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Abstract 

 

Discovered in the early 2000s, that of carbon-dots is a family of carbon-based 

nanomaterials that has received a great interest from the scientific community 

because of their excellent properties. Initially studied for their optical properties 

(especially fluorescence), the fields of application have become many over the 

years, finding greater use in the biomedical field, such as in bioimaging, 

photodynamic therapy, and control on inhibition and proliferation of 

microorganisms, among many others. 

The goal of this doctoral work was to use these nanoparticles, the carbon-dots, to 

functionalize surfaces to confer them antimicrobial properties. The synthesized 

carbon-dots, starting from an amino acid, glycine, and two co-precursors, 1,5-

diaminonaphthalene and glycyrrhizic acid, showed interesting antimicrobial 

properties. Specifically, dots synthesized with glycine and 1,5-diaminonaphthalene 

showed excellent antiviral activity against two variants of SARS-CoV-2, the 

original strain and the delta strain. Whereas dots synthesized from glycine and 

glycyrrhizic acid showed interesting antibacterial susceptibility against gram-

positive bacteria, S. aureus and E. faecium. Characterizations carried out, such as 

TEM, FTIR, XPS, and NMR, allowed to understand the main structural features of 

these dots, while with EPR, it was possible to understand the mechanism of 

antimicrobial action of these dots, identifying the promotion of ROS by these 

nanomaterials. Finally, the dots that showed antiviral activity were used to 

functionalize the silicon-based surfaces through a covalent chemical approach, 

keeping their antiviral property unaltered, even after functionalization. The dots that 

showed antibacterial activity, on the other hand, were used to functionalize a self-

standing PVA-based surface by embedding the materials within a polymer matrix. 

This system showed interesting application in preserving the integrity of fresh 

foods, such as fruits, by increasing their shelf-life. 
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Introduction 

 

 

Figure A. This figure represents the most serious pandemics (viral and bacterial) 

faced by humanity throughout history. 

 

Microbial infections have always been a challenge for researchers (Figure A) to 

find an effective way to safeguard human health [1]. Classical prevention methods 

such as vaccines, are not always the right solution, as they require a long time to be 

tested and marketed and have a well-defined and limited application, which could 

be ineffective in the long period [2]. Vaccines operate by improving the immune 

system's response against a viral or bacterial infection. This reaction forms a 

memory in the immune system, allowing the body to recall countermeasures to a 

specific virus or bacterium to protect itself against, so preventing sickness. The 

majority of vaccinations contain an antigen, which is a weakened or inactivated 

form or fragment of a virus or bacteria that is not capable of producing illness [3]. 

After receiving a vaccination, the immune system recognizes the antigen as alien. 

This activates immune system cells, which make antibodies to neutralize the 

disease-causing virus or bacteria. 

The recent pandemic emergency has increased researchers' interest in this field, 

leading to the development of new technologies to fight the spread and proliferation 

of microorganisms [4]. Among the various proposals in the literature, the 
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engineering of nanostructured functional surfaces seem to be the most promising 

solution. At the moment, the most studied surfaces are those functionalized with 

silver nanoparticles, gold nanoparticles, cerium oxide nanoparticles and quaternary 

ammonium salts [5-7] (Figure B). The main problems with these systems arise 

from the poor mechanical strength properties of the synthesized films, because they 

are not resistant to scratching or fingerprint testing, and the intrinsic chemical 

instability of the nanoparticles used for the functionalization. In fact, many of them 

become deactivated and can no longer be used once antimicrobial activity has taken 

place [8]. These drawbacks make these systems very difficult to be applied in real-

world applications. 

 

 

Figure B. This figure represents a schematization of the surfaces currently 

proposed in the literature for fighting the spread and proliferation of microbes. 

 

A new category of nanoparticles that has received great interest in the scientific 

world is that of carbon-dots [9]. These are carbon-based nanoparticles, with a size 

of less than 10 nm, easy to synthesize, low cost and highly biocompatible [10] They 

possess excellent optical properties, making them versatile in various fields of 

application. The most studied fields of application are those involving biosensors, 

however they are also used as markers in bioimaging [11, 12]. Recently, with the 

advent of the pandemic emergency, it has been found in several scientific studies 

that these nanoparticles have efficient antimicrobial activity [13-15]. The use of 
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these systems makes it possible to minimize the spread and proliferation of viruses 

and bacteria. 

 

Aim of the thesis 

In this thesis work, synthesis of new carbon-dots, and the engineering of the related 

functionalized surfaces will be presented. The aim of the study is to design systems 

capable of inhibiting and fighting the proliferation and spread of microorganisms 

which can eventually be used for real-world applications. 

The chemical design of these carbon-dots was selected based on the interactions 

between the functional groups of the precursors. An amino acid was chosen as the 

basis for the synthesis of the carbon-dots, to which several precursors were 

associated that have amine and carboxyl groups. The presence of these specific 

functional groups allows the interaction of these molecules through the formation 

of amide-type bonds. The choice of amino acid was based on the possibility of using 

a biocompatible compound, with the goal of synthesizing materials with low 

toxicity. The use of acid catalysts makes it possible to improve the degree of 

reaction between the various precursors, resulting in the best possible structure. 

This is because the acid catalyst allows the functional groups of the amino acid to 

be activated in a way that makes it more reactive. 

Once the nanoparticles with the best antimicrobial activity are obtained, they are 

chemically bound to a silicon-based surface, or embedded into a PVA-based 

polymer matrix, in order to obtain a surface with biocidal properties that can be 

used in biomedical applications. 

 

Structure of the thesis 

The thesis is structured as follows: 

- The first chapter focuses on the state of the art of carbon-dots, their 

properties and applications, with emphasis on their use to fight the spread and 

proliferation of pathogens. 

- The second chapter discusses the experimental part, tdescribes the 

motivations in selecting the precursors and the rationale behind each system. 
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- The third chapter illustrates and comments all the results obtained. 

- The fourth chapter is devoted to draw the conclusions of the experiments, 

and identify the pros and cons of each system. Moreover a possible real-world 

application and technology scale-up of the on a large scale is commented. 
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Chapter 1: State of the Art 

 

Carbon-dots 

Carbon-dots are carbon-based nanostructures that have received increasing 

attention from the scientific community in recent years. Discovered in 2004 [16], 

during an experiment on carbon nanotubes (CNTs), Carbon-dots can be divided in 

different families of nanoparticles: graphene quantum dots (GQDs), carbon 

quantum dots (CQDs), carbon polymer dots (CPDs) and carbon nanodots (CNDs). 

These classifications are derived from one of the main problems we run into when 

carbon-dots are studied, which is structural variation (Figure 1.1). It has been 

generally accepted to define carbon-dot as a material that has a particle size of less 

than 10 nm composed of a carbon matrix (crystalline or amorphous) and functional 

groups on the surface [17].  

 

 

 

Figure 1.1 The figure shows the four main structures of carbon-dots: GQDs, 

CQDs, CPDs and CNDs. 

 

The nomenclature and subsequent classification of these nanoparticles are not yet 

defined because of the extreme heterogeneity of the structure, as well as the wide 

range of potential starting materials and synthetic approaches. GQDs and CQDs 
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differ from CNDs due to the presence of extended π-conjugated carbon structures 

and quantum size effect (although this is not always proven). GQDs are formed by 

by a single graphene layer, while tf CQDs are composed by a series of stacked 

graphene layers leading to an almost spherical shape (Figure 1.2 a, b). CNDs 

(Figure 1.2 c), finally, show a mixture of graphitic and amorphous structures, due 

to the presence of atoms with sp2 and sp3 hybridization [18]. This classification, 

however, does not uniquely explain the identification of these nanoparticles. There 

are other factors to consider beside the core structure, such as defects on the surface 

(in the case of CQDs and CNDs) or on the edges (in the case of GQDs) due to the 

presence of functional groups, especially those based on oxygen compounds 

(carbonyl, carboxylic and hydroxyl groups) [19]. As a consequence of the surface 

functional groups, the large family of carbon-dots contains nanoparticles with 

different hydrophylicity: by properly adjusting the chemical synthesis, in fact, it is 

possible to design hydrophobic, hydrophilic s and also amphiphilic carbon-dots 

[20]. Finally, a fourth category, that of carbonized polymer-dots (CPDs), has 

attracted the attention of the scientific community in recent years (Figure 1.2 d). 

CPDs result from the partial carbonization of reagents of polymeric nature. The 

structure of these nanoparticles is composed of an amorphous core with a variable 

degree of carbonization, surrounded by a polymeric fraction, which may have 

different functional groups [21].  

 



8 
 

 

 

 

Figure 1.2 The figure shows TEM images related to the various structures of the 

four main carbon-dots: A) GQDs, B) CQDs, C) CNDs and D) CPDs. Image A) 

reproduced with permission of Ref 22; images B), C), and D) reproduced with 

permission of Ref 23. 

 

The presence of functional groups or heteroatoms used as dopants in these 

structures makes it possible to improve or confer certain properties to carbon-dots. 

One of the distinguishing properties of these nanoparticles is their excellent 

fluorescence [24]. 

Fluorescence is a property of light emission when carbon-dots are excited by light 

radiation (Figure 1.3). This fluorescence can be tuned by varying the size, shape 



9 
 

and chemical composition of the carbon-dots [25]. The ability to emit light at 

different wavelengths has made carbon-dots very attractive for applications in 

biomedical imaging, sensor technology and optoelectronic devices [26]. 

 

 

 

Figure 1.3 Representation of the various emissions of carbon-dots at different 

wavelengths. 

 

The versatility of carbon-dots is also reflected in their easy functionalization. The 

surface of carbon-dots can be modified by introducing functional groups through 

various chemical reactions. This functionalization allows the properties of carbon-

dots to be improved or new functionalities to be conferred. For example, chemical 

groups can be introduced to improve solubility in different solvents, to provide 

selective targeting in the biomedical field, or to promote specific chemical reactions 

[27-29]. 

Another interesting feature of carbon-dots is their biocompatibility. Because of the 

carbon-based structure and the possibility of functionalization, many carbon-dots 

can be used in biomedical applications without causing significant toxicity. Their 

biocompatibility makes them promising for cell imaging, controlled drug delivery, 

and photodynamic therapy [30-32]. 

They have been used as contrast agents for biomedical imaging, as sensors for 

detecting specific ions or molecules, and as catalysts for chemical reactions. The 

wide range of applications of carbon-dots is evidence of their potential in various 

fields of science and technology. 
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Methods for the synthesis of carbon-dots 

The methods for preparing carbon-dots are various, but they can be divided into 

two large families: those relying on Top-Down approach and those using a Bottom-

Up approach (Figure 1.4) [33, 34].  

 

 

 

Figure 1.4 Schematic example of A) a reaction using the Top-Down method and 

B) a reaction using the Bottom-Up method. 

 

Top-down methods involve reducing the size of a larger starting material, such as 

graphene or carbon nanotubes, to obtain nanometer-sized carbon-dots. The starting 

materials undergo mechanical or chemical erosion processes, such as laser ablation, 

acid treatment or ultrasound. Controlling the size of carbon-dots in top-down 

methods can be more difficult than in bottom-up methods [35]. The size and 

distribution of the particles depend on the nature and properties of the starting 

material and the synthesis parameters.  
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Methods for Top-Down include: 

 

- Laser ablation: this method involves using a high-energy laser to fragment 

a larger carbonaceous material, such as graphene or carbon nanotubes. The laser 

focused on the carbonaceous material causes vaporization and local explosion, 

generating carbon-dots particles. 

 

- Mechanical erosion: in this method, a larger carbonaceous material, such as 

graphite, is subjected to mechanical erosion using ultrasound or high-energy 

grinding. This mechanical fragmentation process reduces the size of the 

carbonaceous material until the desired carbon-dots are obtained. 

 

- Laser combustion: a high-energy laser is used to induce the combustion of 

a larger carbonaceous material, such as graphene or carbon nanotubes. During laser 

combustion, evaporation, melting and condensation processes occur, leading to the 

formation of carbon-dots. 

 

- Electromechanical shearing and disintegration: this method involves the use 

of electrical and mechanical forces to fragment a larger carbonaceous material. 

Carbon-dots are produced by the application of a high-intensity electric field, which 

induces the disintegration and fragmentation of the carbonaceous material. 

 

Carbon-dots from top-down method, for instance, were synthesized from a 

dispersion of graphite in ethanol, with a graphite particle size of 400 nm. In this 

case, a laser pulse in the range of 150 femtoseconds was used, which hit the sample, 

placed under stirring, with a wavelength of 800 nm, for a total reaction period of 30 

minutes [36]. The carbon-dots obtained had a minimum size of about 1 nm and a 

high amount of functional groups due to laser ablation. Other dots have been 

synthesized from a dispersion of a carbon matrix in water. Laser treatment at 248 

nm resulted in the formation of non-fluorescent nanoparticles, which needed to be 

subjected to treatment in HNO3 and PEG200 to activate the functional groups on the 
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surface of the carbon-dots and give them the fluorescence property [37]. The 

maximum of emission of these nanoparticles was in the range of the blue region 

spectra, at 450 nm. The influence of solvent has also been studied. It has been 

reported that treating a graphite sample dispersed in different solvents such as 

water, acetone, isopropyl alcohol and PEG200 with laser ablation leads to the 

formation of very small nanoparticles (less than 3 nm). The laser wavelengths used 

in this case were two, one at 1064 nm and one at 355 nm. Among all the solvents 

used, the only medium that did not lead to obtaining fluorescent nanoparticles was 

water [38]. Another way to obtain these nanoparticles via laser ablation was 

reported by treating with a laser having a wavelength of 532 nm, a dispersion of 

graphite in a liquid with a polymeric character, polyethyleneimine (PEI). Once the 

sample was treated, it was dialyzed against water for 5 days, and only after dialysis, 

nanoparticles that exhibit fluorescence properties and emission at about 440 nm, 

were obtained [39]. 

Synthesis techniques employing the use of high-intensity electric fields have been 

used for the synthesis of carbon-dots starting from graphite rods [40]. The 

application of the electric field led to the formation of single-wall carbon nanotubes 

(SWNTs), which, when treated by refluxing with a mixture of sulfuric acid and 

nitric acid, resulted in fluorescent nanoparticles in the green range of the spectra 

(about 502 nm). Using an arc discharge technique, carbon-dots doped with two 

heteroatoms, boron and nitrogen, were obtained [41]. An electrode made by mixing 

Boron powder with graphite was used for boron doping. For nitrogen doping, a 

graphite electrode was used in the presence of a gas mixture where ammonia was 

present. A high-intensity electric field was used for both systems, in the presence 

of flow of H2 and He, in order to obtain doped graphene particles. The doped GQDs 

were finally obtained by ultrasonic treatment in the presence of a mixture of HNO3 

and H2SO4 (Figure 1.5). The GQDs thus synthesized showed a particle size of 

about 5-6 nm and fluorescence with an emission at about 420 nm. 
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Figure 1.5 Schematic representation of top-down syntheses of GQDs doped with 

boron and nitrogen atoms. Image reproduced with permission of Ref 41. 

 

As opposed to top-down methods, bottom-up synthesis involve the construction of 

carbon-dots from molecular or atomic precursors. Organic or inorganic molecules 

are reacted or converted into carbon nanoparticles. The precursors are subjected to 

controlled chemical reactions, such as hydrothermal synthesis, microwave 

synthesis or sol-gel synthesis, to obtain the desired carbon-dots. In bottom-up 

methods, the size control of carbon-dots is generally more precise than in top-down 

methods [42]. Synthesis parameters, such as temperature, reaction time, pH and 

reagent concentration, can be adjusted to obtain nanoparticles of specific sizes and 

properties. Bottom-up methods can be more easily scaled up than top-down 

methods because synthesis from molecular or atomic precursors allows greater 

control over the production of carbon-dots. 

Methods for Bottom-Up include: 

 

- Hydrothermal synthesis: the method involves the chemical reaction of 

organic or inorganic precursors in an aqueous solution at high temperatures (usually 
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around 200°C) and in a controlled environment. The precursors are dissolved in the 

solution, and under the effect of temperature and pressure, chemical reactions 

occur, leading to the formation of carbon-dots. 

 

- Microwave synthesis: organic or inorganic precursors are mixed in a 

solution and subjected to microwave irradiation. The microwave energy heats the 

system, accelerating the chemical reactions that lead to the formation of carbon-

dots. This method can be rapid and efficient in obtaining carbon-dots of controlled 

size. 

 

- Electrochemical synthesis: This method. By applying an electric current to 

uses carbon electrodes immersed in a solution containing carbon precursors, 

electrochemical charges are generated. These trigger redox reactions leading to the 

formation of carbon-dots on the surface of the electrodes. Electrochemical synthesis 

offers precise control over the size and properties of the carbon-dots. 

 

Through the use of microwave synthesis techniques, carbon-dots were obtained 

from sucrose, diethylene glycol and gadolinium oxide [43]. A classic kitchen 

microwave with a power of 750 W was used, obtaining nanoparticles with a particle 

size of about 5 nm and an emission in the green range, at about 510 nm. Using the 

same technique, dots exhibiting nitrogen and phosphorus doping were obtained 

from the precursors ethylenediamine and N-phosphonomethyl aminodiacetic acid 

[44]. Treatment of these reagents at 700 W for 7 min resulted in nanoparticles with 

emission at 418 nm and dots size of about 3 nm. Another way to obtain carbon-dots 

by microwave is to treat a solution containing citric acid, urea and thiourea, at 450 

W for 5 minutes [45]. The dots thus synthesized can be separated after 

centrifugation and subsequent dialysis against distilled water, resulting in particles 

with a size of 10 nm and emission at 523 nm. It is possible to obtain carbon-dots 

also starting from citric acid only, [46]. A high-power microwave treatment for 8 

minutes results in the synthesis of nanoparticles with fluorescence in the blue, at 

about 450 nm, and a size between 3 and 5 nm. 
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Direct combustion of citric acid at 200°C for 35 minutes on a hot plate led to the 

production of carbon-dots [47]. In this case, the synthesized nanoparticles were 

obtained after performing purification by dialysis, obtaining as a product, dots with 

a fluorescence around 460 nm and a relatively narrow particle size distribution 

around 6 nm. Burning glucose and L-aspartic acid, at 125°C for 30 minutes and 

then at 200°C for 20 minutes, yields carbon-dots with an emission ranging from 

465 to 550 nm as the concentration of dots in solution increases [48]. Carbon-dots 

synthesized in this way have a particle size with a center around 2 nm. Thermal 

pyrolysis of citric acid and diethylenetriamine, used here as a surface passivation 

agent, is one of the methods reported for obtaining carbon-dots [49]. The 

nanoparticles, obtained after dialysis and subsequent freeze-drying, showed 

emission at about 458 nm with a red shift to 537 nm changing from an excitation of 

380 nm to 480 nm, respectively. The carbon-dots thus synthesized had an average 

size of 7 nm. 

One of the most widely used synthesis methods, following the bottom-up approach, 

is the one that uses stainless steel autoclaves to carry out hydrothermal/solvothermal 

reactions. Solubilizing citric acid and cysteine in distilled water, it is possible to 

obtain carbon-dots after the treatment of this solution by hydrothermal reaction at 

200°C for 3 hours [50]. The nanoparticles thus obtained have an average size of 8 

nm and an emission around 415 nm. Following the same process but in organic 

solvent, in this case acetone, it is possible to synthesize carbon-dots starting from 

SiCl4 and hydroquinone, in order to obtain Si-doped carbon-dots [51]. The 

solvothermal synthesis at 200°C for 2 hours leads to nanoparticles with a size of 7 

nm and a fluorescence in the range of UV, around 380 nm. Using hydroquinone and 

BBr3, have been synthesized carbon-dots by solvothermal reaction at 200°C [52]. 

The doped Boron carbon-dot synthesized in this way (Figure 1.6), showed an 

emission at 360 nm and an average nanoparticle size of 16 nm. 
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Figure 1.6 Schematic representation of Top-Down syntheses of GQDs doped 

with boron and nitrogen atoms. Image reproduced with permission of Ref 52. 

 

Carbon-dots properties: the fluorescence 

Despite structural differences among various types of carbon-dots, they possess 

similar characteristics, such as dispersibility in water or other organic solvents [53-

57]; high biocompatibility and low toxicity [58-62]; and electromagnetic radiation 

absorption and emission properties [63-67]. These properties are mainly due to the 

presence of specific functional groups. 

The photoluminescence of carbon dots represents one of their most intriguing and 

useful features. 

The fluorescence of carbon-dots is tunable [68-70] (Figure 1.7), it is influenced by 

pH [71] and solvent [72, 73] and generally shows a high quantum yield [74-76]. 
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Figure 1.7 Illustration of the various carbon-dots emissions. Image reproduced 

with permission of Ref 77. 

 

The characteristic absorption of light in these nanoparticles is broad in the 

electromagnetic radiation spectrum, but mainly occurs in the ultraviolet range. This 

is because the main light-absorbing portions in carbon-dots are those where 

conjugated carbons are present (as in C=C bonds or aromatic rings) leading to π → 

π * type electronic transitions and n → π * type absorptions (Figure 1.8). The 

presence of specific functional groups containing oxygen and other heteroatoms 

contributes to modulate and shift the absorption range inducing relevant differences 

in the photophysical properties of the dots [78]. 

 

 

 

Figure 1.8 Schematic representation of the main electronic transitions that occur 

under irradiation. 

 

The main factor influencing the absorption, however, is the structural composition 

of carbon-dots [79]. The presence of crystalline structures, such as in GQDs and 
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CQDs, leads to π-conjugate systems, which are primarily responsible for light 

absorption and emission. The size of the nanoparticles in this case affects the 

mechanism of photoluminescence: smaller particles show a shift in emission toward 

lower wavelengths (higher energy), while larger particles tend to shift toward 

higher wavelengths (lower energy) [80, 81]. In CNDs and CPDs, on the other hand, 

photoluminescence is of the molecular type, and absorption and emission depend 

mainly on the presence of certain functional groups on the surface of the 

nanoparticles, or on the partial graphitization of the dot [82, 83]. Specifically, the 

presence of defects due to oxidation leading to the formation of oxygen-containing 

groups promote a shift of the emission to higher wavelengths. The presence, on the 

other hand, of functional groups such as carbonyl or amide groups promotes a shift 

of emission to lower wavelengths. 

The main challenge is therefore to appropriately modify the structure of the dots in 

order to achieve the desired absorption and emission [84]. This problem can be 

tackled by selecting the most suitable precursors and synthesis techniques, 

depending on the designated target [85]. 

The mechanisms of carbon-dots fluorescence are the subject of ongoing scientific 

research and include several processes. The most commonly hypothesized 

mechanisms are listed below. 

 

- Emission mechanism by absorption and recombination: carbon-dots can 

absorb energy from an excitation source, such as ultraviolet light or laser 

light, through their surface functional groups. The absorbed energy is then 

converted into excited electron energy within the carbon-dot structure. 

Subsequently, the excited electrons can recombine with the holes left in the 

valence band, releasing energy in the form of fluorescent light [86]. 

 

- Forbidden-band emission mechanism: the mechanism is based on the 

presence of forbidden energy bands within the carbon-dot structure. When 

electrons are excited, they can jump from a valence band to a conduction 

band through a nonradiative transition process. Subsequently, the electrons 
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can decay back to the valence band, releasing energy in the form of 

fluorescent light [87]. 

 

- Mechanism of surface state emission: carbon-dots have a surface rich in 

functional groups and structural defects. These defects can create energetic 

surface states that can be populated by excited electrons. When electrons 

transit from these surface states to the valence band, fluorescent light 

emission occurs [88]. 

 

Applications 

Because of their amazing photoluminescence properties, carbon-dots find 

applications in a wide variety of fields (Figure 1.9). 

Carbon-dots have demonstrated to be promising materials in both biological [89] 

and energy fields [90].  

In the context of biological applications, the low toxicity and ease of degradation 

of these carbon-based nanomaterials make them of particular interest in the 

biomedical field [91, 92].  

 

 

 

Figure 1.9 Schematization of the main applications due to the fluorescence and 

afterglow effect. 
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Several examples of carbon-dots applied to biological applications have been 

reported so far. Carbon-dots obtained from citric acid and polyene polyamine, for 

instance, were conjugated to a platinum complex for the diagnosis of liver tumor 

cells in a mouse, used as a model for in vivo measurements [93]. The synthesized 

dots exhibited a blue-range fluorescence observed in the in vivo image, and a 

change in emission was achievable by varying the excitation wavelength in in vitro 

analyses. The hydrothermal synthesis of 2,3-diaminophenazine and folic acid led 

to the formation of carbon dots used for the treatment of tumor cells in vivo [94]. 

These dots exhibited selectivity in attacking tumor cells in a mouse, resulting in the 

apoptosis and death of those cells (Figure 1.10). Other carbon dots, employed in 

drug delivery, were conjugated with mSiO2-PEG for the transport of anticancer 

drugs into HeLa cells [95]. Although these carbon dots are conjugated with 

anticancer drugs, it has been demonstrated that the dots do not affect the drug's 

efficacy in any way. After drug release, carbon-dots are eliminated from the body 

without any side effects [96]. 
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Figure 1.10 Tumor-specific fluorescence imaging in vitro and in vivo. a) Diagram 

of tumor-cellular specific bioimaging in vitro; b) fibroblast cultures with carbon-

dot incubation; c) diagram of tumor-targeted fluorescence bioimaging in vivo;  

d) Real-time in vivo images of tumor-bearing mice at various time points after i.v. 

injections of FN-CDs. The tumor sites are marked by red circles. Image 

reproduced with permission of Ref 94. 

 

The catalytic properties of these nanomaterials make carbon dots particularly 

attractive for research in the fields of hydrogen production, O2 reduction, CO2 

reduction, and water splitting [97-100]. Other areas of interest include energy 

storage [101-102] and the development of light-emitting diodes (LEDs) [103-107].  
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The doping of carbon-dots with heteroatoms like nitrogen has allowed the 

production of GQDs capable of performing water splitting reactions [108]. In this 

case, the GQDs were divided into two portions, each serving as electrodes. The 

carbon-dot portion containing oxygen acted as the anode, where H2 production 

occurred, while the part containing nitrogen served as the cathode, where O2 was 

produced. In the case of using CDs as photosensitizers, it was possible to increase 

the energy efficiency of a photovoltaic cell [109]. The actual advantage of using 

these GQDs, which showed a slight increase in efficiency compared to the 

photoactive polymer alone, lies in the ease of manipulating the nanoparticle for 

integration into the organic photoactive matrix. Another way to employ GQDs, is 

for the protection of a VO2 electrode, in a lithium-ion battery [110]. The coverage 

over the entire electrode by these carbon-dots, not only allowed the electrode to be 

preserved throughout the life of the battery, but also increased the amount of ions 

stored. A battery so composed showed high ions storage capacity for more than 

1,500 cycles. 

 

Antimicrobial activity of Carbon-Dots 

Among all the possible applications, also accomplice to the recent pandemic 

emergency, the antimicrobial activity of these carbon-based nanoparticles has 

received great interest from the scientific community [111-113]. 

Carbon-dots have shown promising potential as antimicrobial agents against 

viruses, bacteria, and fungi [114-116]. Their antimicrobial activity is attributed to a 

combination of several mechanisms, including inhibition of microbial growth, 

interference with metabolic processes, and direct inactivation of microorganisms. 

  

Antiviral activity of Carbon-Dots: 

Carbon-dots have shown to possess antiviral activity against several types of 

viruses, including RNA and DNA viruses. Inhibitory properties of carbon-dots have 

been observed against viruses such as influenza, HIV, hepatitis C virus, and Zika 

virus. The antiviral effect of carbon-dots may result from their ability to bind to 

viral proteins, inhibiting virus adhesion to host cells. In addition, carbon-dots can 
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interfere with the replicative cycle of viruses, inhibiting viral replication and 

assembly [117-120]. 

The mechanism of antiviral action of carbon-dots can be complex and may vary 

depending on the type of virus being targeted. However, some of the most common 

ways through which carbon-dots can exercise their antiviral activity are listed 

below. 

 

- Inhibition of viral adhesion: carbon-dots can interact with viral proteins and 

prevent virus adhesion to host cells. This can occur through direct 

interaction between the surface functional groups of carbon-dots and viral 

proteins on the surface of the virus. The ability of carbon-dots to block viral 

adhesion can prevent infection of host cells and reduce the spread of the 

virus. 

 

- Inhibition of viral penetration: carbon-dots can interfere with the process of 

virus penetration into host cells. For example, they can interact with cellular 

receptors that the virus uses to enter cells, thus blocking virus entry. In 

addition, carbon-dots can bind to the virus itself, preventing its fusion with 

the cell membrane and the subsequent release of its genetic material inside 

the host cell. 

 

- Inhibition of viral replication: carbon-dots can interfere with the replicative 

cycle of viruses once they have entered host cells. They can act in a variety 

of ways, such as by inhibiting the activity of key viral enzymes required for 

replication of viral genetic material or by interfering with transcription and 

translation of viral genes. In this way, carbon-dots reduce the ability of the 

virus to replicate within host cells, thereby slowing the spread of infection. 

 

- Induction of antiviral immune response: carbon-dots can stimulate the 

antiviral immune response of the host organism's immune system. They can 

act as adjuvants, enhancing the immune response against the virus. This can 
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occur through presentation of viral antigens to lymphocytes and activation 

of immune cells involved in the antiviral response, such as T and B 

lymphocytes. Stimulation of the immune response may contribute to 

eliminate the virus from the host body and prevent of future infections. 

 

It is important to understand that the mechanisms of antiviral action of carbon-dots 

may be specific to a particular virus or group of viruses and may also depend on the 

characteristic properties of the carbon-dots used, such as their size, functionalized 

surface area, and surface charge. Ongoing research continues to investigate the 

mechanisms of action of carbon-dots as antiviral agents in order to develop 

effective strategies for countering viral infections. 

 

Antibacterial activity of Carbon-Dots: 

Carbon-dots have proved interesting antibacterial activity against a wide range of 

pathogenic bacteria. Their antibacterial activity can be attributed to several 

mechanisms of action. Firstly, carbon-dots can act as direct antimicrobial agents, 

inhibiting bacterial growth and inducing bacterial cell death [121-124]. Their high 

specific surface area allows greater contact with bacterial membranes, facilitating 

adhesion and penetration inside cells. Once inside, carbon-dots can damage cell 

membranes and alter ion homeostasis, leading to loss of integrity and bacterial cell 

death [125]. 

In addition, carbon-dots can generate reactive oxygen species (ROS) such as singlet 

oxygen (1O2) and free radicals [126], which can cause oxidative stress in bacterial 

cells. ROS generated by carbon-dots can damage biomolecules essential for 

bacterial survival, such as lipids, proteins, and nucleic acid, causing disruption of 

cellular functions and bacterial cell death (Figure 1.11). 
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Figure 1.11 Cartoon illustration of the mechanism of action for CDs 

photoactivated antibacterial activities. Adhesion of CDs to the bacterial surface 

and visible‐light‐induced generation of ROS. CD, carbon dot; ROS, reactive 

oxygen species. Image reproduced with permission of Ref 126. 

 

Moreover, functionalization of carbon-dots can contribute to antibacterial activity 

through the introduction of specific functional groups that interact with bacterial 

components [127-130]. For example, amine or carboxyl groups can promote 

interaction and selective adhesion to bacteria, increasing the antibacterial efficacy 

of carbon-dots. 

The antibacterial activity of carbon-dots has been demonstrated both in vitro and in 

vivo, with promising results against Gram-positive and Gram-negative bacteria, 

including antibiotic-resistant pathogens [131]. 

 

Antifungal activity of Carbon-Dots: 

Carbon-dots have also been shown to possess antifungal activity against pathogenic 

molds and fungi. Inhibitory effects on the growth and germination of fungal spores 

have been observed. The antifungal activity of carbon-dots may result from their 
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ability to interfere with mold life processes, such as cell wall synthesis and cell 

division [132-135]. In addition, carbon-dots can induce ROS production in fungal 

cells, causing oxidative damage and fungal cell death. 

 

Mechanisms of action of Carbon-Dots as antimicrobial agents: 

The mechanisms of action of carbon-dots as antimicrobial agents vary depending 

on the type of microorganism being targeted (Figure 1.12). However, some 

common mechanisms include generation of ROS, inhibition of bacterial or viral 

adhesion to host cells, damage to the bacterial or fungal cell membrane, and 

inhibition of key enzymes involved in microbial metabolic processes [136, 137]. 

Carbon-dots conjugated to other nanoparticles, which often already possess 

antimicrobial properties, allows them to increase their efficiency, selectivity, and 

biocompatibility. Indeed, the use of these carbon-based nanomaterials represents a 

new frontier in fighting viruses, bacteria and fungi, finding wide use with various 

noninvasive therapies that use light as a primary resource [138]. Their potential in 

counteracting microbial infections opens new perspectives for the development of 

innovative and sustainable antimicrobial treatments. 

 

Reactive Oxygen Species 

The formation of reactive oxygen species (ROS) by carbon-dots is one of the 

mechanisms by which these nanomaterials can exert their antimicrobial activity 

[139-141]. ROS generation by carbon-dots may involve several processes, 

including oxidation of the surface functional groups of carbon-dots and ROS 

production by photoinduced reactions (Figure 1.12). 
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Figure 1.12 Adapted Jablonski diagram showing the photochemical and 

photophysical mechanisms of antimicrobial photodynamic therapy. Image 

reproduced with permission of Ref 126. 

 

Carbon-dots have surface functional groups, such as hydroxyl groups (-OH), 

carbonyl groups (-C=O) and carboxyl groups (-COOH). These functional groups 

can undergo oxidation reactions in the presence of oxidizing species, such as 

molecular oxygen (O2) or hydrogen peroxide (H2O2) [142, 143]. During these 

oxidation reactions, electron transfers occur, producing ROS such as superoxide 

anion (O2
-), hydrogen peroxide (H2O2) and hydroxyl anion (OH-). These ROS 

species can damage target microorganisms through oxidative reactions. 

The carbon nanoparticles can also generate ROS through photoinduced reactions 

when excited by an energy source, such as ultraviolet or visible light. During 

excitation, electrons in carbon-dots are excited to higher energy levels [144, 145]. 

Then, the excited electrons can interact with molecular oxygen (O2) or other 

molecules in the surrounding environment, generating ROS such as superoxide 

anion (O2
-) and hydroxyl anion (OH-). The production of photoinduced ROS by 

carbon-dots can contribute to antimicrobial efficacy, as the ROS generated can 

damage target microorganisms. 
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The formation of ROS by carbon-dots depends on various factors, such as the 

chemical composition of carbon-dots, their size and the presence of other reactive 

substances in the surrounding environment [146, 147]. In addition, the optical and 

photochemical properties of carbon-dots influence the amount and type of ROS 

generated. Among all the ROS that can be produced, singlet oxygen is the most 

interesting, from an antimicrobial point of view, because of its efficient antioxidant 

activity [148]. 

 

Singlet Oxygen generation 

Carbon-dots can generate singlet oxygen (1O2) as one of the reactive oxygen species 

through a process known as oxygen photosensitization (Figure 1.13). The 

formation of 1O2 by carbon-dots can involve several mechanisms, including energy 

and electron transfer processes [149, 150].  

As a consequence of the UV and/or visible light absorption the electrons in the 

carbon-dots, can be excited to higher energy levels. During the relaxation process, 

the excited electrons can release energy in the form of phosphorescence or transferr 

it to nearby molecules, such as molecular oxygen (O2). As a consequence of the 

energy transfer, molecular oxygen can be converted into its excited state, also 

known as singlet oxygen 1O2 , where all the electrons are spin paired [151]. 
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Figure 1.13 Schematic Illustration of Photosensitized Oxygen Activation with 

Water-Soluble C-Dots: (A) Electron Configuration Change during 

Photosensitized Oxygen Activation; (B) Jablonski Energy Diagram of 

Phosphorescence and Singlet Oxygen; and (C) Photosensitized Oxygen Activation 

with Water-Soluble CDots for Nanozyme and Antimicrobial Photodynamic 

Inactivation. Image reproduced with permission of Ref 151. 

 

Carbon-dots can also generate 1O2 by electron transfer. [152]. In this case, the 

excited electrons can react directly with molecular oxygen (O2), transferring an 

electron to oxygen and forming a superoxide anion (O2
-). The superoxide anion can 

undergo further reactions and transform into 1O2. 

The formation of 1O2 by carbon-dots can be influenced by various factors, such as 

the chemical composition of carbon-dots, their size, and the presence of other 

reactive species in the surrounding environment [153]. Phosphorescence is one of 

those properties of carbon-dots that most affect the promotion of singlet oxygen. 

This is due to the fact that the energy absorbed by the dot, is released more slowly 

over time than the fluorescence property alone, thus increasing the likelihood of 

exciting atmospheric oxygen, which is in a stable triplet state, to a reactive singlet 

state [151]. In addition, the optical and photochemical properties of carbon-dots, 
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such as the energy band gap and the characteristic optical absorbtion, affect the 

generation efficiency of 1O2 production [154]. 

Singlet oxygen (1O2) is a very reactive species that can damage target 

microorganisms, with a much longer lifetime than other ROS [155]. The formation 

of 1O2 by carbon-dots can contribute to the antimicrobial activity of these 

nanomaterials, as 1O2 can react with biomolecules within microorganisms, causing 

oxidative damage and microbial cell death [156]. 

 

Functionalized surfaces 

Surfaces functionalized with nanoparticles represent a promising frontier in the 

fight against the spread and proliferation of viruses and bacteria [157]. This 

innovative technology uses charged or chemically treated nanoparticles to impart 

antimicrobial and antiviral properties to the surfaces to which they are applied [158-

160]. The use of silver, copper, and zinc nanoparticles, among others, has been 

extensively studied for their ability to destroy viruses and bacteria through several 

mechanisms, including inhibition of cell reproduction and disruption of the cell 

membrane [161-164]. Although these nanostructured systems are being studied 

intensively, their real-world application is really difficult, as there are several 

critical aspects which still need to be optimized:, 1) the chemical instability of the 

nanoparticles, which often lose their antimicrobial activity once they have 

accomplished it; 2) the poor mechanical properties of the functionalized surfaces, 

which exhibit a low resistance to scratching, and the adhesion on substrates, which 

is often lead to delamination of the functional coatings [165, 166]. Carbon-dots 

represent a promising alternative to metal-based nanoparticles with antimicrobial 

activity [167] and, considering the high biocompatibility, one of themain 

prospected applications involving the use of carbon-dots is the design of active 

surfaces for food packaging [168-172]. 

Carbon-dots with antimicrobial properties, applied to surface functionalization, 

have been already used to counteract the proliferation of bacteria [173]. To achieve 

this goal, carbon-dots were embedded within a hydrogel made by a polymer matrix. 

Similar result was obtained using carbon-dots conjugated to zinc oxide 
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nanoparticles, to fight gram-positive and gram-negative bacteria [174]. Carbon-dots 

were also used for functionalization of nanocellulose-based films (Figure 1.14) 

[175] enhancing the antimicrobial properties of nanocellulose against gram-positive 

L. monocytogenes and gram-negative E. coli bacteria. Interestingly, it was observed 

that, the surfaces functionalized with Carbon-dots/nanocellulose showed a better 

antibacterial activity then the surfaces functionalized with carbon dots only. 

 

 

 

Figure 1.14 The photographs of the polymer membrane with different CDs 

loading capacities solutions under white light and UV lamp. Image reproduced 

with permission of Ref 175. 
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Chapter 2: Experimental 

 

A rational approach to the carbon dots precursors 

The present thesis is based on the use of a very simple aminoacid, called glycine, 

to form carbon-dots featured by virucidal and antiviral properties. Discovered in 

1820 by French chemist Henri Braconnot, glycine, like all amino acids, has an 

amine group (-NH2) and a carboxyl group (-COOH), as shown in Figure 2.1. 

Because of the two hydrogen atoms in the α carbon, glycine is a non-chiral 

molecule, has no steric hindrance and is apolar. 

 

 

 

Figure 2.1 Illustration of the structure of the glycine molecule, in neutral and in 

zwitterionic form. 

 

The goal of this thesis work is to exploit this amino acid as the building block of 

the complex structure that, after synthesis, will form the carbon-dots. To do this, 

the carboxyl and amine groups of glycine have been both involved to obtain amide-

type covalent bonds. The functional properties of the carbon-dots have been 
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obtained by a careful selection of the co-precursors, to be reacted together with 

glycine. The co-precursors used have been: 1,5-diaminonaphthalene and 

glycyrrhizic acid. 

1,5-diaminonaphthalene (Figure 2.2) is an organic, aromatic compound that has 

two condensed benzene rings and two amine groups in position 1 and position 5. It 

has structural isomers, such as 1,8- 1,2- or 2,3-diaminonaphthalene. It is obtained 

starting from 1-aminonaphthalene through a nitration reaction, and in the polymer 

industry it is used as a precursor to polyurethanes.  

 

 

 

Figure 2.2 Illustration of the structure of the 1,5-diaminonaphthalene molecule. 

 

The prospected function of 1,5-diaminonaphthalene in the carbon-dot design is to 

build an aromatic-type structure and ensure absorption in the ultraviolet range with 

subsequent emission in the visible. The formation of 1,5-diaminonaphthalene-based 

carbon-dot was based on an amide reaction between the carboxylic group of glycine 

and the amine group of 1,5-diaminonaphthalene, knowing that secondary 

polymerization reactions could occur leading to products such as poly-

diaminonaphthalene and poly-glycine (Figure 2.3) [176, 177] 
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Figure 2.3 Illustration of the a) amidic reaction and the structure of the b) poly-

1,5-diaminonaphthalene and c) poly-glycine. 

 

Glycyrrhizic acid (Figure 2.4) is a compound obtained by the conjugation of two 

smaller molecules, glucuronic acid and glycyrrhetinic acid, leading to the formation 

of a triterpene saponin with three carboxyl groups [178]. It is obtained from the 

extract of the root of the licorice plant, Glycyrrhiza Glabra, a plant belonging to the 

Febaceae family [179]. It is reported in the literature that this acid exhibits anti-

cancer, anti-inflammatory, antiviral and antibacterial properties. It is used both in 

pharmaceuticals for its medical properties and in food, as it is fifty times more 

sweetener than sucrose [180]. 

It has eight reactive sites: three carboxyl sites that can give amide reactions; five 

hydroxyl sites that can give Maillard reactions. 
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Figure 2.4 Illustration of the structure of the glycyrrhizic acid. 

 

The function of this compound is to react with the amine group of glycine so that 

its antiviral and antibacterial properties can be transferred to the synthesized 

nanoparticles. The amidation between glycine and glycyrrhizic acid is not obvious 

as, in theory, polymerization of glycine into poly-glycine and glycyrrhizic acid into 

poly-glycyrrhizic acid could also occurs.   

Once the desired nanoparticles have been obtained and their biocidal properties 

verified, they have been further used for surface functionalization. 

 

Chemicals 

Glycine (purity 98.5%), boric acid (purity 99.5%) and glycerol (purity 99.5%) were 

purchased from Carlo Erba Reagents. 1,5-diaminonaphthalene (purity 97%), 

glycyrrhizic acid ammonium salt from glycyrrhiza root (licorice) (purity >95%), 

TEOS (Tetraethoxysilane) (purity 98%), APTES ((3-aminopropyl)triethoxysilane) 

(purity 99%), hydrochloric acid (37%) and PVA (polyvinylalcohol) partially 

hydrolyzed (Mw approx. 30000) were purchased from Sigma Aldrich. All the 

chemicals were used without any further purification. Milli-Q water was used for 

synthesis and analysis. 

 

Microwaves approach 

A microwave synthesis technique was chosen for the synthesis of the first system, 

composed by glycine and 1,5-diaminonaphthalene. This choice was made 
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empirically, as we observed that, with other synthesis techniques, poly-glycine and 

poly-1,5-diaminonaphthalene byproducts were present in larger quantities. 

For this synthesis, glycine and 1,5-diaminonaphthalene were solubilized in milli-Q 

water in the molar ratio 1:1, according to the following quantities: 0.15g of glycine 

and 0.31g of 1,5-diaminonaphthalene, in 20mL of milli-Q water. 

The reaction was catalyzed using two different acids, hydrochloric acid and boric 

acid, according to the molar ratios shown in Table 1. 

 

 1,5-diaminonaphthalene Glycine Catalyst 

CD-Boron 1 1 1 (boric acid) 

CD-Chlorine 1 1 0.2 (hydrochloric 

acid) 

 

Tabel 1 The table shows the two compositions of the precursors used to obtain the 

two carbon-dots, the one catalyzed with boric acid (CD-Boron) and the one 

catalyzed with hydrochloric acid (CD-Chlorine). 

 

After solubilization, which was performed with the assistance of an ultrasonic bath, 

the sample was placed in a 250 mL beauta and treated at 1000W for 3 minutes in a 

classic kitchen microwave oven. (Figure 2.5). 

 

 

 

 

 Figure 2.5 Representation of a kitchen microwave oven used for the synthesis. 
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The product obtained from the reaction was a dark purple powder when the reaction 

was catalyzed by hydrochloric acid (37%), and a dark brown powder when 

catalyzed by boric acid. 

In both cases, the product obtained were solubilized in 20 mL of milli-Q water, 

filtered through a cellulose syringe filter with a pore size of 0.22 μm, and finally 

placed inside a dialysis membrane with a cut-off of 2000 Daltons and dialyzed 

against milli-Q water for 24 hours, changing the water every 2 hours. 

The dialyzed solution was then placed in a silicone mold and placed in an oven at 

60°C for 14 hours to obtain a black powder for the reaction catalyzed by 

hydrochloric acid and a brown powder for the reaction catalyzed by boric acid. 

The resulting products were finally characterized. 

A schematic flowchart of the synthesis is reported in Figure 2.6. 
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Figure 2.6 Flowchart of synthesis by microwave method. 

 

Hydrothermal approach 

The second system, composed of glycine and glycyrrhizic acid, was treated by a 

classical hydrothermal reaction. 

In this case, the molar ratios were chosen on the basis of the results obtained from 

the microwave system. . 

In a typical synthesis 1.67 g of glycyrrhizic acid were mixed with 0.15 g of glycine 

(1:1 molar ratio) and solubilized in 10 mL milli-Q water. The reaction was catalyzed 
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by boric acid in a 1:1 molar ratio with glycine and glycyrrhizic acid, based on the 

results obtained from microwave synthesis. The resulting solution was placed in a 

Teflon jar and finally in a stainless-steel autoclave (Figure 2.7). Then it was treated 

at 180°C for 8 hours in an oven, after a ramp of 10°C per minute up to 180°C. 

The reaction conditions were chosen on an empirical basis, as 180°C and 8 hours 

were the minimum conditions to obtain particles with fluorescence properties. 

 

 

 

Figure 2.7 Representation of an autoclave used for synthesis. 

 

The product obtained was filtered through a cellulose syringe filter with a pore size 

of 0.22 μm and finally placed inside a dialysis membrane with a cut-off of 2000 

Daltons and dialyzed against milli-Q water for 24 hours, changing the water every 

2 hours. 

The dialyzed solution was then placed in a silicone mold and in an oven at 60°C for 

14 hours to obtain a black powder that was used for characterizations. A schematic 

flowchart if the overall synthesis is reported in Figure 2.8. 
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Figure 2.8 Flowchart of synthesis by hydrothermal method. 

  

Surface engineering 

To obtain active surfaces, carbon-dots were directly grafted on a pre-treated 

substrates or embedded into matrices to form coatings. The surface engineering was 

therefore designed along two paths: the first involves the use of covalent bonding 
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between a pre-treated silicon wafer, used as “ideal” surface, and the nanoparticle, 

while the second involves embedding the nanoparticles in a polymer matrix. 

For the first pathway, a piece of single-crystal silicon wafer, size 1.5 cm x 3 cm, 

was left in 1M hydrochloric acid for 12 hours. It was then washed with ethanol and 

dried in an oven at 60°C for 1 hour. 

Substrate deposition was done through a two-step process: in the first step a TEOS 

film was deposited; in the second step a second layer was deposited using APTES. 

This double step allows to have a larger amount of amine groups (derived from 

APTES) on the surface of the film. 

The deposition was made according to the following sol-gel method:  

 

- 10mL of TEOS were added to 15 mL of ethanol (EtOH) and 2.5mL of 1M 

HCl; 

- The solution was placed under stirring for 1 hour and 30 minutes at room 

temperature; 

- The formed sol was used to coat the silicon substrate through dip-coating 

technique, with a withdrawal rate of 100 mm/min; 

- The deposited film was finally treated at 350°C for 2 hours. 

 

Afterwards the silica layer was modified with amino groups thanks to a chemical 

functionalization with a sol containing aminopropyl triethoxisilane (APTES)  

 

- 5 mL of APTES were added to 20 mL of EtOH and 1.5mL of 1M HCl; 

- The solution was placed under stirring for 1 hour at room temperature; 

- The formed sol was used to coat the silicon substrate through dip-coating 

technique, with a withdrawal rate of 100mm/min; 

- The deposited film is finally treated at 120°C for 1 hour. 

 

In this way, a TEOS/APTES film was obtained in order to have -NH2 groups that 

could be exploited as the anchoring sites for the nanoparticles. 



43 
 

Once the surface of the silicon substrate was prepared, an EDC/NHS coupling 

reaction was performed to take advantage of the carboxyl groups of the carbon-dots 

and the amine groups of the TEOS/APTES film. The EDC is the coupling reagent 

that allowas to activate the carboxyl group of the carbon-dots. After the activation, 

the EDC is substituted by the NHS, which is a better exiting group than the EDC. 

When the so functionalized carbon-dot reacts with the amine group of the APTES, 

the NHS is removed and the amidation reaction occurs.  

In an example reaction: 

 

- 200 mg of powder containing the carbon-dots, were added to 200 mg of 

EDC and 120 mg of NHS and then solubilized in 10 mL of DMF (N,N-

dimethylformamide); 

- Then, the substrate with the TEOS/APTES film was added to the reaction 

solution; 

- The reaction was placed at reflux and heated to 70°C for 24 hours under 

stirring; 

- At the end of the reaction, the substrate was recovered and dried in an oven 

at 60°C for 1 hour (Figure 2.9) before being characterized. 

 

 



44 
 

 

 

Figure 2.9 The figure shows the steps of the sol-gel reaction for obtaining the 

film and the reaction for anchoring the dots on the surface. 

 

For the second approach which involves carbon-dots embedding into a polymeric 

matrix, polyvinyl alcohol (PVA) was chosen as the polymer.  

The aim was to produce a thick film (about 0.5-1 mm) featuring tough mechanical 

properties to coat the surface as a standard polystyrene film. 

With respect to the sol-gel film, this coating woud have the advantage to be easily 

adapted to a wide variety of surfaces, including those of vegetables and fruits in 

food packaging. 

The films were produced according to the following process: 

 

- 10 g of PVA were added to 2g of glycerol and placed in a 250 mL flask; 

- 100 mL of Milli-Q water was then poured into the flask, and the resulting 

solution was placed under stirring for 2 hours; 

- After that, the flask was placed in the oven at 60°C overnight. 
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To obtain the thick films (Figure 2.10), 20 mg of carbon-dots powder was 

solubilized in 20 mL of previously prepared PVA solution and finally placed in a 

Petri dish with a diameter of 9 cm. The solutions thus deposited were placed in an 

oven at 60°C overnight, resulting in films of about 1 mm thickness. 

 

 

 

Figure 2.10 Diagram representing the procedure for obtaining the self-standing 

surface. 

 

Antiviral, Antibacterial and Antifungal assay 

Biological tests were carried out at three different locations according to specific 

procedures. 

Antiviral, antibacterial, and antifungal properties were carried out both on the dot 

as is and on the functionalized surfaces. 

Prior to antiviral analysis, a cytotoxicity measurement was performed, taking the 

result obtained as a reference for all biological measurements. 
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Cytotoxicity and antiviral activity of the material CD-Boron were studied in 

collaboration with the company Virostatics srl. Cytotoxicity of the material CD-GA 

was studied by the laboratory of obstetrics and clinical gynecology of the University 

of Sassari; antibacterial susceptibility was evaluated in the laboratory of ICCRAM 

at Burgos University; antifungal activity was evaluated in the laboratory at 

University of Sassari. 

 

Cytotoxicity: 

Cytotoxicity of the material CD-Boron was evaluated using Vero E6 cells 

(Cercopithecus aethiops, kidney, ATCC CRL-1586) as a reference. 

The cell line was routinely maintained in DMEM supplemented with 1% glutamine, 

1% penicillin/streptomycin and 10% fetal bovine serum. After the cells were grown, 

they were placed inside a 96-well plate and allowed to grow for another 24 hours 

in order to achieve optimal cell density. After this period, the cells were subjected 

to different concentrations of the nanomaterial and were left to incubate for 72 

hours. The measurement was performed in triplicate. Cytotoxic effect was 

evaluated through microscopy observation (determination of cell monolayer 

integrity). A cytotoxic concentration 50% (CC50, concentration resulting in 50% 

loss of cell viability compared to untreated control) was calculated. 

 

Cytotoxicity of the material CD-Boron was evaluated using Vero E6 cells 

(Cercopithecus aethiops, kidney, ATCC CRL-1586) as a reference. 

 

Antiviral activity: 

The virucidal activity of the tested nanomaterials was evaluated by modifying the 

guidelines given in EN 14476:2013+A2:2019/UNI EN 14476:2019 [181] for 

testing chemicals as disinfectants. 

A volume of viral suspension (as indicated for each experiment below in results 

section) of SARS-CoV-2 (Original strain or Delta strain) was put on a 96-well plate 

lid (12x8 cm). A volume of nanomaterial was added to the viral suspension (at the 

indicated volume and final concentrations below in results section).  



47 
 

Suspensions were then left in the dark or exposed to visible (450 nm) or ultraviolet 

light (365 nm) for the time indicated in each experiment (range 2-5 minutes).  

Culture medium was used as control, added to the viral suspension and exposed to 

the dark or to visible/ultraviolet light as with nanomaterials. 

A general scheme of the experiment setup is shown in Figure 2.11. 

 

 

 

Figure 2.11 Real illustration of the operational setup for antiviral measurement. 

 

After an additional 5-minute incubation, viral suspensions were collected, and viral 

titer was determined according to the methodology described below. 

An in vitro system was employed to determine viral titer of SARS-CoV-2 

suspensions and it was determined according to the following scheme: 

 

- Vero E6 cells (kidney epithelial cells from African green monkey, ATCC 

CRL-1586) were used for the test; 

- On day 1 of the experiment, cells were transferred in 96-well plate (20.000 

cells per well); 
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- On day 2 cells were infected with the serial viral dilutions (10-2, 10-3, 10-

4...) in 6-well replicates for each condition; 

- After three additional days infection in each test well was determined by 

observation of the cytopathic effect. 

 

Infection data were employed to build the following example table:  

 

A B C D E F 

Viral 

dilution 

Number 

of 

affected 

wells 

Number of 

unaffected 

wells 

Cumulative 

number of 

affected 

wells 

Cumulative 

number of 

unaffected 

wells 

Affected 

ratio (%) 

10-2 ... ... ... ... ... 

10-3 ... ... ... ... ... 

10-4 ... ... ... ... ... 

10-5 ... ... ... ... ... 

... ... ... ... ... ... 

 

Put in the first row the virus dilution with 6/6 affected wells and in the last row that 

one with 0/6 affected. 

Write in column B the number of affected wells and in column C the number of 

unaffected wells.  

Column D represents the cumulative number of affected wells calculated by adding 

numbers starting at the bottom of column B and adding up. 

Column E represents the cumulative number of unaffected wells calculated by 

adding numbers starting at the top of column C and adding down. 

Column F represents the cumulative ratio of affected wells (%): number from 

column D divided by the total of column D + E and express as %. 

Calculate the proportionate distance between the two dilutions nearest to 50% using 

value from column F: 
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Add the negative exponent of the viral dilution next above 50%. 

Use the calculated value as exponent with base 10 to obtain the virus titer within 

the infection volume (i.e., TCID50/100 µL). 

 

Antibacterial assay: 

For the measurement of antibacterial susceptibility, the Broth microdilution test was 

performed. 

The test was conducted against four different bacteria, two Gram positive 

(Staphylococcus Aureus and Enterococcus Faecium) and two Gram negative 

(Pseudomonas Aeruginosa and Acinetobacter Baumannii), according to the 

following procedure: 

 

1. the culture of the bacteria in MHB medium was prepared; 

2. the dilution of the carbon-dotss was carried out; 

3. inoculation on 96-well plates; 

4. incubation at 37°C for 18h; 

5. evaluation of antibacterial activity. 

 

The carbon-dots concentrations were chosen based on solubility tests carried out 

over 24 hours. 1.35 mg/mL and 337.5 µg/mL were chosen as the maximum 

concentrations for samples CD_GA and CD-Boron and, respectively. The presence 

of a deposit at the bottom of the well was observed was considered as the proof of 

the bacterial susceptibility, (Figure 2.12). 
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Figure 2.12 The presence of bacteria is identified by a deposit at the bottom of the 

well (in this case the well on the right). 

 

Antifungal assay: 

The measurement of antifungal activity was evaluated by simulating a real 

application of the functionalized surface. 

In this case, botrytis cinerea mold was grown naturally on fresh fruit, strawberries 

to be specific. 

To evaluate the effect of carbon-dots on inhibition of mold growth, a PVA-only 

film and a PVA film containing the carbon-dots were produced, both of which were 

used as "membrane caps" of the strawberry container. 

The samples were left out of the refrigerator, at room temperature and about 55% 

humidity, until mold grew in each individual sample.  

In addition to the functionalized films, mold growth was also evaluated in the 

presence of water-solubilized carbon-dots sprayed on fresh fruit with an atomizer. 

 

Characterization techniques 

UV-Visible Spectroscopy: 

Ultraviolet-visible (UV-Vis) spectra of the samples solubilized in water were 

measured in absorbance mode from 200 to 600 nm by using a Nicolet Evolution 

300 UV−Vis spectrophotometer (Thermo Fisher). A concentration of 0.1 mg mL-1 

was used for the analysis. 

 

FTIR Spectroscopy: 

Absorption Fourier-transform infrared (FTIR) spectra were recorded by a Vertex 

70 interferometer (Bruker) in the range of 4000−400 cm−1 with a 4 cm−1 resolution 
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and 32 scan. The spectra were recorded using KBr pellets with 1 mg of sample and 

500 mg KBr. 

 

Fluorescence Spectroscopy: 

Fluorescence analysis of the samples solubilized in water was done using a Horiba 

Jobin Yvon NanoLog spectrofluorometer with an excitation and emission 

wavelength from 300 to 700 nm. A concentration of 0.1 mg mL-1 was used for the 

analysis. 

 

Raman Spectroscopy: 

The Raman measurement was performed by employing a “Senterra” Raman 

microscope (Bruker) under a laser excitation of 532 nm (25.0 mW power). The 

spectra was collected with a resolution of ~3–5 cm1, and an integration time of 15 

s. The sample (powder) was deposited onto silicon wafer. 

 

X-ray Photoelectron Spectroscopy (XPS): 

X-ray photoelectron spectroscopy (XPS) was carried out in a custom designed UHV 

system equipped with an EA 125 Omicron electron analyzer with five channeltrons, 

working at a base pressure of 10-10 mbar. Core level photoemission spectra (C 1s 

and N 1s) were collected in normal emission at room temperature with a non-

monochromatized Al Kα X-ray source (1486.7 eV) and using 0.1 eV steps, 0.5 s 

collection time and 20 eV pass energy. 

 

Nuclear Magnetic Resonance (NMR): 

NMR spectra have been acquired on a Bruker Avance 600 MHz spectrometer 

((Bruker Biospin, Karlsruhe, Germany) equipped with a 5 mm BBI probe. All the 

measures were collected in DMSO solvent. 800 μL were transferred into 5 mm 

NMR tubes for analysis. 
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Transmission Electron Microscopy (TEM): 

Transmission electron microscopy (TEM) images were acquired with a Jeol JEM 

1400 Plus microscope. Once dispersed in a tiny amount of n-octane the samples 

were dropcasted on a holey carbon-coated copper grid and let evaporate at RT. 

 

Atomic Force Microscopy (AFM): 

Atomic Force Microscopy (AFM) were performed with a microscope NT-MDT 

Ntegra at 0.8 Hz scan speed in semicontact mode, using a silicon tip with nominal 

resonance frequency of 150 kHz, 5 N m− 1 force constant, and 10 nm typical 

curvature radius. 

 

Electron Paramagnetic Resonance (EPR): 

EPR spectra were acquired using a Bruker EMX spectrometer operating at X-band 

(9.5 GHz), equipped with a cylindrical cavity operating at 100 kHz field 

modulation. All the spectra were recorded at room temperature (RT) with a 10 mW 

of incident microwave. Experiments were carried out also in static vacuum obtained 

connecting Suprasil quartz glass tubes to a high vacuum pumping system (residual 

pressure P < 10-3 mbar). 
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Chapter 3: Results and Discussion 

 

Microwave CDs 

 

Comparison between CD-Boron and CD-Chlorine: 

Carbon-dots based on glycine and 1,5-diaminonaphtalene were obtained after 

microwave treatment with the support of two different catalysts, namely boric acid 

(B(OH)3) and hydrogen chloride (HCl). Corresponding nanoparticles were 

therefore named CD-Boron and CD-Chlorine, respectively. 

The use of these two precursors, 1,5-DAN and Gly, was designed to take advantage 

of the possibility of obtaining different structures through amidation reactions. The 

starting idea was to exploit the -NH2 groups of 1,5-DAN and the -COOH groups of 

Gly in order to obtain pyridine cyclic structures, with fluorescent properties. 

Fluorescence is crucial to promote reactive oxygen species (ROS), mainly due to 

the presence of -COOH groups within the carbon structure of the synthesized 

nanoparticles. 

Several differences can be observed when comparing CD-Boron and CD-Chlorine 

spectra (Figure 3.1 a).   

The spectrum of CD-Chlorine is almost superimposable to those of 1,5-DAN, 

except for a very weak signal with a maximum at about 460 nm, which can be 

observed in CD-Boron (Figure 3.1 b). This signal is compatible with the presence 

of graphitic or polyaromatic structures in the sample [182]. 
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Figure 3.1 The picture shows a) UV-Vis spectra of CD-Boron and CD-Chlorine 

in the range 200-500 nm; b) UV-Vis spectra of both carbon-dots in the range 375-

675 nm. 

 

The fluorescence spectra or responses of the two samples (Figure 3.2) are 

particularly different. As it can be seen, the shape of the excitation signal of CD-

Boron is broader than that of CD-Chlorine, which is narrower, while the excitation 

and emission signals are shifted to higher wavelengths in CD-Chlorine. 

 

 

 

Figure 3.2 The images show the fluorescence 3D maps of a) CD-Boron 

(excitation = 330 nm; emission 405 nm) and b) CD-Chlorine (excitation = 360 

nm; emission 450 nm), in the range of 300-550 nm of excitation and emission. 
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Figure 3.3 shows the images of the two types of samples as observed by 

Transmission Electron Microscopy (TEM). The morphologies of the carbon-dots 

vary in shape and size depending on the catalyst. In the CD-Boron sample, round-

shape nanoparticles with a diameter of approximately 18 nm are observed. 

Conversely, the CD-Chlorine structure is less simple, displaying characteristic 

morphologies. Larger, elongated structures with low electronic contrast seem to 

enclose small, high-contrast spherical cores showing an average size below 6 nm.   

 

 

 

Figure 3.3: a) TEM images of CD-Boron and b) CD-Chlorine. CD-dots with the 

corresponding size distribution shown in the inset (bar scale 100 nm). 

 

Figure 3.4 b shows the FTIR spectra in the range between 1800 and 1000 cm-1. 

Carbon-dots spectra are characterized by the superimposition of the main 

vibrational modes of Gly and DAN. The corresponding -NH2 scissoring and 

wagging modes are located at 1626 cm-1 and 766 cm-1. Aromatic C=C stretching 

vibrations typically occur in the range of 1450-1600 cm-1 [183]. In CD-Boron, 

distinctive features emerge from the overlapping of COO and NH2 bending and 

stretching modes, located between 1600 and 1575 cm-1 [184], with a prominent 

peak around 1500 stemming from the asymmetrical bending and rocking of the 

NH3
+ group. The range between 1500 and 1250 cm-1 primarily corresponds to CH2 

stretching and bending, while two additional modes at 1125 and 1042 cm-1 persist 

and can be attributed to C-O and C-N stretching, respectively [185, 186]. In CD-

A B 
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Chlorine, distinctive absorptions corresponding to the vibrational modes of the 

DAN monomer are observed. This is particularly noticeable in the spectral range 

between 1600 and 1500 cm-1, and at lower frequencies between 1200 and 1000 cm-

1, where the CO and CN groups of Gly are less prominent compared to CD-Boron. 

In general, the vibrational spectra indicate the robust polymeric nature of both CDs, 

leading to a broadening and reduction in the detail of the characteristic monomer 

modes. 

 

 

  

Figure 3.4: a) FTIR in the range 4000 – 400 cm-1; b) FTIR spectra recorded in the 

region between 1800 and 1000 cm-1. 

 

Additionally, it can be inferred that CD-Boron exhibits a higher proportion of Gly 

in both its monomeric and linear polymeric forms. Moreover, in CD-Chlorine, 

DAN seems to maintain its monomeric form. Lastly, two modes at 1252 and 1195 

cm-1 are noteworthy, as they do not appear in the precursor materials. The former 

is detectable in both CDs, whereas the latter is exclusively found in CD-Boron and 

is tentatively attributed to Aryl-O-R ether bonds [187], probably formed with a 

condensation process between DAN and Gly without amide bond formation. The 

second is attributable to Aryl-OH-type stretching, which can take place as an effect 

of a strong oxidative process of DAN. 

The 1H NMR spectra of CD-Chlorine shows signals ascribed to glycine methylene 

protons at 3.62 ppm (Figure 3.5). By comparing the spectrum of free glycine in 
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DMSO we believe that this downfield shifted signal can be explained by linear 

polymeric chains of glycine molecules variably intercalated by DAN. 

Very weak signals at 3.94 and 4.39 ppm might be assigned to α-CH2 of terminal 

glycine molecules. The absence of the -NH2 signal of DAN at 5.4 ppm [188] 

indicates the presence of Gly-DAN complexes, which further supports the 

formation of amide groups between the carboxylic and ammine groups of Gly and 

DAN, respectively. At 168.8 ppm, both the 13C-NMR spectrum and the 1H- 13C 

heteronuclear single quantum coherence (HSQC) maps of CD-Chlorine exhibit 

unambiguous signals from amide carbonyl carbons (Figure 3.6). In contrast, no 

signal from free Gly could be detected. 

 

 

 

Figure 3.5: the figure shows the 1H NMR of CD-Chlorine; the inset represents the 

magnification in the range 3.5-9.5 ppm. 

 

The appearance of two very broad bands (4 - 10 ppm and 7-9 ppm), in the 1D proton 

spectra of CD-Chlorine supports the hypothesis that the sample is composed of long 

chains of macromolecular aggregates of hydrocarbons, which cannot be resolved 

by liquid-state NMR, due to slow reorienting motions with respect to the magnetic 
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field. DAN proton and carbon signals are conserved in CD-Chlorine, but downfield 

shifted in comparison to the free form, especially those closer to the amide groups 

(1H/ 13C signals at 6.7/109 ppm and 7.28/111 ppm). 

 

 

 

Figure 3.6 The figure shows a) 13C analysis of CD-Chlorine and b) HSQC 

correlation between 1H and 13C-NMR. 

 



60 
 

NMR analysis of CD-Boron leads to different considerations. Signals from free Gly 

can be detected both in the 1D proton spectrum (3.01 ppm) (Figure 3.7 a) and the 

correlation of this signal with 13C resonances (HSQC at 41.9 ppm; HMBC at 168 

ppm (Figure 3.7 b and c, respectively)).  

 

 

 

Figure 3.7: The image shows analysis of CD-Boron: a) 1H NMR; b) HSQC; c) 

HMBC. 

 

A broad proton signal at 3.33 ppm is assigned to the -NH2 group of free Gly [189], 

however this signal is superimposed with signals of the methylene protons of at 

least three forms of polyglycines, which can be detected as HSQC cross peaks at 

43.53 ppm. The heteronuclear multiple bond correlation (HMBC) at 3.33 - 171 ppm 

is ascribed to long-range scalar coupling between amine protons and carbonyl 

carbons of Gly (Figure 3.7 c). According to a preliminary calculation of the 

integrals of these HSQC cross peaks, roughly 20% of the Gly in CD-Boron is not 
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polymerized. Although free glycine is reasonably buried inside the polymeric 

strands and maintained by non-covalent contacts, it retains some reorientational 

freedom. In CD-Boron, DAN does not appear to retain its structure, but instead 

reacts with Gly and itself to generate a complex plethora of molecular compounds, 

which are likely smaller in size than in CD-Chlorine. This is also confirmed by the 

absence of very broad resonances as those observed in CD-Chlorine. 

XPS analysis of the comparison of the two dots is shown in Figure 3.8. C1s spectra 

of CD-Boron and CD-Chlorine (Figure 3.8) have been deconvoluted into four 

components corresponding to different carbon states and chemical bonds, namely 

C-C/C=C (284.9 eV), C-OH /C-N (286.3 eV), -C=O (287.8 eV), and -COOH (289.1 

eV). Significant modulation is observed in CD-Chlorine compared to CD-Boron. 

In particular, a lower contribution of COOH, C=O functional groups is observed 

next to C-OH functional groups. This could be attributable to a more efficient 

consumption of Gly towards a lower degree of polymerization and a higher degree 

of carbonization. In Figure 3.8 a, there is a greater contribution of the band at 284.4 

eV, which we have attributed to sp2 C=C bonds, probably responsible for a more 

graphitic structure compatible with the higher-contrast core observed at TEM. 

 

 

Figure 3.8 This figure shows the XPS measurement: a) C1s and b) N1s analysis. 
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However, a lower contribution of C-NH3
+ and amide bonding is evident, confirming 

the formation of a compact and relatively less polymeric carbon structure than CD-

Chlorine.  

The evidence provided by XPS are in accordance with Raman measurements 

reported in Figure 3.9. The spectra are mainly characterized by the D and G bands 

at 1367 and 1590 cm-1 of a graphitic structure [190]. Due to the fluorescence over 

the scattering spectrum, it was not possible to acquire the Raman spectrum of the 

CD-Boron counterpart. 

 

 

Figure 3.9 This is the Raman spectrum of CD-Chlorine compared to the one of 

Gly and 1,5-DAN. 

 

Evaluation of the influence of 1,5-DAN concentration in CD-Boron: 

To explore the potential provided by the synthesis of CD-Boron, three different 

compositions were evaluated (Table 1). 
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Table 1 Compositions of the CD-Boron with different concentrations of 1,5-DAN. 

Sample Glycine 1,5-diaminonaphthalene Boric Acid 

CD-Boron-01 1 0.1 1 

CD-Boron-05 1 0.5 1 

CD-Boron 1 1 1 

 

 

Figure 3.10 shows the UV-Vis analysis of the samples at different concentrations. 

As it can be seen, an increase of the 1,5-DAN concentration leads to an increase in 

the intensity of the absorption at 330 nm. Anyway, the shape of the band, attributed 

to the π → π* transition of the aromatic structure, is similar to the one of the 1,5-

diaminonaphthalene [191]. At the highest concentration of 1,5-DAN we start 

observing an absorption at about 260 nm, probably due to a higher presence of 

carbonyl groups derived from the glycine [184]. 

 

 

 

Figure 3.10 UV-Vis spectra of CD-Boron at different concentrations of 1,5-DAN. 
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The fluorescence analysis (Figure 3.11) of the same samples shows a strong 

emission at ~405 nm in each case, with a shift in the excitation wavelength from 

350 to 320 nm as the concentration of 1,5-DAN increases. 

 

 

 

Figure 3.11 Fluorescence 3D maps of CD-Boron at different concentrations of 

1,5-DAN in the range of excitation and emission of 300-500 nm. 

 

FTIR-ATR spectra provide significant differences in the chemical structures of the 

three carbon-dots samples. In Figure 3.12 a is reported the ATR analysis at 

increasing molar ratios of 1,5-diaminonaphthalene with respect to the other two 

precursors. At a glance we observe a linear decrease of the amide I (about 1600 – 

1700 cm-1) band in accordance with the decrease of DAN concentration.   A similar 

trend in intensity is also observed for the absorption bands attributed to the amide 

II and amide III (about 1400 and 1250 cm-1, respectively) [184]. In addition, the 

patterns are very similar to that of glycine, except for the strong band at 1196 cm-1 

that is given by the presence of unreacted aromatic amines [192]. 
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Figure 3.12 FTIR spectra of CD-Boron at different concentrations of 1,5-DAN in 

the range a) 4000-400 cm-1; b) 2000-400 cm-1. 

 

Figure 3.13 shows the XPS spectra in the energy regions of carbon and nitrogen 

taken from the CD-Boron sample at different concentrations of 1.5-DAN. The 

signals related to carbon and nitrogen are the same as those observed previously. 

The C1s spectra of samples at different DAN concentrations do not appear to be 

particularly sensitive to different molar ratios, indicating that the spectra are more 

influenced by the presence of glycine and its intrinsic polymerization. The N1s 

spectra (Figure 3.13 b) provide further information about the glycine-DAN 

interaction. In this case, the spectra appear more sensitive to the molar ratio of the 

two precursors. CD-Boron is deconvoluted into four contributions, C-NH3
+ (401.9 

eV), C-NH-C=O (400.6 eV), C-NH2 (399.3 eV) and C-N=C (398.4 eV) 

respectively. CD-Boron retains a significant contribution of glycine in its 

zwitterionic form in the solid state, and the formation of an amide bond is observed, 

which may be due either to the formation of polyglycine or to a chemical bond 

between glycine and DAN. The C-NH2 contribution is made by the amines of DAN. 

Finally, we observe the formation of the C-N=C bond due to the presence of 

pyridinic N. By reducing the amount of DAN, its polymerization appears to be 

inhibited by the dispersion of DAN within the polyglycine matrix. 
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Figure 3.13 XPS comparison of a) C1s and b) N1s of CD-Boron at different 

concentrations of 1,5-DAN. 

 

Finally, the structural differences between these two dots, were also observed in 

paramagnetic resonance measurements, to observe the eventual presence of radical 

species and the formation of singlet oxygen under visible light exposure. 

 

Electron Paramagnetic Resonance for the detection of ROS: 

Two types of Electron Paramagnetic Resonance (EPR) analysis were performed on 

the solid sample. In the first type, the sample was placed in a high vacuum (P < 10-

3 mbar) and kept in the dark or exposed to blue LED light (centered at 470 nm, 

irradiance of 344 W/m2). Working in a vacuum is crucial to prevent the influence 

of molecular oxygen, which is a paramagnetic molecule itself, from altering the 

EPR signals of the material. The second type of analysis was conducted in the 

presence of oxygen to investigate its potential role in the observed photoinduced 

phenomena. Figure 3.14 shows the EPR measurements of the CD-Boron a) in 

vacuum b) under oxygen pressure. The weak intensity spectrum is characterized by 

an isotropic signal at g = 2.004, attributed to carbon radical species (C•) [193]. The 
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figure also indicates minor signals with their respective g-values (g = 2.054, 2.030, 

and 1.978).  

 

 

 

Figure 3.14 EPR measurement of carbon centers a) in vacuum and b) under 

oxygen pressure, of CD-Boron. 

 

The carbon radical species display photosensitivity, as evident from the spectra 

recorded under irradiation with blue light, in vacuum conditions as well as in the 

presence of oxygen. After interrupting the irradiation, the original intensity is 

restored after approximately 60 minutes Figure 3.15. CD-Boron contains 

approximately 4.0 × 1014 spins/g of C• radicals.  
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Figure 3.15 EPR measurement of carbon centers of CD-Boron under irradiation 

with a wavelength of 470 nm at different time of exposure. 

 

In the case of CD-Chlorine (Figure 3.16), a single very intense and well-defined 

signal can be observed, always associated with the presence of carbon radical 

centers, with concentration 5.4 x 1017 spins/g, three orders of magnitude higher than 

in the CD-Boron sample. Also in this case, measurements were made in vacuum 

and in the presence of oxygen. 

 

 

Figure 3.16 EPR measurement of carbon centers a) in vacuum and b) under 

oxygen pressure, of CD-Chlorine. 
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From these measurements, it is easy to assume that the structure of CD-Boron, in 

contrast to that of CD-Chlorine, has photosensitive sites that affect radical 

formation when under irradiation with visible light. The same behavior of CD-

Chlorine was observed in the EPR spectrum of the 1,5-DAN precursor (Figure 

3.17) with a concentration of carbon radical centers of 1.5 x 1015 spins/g. 

 

 

 

Figure 3.17 EPR measurement of carbon centers a) in vacuum and b) under 

oxygen pressure, of 1,5-DAN. 

 

After the presence of carbon radical centers, the presence of other radical species, 

the reactive oxygen species, was also evaluated [194]. More specifically, the 

promotion of singlet oxygen, an excited (not radical) state of molecular oxygen, 

was evaluated. 

In this case we utilized a pH 7.5 buffered solution (phosphate buffer) containing the 

CD-Boron sample (3 mg/ml) and 4-oxo-TEMP (0.044 M). Upon exposure to singlet 

oxygen, 4-oxo-TEMP reacts and forms the paramagnetic 4-oxo-TEMPO adduct 
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(Figure 3.18) [195]. During the test, the sample were exposed to blue light (470 

nm), and EPR spectra recorded at 5, 30, and 60 minutes.  

 

 

 

Figure 3.18 Scheme of the trapping of the singlet oxygen by the employing of the 

trapper TEMP. 

 

To identify potential singlet oxygen species, the CDs suspension was irradiated 

under the conditions of 3 mg/ml, for the concentration, and a blue light at 470 nm, 

with a power of 344 W/m2. Comparison of the two samples CD-Boron and CD-

Chlorine, and the precursor 1,5-DAN (Figure 3.19), allowed for some very 

interesting observations. As can be seen, in contrast to the behavior shown 

previously with the formation of carbon radical centers, in this case only CD-Boron 

showed evidence of singlet oxygen formation. 
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Figure 3.19 EPR measurement of singlet oxygen production of a) CD-Boron, b) 

CD-Chlorine, c) 1,5-DAN.  

 

A more detailed view of this result shows that there is an increase in the intensity 

of the signal associated with singlet oxygen formation as the time of exposure of 

the sample to visible light (470 nm) increases (Figure 3.20). 

 

 

 

Figure 3.20 EPR measurement of singlet oxygen production of CD-Boron respect 

to the time of exposure at the visible light (470 nm). 
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The influence of the increasing amount of 1,5-DAN in the CD-Boron samples was 

also evaluated by EPR analysis. By halving the amount of 1,5-DAN in the synthesis 

step, a structure was obtained that exhibits almost the same signals as the carbon 

radical centers observed in CD-Boron (Figure 3.20), with a concentration of 1.4 x 

1015 spins/g. 

 

 

 

Figure 3.21 EPR measurement of carbon centers a) in vacuum and b) under 

oxygen pressure, of CD-Boron-05. 

 

Again, photosensitivity can be observed in the presence of irradiation with visible 

light.  

Concerning the measurements of the singlet oxygen production under visible light 

irradiation, a sensitive difference among CD-Boron and CD-Boron-05 (Figure 

3.22) is observed. 
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Figure 3.22 EPR measurement of singlet oxygen production of CD-Boron (red 

line) and CD-Boron-05 (black line). 

 

In this case, by halving the amount of 1,5-DAN in the synthesis step, the structure 

that is obtained is less performing than that of CD-Boron, due to the lower amount 

of poly-1,5-DAN graphitic structure. 

 

Hydrothermal CDs 

The hydrothermal CDs were not analyzed as in detail as those synthesized by 

microwaves due to a lack of time and availability of the equipment. Nevertheless, 

in this paragraph, we the preliminary characterizations of this system, obtained from 

glycine, glycyrrhizic acid and boric acid, called CD-Lico. 

Figure 3.23 shows the UV-Vis spectra of the CD-Lico. The spectrum shows four 

absorption signals: the first two, the one at approximately 210 nm and the one at 

about 250 nm, are associated with the absorption bands of glycine and glycyrrhizic 

acid, respectively, while the one at approximately 260 nm and about 330 nm are 

associated with the formation of aromatic structures [196]. Although not very clear, 

there is also an absorption component peaked at around 360 nm and attributed to 

the presence of aromatic structures. 
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Figure 3.23 UV-Visible spectra of CD-Lico in the range of 200-600 nm. 

 

Figure 3.24 shows the emission signal of the CD-Lico sample. The maximum of 

emission is centered at around 445 nm when the sample is irradiated with a 

wavelength of about 360 nm. This result is consistent with that one observed in the 

UV-Visible analysis. 
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Figure 3.24 3D map of the fluorescence of CD-Lico in the range of excitation and 

emission 300-500 nm. 
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The FTIR analysis (Figure 3.25) shows some interesting signals. The presence of 

different vibrational modes assigned to NH2 (1576 cm-1, bending; 1500 cm-1, 

symmetric bending + rocking; 1429 cm-1, NH2 bending; 1329 cm-1, C-H2 bending 

+ NH bending) and CH2 (1443 cm-1, deformation) are typical of glycine [184]. The 

presence of a band at approximately 1700 cm-1 is associated with the COOH groups, 

which are abundantly present in glycyrrhizic acid [197]. The bands in the range 

between 1300-1400 cm-1 are of particular interest as they contain the contribution 

related to the amide bonds of tertiary amides; the CD-Lico shows an increase in 

intensity of these vibrational modes with respect to its precursors. The increase is 

consistent with the amidation reactions that likely occur between the amino group 

of glycine and the carboxylic groups of glycyrrhizic acid. 

 

 

 

Figure 3.25 The figure shows the FTIR spectra of CD-Lico (black line), 

glycyrrhizic acid (blue line) and glycine (red line) in the range a) 4000-400 cm-1 

and b) 1800-1200 cm-1. 

 

TEM characterization reveals (Figure 3.26) that the CD-Lico are made by large 

particles with a dense, almost spherical core surrounded by a less dens corona. As 

previously observed in the CD-Chlorine sample, this type of morphology suggests 

the presence of a compact inner part, which can be also composed of unreacted 

monomers, along with the presence of long polymer chains. Considering the 
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uniform shape of the particles, however, it is possible also hypothesize the presence 

of graphitic cores, as seen in the case of CD-Boron, which is highly probable due 

to the presence of glycyrrhizic acid (composed of aromatic rings). The shadow 

around the dense core can be associated with the formation of glycine polymers, 

which are formed during hydrothermal reactions catalyzed by boric acid, and 

glycyrrhizic acid polymers. 

 

 

 

Figure 3.26 The figure shows the TEM image of CD-Lico, with a bar scale of 100 

nm. 

 

The surfaces 

To achieve the surface engineering two approaches were used: the former uses an 

organosilane-based film for anchoring the nanoparticles through covalent chemical 

bonds, while the latter makes use of a polymer matrix to incorporate the dots to 

form flexible and self-standing surface. 

For CD-Boron was used for the functionalization of organosilane films because of 

the good dispersibility in organic solvents while CD-Lico was embedded the 

polymer matrix, because of its better dispersion in water. 
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The nanoparticles (CD-Boron) were anchored to the film composed of a double 

layer of TEOS and APTES through an EDC/NHS coupling reaction. The coupling 

reagent EDC first activated the carboxylic group of the carbon dots, and it was 

subsequently replaced by NHS. NHS allows the formation of an ester adduct, which 

serves as an excellent leaving group [198], facilitating the reaction between the 

carboxylic group of the dot and the amino group provided by the APTES in the 

film. A typical image of the carbon dots-functionalized surface is shown in Figure 

3.27. The optical appearance of the films does not change after carbon-dots 

functionalization suggesting the formation of a very thin layer of nanoparticles, 

with a small amount of aggregates. 

 

 

 

 

Figure 3.27 Picture of the functionalized silicon substrate with CD-Boron. 

 

Atomic force microscopy was used to characterize the substrate morphology after 

carbon-dot functionalization. Figure 3.28 a is the image of the silicon wafer surface 

with the organosilica layer but without the carbon-dots. At this stage, the surface 

was treated only with the EDC/NHS reagents to observe possible differences after 

functionalization. As can be seen, the surface appears homogeneous, with a 

repeated structure throughout, represented by protrusions that look like a mountain 



78 
 

chain. The image in Figure 3.28 b is the confirmation of successful 

functionalization. As can be observed, the morphology completely changes and 

shows individual peaks, likely due to dots aggregates and associated to the 

anchoring of the carbon dots to the surface. It is important to note that the dots 

remain on the surface after several washing step and even a sonication treatment, 

indicating that the chemical functionalization is strong enough to provide a 

reasonable mechanical stability. 

 

 

 

Figure 3.28: a) AFM images of pristine APTES-EDC/NHS functionalized and b) 

CD-Boron coated surfaces. 

 

The second type of antiviral surface was obtained by forming a nancomposite layer 

of polyvinylalcohol (PVA) bearing carbon dots nanoparticles.  The carbon dots 

(CD-Lico) were at first dispersed in an aqueous solution containing PVA and 

glycerol, then, once a homogeneous dispersion was obtained, it was deposited in a 

Petri dish. A subsequent heating treatment in an oven at 60°C overnight led to the 

formation of a self-standing surface (Figure 3.29). The addition of glycerol allowed 

the production of a more flexible film. 
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Figure 3.29 Picture of the self-standing surface functionalized with CD-Lico. 

 

The successful functionalization was confirmed by measuring the fluorescence of 

the obtained film, which was found to be the same as that of the CD-Lico initially 

used (Figure 3.30). 
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Figure 3.30 The figure shows a) the fluorescence of CD-Lico (upper picture) and 

fluorescence of the functionalized surface (lower picture); b) picture of both 

surfaces under a UV lamp: left non-functionalized and right functionalized with 

CD-Lico. 

 

Antimicrobial evaluation 

 

Antiviral evaluation: 

Before testing the antiviral surfaces, the virucidal activity of the different carbon-

dots, were evaluated against SARS-CoV-2, alone or in combination with visible or 
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ultraviolet light exposure, according to guidelines reported in EN14476 for testing 

of chemical disinfectants. 

The analysis was conducted on original Wuhan strain and Delta strain of SARS-

CoV-2 (Human 2019-nCoV strain INMI1, from Istituto “L. Spallanzani”, Rome, 

Italy). 

CD-Boron and CD-Chlorine cytotoxicity and virucidal activity were assessed in 

Vero E6 cells (African Green Monkey (Cercopithecus aethiops), ATCC-CRL-

1586). Treatment concentration for each nanomaterial was selected in order to get 

a non-cytotoxic concentration at the first serial dilution added to cells during viral 

titer determination experiments. After 24 hours in a 96-well plate, Vero E6 cells 

were exposed to various concentrations of CDs for 72 hours. The biocompatibility 

was evaluated by observing the integrity of the cell monolayer under microscope. 

Correspondingly, we have estimated the cytotoxic concentration 50% (CC50) for 

each sample. 

Results are reported in Table 1. Cytotoxicity was investigated at the increasing 

concentrations of 0.05, 0.50 and 5.00 mg ml-1. CC50 of 2.5 mg ml-1 was determined 

for both CD-Boron and CD-Chlorine. 

 

Table 1. Analysis of CD-Boron and CD-Chlorine cytotoxicity. Effect of 

nanomaterials on cell monolayer integrity.  

 Cell monolayer integrity (viability) 

Tested Material 5.0 mg ml-1 0.5 mg ml-1 0.05 mg ml-1 

CD-Boron 0 100 100 

CD-Chlorine 0 100 100 

 

 

Under non-cytotoxic conditions, CD-Boron and CD-Chlorine virucidal effect 

against original strain (Wuhan) of SARS-CoV-2 were tested in dark and under light 
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exposure conditions, namely at 365 nm (UV) and 450 nm (Vis), as in the 

photograph in Table 2 e.  

 

Table 2. a) Virucidal effect of CD-Boron and CD-Chlorine under ultraviolet light 

(UV ; λ = 365 nm ) exposure. b) Virucidal effect of CD-Boron and CD-Chlorine 

under visible light (Vis ; λ = 450 nm) exposure.  

a) 

 

 

 

 

 

 

 

 

 

 

 

b) 

Tested Material Viral titer (TCID50/ml) 

Control 3.16 × 105 

Control – Vis on 1.78 × 105 

CD-Boron 1.78 × 106 

CD-Boron – Vis on 1.00 × 104 

CD-Chlorine 3.16 × 105 

CD-Chlorine – Vis 

on 
1.43 × 105 

 

Tested Material Viral titer (TCID50/ml) 

Control 2.85 × 105 

Control – UV on 3.16 × 105 

CD-Boron 7.50 × 104 

CD-Boron – UV on 0.00 (< 3.16 × 102) 

CD-Chlorine 2.31 × 105 

CD-Chlorine – UV 

on 
0.00 (< 3.16 × 102) 
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In a typical experiment, 10 μl of CDs (at the concentration of 3.3 mg ml-1) have 

been added to 5 μl of viral suspension. The wells have been irradiated for 5 minutes 

followed by other 5 minutes of incubation. Firstly, we observe that under exposure 

of light (both UV and Vis) for 5 min, the viral titer appears substantially unaffected, 

with TCID50 / ml > 3.9 × 105. Furthermore, the addition of CDs does not affect the 

viral titer under dark conditions. Under exposure to UV light, both CD-Boron and 

CD-Chlorine determine an effective virucidal effect promoting the reduction of the 

viral titer to negligible values. On the contrary, the exposure to blue light produces 

different effects according to the specific CD. 

 

 

 

Figure 3.31 Bar chart of viral titer under (a) UV and (b) visible exposure 

conditions. c) Photograph of the experimental setup. 
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CD-Chlorine does not cause a significant decrease of viral titer with a small 

modulation comparable with the control. CD-Boron instead provokes a reduction 

of the titer of more two orders of magnitude. Based on in vitro experiments, it 

appears that CDs are able to produce a virucidal effect if triggered by UV light 

producing a more effective antimicrobial effect with respect to mere light. One 

species of carbon-dots, namely CD-Boron, also supports the antiviral effect under 

visible light. On the contrary, CD-Chlorine results ineffective at the same 

conditions. This result is consistent with what was observed in the EPR analysis. 

Among the two types of dots, only CD-Boron exhibits photosensitivity under 

visible light irradiation and is therefore the only one that promotes the formation of 

reactive oxygen species under these conditions. 

The same tests were conducted on the functionalized surface (Figure 3.32). 

In this case, tests were carried out on both variants of SARS-CoV-2, the original 

strain, and the Delta variant, obtaining interesting results. 
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Figure 3.32 Bar chart of viral titer under UV and Visible (VL) light: a) against 

original strain and b) against delta strain of SARS-CoV-2, of the functionalized 

surface with CD-Boron.  
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The dots used for surface functionalization, kept their antiviral properties even after 

the functionalization. Specifically, the performance was the same for both variants 

under UV and visible irradiation. 

Antibacterial evaluation 

The second type of functional surface, on the other hand, was tested against 

bacterial resistance. CD-Lico were tested against four bacteria: two gram-positive, 

two gram-negative. As can be seen from the tests performed according to Broth's 

microdilution method [199], CD-Lico showed interesting bacterial susceptibility to 

gram-positive bacteria S. aureus and E. faecium (Figure 3.33). 

 

 

 

Figure 3.33 Antibacterial test of CD-Lico against gram positive bacteria. 

 

The dots, against gram-negative bacteria P. aeruginosa and A. baumannii, were not 

effective (Figure 3.34). This result probably depends on the different structure of 

the bacteria. Gram-negative bacteria, contrary to gram-positive bacteria, have three 

outer membranes, as opposed to two membranes in gram-positive bacteria. These 
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three membranes prevent more efficiently, the passage of the dots inside the cell, 

where they would go for biological activity. 

 

 

 

 

Figure 3.34 Antibacterial test of CD-Lico against gram negative bacteria. 

 

Self-standing surfaces developed using CD-Lico, have proven to be of particular 

interest in food packaging (Figure 3.35). In a proof-of-concept demonstrator, the 

CD-Lico film was used as a top coating for boxes of fresh food, such as fruit, to 

provide a better preservation of the product. A sample of strawberries was used to 

evaluate the effective antimicrobial action of the surfaces. All tests were carried out 

at room temperature, in the air, with a humidity of about 60%, in dark conditions. 
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Figure 3.35 Proof of concept of the self-standing surface, functionalized with 

CD-Lico, in the field of food packaging. 

 

As can be seen from the results obtained, CD-Lico was able to inhibit mold (botrytis 

cinerea) formation for at least 8 days, compared with 3 days for the strawberry 

covered with the non-functionalized film. Although preliminary, these results 

appear of extreme interested in the prospected applications. Further experiments are 

ongoing to elucidate the mechanism of antibacterial activity even is the surface is 

not put in direct contact with the food. 
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Chapter 4: Conclusions 

 

This doctoral project was aimed at developing functional surfaces with 

antimicrobial properties, exploiting the properties of carbon-dots. To do this, two 

different systems were designed, one with 1,5-diaminonaphthalene and one with 

glycyrrhizic acid, that had as a common precursor an amino acid, the glycine. In 

both carbon-dots, the aim was to exploit the amino and carboxyl groups of glycine 

in order to form carbonaceous structures based on the amide bonds. Dots 

synthesized from glycine and 1,5-diaminonaphthalene were comprehensively 

characterized, evaluating the variation in the molar ratios of the precursors and also 

assessing the importance of an acid catalyst such as boric acid (CD-Boron) and 

hydrochloric acid (CD-Chlorine).  

 

Comparison between CD-Boron and CD-Chlorine: 

In the comparison of the two carbon-dots, CD-Boron and CD-Chlorine, many 

differences were observed, both from a structural perspective and from an antiviral 

activity point of view.  

First, several UV-Visible absorption signals were observed, with maxima centered 

at 330 nm for CD-Boron and 360 nm for CD-Chlorine. These absorptions led to 

two different signals of fluorescence (property present in both dots) emission, at 

405 and 450 nm, respectively.  

The structural composition is characterized by different signals observed at TEM, 

FTIR, NMR and XPS, associated with significantly different structures between the 

two dots. TEM images showed two different morphologies: for CD-Boron, 

nanoparticles were observed, with a size around 18 nm, with a dense core 

(associated with the compacted state of long polydiaminonaphthalene chains that 

enclose monomeric glycine units within them), well defined and with a rather 

homogeneous particle size distribution. For CD-Chlorine, on the other hand, 

particles were observed with a dense core of very small size, about 2 nm, associated 

with the compaction of small structures formed by short polyglycine chains that 

reacted with single molecules of 1,5-diaminonaphthalene, with a second polymer-
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type structure around it, bigger than the dense one, associated with the presence of 

long polyglycine chains. From the TEM images, therefore, it can be seen that the 

use of boric acid leads to the formation of more compact structures, probably due 

to more efficient polymerization of the precursors, particularly of 1,5-DAN, which 

itself has aromatic rings and more easily promotes the formation of graphitic-type 

structures. On the other hand, hydrochloric acid (in CD-Chlorine) promotes more 

the reaction between the two precursors, also going to form small particles formed 

by a few units of glycine and one of 1,5-DAN, as well as promoting the 

polymerization of glycine alone. This result, hypothesized mainly on the results 

obtained from FTIR, NMR, and XPS measurements, may suggest that hydrochloric 

acid is more efficient than boric acid in this reaction. 

When performing EPR analysis, several considerations can be made. 

The EPR measurement has shown the presence of carbon radical centers in both 

samples, CD-Boron and CD-Chlorine, with a higher concentration in the one 

synthesized with hydrochloric acid. The analysis conducted on the precursor 1,5-

diaminonaphthalene alone has also revealed the presence of carbon radical centers. 

This indicates that carbon radicals are an intrinsic property of this precursor and, 

consequently, its derivatives. The CD-Chlorine sample and the 1,5-DAN precursor 

exhibit the same behavior under visible light irradiation (470 nm), with the carbon 

radical signals consistently present. In contrast, CD-Boron shows different 

properties when irradiated with a light with the same wavelength. 

In this case, an increase in the concentration of carbon radical centers was observed, 

which varies with the extended exposure time of the sample. This is attributed to 

the presence of a weak signal resulting from the absorption of electromagnetic 

radiation at around 460 nm for this sample. The presence of this maximum at this 

specific wavelength is due to the graphitic-like structure promoted during the 

reaction catalyzed by boric acid. This structure makes CD-Boron photosensitive. 

In addition to the carbon radical centers, the promotion of reactive oxygen species, 

specifically singlet oxygen (whose importance has been discussed in chapter 1), has 

also been evaluated. 
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To carry out this measurement, a "trapper" molecule was used, which is called 4-

oxo-TEMP. When this trapper is in the presence of singlet oxygen, it can capture it 

and make it detectable by EPR. 

The measurement conducted on the 1,5-DAN precursor did not show any 

promotion of singlet oxygen, neither under visible light irradiation at 470 nm. CD-

Chlorine exhibited the same behavior as the precursor alone, not promoting singlet 

oxygen formation in any case.  

For CD-Boron, on the other hand, there was observed a promotion of singlet 

oxygen, and this promotion increased in concentration with prolonged exposure of 

the sample to visible light. This result indicates that the 1,5-DAN precursor is not 

responsible for the photoactivity of this dot and that the nanoparticle structure 

promoted by boric acid is better than that promoted by hydrochloric acid, even 

though hydrochloric acid more effectively promotes the reaction between the 

reagents, regarding the formation of this ROS. 

The promotion of ROS is the main mechanism hypothesized for the antimicrobial 

activity of these nanomaterials. 

From the measurements conducted on the original variant of SARS-CoV-2, it is 

evident that CD-Boron and CD-Chlorine are equally effective when irradiated with 

ultraviolet light (365 nm). This is probably because they both produce singlet 

oxygen under irradiation at this specific wavelength. This is possible because both 

dots have absorption maximum in this region of the spectrum. However, when we 

shift to the visible spectrum, CD-Chlorine no longer exhibits efficient antiviral 

activity, as it did in the previous case, but instead appears almost ineffective. In 

contrast, CD-Boron, although less than the measurement under UV light, is still 

effective even in the visible range. This is because, as mentioned previously, 

graphitic structures are present that allow absorption of light at about 460 nm, 

making it photoactive even under these conditions. 

The same results were obtained with another variant of SARS-CoV-2, the delta 

variant, where CD-Boron showed approximately the same efficacy. 
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The CD-Lico: 

Regarding CD-Lico, composed of glycine, glycyrrhizic acid, and boric acid, even 

with limited characterizations, we can still make some observations. From the TEM 

images, a double structure similar to that shown by CD-Chlorine can be observed. 

However, in this case, the dense cores are of discrete dimensions, and the polymeric 

halo has a smaller size. Overall, the particles exhibit an almost spherical shape, 

typical of carbon dots, but with a size on the order of 100 nm. The presence of 

polymers in this sample is expected, as it is reported in the literature that both, 

glycine and glycyrrhizic acid, can form long polymeric chains under specific 

reaction conditions. 

However, from the FTIR measurements we can assume that large amounts of 

unreacted monomers are present here as well. Probably, as in the case of CD-Boron, 

these compose the dense core observed at TEM. 

Although limited structural characterizations, biological analyses returned some 

interesting results: the CD-Lico dots showed attractive anitbacterial susceptibility 

against gram-positive bacteria. The ineffectiveness of these dots against gram-

negative bacteria is probably due to the difficult penetration of the nanoparticles 

inside the cell because of the thick membrane they possess. 

 

The surfaces: 

Surface engineering was studied using two approaches: one approach involved the 

deposition of an organosilane-based film on a single-crystalline silicon substrate 

and then functionalizing this film with the dots through an EDC/NHS coupling 

reaction; a second approach, on the other hand, involved the use of a polymer matrix 

where the dots are incorporated internally (functionalization), to obtain a self-

standing surface. 

In the first approach, CD-Boron were used for functionalization, as it is necessary 

to effectively disperse the dots in an organic solvent (N,N-dimethylformamide) to 

create the right reaction environment. In this case, the use of a double layer of 

organosilanes, was designed to improve the adhesive properties of the film to the 

substrate, a recurring problem in this type of system. What we got was a film that 
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could withstand the fingerprint test and rinsing with water and ethanol. However, it 

presents less resistance from a scratching perspective.  

The surface functionalization was confirmed by AFM measurements. 

The antiviral activity of the surface so functionalized has been tested against two 

variants of SARS-CoV-2, the original strain and the delta strain. It was observed 

that the dots kept their antiviral property even after functionalization, and in both 

cases, they remained effective under both ultraviolet and visible light irradiation.  

Functionalization through a coupling reaction works and is appealing for surfaces 

that can be pre-modified with sol-gel, including methods such as spray coating. 

For the second approach, CD-Lico was used for the functionalization of the self-

standing surface. This choice was made due to its better dispersion in water, which 

is the solvent used for the building of this system. In this case, the surface 

functionalization was confirmed by evaluating the fluorescence of the film. Both 

the dots and the surface exhibit the same fluorescence (the film itself is not 

fluorescent). 

The self-standing surface has been used as an active packaging material to increase 

the shelf life of food. Even though the mechanism is not yet fully defined, the 

surface functionalized with CD-Lico has shown intriguing potential in combating 

mold formation on fruits. 

 

Future perspectives: 

Although all the results obtained are very interesting and scientifically significant, 

there is still much work to be done, and there are many questions that need to be 

clarified. It is necessary to clarify the role of the acid catalyst in the synthesis of this 

system, particularly to understand the role of boric acid in promoting structures with 

better photoactive properties compared to those obtained with another acid catalyst, 

such as hydrochloric acid. It is necessary to gain a better understanding of the 

structure of these nanoparticles. Despite the comprehensive study of CD-Boron, the 

actual structure of this system is still hard to identify. Lastly, it is essential to 

complete all the studies on CD-Lico carbon dots, which have shown promise as a 

nanomaterial in combating bacteria, and as an "additive" for food packaging to 
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extend the shelf life of food. It is essential to assess the potential contamination of 

food in active packaging and the actual toxicity of the dots in case of contact with 

food. 
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