and the plate was incubated for 

4 h in the humidified incubator. The fluorescence emission of each well was measured at 593 nm (20-

nm bandwidth) with an excitation at 554 nm (18-nm bandwidth) using a Cytation™ 5 Cell Imaging 

Multi-Mode Reader (BioTek Instruments SAS, France). Each condition was replicated three times 

and the mean fluorescence value of non-exposed cells was taken as 100% cellular viability. 

 

• Cell proliferation 

      U-87 MG [ECACC 89081402, Sigma Aldrich, Saint-Quentin Fallavier, France] and HeLa cell 

line [ECACC 93021013, Sigma Aldrich, Saint-Quentin Fallavier, France] were maintained in DMEM 

supplemented with 10% FBS and 1% penicillin-streptomycin in a humidified incubator at 37 °C and 

5% CO2.  

Determination of cell morphology: Determination of cell morphology was performed by Hoechst 

33258 (Invitrogen, USA) for staining the DNA. First, the concentration of 80000 cells mL-1 in volume 

100 µL was seeded directly onto samples, and after 1 h, 1 mL of complete culture medium was added. 

It was cultivated for 48 h. Cells were then fixed, stained and finally observed by fluorescence 

microscopy 

Cell fixation: To fix cells, 4 % paraformaldehyde (PFA) was added to cells for 15 min. After, the 

cells were washed 3 times by PBS (Invitrogen, USA) and 1 ml of PBS containing Hoechst 33258 

(5µg/mL) were added to samples and left to incubate in the dark. After 10 min, cells were washed 

again and ready for microscopic observation. 

Microscopic observation: Fluorescence images (DAPI exc. 377/50 nm and em. 447/60 nm) were 

captured using a Cytation™ 5 Cell Imaging Multi-Mode Reader (BioTek Instruments SAS, France) 

and analysed by Gen5iPlus 3.04 Imaging Software.   

 

6.3 Results and discussion 

 

6.3.1 Fourier Transform Infrared - FTIR 

      FTIR spectroscopy was used to assess the presence of different functional groups (Fig. 6.2a). 

FTIR spectra suggested that all the observed gamma irradiated hCQD-PU nanocomposites comprised 

an absorption peak at 3300 cm-1 attributed to O–H vibration mode. The peaks at 2919, 2852 and 2797 

cm-1 belong to C-H stretching vibrations. The peaks at 1729, 1698 and 1635 cm-1 are ascribed to C=O 

bonds, while the peak at 1417 cm-1 is due to aromatic C=C bonds which are connected with the 

presence of sp2 – hybridized graphitic cores [289]. The strong peaks at 1220 and 1080 cm-1 are 

attributed to C-O-C and C‒O bonds, respectively. By analyzing the FTIR results, it was concluded 

that the same bands were identified in hCQD-PU nanocomposites for all the different doses of gamma 

irradiation. Also, comparing the FTIR results of hCQD-PU sample without gamma irradiation, from 

the reference [284], we can conclude that the same bands can be identified. Therefore, from this point 

of view, we can deduce that gamma irradiation, at any examined irradiation dose, had no influence 

on the overall presence of functional groups of hCQD-PU nanocomposites.  
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6.3.2 X-ray photoelectron spectroscopy (XPS) 

      XPS analysis was carried out to explore and compare the elemental composition of gamma-

irradiated hCQD-PU nanocomposites (Fig. 6.2 b, c, d). The XPS elemental survey spectrum revealed 

that these nanocomposites were composed of the following elements: C, O and N (Table 6.1). By 

fitting C1s and O1s the content of the characteristic bonds in hCQD-PU-1, hCQD-PU-10 and hCQD-

PU-200 were detected and compared. 

 

Table 6.1. Elemental composition of gamma-irradiated hCQD-PU samples. 

Name hCQD-PU-1 

(atomic %) 

hCQD-PU-10 

(atomic %) 

hCQD-PU-200 

(atomic%) 

N1s 5.8 4.7 4.1 

C1s 85.2 90.4 87.1 

O1s 6.5 4.8 8.7 

      

 

Figure 6.2. a) FTIR spectra of hCQD-PU-1, hCQD-PU-10 and hCQD-PU-200 samples; XPS C1 

spectra of b) hCQD-PU-1; c) hCQD-PU-10 and d) hCQD-PU-200 nanocomposites. Reproduced 

from [290].  
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      The XPS analysis showed that the content of oxygen is almost doubled in the sample hCQD-

PU-200, compared to the sample hCQD-PU-10 (Table 6.1). According to the XPS results presented 

in Fig. 6.2, the percentage of sp2 bonds increased with the increase of the dose of gamma irradiation 

(from 28.9% for hCQD-PU-1 to 49.2% for hCQD-PU-200). On the contrary, the percentage of sp3 

bonds decreased with the increase of the gamma irradiation dose (from 55.2 % for hCQD-PU-1 to 

32.8 % for hCQD-PU-200), implying that the structure of hCQD inside the PU polymer matrix was 

becoming more arranged [291]. Obtained results are in accordance with the PL results, which 

demonstrated that the hCQD-PU-200 sample had the highest photoluminescence (section 6.3.7). 

However, the content of oxygenated bonds was the lowest for the hCQD-PU-10 sample. The 

contribution of C-O bonds first decreased from 10.2% for hCQD-PU-1 to 4.4% for the hCQD-PU-10 

sample and then increased again to 13% for the hCQD-PU-200 sample. The presence of C=O bonds 

in the FTIR spectrum and the absence of the same bonds in XPS spectrum suggest that hCQDs are 

not formed on the surface of the polymer matrix but incorporated inside. 

 

6.3.3 Leaching experiments  

      To exclude the existence of leaching from the gamma-irradiated hCQD-PU nanocomposites, 

samples (1×1 cm2) were dipped in 20 mL of Milli-Q water for 24 h. Recorded UV-Vis spectra of 

water aliquots in which hCQD-PU nanocomposites were immersed, were compared with the UV-Vis 

absorbance spectra of gamma-irradiated toluene dispersions of hCQD (hCQD-1, hCQD-10 and 

hCQD-200). UV-vis spectrophotometry was used to explore the existence of leaching of the hCQD-

PU nanocomposites. From Fig. 6.3a, the absorbance spectra of the gamma-irradiated hCQD 

dispersions can be observed, together with the absorbance spectra of the aliquots of water in which 

hCQD-PU-1, hCQD-PU-10 and hCQD-PU-200 nanocomposites were immersed for 24 h. The 

specific peak value of hCQD cannot be found in the spectra of water aliquots, indicating that there 

was no leaching of hCQD in water.  Fig. 6.3b presents an absorbance spectrum of hCQD-PU-1, 

hCQD-PU-10 and hCQD-PU-200 nanocomposites before and after 24 h immersion in water. The 

spectra prove that there is no difference between the nanocomposites before and after dipping the 

samples in water. Therefore, it can be concluded that leaching of the hCQD from polymer matrix 

does not occur, when the samples are immersed in water.  

 

 

Figure 6.3. a) UV-Vis spectra of gamma-irradiated hCQDs dissolved in toluene and aliquots of 

water in which hCQD-PU-1, hCQD-PU-10 and hCQD-PU-200 nanocomposites were dipped for 

24h; b) Absorbance spectra of hCQD-PU-1, hCQD-PU-10 and hCQD-PU-200 before and after 

immersion in water for 24h. Reproduced from [290]. 
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6.3.4 Wetting properties 

        Water contact angle (WCA) measurements were performed in order to explore the 

hydrophobicity/hydrophilicity of the prepared samples. The results show that the contact angle was 

decreasing with the increase of the dose of gamma irradiation, as compared to the contact angle before 

gamma pre-treatment [290] (Table 6.2). Lowering of contact angle is beneficial as it can improve the 

adhesion of bacterial cells. Some research results demonstrated that the adhesion is optimal when the 

contact angle is around 70°, while higher and lower contact angles reduce bacteria adhesion 

[292,293]. Differences in contact angle can be a consequence of different chemical composition or 

different surface structure [294], and in our samples, both effects are present. 

 

Table 6.2 Surface roughness and contact angle. 

Sample Contact angle (°) RMS roughness (nm) 

hCQD-PU 112 ± 2 18 ± 1 

hCQD-PU-1 96 ± 2 21 ± 1 

hCQD-PU-10 84 ± 2 36 ± 1 

hCQD-PU-200 73 ± 2 62 ± 1 

 

 

6.3.5 Atomic force microscopy (AFM)  

     The morphology and surface roughness of hCQD-PU samples before and after gamma-

irradiation were analyzed by AFM. We can easily detect the difference in the surface morphology of 

different samples from the AFM images (Fig. 6.4). This was confirmed by the study of the average 

surface roughness of each sample, obtained from several AFM images (Table 6.2). The surface 

roughness significantly increased with the increase of the gamma irradiation dose. This is not 

completely in accordance with the contact angle measurements, because generally when a 

hydrophobic material becomes rougher it reaches super-hydrophobicity [295]. However, after 

gamma-pretreatment, there was a significant change in the chemical composition of materials, which 

also influenced the surface roughness. These results are in accordance with the results of Gorna et al. 

which also showed the increase of surface roughness after gamma-irradiation of polyurethane 

samples [296]. 
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Figure 6.4. 3D AFM images of hCQD-PU sample before (a) and after gamma pre-treatment: b) 

hCQD-PU-1, c) hCQD-PU-10, and d) hCQD-PU-200, scan size in each image is 10×10 µm2. 

 

6.3.6 Dynamic mechanical analysis (DMA) 

      The dynamic mechanical analysis (DMA) was carried out to determine the effect of gamma 

irradiation on the integrity of the polymer matrix. As a control sample, we used pure polyurethane 

(PU). The DMA results for neat PU matrix and gamma irradiated samples at different doses (1, 10 

and 200 kGy) are presented in Fig. 6.5 (a‒c). As can be seen from Fig. 6.5 (a and b), gamma 

irradiation did not significantly affect the structure of the polymer matrix with encapsulated hCQDs. 

The values of Tg temperatures for neat PU and gamma irradiated samples (hCQD-PU-1, hCQD-PU-

10 and hCQD-PU-200) are presented in Table 6.3. As can be seen from Table 6.3, gamma irradiation 

contributes to the small decrease of Tg from 0.5 to 1.5oC compared to neat PU. According to the 

results presented in Fig. 6.5 (a-c), the peak of tan  curves for all the samples corresponds to a 

molecular motion of the amorphous region in the semicrystalline hard-segment phase of PU samples. 

We were not able to detect Tg temperature of soft-segment of PU samples due to the lack of the peaks 

at low temperatures.      

                   Table 6.3 Values of Tg temperatures for all the samples. 

Sample PU hCQD-PU-1 hCQD-PU-10 hCQD-PU-200 

Tg (oC) -21.52 -22.59 -22.04 -22.85 
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Figure 6.5. The dynamic mechanical analysis graphs: a) Storage modules; b) Loss modules; c) 

Tang delta. Reproduced form [290]. Temperature (°C) 

 

 

6.3.7 Photoluminescence (PL) measurements  

      Photoluminescence (PL) of gamma-irradiated hCQD-PU was investigated at different laser 

excitation wavelengths: from 320 to 480 nm (Fig. 6.6). According to Mitra et al. [297], the hCQD are 

probably formed by fragmentation of PF-68 forming the carbon core. Remaining hydroxyl and 

carbonyl groups on the surface of the hCQD result in the formation of defect sites [182] and emissive 

traps [172], which contribute to its PL properties. Radiative recombination of excitons trapped within 

the defects [25,26] produces the most intense PL band [23]. Therefore, the PL of gamma modified 

nanocomposites originates from hCQDs incorporated inside the polymer matrix [284,297]. 

     The highest intensities of emission bands were detected at the excitation wavelength of 360 nm 

for both hCQD-PU-1 and hCQD-PU-10 samples, while for hCQD-PU-200 sample the highest 

intensity was measured at 400 nm excitation wavelength. However, for further examination, we used 

the excitation wavelength of 360 nm, in order to compare the spectra. As excitation wavelength was 

increasing, red-shifted emission was noticed, for all the samples. According to some authors, the 

dominant role in the mechanism of PL emission stems from small sp2 isolated within the sp3 carbon 

network clusters, while the surface states that are oxygen-containing functional groups and defects 

localized on the edge of sp2 clusters play a supplementary role in the CQDs emission [298,299].  
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Figure 6.6. Photoluminescence spectra of samples: a) hCQD-PU-1, b) hCQD-PU-10, c) hCQD-PU-

200 at different laser excitation wavelengths and d) PL spectra of three samples measured at pulsed 

laser excitation at 360 nm. Reproduced from [290]. 

 

      As can be observed on Fig. 6.6d, the irradiation dose of 200 kGy has caused significant 

changes in the PL intensity, which is almost two times more intensive compared to the emission of 

hCQD-PU-1 and hCQD-PU-10 samples. This result is in accordance with the XPS results which 

proved that the percentage of sp2 bonds is by 10% higher in hCQD-PU-200 than in hCQD-PU-10 

sample. Also, the number of C-O groups increased in the hCQD-PU-200 sample. From these results, 

we can conclude that the content of sp2 bonds and oxygen-containing functional groups play an 

important role in the mechanism of photoluminescence of these samples. Therefore, the role of 

gamma irradiation was very important here in enhancing the photoluminescence. We can also observe 

(Fig. 6.6d) that the emission band of hCQD-PU-200 sample is red-shifted compared to hCQD-PU-1 

and hCQD-PU-10 samples. The shifts of the emissions spectra of CQD could be the result of changes 

in the defect structure, edge configuration, size or shape [300–302]. This may be explained by the 

decreasing percentage of sp3 and increasing of sp2 bonds, implying the more arranged structure of 

hCQD inside the polymer after gamma pre-treatment [291]. 
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6.4 ROS determination 
 

6.4.1 DPPH radical scavenging assay 

           The intensity of the absorption at around 520 nm was measured, after 1 h of incubation of 

DPPH• with nanocomposites, in the dark, in order to assess the radical scavenging activity - RSA 

(Fig. 6.7). In Figure 6.7a, UV-vis spectra of DPPH incubated with hCQD-PU-1 are presented. As 

we can see, the intensity of the DPPH band is lowered after incubation with both nanocomposite and 

bare PU. As the size of the nanocomposite increases, the intensity of the band at 520 nm decreases. 

The lowest observed intensity is when the size of the nanocomposite was the highest (1.5×1.5 cm2). 

Thus, it can be concluded that the intensity of DPPH absorption band is proportional to the size of 

the nanocomposite. Similar behavior was observed for the other two nanocomposites, where the 

intensity of DPPH band is decreasing with the size of nanocomposite dipped in DPPH solution (Fig. 

6.7b and c). Given that the antioxidative activity arises from gamma pre-treated hCQDs, increasing 

the nanocomposite’s size leads to higher amount of hCQDs incorporated inside of the polymer matrix, 

and consequently to enhanced antioxidative activity of the gamma pre-treated hCQD-PU samples. 

 

 

 

 

Figure 6.7. UV-vis spectra of DPPH before and after incubation with different sizes of samples: 

a) hCQD-PU-1, b) hCQD-PU-10, and c) hCQD-PU-200. 
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To exclude any contribution from DPPH adsorption on hCQD-PU composites in the decrease of UV-

vis absorption intensity, we measured UV-vis spectra of the nanocomposites after incubation with 

DPPH for 1h, and all other conditions remained the same (Fig. 6.8). It can be observed that there is 

no significant absorption at ~520 nm where the main absorption band of DPPH was observed. These 

results indicate that DPPH adsorption on the hCQD-PU composites is unlikely under our 

experimental conditions. Thus, it can be concluded that the lowering of this band intensity is due to 

the conversion of DPPH• into DPPH molecule caused by the antioxidative activity of the 

nanocomposites. 

 
 

Figure 6.8. UV-vis spectra of hCQD-PU-1 (black curve), hCQD-PU-10 (red curve), hCQD-PU-200 

(green curve). 

 

Comparing the nanocomposites of the same size, we can notice that hCQD-PU-200 exhibited 

the highest ability to convert purple DPPH• into a yellow DPPH molecule. This is in accordance with 

XPS results, which showed that the content of oxygenated bonds was the highest in hCQD-PU-200 

sample and the lowest in hCQD-PU-10 sample. We also calculated the RSA values and these results 

are summarized in Table 6.4.  

 

 

Table 6.4 Calculated RSA values for irradiated hCQD-PU samples of surface size 1.5 × 1.5 cm2. 

 

Sample RSA (%) 

hCQD-PU-1 78.77 

hCQD-PU-10 66.22 

hCQD-PU-200 84.81 

 

 

Significantly high, dose-depended scavenging activity was registered for all nanocomposites. The 

highest RSA activity was observed for hCQD-PU-200 at the size of 1.5 × 1.5 cm2. The lowest RSA 

activity was detected for hCQD-PU-10 (around 66.22 %).  
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6.4.2 Production of •OH radicals 

     The results of measurements of photoluminescence in the presence of terephthalic acid are 

presented in Fig. 6.9a. The intensity of the peak attributed to 2-hydroxyterephthalic acid (around 

425nm) is known to be proportional to the amount of •OH radicals formed. Therefore, we can 

conclude that the hCQD-PU-200 sample had the highest production of •OH radicals, and sample 

hCQD-PU-10 the lowest (Fig. 6.9a). 

Figure 6.9. a) Production of •OH radicals, measured by photoluminescence, for γ-irradiated hCQD-

PU nanocomposites, and b) Production of singlet oxygen measured by EPR method of hCQD-PU 

(red), hCQD-PU-1 (green) and hCQD-PU-10 (blue) and hCQD-PU-200 (purple curve) . 

Reproduced with permission from [290]. 

 

 

6.4.3 Singlet oxygen production 

      Previously, in Chapter 1, we described the mechanism of generation of singlet oxygen in 

typical photosensitizers. However, a group of researchers recently discovered that the mechanism of 

generation of 1O2 is different in graphene quantum dots (GQDs), from the mechanism present in the 

conventional photosensitizers. They confirmed that the GQDs can generate much higher quantum 

yield. According to Ge et al., this process is called a multistate sensitization mechanism [300]. It 

means that 1O2 can be generated in two pathways: the conventional pathway, which includes the 

energy transfer from the excited triplet state to the ground state, and the second pathway is the energy 

transfer from the excited singlet state to the ground state, which also leads to 1O2 generation during 

the intersystem transitions. Therefore, the overall quantum yield is much higher in GQDs, and it is 

speculated that it is generated by both, energy transfer and electron transfer pathways [303]. In the 

recent paper published by our group, it was shown that the mechanism of singlet oxygen production 

is the same in CQDs like the mechanism of the GQDs presented by Ge et al. [45]. 

      As we mentioned already, we will use two different approaches to determine the singlet 

oxygen production – Electron paramagnetic resonance and NIR luminescent spectroscopy. 

 

• Electron paramagnetic resonance – EPR  

      EPR analysis was performed in the purpose of examining the ability of hCQD-PU 

nanocomposites to produce singlet oxygen and to understand the role of gamma irradiation in this 

process. The samples of gamma-irradiated hCQD-PU nanocomposites were recorded with EPR in 

the presence of 2,2,6,6-tetramethylpiperidine (TEMP), which is used as a spin trap agent. The 
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molecules of TEMP selectively react with singlet oxygen (1O2) and form the stable product 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO), which shows a characteristic signal [304,305]. The EPR 

spectrum of TEMP in the dark does not show any signal. With the addition of hCQD-PU in the TEMP 

solution, even in dark conditions, a very week signal can be noticed, indicating that TEMPO was 

formed in a small concentration. However, after illumination for 12 h with blue light, significant 

changes in the EPR spectra can be noticed. The EPR spectra of gamma-irradiated hCQD-PU samples 

(Fig. 6.9b) consist of three symmetrical signals of Lorentzian shape, from which we can confirm the 

formation of TEMPO in hCQD-PU nanocomposites. This also confirms their ability to be used as 

photosensitizers. From the spectra, it can easily be concluded that the sample hCQD-PU-10 has the 

highest production of singlet oxygen, almost five times stronger than the other two samples. The 

samples hCQD-PU-200 and hCQD-PU-1 are generating less singlet oxygen, due to the stronger 

presence of hydroxyl groups, which is confirmed by XPS results.  

 

• Time-resolved near-infrared luminescence spectroscopy  

      Due to the short optical path and increased absorption of hCQDs in the UV region, we used 

excimer laser (308 nm) for excitation in order to obtain acceptable signal to noise ratio. At this 

wavelength, also PU matrix partially absorbed UV radiation and therefore, it was used as a blank 

sample. 

The broad transient absorption spectra in Fig. 6.10a after excitation correspond to those 

measured for polyaromatic hydrocarbons [306]. Taking into account the conventional pathway of 

O2(
1g) formation by energy transfer from the first excited hCQD triplet to the oxygen ground state 

[300], we searched for transients quenched by oxygen. Our experimental data revealed that the 

kinetics of transients was complicated and depended on oxygen concentration (Fig. 6.10b). The 

multi-exponential character of the decay kinetics suggests different access pathways of oxygen to the 

triplet states of hCQD.  

 

 
 

Figure 6.10. Transient absorption spectra at 2 and 20 μs after excitation (308 nm, pulse width of 

~28 ns) of non-irradiated hCQD-PU nanocomposite (a) and influence of oxygen on transient 

kinetics (b). 

 

       To separate the influence of the hCQD triplet states quenched by oxygen that are responsible 

for the formation of O2(
1g), we calculated the difference between transient absorption in vacuum 

and in the oxygen atmosphere (Fig. 6.11b). The difference in kinetics indicates strong quenching of 

some triplets by oxygen with lifetime τT
oxy of a few μs (increasing part of the trace) followed by the 

decay of the hCQD triplet states, which correspond to the lifetime in vacuum (τT
vac) of several hundred 
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μs (decreasing part). Simple calculations show that the fraction FT of the triplet states trapped by 

oxygen (FT = 1- τT
oxy/τT

vac) was very high (> 99 %) and indicated effective formation of O2(
1g). The 

location of such hCQDs is probably nearby the surface of the film. Note that transients formed by 

irradiation of pure polyurethane film were not quenched by oxygen (Fig. 6.12). 

 
 

Figure 6.11. The influence of oxygen on transient kinetics (a), and difference between transient 

absorption in vacuum and oxygen atmosphere (b). 
 

 

 
 

Figure 6.12. Blank experiment: Influence of oxygen on transient kinetics of polyurethane film 

compared with hCQD-PU nanocomposite (a), and difference between transient absorption of bare 

PU film in vacuum and oxygen atmosphere (b). 

 

  The formation of O2(
1g) was proved by its characteristic NIR luminescence in the oxygen 

atmosphere. All samples pretreated by γ radiation were compared with original non-irradiated PU 

with hCQDs (Fig. 6.13). The values of τΔ (singlet oxygen lifetime) were calculated as single-

exponential fits to the exponential data after 5 μs after excitation, where all relevant hCQDs were 

quenched by oxygen. The calculated lifetimes (τΔ ~ 10-11 μs), were not changed with pretreating by 

different doses of γ radiation within estimated experimental error (~10 %), which is due to 

inhomogeneities of the film. This value is about 3 times longer than that in H2O (τΔ~3.5 μs) [307]. 
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Thus, the polyurethane matrix is “a reservoir” of O2(
1g), from which O2(

1g) gradually releases for 

a few tens of microseconds to the environment, where it is deactivated quickly by interaction with 

H2O or biological targets (bacteria).  

 
 

Figure 6.13. Luminescence of O2(
1g) photogenerated by pulse irradiation of γ-irradiated 

hCQD-PU nanocomposites, calculated as a difference in oxygen atmosphere and in vacuum. 

Bare PU (black line); hCQD-PU sample (purple); hCQD-PU-1 (green); hCQD-PU-10 (orange); 

hCQD-PU-200 (blue). Data are offset, the region between 0 - 2 μs is omitted due to strong 

fluorescence and scattering of hCQDs. Red lines are single exponential fits into experimental 

data with calculated lifetime τΔ of O2(
1g). 

 

      The diffusion of O2(
1g) photogenerated inside polyurethane film towards bacteria placed in 

their aqueous environment controls the antibacterial properties. The mean radial diffusion length of 

O2(
1Δg) during time t can be calculated as lr = (6 D(O2)t)

1/2, where D(O2) is the coefficient for oxygen 

diffusion. The distance lr traveled by O2(
1Δg) during  its  lifetime, τΔ ~ 10 μs, and for D(O2) = 3.2 × 

10-7 cm2/cm2s-1 was only 44 nm in the polyurethane film [308]. This value indicates that only hCQDs 

in the close proximity of polyurethane surface (several tens of nm) can release O2(
1g), which is able 

to oxidize biological targets outside the polyurethane film. 

   For comparison, the length lr traveled by O2(
1Δg) in aqueous medium is 205 nm for typical values 

of τΔ = 3.5 μs and D(O2) = 2×10-5 cm2s-1 in H2O. It shows that bacteria (or other biological/chemical 

species) should be in close contact with surfaces for efficient photooxidation. Some post-processing 

of hydrophobic surfaces of polymers that may prevent close contact between the surface and target 

structure may lead to an efficient photooxidation [309]. 

From the obtained results (Fig. 6.13), we can conclude that the singlet oxygen lifetime was nearly the 

same for all the samples. However, from EPR measurements we presented previously [290] (Fig. 

6.9b), we could notice that the production of singlet oxygen was the highest for the hCQD-PU-10 

sample. This is because these two techniques are quite different. EPR signal reflects only the singlet 

oxygen which diffused to nanocomposite environment and formed 2,2,6,6-tetramethylpiperidine-1-

oxyl (TEMPO). In the method of singlet oxygen detection by NIR luminescence spectroscopy, we 
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could determine singlet oxygen production of hCQDs in polymer matrix and its decay in both polymer 

matrix and its environment [235].  

 
 

6.5 Antimicrobial activity of γ-irradiated hCQD-PU samples under blue light 

irradiation 

 
      Antibacterial tests were performed on two microbe strains: S. aureus and E. coli, according to 

ISO 22196 standard. In the first experiment, when the irradiation time was 15 min, the starting 

concentration of bacteria was 106 CFU/cm2 for S. aureus and 2 ×106 CFU/cm2 for E. coli. In the 

second experiment, we lowered the irradiation time to 5 min and the starting concentration of bacteria 

was 9.4 × 106 CFU/cm2 for S. aureus and 1.3 × 107 CFU/cm2 for E. coli.  Before the pre-treatment 

with γ irradiation, hCQD-PU exhibited significant antibacterial properties after 60 min of exposure 

to blue light [284]. However, in our experiment, the good antibacterial activity was exhibited after 15 

min, already. The results of antibacterial testing are summarized in Table 6.5 and presented in Fig. 

6.14 and 6.15. The number of viable bacteria recovered per cm2 per test specimen (N) and 

antibacterial activity (R) is presented in Table 6.5 for each sample. 

      Data presented in Fig. 6.14 and Fig. 6.15 indicate that gamma-irradiated hCQD-PU 

nanocomposites have higher efficacy toward both types of tested bacteria strains compared to pure 

PU and hCQD-PU before gamma irradiation [284]. The PU or the blue light alone had no toxic effects 

on bacteria [284], which is in accordance with the results that Barneck et al. previously reported, 

claiming that the light of the wavelength longer than 405 nm has no toxic effect on bacteria [310].  

      From antibacterial tests, we can conclude that the hCQD-PU-200 had the highest antibacterial 

efficiency (100%) towards both strains, after only 15 min exposure to the blue light. This is due to 

the increased production of ROS after the high dose of gamma irradiation, but also due to the increase 

in surface roughness of the hCQD-PU-200 sample. ROS targets the genetic material of the 

microorganisms, such as DNA, which finally results in the microbial cell death [311]. Although the 

singlet oxygen generation was the same in all the samples, the production of •OH radicals, and the 

overall radical scavenging activity was the highest for the hCQD-PU-200 sample, which resulted in 

higher antibacterial efficiency. Cho et al. proved that the role of •OH radicals in the inactivation of E. 

coli was dominant among all the ROS [312]. However, the lifetime of •OH radicals is very short 

[313], so only those hCQDs in the close proximity to the surface of PU could participate in the 

antibacterial effect. This is in accordance with our antibacterial results showing (Table 6.5) that the 

inactivation of E. coli (R (hCQD-PU-200) ˃  R (hCQD-PU-1) ˃  R (hCQD-PU-10)) exhibited the same 

trend as the production of •OH radicals (Fig. 6.9a). Additionally, the antibacterial activity was higher 

towards Gram-negative bacteria, probably because S. aureus has the ability to adapt to oxidative 

stress by forming small colony variants that are resistant to ROS [314]. From the second experiment 

when the time was lowered to 5 min, we could notice the antibacterial efficiency only for the hCQD-

PU-200 sample (38% for S. aureus and 59% for E. coli). 
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Table 6.5 Antibacterial activity and the number of viable bacteria recovered per cm2 per test 

specimen. 

 

Sample 

Time of 

exposure to 

the blue 

light (15 W) 

(min) 

S. aureus E. coli 

 

N 

(cfu/cm2) 

R = Ut - At N 

(cfu/cm2) 

R = Ut - At 

PU 15 8 × 105 Ut = 5.5 1.5 × 106 Ut = 6 

hCQD-PU [284] 30 2.4 × 104 1.1 5.5 × 104 1.4 

hCQD-PU-1 15 4.8 × 103 1.8 3.4 5.5 

hCQD-PU-10 15 250 3.1 27.2 4.6 

hCQD-PU-200 15 0 ≥ 5.5 0 ≥ 6 

PU 5 3.4 × 105 Ut = 5.5 2.6 × 106 Ut = 6.4 

hCQD-PU-1 5 2 × 105 0.2 2.4 × 106 0.1 

hCQD-PU-10 5 6.7 × 105 0 2.4 × 106 0.1 

hCQD-PU-200 5 2.9 × 103 2.1 4.9 × 102 3.8 

 

N= (100 × C × D × V) / A 

R = Ut - At 

R – the antibacterial activity 

C – the average plate count for the duplicate plates 

D – the dilution factor for the plates counted 

V – the volume, in mL, of SCDLP added to the specimen (V = 2,5 ml) 

A – the surface area, in mm2, of the cover film (A= 400 mm2) 

N – the number of viable bacteria recovered per cm2 per test specimen 

Ut – the average of the common logarithm of the number of viable bacteria, in cells/cm2, recovered 

from the untreated test specimens after 24 h 

At – the average of the common logarithm of the number of viable bacteria (cells/cm2) recovered 

from the treated test specimens after 24 h 

 



73 

 

 

Figure 6.14. Optical images of S. aureus and E. coli collected from the surface of a) PU, b) hCQD-

PU-1, c) hCQD-PU-10 and d) hCQD-PU-200 nanocomposites after 15 min of exposure to blue 

light. 

      Upon exposure to the blue light, the hCQDs encapsulated closer to the surface of the polymer 

matrix produce ROS, that are diffusing from the polymer matrix and destroying the bacteria cell 

membranes. After gamma irradiation, the production of ROS increased, but also the surface 

roughness and wetting properties of samples have changed. Samples with higher surface roughness 

exhibit also bigger diffusion channels [235]. We suppose that these changes allowed the increase of 

the diffusion of ROS through the polymer matrix and a closer exposure of microbes to ROS. Unlike 

other photosensitizers, which very often need to be triggered by UV light, hCQDs produce ROS 

whenever they are exposed to visible blue light, and additionally, they are resistant to photobleaching. 

These properties make gamma-irradiated hCQD-PU nanocomposites a very promising antibacterial 

material. 

 

Figure 6.15. Antibacterial activity of gamma-irradiated samples after 15 min of exposure to the 

blue lamp (15 W). Values for the non-irradiated hCQD-PU sample was taken from the ref. [284], 

and it is the value of antibacterial activity after 30 min. 
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6.6 Biocompatibility study 
 

6.6.1 Cytotoxicity study of released extracts 

      One of the most important requirements of any material with application in medicine or 

biotechnology is low toxicity. The viability studies of pure PU, gamma irradiated pure PU (PU-200) 

and gamma irradiated hCQD-PU samples, were conducted over two different cell lines HeLa and 

U87MG. Figure 6.16 presents cell viability of individual samples in various extract concentrations. 

As can be seen from the figure, none of the tested samples did not show cytotoxicity toward HeLa 

cells, regardless to the extract concentration (Fig. 6.16a). However, for U87MG cells, only the 

hCQD-PU-200 sample exhibited a mild or moderate toxicity, and only when extract concentrations 

were 75 and 100%, respectively (Fig. 6.16b). It should be noted that U87MG cells are generally more 

sensitive than HeLa cells. These results are in accordance with the previously published results by 

our group for polymer nanocomposites with incorporated hCQDs [235,284]. 

      Additionally, these results indicate that the pure PU after gamma pre-treatment (PU-200) did 

not exhibit cytotoxicity to any type of cells, confirming that the toxicity towards bacteria comes from 

the photodynamic effect of the incorporated hCQDs.  

   

Figure 6.16. Cell viability of different samples in various extract concentrations towards a) HeLa 

cells, and b) U-87 MG cells. 

 

6.6.2 Cell proliferation and growth 

      For any bio-interface, another important characteristic is the ability of cells to attach, grow 

and proliferate. The cell adhesion to a surface is a very complex process that includes three phases: 

the protein adsorption (it takes place after the material surface comes into contact with biological 

fluids), the attachment and the adhesion phase. Similarly as in the bacteria attachment, the surface 

roughness is also very important in the cell attachment mechanism [315].  

      Figure 6.17 presents the viable fraction of adherent cells that can grow directly on different 

surfaces. Treated polystyrene (PS) surfaces (Nunclon™ Delta) were used as a reference. The results 

show that both cell lines also grow similarly on glass slides under the same conditions. Besides that, 

only a fraction of cells is able to adhere and proliferate on pure polyurethane surfaces during 48 h 

(around 60% and 20% for HeLa and U-87 MG, respectively). For all other gamma-treated surfaces 

with or without hCQDs, only 30% and 20% of HeLa and U-87 MG cells are able to grow on these 

surfaces, respectively. In order to confirm these results, the experiments were repeated and the cells 

were fixed and visualized under fluorescence microscopy (Fig. 6.18 and 6.19). In a previous study 
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published by our group it was shown that  hCQD-PU nanocomposites show resistivity against the 

attachment and proliferation of eukaryotic cells [284], and in this study we obtained similar results, 

regardless to the gamma pre-treatment. 

 

 

 
Figure 6.17. The viability after 48 h of HeLa and U-87 MG cells directly seeded on: Polystyrene 

(PS, control) as a reference; glass; pure polyurethane (PU); polyurethane irradiated by 200 kGy 

(PU-200), and samples hCQD-PU-1, hCQD-PU-10 and hCQD-PU-200, respectively. 

 

 

     The fluorescence microscopy images confirmed that even on the pure PU, cells were not able 

to grow homogenously, we can notice that they formed clusters and spheroids (Fig. 6.18 and 6.19). 

 

 

Figure 6.18 The growth of HeLa cells after 48 h on: Polystyrene (PS) as a reference; pure 

polyurethane - PU; polyurethane irradiated by 200 kGy (PU-200), and samples hCQD-PU-1, 

hCQD-PU-10 and hCQD-PU-200, respectively. 
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       From these results we can conclude that gamma irradiation pre-treatment by increasing the 

production of ROS significantly improved material’s toxicity towards prokaryotic cells, while it did 

not influence the toxicity towards eukaryotic cells. 

 

 

Figure 6.19 The growth of U87MG cells after 48 h on: Polystyrene (PS) as a reference; pure 

polyurethane - PU; polyurethane irradiated by 200kGy (PU-200), and samples hCQD-PU-1, hCQD-

PU-10 and hCQD-PU-200, respectively.  

 

      Depending on the application of a bio-interface, the cell attachment can be either desirable or 

undesirable property. When designing bone implants, for example, it is desirable for cells to easily 

attach and grow on the surface of an implant. On the contrary, biomaterials that have to interact with 

blood are required not to be adherent to cells [316].  

 

6.7 Conclusion 

 
     In this chapter, we demonstrated a successful and cost-effective preparation method of hCQD-

PU nanocomposites and the influence of gamma irradiation pre-treatment on their physical, 

chemical, and antibacterial properties. The results showed that gamma-irradiation pre-treatment of 

hCQD-PU nanocomposites led to changes in the surface roughness and contact angle but the 

mechanical stability of nanocomposites was not significantly influenced by the gamma irradiation. 

Additionally, we concluded that all the samples exhibited photoluminescence (PL), but gamma 

irradiation had an influence on their PL properties; the PL intensity increased with the increase of 

the dose of gamma irradiation. Also, we proved that the radical scavenging activity and the 

production of •OH radicals were the highest in hCQD-PU-200 sample and lowest for hCQD-PU-10 

sample. Additionally, the percentage of sp2 groups significantly increased with the increase of the 

irradiation dose. Therefore, we can conclude that gamma irradiation did have a significant influence 

on the chemical properties of nanocomposites. Consequently, it significantly improved the 

antibacterial activity of gamma-irradiated nanocomposites, compared to the same nanocomposite 

before the pre-treatment [284]. Our work demonstrated that gamma-irradiated hCQD-PU 

nanocomposites could efficiently scavenge free radicals under the ambient conditions, and therefore 
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display antioxidative properties, while under blue light irradiation the nanocomposites exhibited 

prooxidative behavior. The hCQD-PU-200 nanocomposite exhibited excellent antibacterial 

properties after 15 min of exposure to a blue lamp and significant antibacterial activity after only 5 

min. This is due to enhanced ROS production and increased diffusion of ROS through the polymer 

matrix. From antibacterial tests on the other two irradiated samples (hCQD-PU-1 and hCQD-PU-

10), we could conclude that the antibacterial activity was higher towards Gram-negative than Gram-

positive bacteria. Additionally, the cell proliferation tests showed that all the samples had low cell 

proliferation or growing, regardless to the irradiation dose. This is an important property in the design 

of certain bio-interfaces where cell adhesion can induce pathological effects. Viability tests proved 

that only the hCQD-PU-200 sample exhibited mild cytotoxicity towards U87MG cell line, and only 

when the extract concentration was 75 and 100%, while none of the samples exhibited toxic effects 

towards HeLa cells. Fast and efficient antibacterial activity (that is triggered by visible light) and 

low toxicity, might make gamma-irradiated hCQD-PU nanocomposites excellent candidates for 

various antibacterial surfaces and bio-interfaces. 

 
 

Chapter 7: Conclusion 
 

In the era of increasing antimicrobial resistance and growing concerns of mortality rate due to 

bacterial infections, it is highly important to apply multidisciplinary approaches to reduce or inhibit 

bacterial infections. The application of nanotechnology principles to medicine combines two large 

cross-disciplinary areas with a groundbreaking potential.  

The goal of this thesis was to design and synthesise novel and efficient antibacterial materials 

in the form of carbon-polymer nanocomposites (K/Au NH/rGO-PEI and hCQD-PU). Both 

nanocomposites were exposed to certain form of electromagnetic irradiation. In the first experiment, 

we used NIR laser irradiation to trigger the photothermal effect, and in the second experiment we 

used gamma irradiation to modify the hCQD-PU nanocomposites, and improve the photodynamic 

effect. By using these alternative antimicrobial approaches such as PDT and PTT, we can prevent 

bacteria from developing resistance, which is today the most important feature. Additionally, the 

ability of destroying a mature biofilm grown on a surface is a very desirable property of every 

antibacterial material, and we achieved this by K/Au NH/rGO-PEI nanocomposite.  

The main contribution given by this doctoral thesis is the multidisciplinary approach to 

designing novel antibacterial materials, and methods of their modification with the purpose of 

changing and improving their properties. Here, we combined material engineering, chemistry, 

physics and microbiology, in order to obtain the desired results, successfully. There are still many 

improvements that could be done, of course, in terms of simplicity of design, lowering the cost and 

improving the efficiency, but the designed materials have potential in real-life applications.  
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Abbreviations and acronyms: 
 

0D – zero dimensional 

2D – two dimensional 

3D – three dimensional 

AFM – atomic force microscopy 

Au NH – gold nanoholes 

BHI – brain hearth infusion 

BL – blue light 

CA – community-acquired  

CQDs – carbon quantum dots 

CVD – chemical vapor deposition 

CCM – Czech Collection of Microorganisms 

DBPs – disinfection by-products  

DMEM – Dulbecco’s Modified Eagle’s medium 

DMA – Dynamic mechanical analysis 

DNA – Deoxyribonucleic acid 

DPPH – 2,2-diphenyl-1-picrylhydrazyl 

EPR – electron paramagnetic resonance 

FBS – fetal-bovine serum 

FET – field effect transistor 

FTIR – Fourier transform infrared 

GO – Graphene oxide 

GQD – graphene quantum dots 

HAI – hospital-acquired infections 

hCQDs – hydrophobic carbon quantum dots 

HOPG – highly oriented pyrolytic graphite 

ITO - indium tin oxide 

LB medium – Luria Bretani medium  

LED - light-emitting diodes 

MB – methylene blue 

MRSA – methicillin-resistant S. aureus 

MWCNTs – multi-walled carbon nanotubes 

NIR – near-infrared 

NPs – nanoparticles 
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OD – optical density 

PB – Prussian blue 

PBS – phosphate buffer saline 

PDT – photodynamic therapy 

PEG – polyethylene glycol 

PEI – polyethyleneimine 

PET – polyethylene terephthalate 

PL – photoluminescence 

PMMA – polymethylmethacrylate 

POC – point of care  

PSs – photosensitizers 

PS – Polystyrene 

PTT – photothermal therapy 

PU – polyurethane 

PVC – polyvinyl chloride 

PVP – polyvinyl pyrrolidine 

rGO – reduced graphene oxide 

RNA – ribonucleic acid 

ROS – reactive oxygen species 

RSA – radical scavenging activity 

SEM – scanning electron microscopy 

SiC – silicon carbide 

SWCNTs – single-walled carbon nanotubes  

TBO – toluidine blue O 

TEM – transmission electron microscopy 

TEMP – 2,2,6,6-tetramethylpiperidine 

TEMPO – 2,2,6,6-tetramethylpiperidine-1-oxyl 

WHO – World Health Organization 

XPS – X-ray photoelectron spectroscopy 
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