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1. NANOMATERIALS 

In the last decades, nanotechnology is having relevant impact in many 

fields of research such as biomedicine [1], pharmaceutics [2], optoelectronics 

[3], environmental care [4] and energetics [5]. The scientific literature is more 

and more dominated by words beginning with “nano“. Nanomaterials are, in 

opinion of the most, the actual answer to many of a researcher’s questions 

thanks to the surprizing properties of the matter when it is nano-sized [6].  

Nanomaterials are structures in which at least one dimension is less 

than 100 nm, organic or inorganic, with many different shapes and high 

surface area. These characteristics, highly and easily tunable originate a 

peculiar physical and chemical behaviour useful for many purposes [6, 7]. In 

biomedical field nanoparticles (NPs) are exploited for example for imaging 

[8], drug delivery [9], photodynamic [10] and photothermal [11] therapy, 

scaffolds for regenerative medicine [12, 13], smart biomaterials [14], sensing and 

so on. Metal nanoparticles (MNPs) are the first and most studied example, 

especially noble metal NPs (AuNPs, AgNPs, PtNPs, PdNPs, etc). In the last 

decades, carbon-based nanomaterials like fullerenes, graphene and graphene 

oxide (GO), carbon nanotubes (CNTs) and Carbon dots (CDs) are receiving 

great attention [15].  

Nanomaterials, although identical chemical composition from bulk, 

reached the success because of extraordinary different physical and chemical 

properties. The key point of this difference lies precisely in the dimension. 

Since the theorization of quantum mechanics, we have become accustomed to 

thinking that the behaviour of matter changes going down to the ultra-small. 

Macroscopic materials (bulk) behaviour can be explained with traditional 

physics, the interaction between molecules, macromolecules and complex 

systems with the chemistry of low interactions (supramolecular chemistry), 

molecular properties with conventional chemistry, in the atomic scale 

classical and quantum physics are used to understand them. Nanomaterials 

are in a middle-earth between atoms/molecules and bulk materials. Their 

nanometric size (and also shape) on the interaction with the electromagnetic 

radiation returns peculiar properties that are explainable by quantum 

mechanics, in particular by the quantum size effect. The possibility to control 
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chemical and physical properties of materials without the alteration of 

chemical composition but only tuning size and shape has opened a new and 

intriguing area of research in remarkable hype since decades: nanochemistry 

and nanotechnology. [16]  

1.1 CLASSIFICATION 

Since their discovery, many nanostructures have been identified in 

natural productions such as volcanoes activities, combustion processes, 

inorganic compounds or biological activities (biovesicles). [16] Many others 

have been synthetized in a multitude of laboratory. In a long and spread 

research activity a large volume of nanoparticles is known, and of course need 

a classification. The most common categorization is per size and dimension, 

four different families are recognized: zero dimensional (0D), one 

dimensional (1D), bidimensional (2D) and three-dimensional (3D). Inside 

these groups nanoparticles can exist in various shapes and morphologies such 

as atomic clusters, filamentary structures, single, fused, aggregated structures 

of globular, tubular, ellipsoidal, irregular, layered nanoparticles. [17, 18] 

• Zero dimensional (0D) – Structures wherein all the three 

dimensions are below 100 nm. As said before under every class 

are included nanoparticles from the most diverse 

morphologies. This class contains the largest group of diversity 

from spherical to the fanciest shape and they can be crystalline, 

polycrystalline or amorphous. Clusters, dendrimers, rings, 

fullerenes, quantum dots, metallic nanoparticles are members.  

• One dimensional (1D) – Particles in which only two dimensions 

are below 100 nm, the other is over this limit. As it can be 

possible to imagine the commonest shape is the filamentary. 

Carbon nanotubes (CNTs), metals or metal oxides wires, 

nanofibers are representative for the class.  

• Bidimensional (2D) – Particles in which only one dimension is 

below 100 nm. Graphene, graphene oxide (GO), transition 

metal dichalcogenides (TMDCs) are examples. Generally, the 

first dimension relies on the atomic scale, and they result as a 

thin sheet.  
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• Three-dimensional (3D) - Particles that are not in the 

nanoscale, such as bulk materials. They are included in 

nanomaterials classification due to many examples of 

nanocrystalline structures of reasonably small size, in many 

cases aggregates of nanoparticles, that feature nanoscale 

properties. 

1.2 PHYSICAL AND CHEMICAL PROPERTIES  

The dimension in nanomaterials strictly affect their physical and 

chemical properties, by means of two main effects: scalable surface effects, 

related to the fraction of the atoms at the surface, and quantum effects, 

related to the electronic confinement. The first explains the reactivity of 

nanoparticles to the interacting environment, some mechanical properties 

and thermodynamic parameters. [19] The second was theorized at the 

beginning of 1980s by Brus et al [20] that introduced the so-called “quantum 

size effect” to explain the different electronic spectra of CdS nanoparticles 

from bulk materials, even though the composition and the chemical bonding 

were the same. Quantum effects are used to explain nanoparticles optical, 

electrical, and magnetic properties. Since this milestone interpretation a new 

era in research started and many researchers were applied on this intriguing 

way to modify the matter. 

1.2.1 Surface effects 

Nanomaterials due to ultra-small size possess high surface area over 

volume ratio which leads to a major reactivity to the environment compared 

to bulk materials [17]. The reason of this increased reactivity is for a great 

number of surface atoms that have different properties from the inner. 

Interior atoms, as for bulk conditions, are more “coordinated” than surface 

atoms, they form more bonds because they have more neighbours, and their 

reactivity is lower. Surface atoms are freer to interact with the environment, 

considering a model cubic nanostructure the order of reactivity is corner, edge 

and in-plane atoms. Mechanic and thermodynamic properties of 

nanomaterials such as cohesive energy and phase transitions are so explained. 

For example, the Gibbs-Thomson equation describes that the melting point 

scales inversely with the radius of a particle. Surface atoms melt before than 
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inner atoms, and in general phase transitions in nanoparticles are not well 

defined due to a reduced number of atoms. [19] 

1.2.2 Energy band gap and density of states in bulk materials 

Molecules are an ordered collection of atoms that answer to the laws of 

quantum mechanics. Chemical bonds and electronic transitions occur 

through the involvement of quantum entities that are called orbitals in which 

electrons are ordered into quantized levels of energy. Electronic transitions 

occur from a lower to a higher energy state only when is administered the 

correct quantum of energy (photon) equal to the energy gap between the two 

states. In normal conditions, according to frontier orbitals theory, from a 

ground state, the highest occupied molecular orbital (HOMO), to the first 

excited state, the lowest unoccupied molecular orbital (LUMO).  

The behaviour of solid-state systems, or bulk materials, such as metals, 

semiconductors or insulators is similar to molecules. Instead of molecular 

orbital the ordered sum of atomic orbitals is called “band”. The density of 

states (DOS) within a band is proportionally to the numbers of atoms of an 

ensemble with an extended band-like state [19]. HOMO take the name of the 

valence band (VB), LUMO the conduction band (CB). The magnitude of the 

energy gap between VB and CB defines if a material is a metal, a 

semiconductor, or an insulator. In a metal the gap is so little that electron 

promotion occurs with a slight energy expenditure. In a semiconductor the 

energy band is appreciable and measurable, in insulators the gap is so high 

that electron promotion to conduction band does not take place unless harsh 

conditions. In a semiconductor during the photogenerated excited state the 

electron that is promoted to the conduction band leaves behind it a vacancy 

(hole) in the valence band. The electron-hole pair is called the exciton, it is 

quantized too, and it is described by wavefunctions, probability distribution 

and permitted energy.  

1.2.3 Quantum confinement 

Quantum confinement is the theoretical explanation of optical, 

electrical, and magnetic properties of nanomaterials and has evolved on the 

evidence of surface effects. Classical mechanics continues to explain the 

aforementioned, but as soon as the size decreases also the electronic 
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behaviour begins to be altered, which implies the introduction of quantum 

mechanics models. Surface atoms, that in nanomaterials are predominantly, 

possess exotic electronic states responsible of peculiar transitions on the 

interaction with the electromagnetic radiation.  

In quantum mechanics, the characteristic radius of an electron is 

defined as Bohr radius. The exciton, the electron-hole pair, is a quantum 

mechanical system too and possess its own wavefunction and a Bohr exciton 

radius. When the size of a particle becomes too small or comparable with the 

Bohr exciton radius, quantum confinement effect can happen. Electrons and 

excitons are confined in a restricted area of the space that make energy levels 

discrete and consequently band gap energy will increase or widen. The more 

the size decrease the more the energy gap increase blue-shifting UV/Vis 

absorption and luminescence emission of nanoparticles. [21] 

1.3 NANOMATERIALS FOR SENSING APPLICATIONS 

Industrialization, urbanization, economic wellness, extension of life 

expectancy, excessive consumption of raw materials, pollution and 

inattention towards waste management characterized and continue to be joy 

and sorrows of our contemporary society. Fortunately, in the last decades 

there is increasing attention towards circular economy, environmental care, 

and renewable energy sources. On this scenario, the chemical community is 

increasingly striving to find new “green” methods of production and fast, 

reliable, cheap, and accurate analytical methods to detect more and more new 

pollutants, drugs, gases and biomolecular species related to disease detection. 

These changes require the development of novel and modern sensors. 

Actually, the realization of micro and nano sensing platforms is the way that 

researchers have found to reduce production costs and increase sensitivity 

and versatility.  

A sensor is a device that transforms information about the physical and 

chemical properties of a system into analytically useful signal. The interaction 

between the analyte, the surrounding medium (the system) and the device 

leads to the change of a physical parameter that is instrumentally measurable 

giving unique information about the analytical specie. [22] In the best scenario 
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for a chemical sensor, the chemical information may originate from a 

chemical reaction that should be selective but reversible, those interactions 

include non-covalent (ion-dipole, van der Waals forces, …), covalent and 

supramolecular interactions (ion-ion, hydrogen and halogen bonding, 

hydrophobic, π- π, H- π, cations/anions- π interactions). [23] Sensors can be 

divided into several classes. They can be classified on the base of the 

constituent material (metal oxides, , carbon nanomaterial, class of molecules, 

class of metallic complex, …), on the base of the measured physical parameter 

(mechanical stress, heat, magnetic force, …), on the base of the detected 

chemical specie (gases, molecules in solution, biological macromolecules, …) 

or also on the base of the output information/detection parameter (optical – 

colorimetric, luminescent – conductometric, resistive, electrochemical, or in 

base of the spectroscopic technique).  

The basic parameters that are calculated to characterize the efficiency 

of a sensor are: response, response time, recovery time, operating 

temperature, selectivity, limit of detection, stability, and repeatability. Both 

response and recovery time are affected by temperature, pressure or 

concentration of the analyte, binding (adsorption) and dissociation 

(desorption) kinetics of the analyte with the device, construction of the device 

and its material constitution. [24] 

• Response – Is the ratio between the signal coming from the 

analysed physical parameter (resistance, conductance, 

photoluminescence, optical absorption, …) before and after the 

treatment with the analyte. The sensor response (S) is 

expressed by the formula 𝑆 = ∆𝑅
𝑅0

⁄ where ΔR is the difference 

between the response at the time 0 (before the analyte 

interaction) and at the time 1 (after the interaction with the 

analyte). [24] 

• Response time – The time that a sensor requires, during the 

exposure with the analyte, to change its signal from the initial 

state to the final state (in general 90 % of the final value). [24] 

• Recovery time – The time to return from the final state, the 

maximum of the response toward the analyte, to the 
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background signal (in general 90 % of the baseline value). 

Some sensors are irreversible, so the recovery time cannot be 

calculated. [24] 

• Operating temperature – Is dependent from the final 

application, material and device type. For some sensors such 

as gas sensors is a key parameter because controls the sensing 

mechanism, the gas adsorption/desorption kinetics and the 

radical reactions occurring on the surface of the device. [24] 

• Selectivity – Is the measurement of the response of the sensor 

towards the target analyte under the contemporary presence of 

other analytes that could be interfering or not. 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

𝑆𝑖
𝑆𝑡

⁄  where Si is the sensitivity of the sensor toward interface 

species and St toward the target. [24] 

• Limit of detection – Is the minimum concentration of the 

target specie which can be detected by a sensor under certain 

conditions. [24] 

• Stability and repeatability – Determines the performance of 

the sensor on the possibility to be reused many times (multiple 

recoveries) without signal drifting. [24] 

In comparison with the existing technologies, devices that are based on 

nanomaterials have so many advantages that the current research on sensors 

is more often focused on nano-platforms. Nanomaterials in fact, have unique 

physical and chemical properties such as good surface reactivity and catalytic 

efficiency, electrical conductivity, optical absorption, the possibility of 

photoluminescence emission and magnetic properties. All of those are 

different from bulk materials and related to the nanometric dimension 

(quantum confinement and surface effects) of nanomaterials. In terms of 

sensing applications, the unique and variegated physical and chemical 

properties of nanomaterials can be exploited as measurable parameters for 

the final output of sensing, but the major reason of their success is due to the 

high surface area. The more the surface area is the more the reactive sites will 

be present, improving so on selectivity, sensitivity, response, and response 

time of the sensor. A greater amount of interacting sites will give a greater 
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output, an increase of the signal intensity, even with very low concentration of 

the analyte allowing the detection for trace amounts of species. [25] Moreover, 

the actual knowledge on nanotechnology gives the opportunity to fabricate 

using cheap, green and facile methods a vast amount of different 

nanomaterials. The sensitivity to the analytes may be for nanomaterials 

dependent from synthetic and post-synthetic conditions thanks to the tunable 

chemical versatility in terms of surface and core constitution. 

1.3.1 Gas sensing 

As said in the previous paragraph, excessive consumption of raw 

materials and massive industrialization have been left their scars on our 

delicate ecological balance. The detection of pollutants and in particular toxic 

gases that are a risk for human health and for climate change (ozone hole, 

greenhouse effect, …) is an important task for industry, science, and ecology. 

The pollutant gases that are commonly monitored are sulphur oxides (SOx), 

nitrogen oxides (NOx), volatile organic compounds (VOCs), carbon monoxide 

(CO) and carbon dioxide (CO2). Nowadays, the main commercially available 

gas sensors are based on semiconductor metal oxides. The principal 

mechanism of detection is based on the resistance, conductance or in general 

electrical variation of the device response before and after gas adsorption. 

Their performance is affected by morphology, structure, and fabrication of the 

sensor. In addition, they often suffer of long-term loss of selectivity for 

structural modifications that are dependent from stoichiometry changes and 

coalescence of crystallites together with the high operating temperature and 

the continuous gases exposure. The fabrication of nanostructured devices for 

gas sensing replacing the bulk metal oxides with their equivalent nano-form, 

may overcome these issues for their greater surface area, better stoichiometry, 

and higher degree of crystallinity. The major metal oxides nanostructures that 

are currently studied for the fabrication of gas sensing devices are ZnO, TiO2, 

SnO2. [24] 

1.3.1.1 Mechanisms of gas sensing 

The commonly recognized mechanism of gas detection by metal oxides 

is based on Red-Ox reactions occurring on the surface of the device. The 

leading phenomenon is the high operating temperature that promotes the 
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Red-Ox and radical processes according to the semiconductive behaviour of 

the system. This explanation is based on the use of devices in which the 

output signal is based on the registration of electrical variation (resistance, 

conductance, …). 

Working on synthetic or ambient air below and over 150 °C (the 

common operating temperature of gas sensor devices) oxygen is pushed to 

interact with the surface of the device. On the moment of the interaction a 

surface state is created and an electron from the device surface is transferred 

to oxygen forming the instable anions such as O2- (superoxide) and O-. Those 

species modify the electronic distribution on the surface of the semiconductor 

material increasing the Schottky barrier and the overall electrical resistance of 

the device. Increasing the temperature, the thermally generated electrons will 

decrease resistance favouring the desorption of oxygen anions, together with 

their trapped electrons, and the final interaction with the analyte gas. 

Contemporary, the ubiquitous present vapour water plays another role on 

sensor response. Water adsorption can modify the reactivity and the electrical 

response of the sensor, but as it was demonstrated it is eliminated over 200 

°C. [24, 26]  

1.3.2 Optical sensors 

Optical sensors are devices in which the interaction between the system 

analyte/surrounding medium and the sensor leads to the change of an optical 

property that can be spectroscopically measured and interpreted [23]. 

 According to the 1991 IUPAC classification of chemical sensors [22] 

those may be classified according to the operating principle of the output 

measure, the optical property used for sensing. The following are 

distinguished: i) absorbance, measured in a transparent medium it is caused 

by the absorbance of the analyte itself or by a reaction with a suitable 

indicator; ii) reflectance, measured in a non-transparent media usually using 

an immobilized indicator; iii) chemiluminescence, it is based on the 

measurement of the emission of light as a result of a chemical reaction 

occurring in the system; iv) photoluminescence, measurement of the emission 

of light caused by light irradiation; v) refractive index, resulting from changes 

in the solution composition; vi) photothermal effect, based on the 
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measurement of heat produced by light irradiation of the sample; vii) light 

scattering, based on the effect caused by particles of definite size present in 

the sample. [23] 

Most of the optical sensors are based on the measurement of a 

phenomenon occurring in solution using appropriate spectroscopic methods 

such as UV/Vis and luminescence spectroscopies. In that way, the sensitivity 

of the analytical method is affected by physical and chemical parameters of 

solutions such as temperature, pH, ionic strength, solvent polarity and 

refractive index and analyte concentration. [23] 

1.3.2.1 Optical sensors design 

As said before, for an efficient chemical sensing it may occur a selective 

but reversible chemical interaction via non-covalent or covalent binding of the 

analyte to the analytical system. The chemical information will be then 

transformed into a measurable physical parameter. There are two main 

approaches to design an optical sensor: the first is based on the direct binding 

of the analyte to the system and the second to the competitive binding of the 

analyte to the system. [23] 

The receptor-transducer system, usually named receptor-spacer-

reporter in the case of sensors based on molecular systems, exemplifies the 

direct binding approach. On the fundamental design, the sensor is constituted 

by two main parts. The first is the receptor that is designed for the selective 

recognition of a specific analyte. For molecules it may be a certain chemical 

fragment, scaffold or functional group moiety recognized or properly designed 

for the analyte selective binding. In parallel for nanomaterials it may be a 

definite surface functional group, a peculiar physical and chemical interaction 

or a molecular scaffold previously installed on the surface of the 

nanomaterial. The second fundamental constituent of the sensor is the 

transducer that is defined as “a moiety that transforms the perturbed 

properties of the receptor into an observable analytical signal output” [27]. For 

nanomaterials it is usually exploited one of their peculiar physical and 

chemical property, for example the modification of the surface states 

generating a different UV/Vis absorption spectrum, or a modification of the 

luminescence related to the quantum confinement effect. For example, for 
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gold nanoparticles any modifications on their structure will be recognized by 

the change of their Localized Surface Plasmon Resonance (LSPR) band on the 

UV/Vis spectrum. [23] 

The second main approach to design an optical sensor, particularly 

valid for colorimetric and luminescent sensors, is the indicator displacement 

assay. The fundamental scheme is not sensibly different from the first, the 

receptor and the transducer are assumed to exist, but there is a different 

mechanism of interaction between the analyte and the receptor. This method 

uses the competition between the analyte and an indicator for the receptor 

binding, importantly the two binding constants should be comparable. On the 

device, the receptor is usually occupied by the indicator, its displacement, 

operated by the analyte recognition, will lead to the change of optical 

parameters such as shifting in UV/Vis absorption spectrum resulting also, in 

the better case, to the change of the colour of the solution. For luminescence 

ON-OFF sensors the indicator may be a quenched fluorophore when bound to 

the sensor and free to emit photons in the moment of the displacement. [23] 

Another more complex design of luminescence sensors exploits the 

Förster Resonance Energy Transfer (FRET) process. FRET is a non-radiative 

dipole-dipole energy transfer that occurs when a luminescent donor molecule 

and an acceptor molecule possess compatible absorption and emission 

spectra [28]. The acceptor is chosen to have a good overlapping integral of its 

absorption spectrum with the emission spectrum of the donor emissive 

specie. Under conditions of spatial proximity, the dipole generated by the 

light excitation of the donor fluorophore may resonate with the induced 

dipole on the acceptor occurring in an energy transfer. If the acceptor is a 

fluorophore too the fluorescence of the donor will appear. In any case, no 

emission from donor is found. In other words, if the recognition of the analyte 

will occur for spatial proximity with the receptor-transducer part of the sensor 

(the donor emissive specie) the FRET mechanism will happen, and it will be 

measurable thanks to the disappearing of the donor emission signal. When 

the analyte is not recognized the emission of the donor will be restored.  
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1.3.3 Biosensors 

Successful optical sensors have been realized for selective and easy 

recognition of metals, heavy metals, pollutants, drugs, and various classes of 

small molecules. Electrochemical and electrical sensors are extensively 

utilized as alternative to optical sensors and for gas sensing. Sensors have 

been also developed for biomedical applications; in fact, the largest share of 

the market is for these applications. The attraction on the research on sensors 

for biomedical applications is on the possibility of producing miniaturized 

and versatile devices, suitable for the use in many environments, which can 

give easily qualitative and quantitative information with the least economic 

expenditure. Point-of-need and point-of-care devices are the most new and 

attractive for the market since they require the minimum use of reagents, 

processing steps, and manipulations. Moreover, most of them are realized to 

be disposable giving the opportunity to ensure sterility and hygiene and to 

overcome cross-contamination. [29, 30]  

Biosensors are analytical devices for the detection of biological samples. 

Their design follows that of optical chemical sensors, the receptor-transducer 

model. The receptor is a biological moiety designed for the recognition of a 

complementary entity that is associated with a transducer unit converting the 

biological response into a quantifiable signal. They are used for a rapid and 

low-cost understanding of the bio-composition, structure, and function of 

biological samples in order to replace traditional testing procedures that are 

often more laborious and expensive. [30-31] 

Considering these principles, transducer unities are designed for easy, 

affordable, and precise detection. Among the possible, optical sensors are the 

most utilized because of simplicity, diffusion, and consolidation of optical 

spectroscopy techniques. Traditionally, transducers are thus organic 

chromophores or fluorophores that transform the biological response of the 

receptor into a variation of UV/Vis absorbance or luminescence ensuring 

ultrasensitive detection. The explosion of nanotechnology changed the whole 

scenario because gave the opportunity to exploit unprecedented physical and 

chemical properties for the realization of cheaper and more versatile 

biosensors. The interaction of nanomaterials with biological entities, such as 
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proteins, enzymes, nucleic acids, oligonucleotides has emerged as a new field 

known as “nanobiotechnology”, which refers to the methodological 

approaches used for the bio-combination of nanomaterials to create tools for 

the investigation of biological systems. The integration of nanomaterials onto 

biosensors results on the enhancement of sensitivity, stability, and 

detectability even in small sample volumes, in comparison with conventional 

systems. In addition, thanks to the miniaturization techniques developed by 

the semiconductor industry, nanomaterials stimulated the research and 

development of miniaturized microfluidic tools for multiple detection. [32-33] 

1.3.3.1 Classification 

Biosensors may be classified in three ways: i) according to the signal 

transduction method (optical, mechanical, electrochemical); ii) according to 

the receptor type, catalytic biosensors if the receptor is an enzyme, affinity-

bases biosensors for antibodies, aptamers, nucleic acids as receptors; iii) 

according to the assay type, direct or indirect (competitive). [30] 

Considering the signal transduction method biosensors can be optical, 

mechanical (piezo-electric, acoustic, …) and electrochemical. For optical 

biosensors various techniques have been exploited for the purpose: 

chemiluminescence, electrochemiluminescence (ECL), luminescence, UV/Vis 

light absorption, light scattering, reflectance and surface plasmon resonance 

(SPR). The first three techniques are grouped into the label-based category, 

the others into the label-free category. Label-free approaches are the simplest 

to realize, they are based on light refraction index changes on the solution, 

and they allow quantitative and kinetic measurement. Label-based approach, 

instead, are more sensitive (for chemiluminescent or ECL sensors 

detectability down to attomoles can be reached when they are used in 

immunoassays or gene probe assays [29]) but they cannot be easily exploited 

for quantitative measurements. [31] 

According to the receptor type, enzyme-based receptors are generally 

used for the detection of small molecules or small metabolites related to 

pathological conditions, one of the commonest are the sensors for glucose for 

diabetes management. Affinity-based receptors are principally constituted by 

antibodies, other macromolecules such as non-antidoby-binding proteins 
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(NABPs), nucleic acids, protein nucleic acids (PNA) are often used for this 

purpose. Affinity-based receptors are the most versatile and used for 

biosensing. They take advantage of the interaction between antigens and 

antibodies that naturally occur in biological systems and used for cellular 

recognition and communication. After understanding the language of the 

biological communication, used among other by the immune system, 

researchers have developed a new discipline, biotechnology, to realize new 

drugs, sensors, diagnostical agents and technologically advanced agents used 

for example as stationary phases for immuno-chromatographic separations. 

Antibody can be engineered to have a predictable binding physics to antigens 

in way of specificity and binding force. Dissociation of antigens from 

antibodies can be induced by the change of pH or ionic strength of the 

environmental aqueous solution. In order to enhance the stability of antigen-

receptor complex non-antigen-binding proteins (NABPs) have been realized, 

they are stable proteins motif derived from conserved loop of fold from 

paratope-like complementarity determining region (CDR), a portion of the 

antibody deputed to antigen recognition. Antigen-NABPs complex is much 

more stable across pH, temperature and over the time, moreover NABPs can 

be produced from bacterial fermentation using biotechnological methods 

instead from animal sources as it is done for antibodies. Linear nucleic acids, 

aptamers and their synthetic analogues (protein nucleic acids – PNA) are 

used for complementary base pairing sequence recognition to a certain 

genome. [30] 

1.4 NANOMATERIALS FOR BIOMEDICAL APPLICATIONS 

With the tremendous technological progress, globalization, constant 

and generalized economic growth of the XX and XXI centuries, achieving an 

optimal level of public health is a common duty, especially for researchers 

who are called upon to provide innovative answers to new or ancient 

problems.  According to the United Nations (UN) World Health Organization 

(WHO) the 2020-2030 must be a “decade of action” for health investments 

and it listed 13 urgent global health challenges that would be an investment in 

terms of saved life, support to most vulnerable counties and consequently 

future saved money by the health care systems. [34]  Among these challenges 
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great attention is paid on the development and capitalization on technological 

advancements to realize even more numerous, cheap and quality drugs, 

medical devices, diagnostical kits and innovative therapeutical approaches. 

These goal could be based on the regularization and monitorization of digital 

technologies and synthetic biology and on the treatment of antibiotic 

resistance. [35]  

Nanomaterials could be an extremely appealing and versatile answer to 

the great part of WHO challenges due to their peculiar physical and chemical 

properties that are dependent from size (quantum confinement) and from 

surface effects such as high surface area, luminescence, plasmonic properties, 

superparamagnetism and so on. [36]. Moreover, the research on those systems 

continues to be emerging and actual since the last 20-30 years and many of 

the synthetic procedures and properties are now quite established.   

Nanomaterials, in fact, have appealed a vast number of researchers in the last 

decades to find increasingly useful and original application, and great efforts 

have been paid for biomedical applications with the aim of quality life 

improvement. Is not surprising that the nature of the biochemical interaction 

between cells and within living organisms is in fact based on the nanoscale. 

Sub-cellular organelles, vesicles of various kind (endosomes, exosomes), 

viruses, plasmatic proteins, receptor complexes and many other biological 

functional structures are in effect in the range of tens of nanometers. The 

ability to produce tailored nanomaterials in size, shape and functionalities 

“would offer researchers unprecedented opportunities to probe, influence and 

even rewire cellular behaviours”. [36] 

Over the years, nanomaterials have been produced for a multitude of 

biomedical applications, so many that a new discipline, nanomedicine, has 

been created. Nanomedicine investigates all the nanomaterials, created 

thanks to nanotechnology, that are used “for the diagnosis, prevention, and 

treatment of disease and to gain increased understanding of the complex 

underlying physiopathology of disease. Moreover, the aim of nanomedicine 

may be broadly defined as the comprehensive monitoring, repair, and 

improvement of all human biological systems, working from the molecular 

level using engineered devices and nanostructures to achieve medical 
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benefits. The focus of nanomedicine is always on nano-interactions within a 

framework of a larger device or biologically with a sub-cellular (or cellular) 

system.” (European Science Foundation – ESF – definition, 2004 [37]). In 

other words, the ESF definition explain and synthetize the concept that the 

potential of nanomedicine is the creation of tailored systems on the scale of 

the common cellular, sub-cellular and complex biochemical interactions of 

the human body in way to mimic and modify them with the aim to improve 

the quality of life. On the ESF definition, nanomaterials for biomedical or 

nanomedicine application are carrier agents for drug delivery purposes, 

analytical tools for nanobioimaging and novel therapeutics for theranostic 

applications. 

1.4.1 EPR effect 

In 1986 Matsumura and Maeda [38] have opened a new way in 

nanotechnology several years before it became widely known. They studied 

the in vivo behaviour of systemic administered macromolecules such as 

polymers and proteins conjugated with anticancer drugs or dyes founding 

their abnormal accumulation in the tumoral tissues of mice. They speculated 

that the “tumoritropic accumulation resulted because of the hypervasculature, 

an enhanced permeability to even macromolecules, and little recovery 

through either blood vessels or lymphatic vessels” [38] and consequently 

coined the Enhanced Permeability and Retention (EPR) effect. It was not long 

that this concept passed from a speculation to a widely demonstrated fact in 

the years to come.  

The discovery of tumoral accumulation of macromolecules was 

successfully extended to nanoparticles and subsequently limited to 0D, or in 

some cases 1D, nanomaterials of specific size and shape. It has been also 

assessed that EPR effect occurs only in solid tumours accordingly to their 

physiopathology that modifies the dimension of the fenestrations of the 

vasculature that surround and sustain the tumour and allows the 

extravasation of nanoparticles.  

Since the discovery of the EPR effect and thanks to the technological 

improvements appeared from the late ‘80s of the twentieth century, a large 

volume of research has been dedicated to nanotechnology for therapeutical 
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purposes, rechristened nanomedicine. In other words, EPR effect is one of the 

milestones of nanomedicine. It allowed researchers exploiting the 

extraordinary properties of nanomaterials inside the human body for 

therapeutical purposes. Theoretically, the realization of tailored nanospecies 

interacting with the complex human biochemical systems, exposed in the 

European Science Foundation (ESF) definition of 2004 [37], is something 

extraordinary that could has remained only a proof of concept without 

overcoming one of the most critical issues related to this new approach: how 

to get nanomaterials into the desired area? Additionally, how to exclude or 

limit the interaction with normo-functional systems, thus reducing the risk of 

side effects and toxicological related issues? The discovery of the EPR effect 

gave a reassuring answer to these questions, as it showed how systemic 

administered nanomaterials are preferentially accumulated, for physio 

pathological reasons, in tumour or inflamed districts limiting the interaction 

with sane tissues.  

1.4.1.1 Mechanisms of EPR effect 

The rapid growth of a tumoral mass implies an increase in energy needs 

that has to be sustained with the equally rapid production of blood vessels. A 

massive and rapid neovascularization produces abnormal blood vessels with 

deficient basement membrane and increased fenestrations. In parallel, the 

increase of the tumoral mass causes the reduction of the lymphatic vessels 

production and the increase of the inflammation levels. [39] 

Irregularities on the basal membrane of vessels and lack of efficient 

drainage systems are the major cause of the retention of the nanoparticles 

into the tumoral area. Increased fenestration in blood vessels together with 

efficient transendothelial pathways guarantee nanoparticles extravasation, 

their retention is guaranteed by the reduced lymphatic activity. With the 

continuous increase of the tumoral mass solid tumour stress and increase on 

the interstitial fluid pressure will occur. They limit EPR effect due to reduced 

delivery of nanoparticles on the centre of the tumour, but the delivery on the 

peripheral area continues to be unmodified sustaining the anticancer effect. 

[39] 
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1.4.1.2 Criticisms on the EPR effect on humans and how to enhance 

After the extensive demonstration of the therapeutical, imaging and 

theranostic effects of nanomaterials, that in many cases improved the 

classical therapeutical approaches based on small molecules, EPR effect 

guaranteed the passage from in vitro cell culture and animal experimentation 

to clinical trials on humans. Although the colossal advancements performed 

in the last decades, clinical scalability of nanomedicine based on EPR effect 

was non satisfactory as hoped due to several limitations that have been 

discovered over the practice such as, first and foremost, a reduced intensity of 

EPR effect in humans compared to animal models. Something that has been 

observed as remarkable in rodents (the most used animal models for in vivo 

pre-clinical studies) has not been comparable to the results on human 

experimentation. However, these results did not discourage the researchers, 

also prompting them to understand what the critical issues were and how to 

overcome them to improve the EPR effect on humans. [39] 

The reduction of the EPR effect has been whereby attributed to the 

different physiopathology of a human solid tumour and on the different 

human physiology. For example, blood flow in humans is 800-fold higher 

than in rodents that means higher shear force in blood vessels and quicker 

wash off. Only this explanation could be satisfactory to justify the reduced 

intensity of EPR effect on humans, but also differences on tumour type, 

location, individual factors and tumoral microenvironment contribute to it. 

[39] 

Considering the above-mentioned factors, the realization of efficient 

nanomedicine agents against cancer needs to be weighted on the specific 

purpose. Although the general effect may remain limited, there are some 

strategies to improve the EPR effect on humans: i) for macromolecular agents 

their weight must be below 40 KDa; ii) the optimal size of nanoparticles might 

be around 100-200 nm to prevent liver or spleen filtration and subsequent 

elimination; iii) to improve plasmatic half-life the surface charge should be 

neutral or negative; iv) nanoparticles might be preferentially constituted by 

biodegradables materials to improve nanodrug tolerability; v) preferential 

shape should be cylindrical, worm-like, discoidal or ellipsoidal; vi) 
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coadministration with permeability enhancers such as nitric oxide, anti-VEGF 

(Vascular Endothelial Growth Factor) agents, photodynamic and 

photothermal agents or radiotherapy. [39] 

1.4.2 Drug delivery 

Most of the efforts on the biomedical application of nanomaterials have 

been directed towards realization of drug carriers and onto their natural 

evolution, the smart carriers responsive to external stimuli (pH, heat, light, 

hypoxia, etc). [36] The discovery of the abnormal accumulation of systemic 

administered nanomaterials into tumoral districts significantly boosted 

medicinal research and in particular medicinal technologies. Exploiting the 

EPR effect for drug delivery purposes was the natural evolution of the 

research on this field and now, fortunately, nanodrugs for the controlled 

release of active drugs (mainly small molecules) are in medical practice. 

Thousands and thousands of different nanodrugs have been created, 

published, and used to improve the properties of hundreds of already 

available drugs.  

Nanocarriers are designed to deliver and stabilize drugs preventing 

their interaction with everything that is not the final target reducing, in the 

less possible, the uptake from sane tissues. In other words, nanocarriers are 

used to improve pharmacokinetic of the delivered drug that can be also an 

association of two or more. The drug can be covalently or non-covalently 

attached to the surface or dispersed inside the matrix of nanomaterial, in the 

latter case the nanomaterial serves as reservoir system. [36, 40, 41] 

In terms of pharmacokinetic, nanocarriers improve the solubility of 

drugs allowing, for example, the use of highly lipophilic molecules that could 

not be easily absorbed using conventional routes of administration. Similarly, 

molecules that are not stable to the metabolic system (hepatic microsomal 

systems, plasma non-specific esterases, gastric low pH, …) could be protected 

from the encapsulation on the nanocarrier by reaching almost unaltered to 

the final target. Drugs that have a narrow therapeutic window, or better, 

drugs whose therapeutic dose is very close to the toxic dose, such as most of 

the anticancer chemotherapeutics, can be delivered using a nanocarrier only 

on the correct site lowering their dose reducing in this manner side effects 
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and systemic toxicity. Nanocarriers are also used for extending the circulation 

time of drug on the plasma in way to increase bioavailability and the 

possibility to reach the target tissues. [40] 

The real versatility on the use of nanomaterials as drug carriers stays 

on the large possibility of surface functionalization. Indeed, surface 

functionalization controls the targeting capability of the nanocarriers 

promoting their cellular uptake. In reality, EPR effect has a poor control on 

the final targeting because depends only on size, shape and charge of 

nanoparticles according to the dimension of endothelium vessel fenestration 

and trans-endothelial pathways efficacy. Broadly speaking, the EPR effect 

grossly does most of the work by bringing the nanoparticles inside or in the 

tumoral peripheral area, while surface functionalization finely completes the 

job controlling a punctual targeting in the desired tissue and promoting 

cellular uptake. In this way, nanocarriers may be functionalized with ligands 

able to address them to specific cell lines or sub-cellular organelles enhancing 

their uptake and reducing once more side effects and overall toxicity. The 

choice of the correct ligands is subject to in-depth biochemical knowledge of 

the cellular molecular machine in physiological and pathological conditions. 

Tumoral cell lines present or overexpress some receptors that must be 

selected for specificity in order to have a selective targeting. There are many 

examples on ligand-based targeting exploiting ligands such as adenosine, 

folate, glucose, aminoacids. Their action is based on the massive proliferative 

activity of cancer cells that require appropriate levels of nutrients, regulating 

factors and nucleotides. For this reason, cancer cells overexpress the 

receptors for those ligands significantly increasing the possibility of drug 

uptake. Apart the ligand-based targeting the surface of the nanocarriers have 

been successfully functionalized with several proteins and glycoproteins 

(ferritin, antibodies), oligonucleotides, DNA aptamers, siRNA and so on. [40] 

Thanks to the continuous and fervent research on this field, it has been 

possible to combine the natural drug carrier ability of nanosystems with the 

latest findings in terms of nanotechnology obtaining smart devices that are 

stimuli responsive. The era of the controlled release is born. Nanocarriers can 

release drugs for example only in a specific pH, we observe for instance the 
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emergence of gastro-resistant formulations up to the most recent systems that 

are triggered by the acidic pH of tumour microenvironment. Connected to the 

peculiar characteristic of tumour microenvironment, there are some 

nanocarriers that activate their drug release only under hypoxic condition 

that is typical of solid tumours. There are many examples of photoactive drug 

carriers, for example near-infrared (NIR) absorbing nanoparticles that can 

release their content only under light irradiation on these energies. In most of 

the cases they use a combined therapeutical approach to enhance efficacy 

overcoming multi-drug resistance (MDR). They achieve this by carrying both 

a conventional anticancer drug and a photosensitizer for photodynamic 

therapy or an agent for photothermal therapy that possess high light-to-heat 

efficiency coefficient. Temperature, light and pH are not the only stimuli for 

the activation of smart nanomaterials for nanomedical purposes, in literature 

examples of nanomaterials that are responsive to magnetic, electrochemical, 

red-ox, enzymatic stimuli or to specific chemicals or biological environment 

are numerous demonstrating the vast interest of the scientific community. [40, 

42] 

1.4.3 Bioimaging 

The early diagnosis is a crucial part of the clinical practice, in complex 

diseases such as cancer time is always a good ally for the best therapeutic 

response, clinical outcome and patient compliance. Imaging techniques often 

play a pivotal role on the identification and classification of diseases, those are 

in fact the gold standard on diagnosis. The technological progress offers 

increasingly sophisticated and accurate instruments refining even more the 

actual techniques, but to improve lesion detection very often more than one 

imaging modality is combined and the discovery of new contrast agents is 

continuously needed. Currently used contrast agents are, for the great part, 

conventional small molecules with non-specific distribution, fast metabolism, 

and negligible toxicity. Imaging modalities in current use are: ultrasound, 

fluorescence imaging, magnetic resonance imaging (MRI), computed 

tomography (CT), X-Ray radiography, positron emission tomography (PET) 

and single photon emission computed tomography (SPECT). [43] 
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Recently, nanomaterials have attracted researchers that are focused on 

the biomedical imaging for their unique physical and chemical properties to 

realize even more sensitive contrast agents. As was done in the previous 

section for the research on drug delivery, nanomaterials advantages compared 

to conventional small molecules approach are summarized below. [43] 

• Tunable and enhanced targeting – Nanomaterials for the 

enhanced permeation and retention (EPR) effect possess 

unique passive targeting in tumours, having a preferential 

accumulation in cancerous over sane tissues. Moreover, for 

their high surface area and reactivity they can be easily 

functionalized with specific ligands (molecules, proteins, 

oligonucleotides, …) to active target receptors on the lesions 

that are wanted to show increasing the image contrast (lesion 

to background). [43] 

• Tunable dimensions – It have been demonstrated that size, 

shape and surface charge of nanomaterials used in 

nanomedicine control their fate in the organism in terms of 

distribution and permeation, those are in fact the parameters 

on which the magnitude of the EPR effect depends. They can be 

manipulated to optimize the loading of imaging compounds or 

their physical and chemical properties to meet specific clinical 

needs. For example, nanomaterials that are below 10 nm are 

rapidly excreted by renal filtration and may be potentially used 

to image this system. Nanoparticles that are over 100 nm are 

easily identified and sequestered by the mononuclear 

phagocyte system (MPS) in organs such as lymph nodes, liver 

and spleen. [43] 

• Prolonged bioavailability – Nanomaterials have a prolonged 

blood circulation time (bioavailability) for their intrinsic 

characteristics. Bioavailability can be enhanced by surface 

functionalization with polyethylene glycol (PEG) that reduces 

the clearance operated by macrophage opsonization. [43] 
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• Real time imaging – Nanomaterials offer the possibility of real 

time functional visualization and monitoring of biological 

processes. [43] 

• Smart control– Stimuli responsive nanomaterials (pH, heat, 

hypoxia, red-ox potential, light, …) successfully used for 

controlled chemotherapeutical drug release can be used also 

for the release of contrast agents. The punctual release only on 

the desired area increases the bioimaging contrast. [43] 

• Multimodality – The proper choice of surface functionalization 

or intrinsic material constitution of nanoparticles offer the 

possibility to have in the same object the contemporary 

presence of two or more properties that can be used by 

different imaging modalities. For example, a nanosystem based 

on 64Cu-Fe-RGD-PEG-MNPs nanoparticles [44] was used for 

contemporary photoacoustic, PET and MR imaging. Melanin 

nanoparticles (MNPs), good photoacoustic contrast agents and 

melanoma targeting agents, naturally complex 64Cu2+ and Fe3+ 

ions bringing their MRI and PET contrast capabilities and PEG 

functionalization/covering enhance the blood circulation of the 

system. [43] 

1.4.3.1 Imaging techniques characteristics 

• Ultrasound – Ultrasound imaging is one of the most widely 

used diagnostic imaging technique due to its high spatial 

resolution, low cost, real-time operability, portability and non-

invasiveness. Nanoparticles used as contrast agent for 

ultrasound imaging are needed to be between hundreds of 

nanometres in size (usually about 200 nm). [43] 

• Fluorescence – Fluorescence imaging can provide the best 

spatial resolution on the microscopic level compared to the 

other available techniques. It is frequently utilized to guide 

interventions on real time, staining tumoral tissues and 

controlling that all the tumoral area has been completely 

resected. Using near-infrared light to stimulate 
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photoluminescence emission an advantage on deeper tissue 

penetration and less non-specific tissue autofluorescence is 

reached. The common designs of nanoparticles for this purpose 

are three: i) nanomaterials are used as carriers for surface-

labelled fluorophores; ii) core-shell structure on which the 

fluorophore is embedded on the core and antibodies or ligands 

for active targeting on the shell; iii) smart nanosystems in 

which there is a luminescence quenching under normal 

conditions and a luminescence turning on only into the desired 

area for in situ enzymatic degradation. [43] 

• Magnetic resonance – Magnetic resonance imaging has high 

spatial resolution, three-dimensionality, soft-tissue contrast 

and is completely harmless. MRI contrast agents can be 

divided onto three categories: T1-weighted positive contrasts, 

T2-weighted negative contrasts and mixed T1-T2-weighted 

contrasts. The first encompasses Gd3+ complexes and typically 

paramagnetic materials that shorten the T1 relaxation time of 

protons, the second superparamagnetic materials such as iron 

oxides nanoparticles that shorten T2 relaxation time of protons, 

the last family of the mixed contrast agents includes for 

example gadolinium oxide (Gd2O3) nanoparticles. 

Nanoparticles design for MRI imaging retraces the previously 

exposed for fluorescence imaging. Nanoparticles decorated on 

the surface with MRI contrast agents and core-shell 

superparamagnetic iron oxide nanostructures reported. For the 

smart materials family combination of two or more properties 

are installed into a single nanoparticle for multimodal 

detection techniques. [43] 

• Computed tomography – Computed tomography imaging is the 

natural evolution of conventional X-Ray radiography because 

offer with fast examination speed, improved efficiency and 

higher spatial resolution cross-sectional images of the detected 

area that are used to reconstruct 3D images. Conventional CT 

contrast agents are based on iodine that suffer of rapid 
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clearance, potential renal toxicity and some other potential side 

effects. Moreover, compared to conventional radiography there 

is higher exposure to ionizing radiations. Nanoparticle-based 

contrast agents are designed to lower the toxicity of the 

conventional one enhancing the X-Ray attenuation effect and 

the overall contrast. Metals nanoparticles containing gold, 

zirconium or tantalum have been produced, it was even 

demonstrated that gold has a greater X-Ray absorption 

efficiency and a better toxicity profile than iodine-based agents. 

[43] 

• PET/SPECT – Positron emission tomography and single 

photon emission computed tomography are powerful imaging 

techniques with high tissue penetration and the possibility of 

the real time detection of the extent of a metabolic or specific 

biochemical processes as a function of the contrast agent 

selection. Those technique suffers from the high cost and from 

the potential high radioactive exposure of the patient. The use 

of nanoparticles can reduce the amount of the administered 

radionuclide. [43] 
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2. CARBON DOTS 

Carbon dots (CDs) is a generic term used for photoluminescent carbon 

0D nanomaterials. They are quasi-spherical in shape and their size is 

generally less than 10 nm, in some cases also ≈ 60 nm carbon dots were 

reported. [45] 

CDs are constituted by carbonaceous sp2/sp3 core, the extent of 

graphitic or amorphous allotropy influences their final physicochemical 

properties. CDs surface, typically made of sp3 amorphous carbon, is 

abundantly functionalized with oxygenated groups in various oxidation states, 

from -OH (hydroxyls) to -C=O (carbonyls, ketones, or aldehydes) and HO-

C=O (carboxylates, carboxylic acid). Amines or amides are often present. 

Collectively, they impart exceptional water dispersibility to the nanomaterial 

that make them addressable for biological applications. These functional 

groups are also particularly useful for post-synthetic functionalization with a 

multitude of chemical species such as small molecules, polymers and 

biological macromolecules which divert their chemical and physical behaviour 

and reactivity towards selected entities useful for analytical and sensing 

purposes. [45, 46] 

Functional groups, the choice of the precursor and the synthetic 

procedure together with the nanometric size and the extended π core domains 

control carbon dots optical behaviour. CDs are universally recognized for 

excellent photostability, excitation wavelength dependent photoluminescence, 

Red-Ox reactivity of the excited states and multicolour UV/Vis absorption. 

The optical behaviour of CDs is dependent from its precursor that can be 

molecular, polymeric or inorganic which in turn influences the choice of the 

synthetic procedure, top-down or bottom-up approaches. The produced 

nanomaterial could result different in size, functionalization rate, 

graphitization degree and some of the structural features of the precursor can 

be retained in the nanoparticles, which allows some degree of predictability. 

Carbon dots so on can be all the quasi-spherical carbon nanomaterials which 

includes those with molecular-like behaviour or delocalized electronic 

structure and all those that range between them. [47] 



38 
 

2.1 CLASSIFICATION 

Since their discovery, carbon dots have been extensively produced and 

studied. They have been prepared starting from so many precursors whose 

the only limit is the imagination, for example natural compounds, 

microorganisms, food, wastes, pure chemicals and so on. A lot of different 

carbon dots have been characterized and the actual deep knowledge on the 

system allowed a retrospective analysis on the already published. Now we 

know that all the carbon dots family possess some common features, but 

slightly different morphologies or uncommon optical properties were used to 

start classifying them. However, it is still a challenge to properly classify 

carbon dots in a specific subfamily, because tedious and expensive 

characterization are necessary and sometimes these go beyond the scope of 

application or basic research that is not a niche.  

Carbon dots can be classified for morphological features, for the 

heteroatom doping or for a functional classification. The latter is the most 

common. For morphology they can be amorphous carbon dots (a-CDs), 

graphitic carbon dots (g-CDs) or single-layer graphitic carbon dots (slg-CDs). 

If carbon dots have been doped, during or after the synthesis, the atomic 

symbol of the heteroatom is used as a prefix to CDs acronym (N-CDs, P-CDs, 

S-CDs).  

2.1.1 Functional classification 

Functional classification of carbon dots is based on physicochemical 

(shape and crystallinity) and photophysical properties. Subfamilies were 

created reflecting the four kinds of photoluminescence mechanisms of carbon 

dots that have been reported: quantum confinement effect, defect states, 

molecular states, and crosslink-enhanced emission states. These mechanisms 

have led to a classification of CDs as graphene quantum dots (GQDs), carbon 

quantum dots (CQDs), carbon nanodots (CNDs) and carbonized polymer dots 

(CPDs). [47] 

• GQDs – Layers of graphene nanosheets that are packed 

together to form discoidal shaped dots. During High 

Resolution Transmission Electron Microscopy (HR-TEM) 
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analysis it is possible to find graphene lattice on the core, 

generally with the typical interlayer distance of 0.24 nm 

associated with the C(100) in-plane lattice spacing. The surface 

of the nanoparticle is fully decorated with functional groups. 

They show photoluminescence mainly due to quantum 

confinement effect related to their overall nanometric size or to 

the confined space of excitons from conjugated π domains.  

• CQDs – Quasi-spherical in size and show visible crystallinity 

from core graphene-like domains. Like GQDs their emissive 

phenomena are related in majority due to quantum 

confinement. 

• CNDs – Also this group is formed by quasi-spherical dots that 

are in this case mainly constituted by amorphous carbon phase. 

Their luminescence is related to defect states and eventual 

molecular-like states.  

• CPDs – They possess a hybrid polymer-carbon based quasi 

spherical core, in some case polymer-like surface is 

distinguishable next to the traditional plethora of polar 

functional groups.   

2.2 SYNTHETIC METHODS 

Carbon dots can be prepared in different ways. Their success in many 

fields of research also comes from their affordability, easy manipulation and 

relatively simple synthetic methods that have attracted many translational 

researchers. CDs were serendipitously discovered in 2004 as side products of 

carbon nanotubes synthesis. During the electrophoretic purification of the 

reaction mixture, Xu and co-workers [48] found a brilliant emissive fraction 

and wrote something that was rapidly recognized as pioneering. As usual in 

research time and practice are required for optimization, in fact in the earlier 

examples something that now are considered harsh methods were employed 

for CDs preparation. In instance physical cracking methods of bulk materials 

were only feasible. They continue to be matchless for industrial production, 

but the need of expensive and field instrumentations relegated them on a 

niche. The situation has been quickly reversed when thermal decomposition 
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methods appeared in 2007 (Liu et al [49]). Now carbon dots are commonly 

prepared using solvothermal methods that are cheap, easy, versatile, and 

available to the most. Relying on the large volume of knowledge now available 

it is possible to classify all the reported methods in two large families: top-

down and bottom-up approaches. [47] 

2.2.1 Top-down approaches 

This family encompasses in the timeline the earliest synthetic 

approaches of carbon dots. All of them use bulk carbon materials such as 

graphite as carbon dots precursors. They are physically fragmented to 

nanoscale and the kinetic energy is provided by different sources such as 

electricity or light. 

According to Royal Society of Chemistry (RSC) Chemical Methods 

Ontology (CHMO) definition (ID: CMO:0002240), arc discharged method is 

“a method for the synthesis of carbon nanotubes where a direct-current arc 

voltage is applied across two graphite electrodes immersed in an inert gas 

such as He”. In extension, this was the first used for carbon dots synthesis. Xu 

et al [48] in fact discovered CDs during an arc discharged synthesis of carbon 

nanotubes, the method has been widely used [50] but generally production 

yields are low, high voltages and temperatures are required and purification is 

difficult [51].  

Laser ablation, electrochemical exfoliation, ultrasonic fragmentation, 

and chemical oxidation are the other family members. It is possible to obtain 

large quantities of material and tuning physical conditions it is also possible 

to have monodispersity. Working on physical parameters give the advantage 

of industrial scalability of the process that compensate some of the 

disadvantages of these methods. Laser ablation lacks on product uniformity in 

size and in high luminescence quantum yield, chemical oxidation can be time 

consuming for multi-step reactions and may leads to more defects on CDs 

surface cause of blue shifted luminescence [47], ultrasonic fragmentation 

could not produce monodispersity and electrochemical exfoliation could be 

also longer than the other techniques but it can be still optimized. [51]   
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2.2.2 Bottom-up approaches 

Subsequent in the timeline, these approaches have achieved success for 

a major versatility of the starting material selection and synthetic procedures. 

Unlike the previous group, carbon precursors are organic molecules or 

polymers that are forced to dehydrate and condensate to dimensional 

nanostructures by chemical or physical forces. Generally, these procedures 

are simpler and more convenient than top-down approaches and lead to a 

final product that is tunable in physical and chemical properties. It often 

happens that the chemical behaviour of the molecular precursor is retained 

on the product. In this way, choosing the correct precursor to predictable 

reactions it has been possible to start elucidating the chemistry behind carbon 

dots synthesis. Nowadays in fact, there are more and more examples of Near-

Infrared (NIR) emissive CDs exceptionally useful for biomedical and 

technological applications that could be also scalable for large productions.  

This family encompasses the following methods: combustion, template, 

solvothermal/hydrothermal and other recent and “exotic”. Historically, the 

combustion (or pyrolytic) method was the first example of bottom-up 

synthesis of CDs, as reported by Liu et al in 2007 [49]. They prepared CDs 

from the combustion soot of candles that was oxidated with nitric acid 

(HNO3) and subsequently purified. [46] Actually, the method requires first of 

all the pyrolysis of the molecular precursor with the aid of a muffle furnace, 

than the carbon-based powder is chemically oxidated in reflux with a proper 

oxidizing agent (generally HNO3) followed by purification via centrifugation, 

dialysis or chromatography.  

Template synthesis of carbon dots is essentially a multi-step process in 

which is possible to control the morphology of the final product. Zeolites or 

mesoporous silica are employed as host templating nanomaterials for the 

controlled growth of carbon dots that are finally released from the support via 

chemical etching. CDs with exceptional uniformity in size can be obtained, 

but long and expensive procedures are needed and low luminescence QY is 

generally reached. Sometimes etching is not quantitative and purification 

procedures could be difficult. [51] 
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 Solvothermal techniques are the most versatile and utilized for CDs 

preparation. The carbon precursor is solubilized in a high boiling solvent in 

the presence of an eventual catalyst or co-reactant. The mixture is placed in a 

closed vessel that generally is a Teflon-line sealed stainless-steel autoclave 

heated at a temperature higher than solvent boiling point for 8-20 hours. 

When water is the solvent, the procedure is called “hydrothermal synthesis”. 

The process take place also with microwave irradiation, and many examples 

of faster reactions are reported. The complex pattern of reactions as 

dehydration, coupling, polymerization and condensations involved in carbon 

dots synthesis are dependent from the starting material, reaction time, 

temperature, catalyst or co-reactant, solvent polarity. With this technique 

surface oxidation degree and core crystallinity/graphitization of the final 

product are manageable. Moreover, incomplete carbonization of small 

molecules (mainly for polycyclic aromatic hydrocarbons) and polymers could 

lead to polymer-like carbon dots surface that may retain molecular like optical 

behaviour.[47] 

Recent bottom-up methods in literature are rapid plasma [52], localized 

heat generation from Fano resonance of AuNPs [53], in situ solvent free 

carbonization [54] or rapid magnetic hyperthermia [55]. 

2.3 ELECTRONIC PROPERTIES 

The electronic properties of carbon dots are influenced by the sum of 

different physical and chemical phenomena. Due to nanometric size they are 

subjected to quantum confinement effect and their chemical state as 

functionalization rate or heteroatom surface doping can strongly modulate 

the conjugation.  

It can be assumed that carbon dots are constituted by a condensed 

reticulum of sp2/sp3 carbon that can be ordered or non. Carbon on CDs core is 

mainly bonded to itself or sometimes with hydrogen, while on the surface 

hydrogen, oxygen or other heteroatoms can bind to it. On this assumption, 

the frontiers orbitals have a significant π character and the most probable 

transitions are the π-π* and the n-π*. The energy gap between LUMO and 

HOMO orbitals, usually quite high for hydrocarbons, can be modulated or 
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lowered by the above-described phenomena. In the past years in silico models 

and experimental data from different research groups theorized and 

demonstrated the influence of these parameters on the electronic properties 

of carbon dots. They control the physical and chemical properties of CDs such 

as photostability, inertness, biocompatibility, water dispersibility, easy 

functionalization and photoluminescence tunability. [45]  

In 2012 Mandal et al [56],  theorized, using a self-consistent-charge 

density-functional tight-binding (SCC-DFTB) method, that quantum 

confinement effectively modulates the energy gap between the frontier 

orbitals tightening it as the size of carbon dots increases and enlarging it as 

the size decreases. The effect thus affects both orbitals, for example as the size 

of carbon dots decrease the energy of LUMO is decreased and the energy of 

HOMO is increased. They recognized that quantum confinement effect is 

prominent on the control of energy gap magnitude, while the contribution of 

functional groups modulates only the energy of the orbitals and not the 

energy gap between them. This result is based on the classification on 

electron-donating and electron-withdrawing groups. The former perturbate 

frontiers orbitals by increasing the energy of both, while the latter decreasing 

it. In other words, if we compare two groups of carbon dots with the same size 

but with different functional groups, these will maintain the same energy 

barrier between HOMO and LUMO but the electronic transition of the one 

functionalized with electron-withdrawing groups will occur at lower energies.  

In 2015 Li et al [57], improved this model combining density functional 

theory (DFT), GW approximation (Green function G and Coulomb interaction 

W), and Bethe-Salpeter equation (BSE). They focused on the effect of 

functional groups, adding that the electronic structure of CDs is characterized 

by the competition and cooperation between hybridization of frontier orbitals 

with the functional groups and charge transfer therebetween [45]. The 

theoretical model considers also the influence of functional groups on the 

magnitude of HOMO-LUMO energy barrier. Hybridization between the core-

related π orbitals and the orbitals of functional groups results on the decrease 

of the energy gap, while charge transfer processes between them increase it. 

They found in fact that C=O (carbonyl) containing (aldehyde, ketone and 
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carboxyl) functional groups are more effective on tailoring electronic and 

optical properties of CDs, while another common functional group of CDs, the 

amino group (-NH2), has a weaker influence. C=O containing groups, that are 

electron-withdrawing, will low both frontier orbitals energy, as reported in the 

previous theory, but they will be more favourable for LUMO. C=O in fact is 

better conjugated or hybridized with LUMO. On the contrary, NH2 groups 

have a better charge transfer capability than conjugation and they will be less 

effective on tightening the HOMO-LUMO barrier. 

At the same time, the doping of the surface of carbon dots with 

heteroatoms such as P, S, N and B can significantly modify their electronic 

structure. Heteroatoms introduce new energy levels, new orbitals, between 

the π orbitals of CDs. This can adjust CDs photophysical properties, tuning for 

example their photoluminescence. New energy levels can lead to the 

population of new excited states with a slightly different radiative decay to the 

fundamental state. Complex emission bands with low energy contributions or 

red-shifted band can be observed. The most common doping agent is 

nitrogen, but many and many examples on S, B and P have been reported. In 

some cases, the introduced photophysical properties are related to the parent 

heteroatom, for example phosphorous doping could lead to long living excited 

states.  

2.4 PHOTOLUMINESCENCE 

Despite all the efforts to understand the exact mechanism of 

photoluminescence emission of carbon dots, this still remains the subject of a 

fervent scientific debate. The nature of these controversial issue is probably to 

be found on the influence of many complex factors arising from CDs as a 

single entity and as a population in colloidal dispersion. Photoluminescence 

can be affected by size, shape, surface and core defects, crystallinity, 

functional groups, oxidation state, and heteroatom doping of the single CDs. 

In addition, colloidal dispersion of CDs often suffers of heterogeneity, 

polydispersity and in some cases lacks reproducibility. Fragments of 

molecules, oligomers, polymers free or adsorbed on the surface are always 

together with CDs in colloidal dispersion. Moreover, photoluminescence 

properties vary significantly depending on the precursor and on the 
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preparation method. [45] Classical molecular structure-property relationships 

cannot be easily applied. Therefore, it can be understood that the 

rationalization of this multifactorial emission phenomenon remains a 

challenge. [58] 

Four different mechanisms of photoluminescence for carbon dots are 

reported: quantum confinement effect, defect states, molecular states, and 

crosslink-enhanced emission states. These helped to classify carbon dots into 

as many groups (vide Par. 1.5.1). Among them, the surface state derived 

photoluminescence has been recently considered as the universal 

photophysical model to explain CDs emission phenomena. This model 

includes and correlates all the above-mentioned factors but remains an 

ambiguous concept for the uncertain identification of these states. The key 

factor determining surface state derived photoluminescence are: i) particle 

size, related to quantum confinement effect; ii) surface defects, related to 

carbon surface defects, functional groups and eventually embedded molecules 

or polymers on the surface; iii) heteroatom doping. Generally, the surface 

states come from the synergistic hybridization of the π electrons of carbon 

core with an external electronic influence. New orbitals coming from 

functional groups (oxygen- or nitrogen-related), heteroatoms (such as N, S, P, 

B, F) or from sp2/sp3 carbon imperfections on the surface perturb the 

extended π conjugation of the core serving as exciton traps. [58] 

The surface of carbon dots, due to heterogeneity and abundant 

functionalization, is usually rich of this “defects” resulting in a peculiar 

photoluminescence which is easily distinguishable from molecular. Usually, 

photoluminescence quantum yield (QY) may decrease with the increase of 

surface defects that are directly related to oxidation state, type and amount of 

functional groups and therefore on the fabrication method and surface 

chemistry. The more the emissive traps are present the more the radiative 

decay from the excited states to the fundamental may be not favoured. 

Sometimes is accompanied also with the red shift of emission bands. 

Luminescence lifetimes often results in a bi-exponential function and the 

extracted parameters are in the order of nanoseconds. Frequently, emission 

spectra are excitation wavelength dependent. In other words, changing the 
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excitation wavelength a complete emission spectrum is reported in which the 

emission maximum redshifts as the red shift of the excitation wavelength. In 

addition, these are broad and full width half maximum (FWHM) can be from 

dozen to hundreds of nanometres. These effects can be explained again with 

the surface defects model. Many defects and many emissive traps create a 

variegated profile of very similar emissive states, the sum of which contribute 

to a broad spectrum sum of different colours. The energies of these emissive 

states are numerous, so every time always different states can be populated as 

a function of the excitation energy. Finally, photoluminescence intensity can 

be also susceptible to the surrounding environment such as pH, solvents, 

salts, and so on. [58] 

Another interpretation of the emission mechanism of carbon dots was 

reported by Wang et al [59] using femtosecond transient absorption 

spectroscopy. They considered the core of CDs as an optical antenna 

responsible of the initial photon absorption, subsequently an exciton is 

created which is rapidly transferred on the surface where is trapped and 

modified in energy. Finally, the radiative recombination of the electron-hole 

pair releases a photon. This model, despite good accordance with the surface 

state defect derived emission model was endorsed by many authors but still 

can’t find convincing experimental evidence. Considering the surface state 

model, the theory of the core as an antenna can explain the greater weight of 

the particle size parameter above the others on the initial generation of the 

emission phenomenon. Excitation wavelength dependent luminescence, red 

shifts on the visible and broad emission spectra depending on the 

functionalization rate, heteroatom doping and so on are controlled by surface 

effects and then again in accordance with the surface state model by the 

amount of surface defects. [60]  

2.4.1 Particle size 

Quantum confinement effect modifies the electronic structure of 

carbon dots by means of the magnitude of the energy gap between 

HOMO/Valence band and LUMO/Conduction band and the energy of the 

states themselves. [58] In terms of photoluminescence, the larger the 

nanoparticles are and the lower the energy of the emitted photons will be. 
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This concept may be misunderstood considering only the overall size of the 

nanoparticle. Recent interpretations suggested that quantum confinement 

must be extended to the dimension of π electron systems. The previous 

statement should therefore be improved with “the larger is the π-system and 

the smaller the energy gap within the frontier states will be”. As a confirm, 

many DFT computational studies suggested that CDs luminescence is mainly 

centred on the core conjugated π domains. By the way, this effect may be the 

leading actor only when CDs are considered as “only-carbon” sphere. 

Coupling interactions between extended π core orbitals and orbitals from 

functional groups, heteroatoms and defects normally occur in these systems. 

At this point, the surface defect related model gives a trustworthy explanation 

of CDs photoluminescence. In light of this, particle size may be considered 

only one of the parameters that influences CDs luminescence. 

2.4.2 Surface defects 

The sp2 conjugated carbon domains of CDs are usually accompanied by 

many imperfections that come from various sources. Those imperfections are 

usually localized on the surface of the nanoparticle and serve as energetic 

traps for excitons. Consequently, surface defects are responsible for the 

peculiar photophysics of carbon dots such as excitation wavelength dependent 

photoluminescence. [58] The different types of defects are summarized above: 

• sp3 Carbon – σ and σ* states of the sp3 carbon couple with the π 

and π* states of sp2 carbon resulting in a modified electron-

hole pairs recombination. Weak ultraviolet absorption and 

strong visible emission are a consequence. 

• Oxygen-containing functional groups – Carbon dots surface is 

abundantly functionalized with polar groups that confer 

excellent aqueous dispersibility. The majority of them contains 

oxygen in various states of oxidation, -OH, C=O, and HO-C=O. 

Their introduction modifies the electronic configuration of π-

extended core system by adding different populable energy 

states. It was recognized that hydroxylic groups introduce new 

n-π* gaps responsible of excitation wavelength-dependent 
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photoluminescence. Moreover, quantum yield of CDs seems to 

be strictly related to carbonyls groups content.  

• Nitrogen-containing groups – When nitrogen-containing 

groups are present in form of surface functional groups they 

modify the electronic structure of carbon dots due to coupling 

interactions between their orbitals and the extended π-system 

of CDs core. Generally, coupling is mostly driven by charge 

transfer processes and so the extent of the electronic 

modification on the emissive properties is lower than oxygen 

containing groups in which coupling is principally driven by 

orbital hybridization. However, different reports found 

significant QY improvement and red shifts in absorbance and 

emission even with the only amino functionalization.  

• Others – A large group of organic molecules, macromolecules 

and polymers can interact with the carbon dots surface via 

noncovalent interactions based on polarity or π-stacking. In the 

case of polymers, the correct choice of their structure and 

chemical functionalities allows a stable but noncovalent 

interaction with carbon dots surface such that are called 

passivation agents. They improve the optical behaviour of 

carbon dots enhancing the surface defects derived effects 

resulting in QY enhancement or in emission spectra 

modifications. Many other molecules, metal cations or 

polymers can act on the opposite resulting in a 

photoluminescence quenching.  

2.4.3 Heteroatom doping 

The introduction of heteroatoms on the surface or embedded into the 

core of carbon dots imply the interruption of the extended π electronic 

conjugation. Heteroatoms orbitals possess additional energy levels that result 

in defect states. Those defects usually produce red shifts of emission and on 

the UV/Vis absorption spectra or additional photophysical effects related to 

the parent heteroatom. Nitrogen, Sulfur, Phosphorus, Boron, Fluorine and 

other non-metals elements were used for CDs doping.  
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Among the most popular, nitrogen is one of the most utilized for tuning 

CDs optical behaviour. The atomic radius and the electronic structure of 

nitrogen is similar to carbon, so its incorporation onto the carbon matrix is 

reasonably efficient even more than in the form of a functional group. Sulfur 

possesses similar electronegativity but larger atomic radius than carbon, has 

six valence electrons instead of the four of carbon and the electronic 

transitions on sulfur are easier than that of carbon.  

2.5 APPLICATIONS 

Carbon dots have been widely used as fluorescent probes for detecting 

various analytes in solution even in the biological environment. Their large 

use as analytical probes is due to remarkable versatility for the plentiful 

presence of functional groups that can be tuned by synthetic or post-synthetic 

conditions to be specific for a determined chemical specie. As nanoparticles 

carbon dots possess large surface area of interaction and for their 

carbonaceous nature, they are quite inert to the environment and to biological 

systems. In addition, the preparation of carbon dots is simple and low cost, 

and, in most cases, it is possible to predict the final reactivity choosing the 

correct starting material whose properties the carbon dots will retain. CDs 

have a good luminescence quantum yield, excellent photostability and a quick 

response on the quenching or the enhancement of photoluminescence on the 

interaction with analytes, and they are quite sensitive to the surrounding 

environment such as pH, ionic strength, solvents, and temperature. The 

postulated mechanisms of interaction and modification of their luminescence 

include photoinduced electron transfer, fluorescence resonance energy 

transfer (FRET) and inner filter effect. [61] 

2.5.1 Sensing applications 

CDs have been used to detect various metal cations, small molecules, 

macromolecules, and in some examples also negative ions such as SCN- or S2-. 

Normal or tumoral living cells and bacteria were also detected by the 

interaction with properly functionalized, passivated or CDs synthesized for 

purpose possessing specific ligands. The detection sensitivity for ions is 

usually very high and, in some cases, can be in the femtomolar order. CDs are 

also used in ratiometric sensor taking advantage of the simultaneous 
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detection of two emission peaks that increase the sensitivity of the system 

considering the intensity ratio between the two. [60-61] 

2.5.2 Biomedical applications 

CDs are one of the most promising nanomaterials for biomedical 

applications due to peculiar photoluminescence, physical and chemical 

properties and excellent biocompatibility, the latter demonstrated in 

numerous in vitro studies. CDs quickly enter cells passing the membrane by 

not defined mechanisms, it seems that they can use all the known, and 

subsequently distribute into the organelles in a manner that is dependent 

from CDs properties. In vivo studies demonstrated that CDs are rapidly 

excreted via the hepatobiliary system and presented no inflammation-related 

signs from biochemical, histological and haematological analyses on rats. [61] 

After the demonstration of biocompatibility, a large volume of science was 

made on exploiting the photoluminescence properties of CDs for the 

realization of smart nanomedicine tools for theranostic, bioimaging, 

phototherapy, drug delivery.  

Bioimaging is a non-invasive microscopy technique for the real-time 

visualization of biological events via probes and detectors. Due to peculiar 

photoluminescence CDs were amply utilized as probes for real-time 

fluorescence imaging. Most organic dyes utilized for fluorescence microscopy 

require cell fixation and only few are available for living cells. Living cells can 

be treated in fact with CDs and directly analysed without the pre-treatments 

required for conventional staining that can’t allow to visualize a living cell. 

Tailoring the surface and dimensions of CDs it is possible to divert cellular 

uptake and distribution to organelles realizing specific luminescent probes 

that can be employed for studying the related biochemistry or to punctual 

deliver drugs, the theranostic purpose. The specific uptake can be realized 

also with the functionalization of carbon dots with targeting ligands for 

nucleus or mitochondria. [61] 

Covalent functionalization or non-covalent surface adsorption of 

anticancer drugs, photosensitizers for photodynamic therapy, aptamers, 

oligonucleotides or biotechnological drugs are developed for targeted delivery 

purposes. In this way, drugs with a narrow therapeutic window, poor 
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solubility or bioavailability can be simply utilised, delivered on the desired 

body site (for example tumoral lesions) carrying out their therapeutical 

actions with a significant reduction in the dose. In some cases, CDs per se 

exhibit pharmacological effect. [61-62]. Shereema et al found antiangiogenic 

effect of CDs prepared from carbon soot from burned styrene that 

downregulated the expression of the growing factors VEGF and FGF [63]. It is 

known antibacterial effect but surprisingly it was observed also antiviral effect 

against novoviruses [64] and herpes simplex 1 virus [65]. Their effect can be 

photoactivated or not [61]. 

Carbon dots, naked, functionalized or nanohybridized with other 

photoactive nanoparticles (TiO2, AgNPs – Silver nanoparticles, or AuNPs – 

Gold nanoparticles) have been employed as active agents for phototherapy. 

Phototherapy incudes photodynamic therapy (PDT) and photothermal 

therapy (PTT), they can be used alone or in combination with surgery, 

conventional chemotherapy, or ionizing radiations to eliminate cancerous 

cells, fungal infections, or other skin-related diseases. Conventional PDT 

agents are organic molecules – prodrugs – that are inactive until their 

photoactivation, they are photosensitizers whose excited states react with 

oxygen converting it into reactive oxygen species (ROS) such as 1O2, O2
-· and 

·OH that induce cell death by apoptosis. Photothermal therapy agents can be 

also small molecules that during photoexcitation promote non-radiative decay 

to the fundamental state discharging the energy excess with the release of 

heat. For many side effects and the poor light to heat conversion efficiency 

during the time they have been substituted by metallic nanoparticles such as 

gold nanoparticles that enormously increase the light to heat conversion 

efficiency for the localized surface plasmon effect. For their extraordinary 

photostability, the large potential of tuning the electronic structure and the 

photoproduced excited states, carbon dots were successful employed as PDT 

and PTT agents. For example, Zheng et al [66] prepared a carbon dots-carbon 

nitride (C3N4) nanohybrid in which protoporphyrin IV was non covalently 

adsorbed. Carbon nitride improved red light absorption and catalyses the 

water splitting reaction with O2 production. Hypoxia in tumoral tissues was 

overcome and the photogenerated oxygen could be used by protoporphyrin 
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photosensitizer for 1O2 production. Similar effect was found for Mn-doped 

CDs [67]. A photothermal efficiency of 50 % was achieved with a Red/NIR 

emitting CPDs prepared from citric acid, urea, polythiophene and diphenyl 

diselenide, superior also to some gold nanoparticle based PTT agent [68].  
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3. NOBLE METALS NANOPARTICLES  
(AUNPS AND AGNPS) 

Noble metals are a group of elements of the periodic table that are 

resistant to oxidation and corrosion, the reason of their curious epithet is 

connected to the limited reactivity. Ru, Rd, Pd, Ag, Os, Ir, Pt and Au are listed 

in this group. Among all, silver and gold are the most studied, they are known 

since prehistory, they have been largely utilized for ornamental, status symbol 

and economic purposes, without forgetting the ancient and wide use in 

medicine. Nowadays, the attention on noble metals has shifted from the bulk 

to the nano level. Milestone concepts such as size dependence of the physical 

and chemical properties of materials have been discovered thanks to noble 

metals nanoparticles, laying the foundations for modern nanotechnology. 

Again, nano-structuration of silver and gold is the most studied, synthetic 

routes for Au and Ag nanoparticles are well established, physical, chemical, 

and therapeutical properties are consolidated and the safety profile for the 

environment and for the human health is one of the best for the nano-world. 

[69] 

3.1 Plasmon resonance 

Noble metal nanomaterials have fascinated researchers because of their 

unique optical properties. Their nano-sized dimensions make them 

addressable for biological applications, because of their similarity in size with 

the biochemical machinery of the living organisms. The interesting optical 

features of noble metals nanoparticles, in particular gold and silver, arises 

from the so-called localized surface plasmon resonance (LSPR) effect. LSPR 

effect occurs when the oscillating wave of light induces a coherent oscillation 

of the metal free electrons respect to the positive metallic lattice. When 

photons, for the quantum confinement effect, are confined to the small size of 

nanoparticles it is induced an intense electric field around those resulting in 

light absorption, scattering and non-radiative decay with heat production. 

Compared to molecular chromophores or fluorophores, metal nanoparticles 

in the range of 10-100 nm, that are subjected to the LSPR effect, present 5 

order of magnitude of enhancement of the optical cross-sections. In this way, 
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the interaction of light with a single nanoparticle could be similar to up to a 

million of molecular dyes behaviour. [70] 

Noble metals nanoparticles are photostable, the common 

photobleaching effect, in first instance for fluorophores and for chromophores 

in second instance, that most of molecular dyes presents does not occurs with 

metal nanoparticles. Higher excitation energies and time are allowed probing 

the enhancement of sensitivity and of the radiative and non-radiative decay 

effects of light excitation. [70] 

3.1.1 Tunable properties 

Localized surface plasmon resonance effect has a strong dependence on 

the size, shape and composition of nanoparticles. For gold, silver, and copper 

nanoparticles the LSPR occurs in the visible or near infrared (NIR) region of 

the electromagnetic spectrum, those nanoparticles are clearly visible because 

of their characteristic colours ranging from yellow (AgNPs) to red, purple, or 

blue (AuNPs). The optical behaviour of this type of nanomaterials is studied 

by UV/Vis absorption spectrophotometry, luminescence spectroscopy (only 

for some of these) and light scattering techniques. Colloidal dispersions (or 

even in solid dispersion) of noble metals nanomaterials present a 

characteristic LSPR band elucidating in many cases the morphology of 

nanoparticles, their chemical status, many physical and chemical properties, 

and their interaction with the external environment. [70] 

Apart from elemental composition, the size of nanoparticles plays a key 

role on the definition of LSPR band maximum position. Without considering 

differences in shape and for spherical monodispersed nanoparticles, 10 nm 

AgNPs present the LSPR maximum around 390 nm, AuNPs around 520 nm. 

The LSPR band maximum red shifts as a function of the increase of 

nanosphere size. However, this effect is limited only to a restricted range of 

size, basically from 10 to 90 nm, and results in the external limit of red shift 

around 600 nm in plasmon resonance band maximum position. For 40 nm 

AuNPs LSPR maximum is around 530 nm. [11, 70] 

The more efficient red shift of the LSPR band maximum is obtained 

modifying the shape of noble metals nanomaterials. This phenomenon is 
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extensively studied on gold nanoparticles. Rod-shaped AuNPs present two 

plasmon bands, one for the electron resonances on the short axis that retraces 

the conventional resonance of spherical gold nanoparticles around 520-540 

nm and a second band related to the electron resonances on the long axis that 

is normally on the red od NIR region of the spectrum. Bizarre-shaped gold 

nanomaterials such as nanoprisms or nanoflowers usually possess the second 

plasmon band on the NIR region and they could be easily exploited for 

photothermal applications. The realization of core-shell structures is another 

way to red shifts the LSPR band position. [70-71] 

3.2 Sensing and biomedical applications 

3.2.1 Noble metals nanomaterials for optical sensing applications 

The LSPR effect occurring in colloidal dispersions of noble metals 

nanomaterials (in particular gold and silver) is frequently exploited for 

sensing purposes. After choosing the correct nanomaterial for composition 

and shape set to be non-variable parameters, the sensing strategy is based on 

the recognition of modification in morphology and chemical status of the 

nano-system identifiable by the shift of the maximum of the LSPR band. Gold 

or silver nanoparticles functionalized with ligands are placed to react with 

their complementary species (receptors), the distance variation induced by 

the selective recognition causes LSPR band shifts by means of light scattering 

or refractive index changes. This expedient is widely used for DNA detection, 

the successful interaction between gold nanoparticles functionalized with 

oligonucleotides, designed for the specific hybridization with complementary 

regions of DNA, and the targeted genetic material causes a semi-aggregation 

of the colloidal system that results on the size increase and on the red shift of 

the LSPR band maximum. Sometimes, on commercially available colorimetric 

kits the LSPR band maximum shift is so large that the positive reaction is 

recognizable by colour change from red to purple. [70, 72] 

Apart from the above cited LSPR band shifts other sensing strategies 

have been reported. Assays based on luminescence quenching, gold staining 

or surface enhanced Raman scattering have been realized.  
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The fluorescence of many fluorophores is quenched when they are close 

to noble metals nanoparticles surface, in particular gold surface. In proximity 

of noble and “heavy” metals the energy decay from the fluorophore excited 

states to the fundamental state is prevalently shifted to the non-radiative 

pattern. Many sensors have been realized on the base of competitive 

displacement assays, on the commonest approach without the analyte there 

will be no fluorescence, otherwise the analyte recognition causes the 

displacement of the fluorophore from the god nanoparticle surface causing its 

fluorescence restoring. [72] 

Raman spectroscopy is based on the inelastic light scattering of an 

incident wavelength operated by molecules or chemical bonds resulting on 

characteristic spectra. Raman scattering efficiency depends on the intensity 

and on the wavelength of the incident light, the resulting signals are usually 

weak. Raman scattering is dramatically enhanced if the species are close to 

the surface of noble metals nanoparticles, such as gold nanoparticles, due to 

the strong enhancement of the electric field caused by the LSPR effect. The 

more the localized electric field is the more the probability of light scattering 

and of the resulting signal intensity. On this approach, molecules that possess 

complex Raman spectra can be easily recognized by their Raman signal 

enhancement operated by gold nanoparticles. Very sensitive analytical tools 

have been realized. [72] 

Gold nanoparticles have been used to substitute expensive fluorophores 

or chromophores for the read out of the ELISA (enzyme linked 

immunosorbent assays) results. [72] 

3.2.2 Therapeutic efficacy of noble metals nanomaterials 

Noble metals nanomaterials have been extensively studied for 

therapeutical applications. On the large volume of knowledge currently 

available, the therapeutic efficiency of noble metals nanomaterials has been 

found both per se and under electromagnetic irradiation (mainly light).  

Some types of AuNPs and AgNPs have been recognized for per se 

antimicrobial and anti-angiogenic activity, have been used as drug carriers, as 

X-ray contrast agents and for bio-imaging purposes. Other types presented 
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antitumoral activity under light, X-ray or γ irradiation for the 

photogeneration of reactive oxygen species (ROS). Light or electromagnetic 

irradiation could be used as a trigger for the release of covalently or non-

covalently attached drugs. Some types of nanomaterials are tailored to have 

high light-to-heat efficiency conversion realizing photostable tools for 

photothermal therapy (PTT). [69] 

Cellular internalization of gold and silver nanoparticles has been 

extensively studied and discussed and until now the results are still 

ambiguous. However, it is recognized that surface charge, size, shape, and 

surface chemistry are involved on the internalization process. Positive 

charged nanoparticles can easily pass through the cellular membrane via 

electrostatic interactions (cellular membrane is negatively charged), but 

internalization was observed also for negative charged nanoparticles via 

passive targeting (EPR effect). On the moment of the cellular internalization 

noble metals nanoparticles can fulfil their task as drug carriers or antitumoral 

agents for per se and photo-stimulated activity, but in many cases – as it was 

explained in the previous sections on the EPR effect and on the therapeutical 

applications of nanomaterials (vide section 1.4) – cellular internalization is 

not pivotal because even the only peritumoral accumulation of nanoparticles 

is sufficient to express their activity. 
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4. AIM OF THE THESIS 

The aim of the experimental work of this PhD thesis was the synthesis 

and characterization of nanomaterials of photochemical interest for sensing 

and biomedical applications. 

4.1 INTRODUCTION 

In the last decades, nanomaterials have been largely utilized for sensing 

and biomedical purposes. Driven by the need to find new, cheaper, more 

versatile, and easy-to-use tools that could be available for the largest share of 

users, researchers designed a large volume of analytical devices based on 

nanomaterials. The unique physical and chemical properties of 

nanomaterials, combined with the established synthetic and characterization 

protocols provided by nanotechnology offered the possibility to realize 

tailored devices for almost any purpose. Moreover, nanomaterials are realized 

from abundant starting materials that are generally cheap and readily 

available. Those are engineered to the nanoscale, the order of magnitude in 

which biological and biochemical interactions normally occur. This principle 

has laid the foundation for the use of nanomaterials for biomedical and 

therapeutical approaches. The idea was to dialogue with the biological matter 

using the same language, to compete on equal footing and in contemporary 

learning from the nature how to modify itself acting on orders of magnitude 

hitherto little explored. Nanomaterials are used as drug carriers, for 

bioimaging or to develop unconventional therapeutical approaches. The aim 

is to solve one of the more actual problems of the clinical practice, the 

prominent multi drug resistance of some cancer types or pathogenic 

microorganisms. In this scenario, the great efforts made by frontier 

researchers have produced a new class of nanomaterials, the “smart 

nanomaterials”, that might be simply defined as the natural evolution of 

conventional nanomaterials with controllable activity and activatable upon 

request maybe from an external stimulus. Among the possible, light is one of 

the most elegant triggers. Light possesses high spatio-temporal resolution, 

photons can be simply produced, controlled, and administered. The study of 

the interaction with light and matter represent one of the simplest, the more 

intriguing and affordable spectroscopies unrevealing the secrets behind the 
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fascinating mechanisms of photophysics. The possibility of realizing and 

controlling endergonic processes with the conversion of the energy enclosed 

onto light photons into chemical energy is one of the “life motif” of the 

photochemist in attempt to replicate the more complex, elegant, and efficient 

processes realized by the nature.  

4.2 WORK DESCRIPTION 

With such promises the experimental activity during the PhD period 

was mainly focused on understanding the behaviour of an emerging class of 

0D carbon nanomaterials with interesting photophysical, physical and 

chemical properties: carbon dots (CDs). Carbon dots were prepared via a 

bottom-up approach from a natural source recycling the waste produced 

during the olive oil production. The produced CDs were used for chemical 

sensing and biomedical purposes. Interestingly, although the incredibly vast 

knowledge of chemical sensors based on carbon dots, little was known about 

their gas sensing capability, in particular as sensing layers onto 

conductometric devices. We found high performance sensing activity of 

carbon dots produced from olive solid wastes coming from the Mediterranean 

region Puglia (Italy) towards NO2. Carbon dots prepared from another 

Mediterranean region Calabria (Italy) showed instead sensitivity towards NO. 

The different physical and chemical properties of the two CDs types, mainly 

dependent from the surface functionalization rate, in addition with the 

abundantly demonstrated cytocompatibility in the scientific literature of CDs 

inspired us to test their antibacterial activity. We found high antibacterial 

activity vs S. Aureus and a lower activity against P. Aeruginosa, moreover 

carbon dots coming from Puglia olive solid wastes showed lower activity 

compared to Calabria CDs. The variegated surface functional groups of carbon 

dots, mainly -OH, -COO-, and -NH2 that are responsible of their physical and 

chemical properties were exploited as complexing moieties for Eu(III) 

cations. A novel CDs-Eu(III) complex was realized in which carbon dots are 

utilized as light harvesting antennae inducing an energy transfer onto 

europium nuclei sensitizing their peculiar, sharp and intense emission in the 

red region of the electromagnetic spectrum. This red emitting complex, useful 

as potential biosensor because of the lack of interfering optical phenomena 
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such as tissue autofluorescence or non-specific scattering, was tested as a 

ratiometric luminescent pH sensor on the acidic range. We continued 

exploring the surface reactivity and the reactivity of the excited states of CDs 

realizing a CDs-Au nanohybrid useful for photothermal applications. CDs 

were functionalized with ethylenediamine to enhance Au(III) complexing and 

Au(0) binding capabilities. CDs-ethylenediamine excited states, generated by 

blue light irradiation, served as reducing agent for Au(III) salt to Au(0). In 

contemporary, CDs-ethylenediamine served as capping agent for the forming 

gold nanohybrid.  

As complementary activity on noble metals nanomaterials it was also 

produced a new Mg-hydroxyapatite (Mg-HA) functionalized with silver 

nanoparticles. The nanofunctionalization was realized in situ, on the surface 

of the scaffold, via a photochemical reduction of Ag(I) to Ag(0). Results 

showed exceptional antibacterial activity against E. coli and S. Aureus but also 

cytotoxicity on human adipose derived stem cells probably for dysregulated 

increase of Reactive Oxygen Species (ROS). 

During the visiting PhD period at the Laboratory of Nanochemistry of 

the Institute of Supramolecular Science and Engineering (ISIS) at the 

University of Strasbourg/CNRS (Strasbourg, France), carried out from 

January to June 2022 and under the supervision of Dr. Stefania Vitale and 

Prof. Paolo Samorì, the scientific activity was focused on the discovery of new 

nanomaterials starting from unexplored sources. Under this idea, there were 

produced, by liquid phase exfoliation methods, nanostructured materials 

from light volcanic rocks that are called “lapilli” that are produced during the 

explosive activity of Mount Etna (Sicily, Italy). 

4.3 WORK EXPOSURE 

The scientific activities, summarized in the above section, are divided in 

5 chapters. The structure of each chapter reflects that of an original paper. 

The published papers are reproduced/adapted from the original before asking 

permissions to the editor. Anyway, also the non-published results and 

experiments are organized in form of a paper. 
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4.3.1 Chapters and author contribution 

• Chapter 5 – CDs conductometric sensor for NOx gas sensing 

o 5.1 – NO2 sensing 

Sawalha, S.1, 2, *; Moulaee, K.3, *; Nocito, G.4; Silvestri, A. 5; Petralia, S. 6; 

Prato, M.5, 7, 8, 9; Bettini, S.2; Valli, L.10; Conoci, S.4, 11, 12; Neri, G.3, 

Carbon-dots conductometric sensor for high performance gas sensing. 

Carbon Trends 2021, 5, 100105 

1 Department of Chemical Engineering, An-Najah National University, Nablus, Palestine 

2 Dipartimento di Ingegneria dell’Innovazione, Università del Salento, Lecce, Via Monteroni 73100, Italy 

3 Dipartimento di Ingegneria, Università di Messina, Contrada Di Dio, Messina 98186, Italy 

4 Dipartimento di Scienze Chimiche, Biologiche, Farmaceutiche ed Ambientali (ChiBioFarAm), 

Università di Messina, Viale F. Stagno d’Alcontres 31, Messina 98186, Italy 

5 Center for Cooperative Research in Biomaterials (CIC biomaGUNE), Basque Research and Technology 

Alliance (BRTA), Paseo de Miramon 182, Donostia San Sebastián 20014, Spain 

6 Dipartimento di Scienze del Farmaco e della Salute, Università di Catania, Viale Andrea Doria 6, 

Catania 95125, Italy 

7 Consorzio Interuniversitario Nazionale per la Scienza e Tecnologia dei Materiali (INSTM), Via G. 

Giusti 9, Firenze 50121, Italy 

8 Center of Excellence for Nanostructured Materials (CENMAT), Dip. Di Scienze Chimiche e 

Farmaceutiche, Università di Trieste, Via Giorgieri 1, Trieste 34127, Italy 

9 Ikerbasque, Basque Foundation for Science, Plaza Euskadi 5, Bilbao 48009, Spain 

10 Dipartimento di Scienze e Tecnologie Biologiche e Ambientali, Università del Salento, Via Monteroni, 

Lecce 73100, Italy 

11 STMicroelectronics, Stradale Primosole 50, Catania 95121, Italy 

12 Istituto per la Microelettronica e Microsistemi, Consiglio Nazionale delle Ricerche (CNR-IMM), 

Ottava strada n. 5, I-95121 Catania, Italy 

* These authors equally contributed to this work. 

Contribution: Support on synthesis of CDs and on chemical 

tests. 

o 5.2 – NO sensing 

Development of a novel C-dots conductometric sensor for NO sensing. 

(Draft) 

Contribution: synthesis of CDs, characterization of CDs except 

for FT-IR and XPS analysis. 

 

• Chapter 6 – CDs antibacterial activity 

Nocito, G.1, *; Sciuto, E.L.1, *; Franco, D.1; Nastasi, F.1; Pulvirenti, L.2; 

Petralia, S.3; Spinella, C.4; Calabrese, G.1; Guglielmino, S.1; Conoci, S.1, 4, 5, 6 

Physicochemical Characterization and Antibacterial Properties of Carbon 

Dots from Two Mediterranean Olive Solid Waste Cultivars. 

Nanomaterials 2022, 12, 885. 

1 Department of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina, 

Viale Ferdinando Stagno d’Alcontres, 31, 98168 Messina, Italy 
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2 Department of Chemical Science, University of Catania, Viale A. Doria, 6, 95125 Catania, Italy 

3 Department of Drug Science and Health, University of Catania, Viale A. Doria, 6, 95125 Catania, Italy 

4 Istituto per la Microelettronica e Microsistemi, Consiglio Nazionale delle Ricerche (CNR-IMM) Zona 

Industriale, VIII Strada 5, 95121 Catania, Italy 

5 Department of Chemistry “Giacomo Ciamician”, University of Bologna, Via Selmi 2, 40126 Bologna, Italy 

6 LabSense beyond Nano, URT Department of Physic, CNR Viale Ferdinando Stagno d’Alcontres, 31, 98168 

Messina, Italy 

* These authors contributed equally to the work 

Contribution: methodology and writing 

• Chapter 7 – CDs-Eu(III) as red emitting pH sensor 

Nocito, G.1, Puntoriero, F.1, Conoci, S.1, Galletta, M.1, Nastasi, F.1 A New 

Carbon Dots-Eu(III) Complex as Red Emitting pH-Sensor. In: Di Francia, 

G., Di Natale, C. (eds) Sensors and Microsystems. AISEM 2021. Lecture 

Notes in Electrical Engineering, vol 918., Springer International 

Publishing (2023) 

1 Department of ChiBioFarAm, University of Messina, Viale F. Stagno d’Alcontres, 31, Messina, 

Italy 

Contribution: methodology and writing 

• Chapter 8 – CDs-Au nanohybrid 

Photochemical route to CDs-Au nanohybrid for photothermal 

applications (Draft) 

Contribution: methodology (except for TEM, SEM and Raman 

characterizations) and writing. 

• Chapter 9 – Ag-nanostructured Mg-HA porous scaffold 

Calabrese, G.1, *; Petralia, S.2, *; Franco, D.1; Nocito, G.1; Fabbi, C.3; Forte, 

L.3; Guglielmino, S.1; Squarzoni, S.4, 5; Traina, F.5, 6; Conoci, S.1, 7, A new 

Ag-nanostructured hydroxyapatite porous scaffold: Antibacterial effect 

and cytotoxicity study. Materials Science and Engineering: C 2021, 118, 

111394. 
1 ChiBioFarAm Department, University of Messina, Messina, Italy 

2 Department of Drug Science Department, University of Catania, Catania, Italy 

3 Fin-Ceramica Faenza, 48018 Faenza, RA, Italy 

4 CNR - Institute of Molecular Genetics “Luigi Luca Cavalli-Sforza”, Bologna, Italy 

5 IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy 

6 Biomorf Department, University of Messina, Messina, Italy 

7 Distretto Tecnologico Micro e Nano Sistemi Sicilia, Catania, Italy 

Contribution: support on the Ag-nanofunctionalization and on 

chemical tests 

• Chapter 10 – Silicon nanoparticles from volcanic rocks (Draft) 

Contribution: methodology and writing 



66 
 

4.3.2 Experimental procedure utilized on this work for the 

preparation of carbon dots from olive solid wastes 

Carbon dots were prepared according to the method reported in [73]. 

Olive solid wastes were washed several times with boiling deionized water 

until a clear solution appeared, dried overnight in oven, and pyrolyzed in a 

muffle furnace in the absence of air at 550-600 °C for 1 h. The resulting 

carbon-based material was finely grounded in a mortar and suspended in 

deionized water (10 mg/mL, 100 mL). The mixture was sonicated in 

ultrasonic bath for 10 min, 1 mL of hydrogen peroxide (H2O2 sol. 30 % (w/w) 

– Sigma-Aldrich) was added and then refluxed for 90 min under stirring. The 

reaction mixture was purified by centrifugation at 8000 rpm/6800 x g (RCF) 

for 20 min and the supernatant syringe-filtered (Sartorius Minisart RC 0.2 

μm) obtaining the final CDs colloidal dispersion. A production yield from 2 to 

4 % was estimated by weighting after solvent evaporation under reduced 

pressure and subsequent drying in oven. (See Fig. 1) 

This procedure was applied on olive solid wastes collected from two 

southern Italian regions, Puglia and Calabria, obtaining carbon dots with 

different physical and chemical properties. 

 

Fig. 1 Schematic representation of CDs preparation 
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5. CARBON DOTS CONDUCTOMETRIC SENSOR FOR 

NOX GAS SENSING  

5.1 NO2 SENSING  
“CARBON-DOTS CONDUCTOMETRIC SENSOR FOR 

HIGH PERFORMANCE GAS SENSING” 

The content of this chapter is reprinted/adapted from Elsevier B.V., the author has the 
right to include it in a thesis [74]: Sawalha, S.; Moulaee, K.; Nocito, G.; Silvestri, A.; 
Petralia, S.; Prato, M.; Bettini, S.; Valli, L.; Conoci, S.; Neri, G., Carbon-dots 
conductometric sensor for high performance gas sensing. Carbon Trends 2021, 5, 
100105 

5.1.1 ABSTRACT 

In this paper the first example of using C-dots (CDs) as 

sensing nanomaterial for monitoring low concentrations of NO2 in ambient 

air is reported. In the logic to support a green circular economy, CDs were 

prepared from a natural low-cost precursor consisting in olive solid waste 

(OSW) by a simple pyrolysis process combined with chemical oxidation. 

Characterization data showed the formation of spherical CDs with dimensions 

in the narrow size range from 0.5 to 5 nm and charged with functional groups 

(COO- (carboxylate), C-O-C (epoxide) and C-OH (hydroxyl) imprinting 

excellent water colloidal dispersion. The nanomaterial was used to fabricate 

and test a conductometric gas sensor (CDs-sensor) that was found to exhibit 

excellent performances in terms of high and selective response to sub-ppm 

concentration of NO2 at low temperature (150 °C), low limit of detection 

(LOD) of 50 ppb, good reproducibility and stability over use and aging. To the 

best of our knowledge, this is the first example reported in the literature of 

CDs high performances gas sensing material. Results here presented pave the 

way for a new class of a carbon nanomaterial for gas sensing to be applied in 

the field of environmental monitoring. 

 



68 
 

 

Fig. 2 Graphical abstract 

5.1.2 INTRODUCTION 

Carbon dots (CDs) represent one of the most 

promising nanomaterials for many advanced applications due to their 

multifunctional properties deriving from their unique quantum confinement 

and edge effects [75-76]. They also exhibit high chemical stability and 

good conductivity which, coupled with the very high surface area, can address 

effectively the use of CDs for sensing applications. In a recent review paper, 

the use of CDs for sensing towards several class of both organic and inorganic 

analytes has been extensively described [77]. However, most of the studies 

address sensing applications focusing on both CDs fluorescence 

and electrochemical properties as transduction detection method. Target 

analytes were mostly metal ions (Fe+3, Cu2+, Hg2+, etc.) and electroactive 

(bio)molecules (H2O2, dopamine, glucose, etc.) [77].  

Surprisingly, no particular attention has been given to CDs as material 

for gas sensing that is one of the most important applicative sectors for 

environmental sustainability. Limited study appeared only very recently. In 

one paper, a CDs-based quartz crystal microbalance sensor was used for the 

detection of gaseous formaldehyde [78]. In another work, Shauloff et al. 

fabricated an artificial nose based on CDs as the principle capacitance sensing 

determinant [79]. However, conductometric (resistive) sensors, which 

represents the most suitable, practical and cheaper gas sensing technology for 

monitoring a wide variety of gases [80], based on CDs are not reported so far.  
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In the environmental pollution, one of the most dangerous gas is 

nitrogen dioxide (NO2) representing a relevant source of atmospheric 

pollution being a product of burning fossil fuel in industry, power plants, 

houses heating, and car engines. It relevantly contributes to particulate 

matter, photochemical smog and acid rain and it is very toxic for human 

health even at very low concentrations [81-84]. Therefore, sensitive, selective 

and easy to use sensors for NO2 monitoring in both industrial and urban areas 

are strongly required and today no satisfactory solutions are present [85].  In 

this respect, only one study has been reported for optical detection 

(fluorescence) of NO2 gas using a hybrid 

carbon nanodot functionalized aerogel (CDs/SiO2,) tested in a pure nitrogen 

atmosphere [86]. Also, for the electrical detection, a single example describing 

a conductometric sensors uses a hybrid reduced graphene oxide-carbon dots 

(rGO–CD) sensing material has been described so far [87-88]. However, both 

above mentioned studies have practical limitations. Actually, 

CDs/SiO2 fluorescence material has been demonstrated to work only in 

N2 atmosphere, displaying a detection of limit of 250 ppb, which rule out its 

use for the low concentrations of NO2 to be monitored in ambient air. In this 

respect, the Environmental Protection Agency (EPA) has settled one-hour 

exposure to NO2 at the level of 100 ppb. Further, these work are based on 

sensing layer obtained by complex and multi-step synthetic procedures for 

the preparation. 

In this work we present the first example of pure CDs sensing 

nanomaterial exhibiting excellent performances towards NO2 monitoring in 

conductometric sensor architecture with selective and sensitive response up 

to sub-ppm concentrations of NO2 in air. 

The CDs here used were obtained from olive solid wastes (OSWs) raw 

material, an agricultural waste from the olive oil industry, highly appealing 

from an economical point of view due to its abundance and low cost 73]. 

Actually, OSWs are produced in massive quantities during olive oil 

production and represent a waste with high pollution potential. Therefore, 

providing to its re-use is within the logic of the circular economy. The 

transformation of OSWs in CDs here described leads to 
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carbon nanoparticles having very small particle size, which implies an 

extremely large surface-to-volume ratio and hence an elevated proportion of 

highly reactive sites. These features make these materials very appealing 

candidates for gas sensors material with high performance. Further, the easy 

processability of CDs enables the use of a facile integration on a variety of 

sensing platforms made in plastics, ceramics, or silicon, so offering different 

possibility for various practical applications. Finally, due the lack of 

investigation on CDs for gas sensing, this study can also represent a stimulus 

for further investigations on these nanomaterials in the environmental sensor 

field. 

5.1.3 EXPERIMENTAL SECTION 

5.1.3.1 Synthesis of carbon dots (CDs) 

The CDs were prepared according to the method reported in [73] using 

olive solid wastes (OSWs) collected from Puglia – Italy (vide section 4.3.2).  

5.1.3.2 Sensing tests 

Devices for the sensing tests were fabricated by printing thick films of 

the C-dots powders dispersed in water on alumina substrates (6 mm × 3 mm) 

and provided by Pt interdigitated electrodes and a Pt heater located on the 

backside [83]. For the sensing tests, the sensors were introduced in a stainless-

steel test chamber and after an initial time of stabilization at the fixed working 

temperature in flowing synthetic dry air (20 % O2 in nitrogen), exposed to 

pulses of gas mixtures of selected composition. 

Electrical measurements were collected through a data acquisition unit 

Agilent 34970A, while a dual channel power supplier instrument Agilent 

E3632A was employed to bias the built-in heater of the sensor. The 

concentration of NO2 was varied from 140 ppb to 2.8 ppm. The gas 

response, S, is defined as S = R/R0 for NO2, where R is the electrical 

resistance of the sensor at different NO2 concentrations and R0 is the baseline 

resistance in dry synthetic air. Dynamic characteristics, such as response 

time, τ res, defined as the time required for the sensor resistance to reach 90% 

of the equilibrium value after the target gas is injected and recovery time, τ rec, 
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taken as the time necessary for the sensor resistance to reach 90 % of the 

baseline value in air, were also evaluated. 

5.1.4 RESULTS AND DISCUSSION 

CDs was produced by using OSWs as starting material (see Fig. 3). 

First, the pyrolysis of OSWs at 600 °C for one hour has been carried to 

produce carbonized olive solid wastes (COSWs). The chemical oxidation of 

this intermediate material was employed to obtain CDs using H2O2 as an 

oxidizing agent. Optimization of H2O2 concentration (0.45 wt%) led to CDs of 

low diameter with a production yield of 10%. H2O2 is beneficial for breaking 

down the carbonaceous particles and extracting CDs with surfaces rich of 

oxygenated groups [73]. 

 

Fig. 3 Schematization of the synthesis process of CDs. 

The morphology of the CDs obtained from OSWs has been investigated 

by TEM and AFM. The HR-TEM micrographs show well 

dispersed nanoparticles with good contrast and narrow size dispersion 

ranging from 1 to 4.5 nm as shown by the size distribution histogram drawn 

from TEM images and an average size of 2.8 ± 0.6 nm (Fig. 4a and b). Similar 

dimensions have been obtained by AFM for the height of the CDs with a range 
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of 0.5 to 5 nm having an average of 2.8 ± 0.9 nm, demonstrating that the 

particles have quasi-spherical morphology (Fig. 4c and d). 

 

Fig. 4 Morphological characterization of CDs: (a) HR-TEM micrograph, (b) TEM size 
distribution histogram, (c) AFM height micrograph, (d) AFM height profile, (e) AFM 

height distribution histogram. 

The functional surface groups were investigated using FT-IR 

spectroscopy (Fig. 5a). The peaks shown at 3424, 3236, 2923/2850, 1656, 

1412, 1320 and 1116 and 1096 cm−1 are assigned to –OH, N-H, C-H, C=O 

(carbonyl), COO- (carboxylate), C-OH (hydroxyl) and C-O-C (epoxide) [89-90] 

groups, respectively. The presence of such functional groups implies that the 

synthesized CDs have excellent water-soluble colloidal dispersion [91]. It was 

also found that these dots are negatively charged with ζ-potential = - 32 mV in 

10 mM PBS, the negative charge could be ascribed to the existence of 

oxygenated functional groups [92, 93-94]. 
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Fig. 5 a) FTIR spectrum of synthesized CDs; b) Raman spectrum of CDs sample. 

Raman spectrum of the CDs sample is provided in the Fig. 5b. Weak D 

and G bands, at about 1370 and 1590 cm−1, respectively, can been recognized 

in the Raman pattern. Further, a very high photoluminescence background is 

also presents, covering the Raman signals and hindering a deeper 

investigation. The photoluminescence background is likely due to the 

existence of chemical groups on the surface of carbon dots, such as C=O and -

NH2, and the presence of amorphous carbon. 

In terms of conduction properties, the synthesized CDs evidence a 

semiconductor behavior with a band gap of 1.55 eV, estimated from the 

difference between LUMO (-4.24 eV) and HOMO (-5.79 eV) energy levels [95]. 

The HOMO – LUMO levels were calculated from oxidation and reduction 

onset resulted from the cyclic voltammogram (see  Fig. 6a) using the following 

equations: 

𝐻𝑂𝑀𝑂 =  −(𝐸𝑜𝑛𝑠𝑒𝑡,𝑂𝑋 + 4.66 𝑒𝑉) 

𝐿𝑈𝑀𝑂 =  −(𝐸𝑜𝑛𝑠𝑒𝑡,𝑅𝐸𝐷 + 4.66 𝑒𝑉) 

where 𝐸𝑜𝑛𝑠𝑒𝑡,𝑂𝑋 and 𝐸𝑜𝑛𝑠𝑒𝑡,𝑅𝐸𝐷 are the onset of the oxidation and reduction 

potentials respectively [96, 97]. 
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Fig. 6 a) Cyclic voltammogram versus Ag/AgCl reference electrode of 
synthesized CDs; b) picture of the conductometric sensor probe; in the inset is shown 

the sensor head; c) Baseline resistance vs. operating temperature trend. 

The semiconductor behaviour has been confirmed by analysing the 

electrical resistance of thick films (around 10 μm) at different temperatures. 

The electrical measurements have been performed on the same platform used 

for the conductometric sensing tests (Fig. 6b), with the aim to acquire also 

direct information on the behaviour of CDs as a sensing layer in the practical 

device. In the inset of this Fig. 6b is noted CDs deposited as thick films by 

printing on the conductometric transduction device having a pair of 

interdigitated Pt electrodes on the ceramic substrate. 

The range of temperature investigated was between 50 °C and 200 °C 

due to both the restrictions imposed by the very high resistance registered 

below 50 °C and the unstable and large baseline drift observed at 

temperatures higher than 200 °C. The trend of baseline resistance in this 

temperature range is reported in Fig. 6c. At near room temperature, the 

resistance is out of the range of measurement with our instrumentation. 

Increasing the temperature, the resistance decreases, as expected by a 

semiconductor material. This behaviour can be explained as follows: at low 

temperature, free electrons are trapped by O2 molecules as ionized species 
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(O− or O−2), generating a depletion layer (Schottky potential barrier); further, 

the grain boundaries at the contact between the very small CDs might create 

additional potential barriers, increasing the electrical resistance. Increasing 

the operating temperature, thermally generated electrons give the main 

contribution to the resistance decrease. However, as an additional process 

due to the adsorbed O2 molecules desorption from the CDTs surface upon 

increasing of the temperature, releases the trapped electrons and decreases 

the resistance. 

On the basis of above described electrical characteristics that make CDs 

to be full compatibles for their use in conductometric platform for gas 

sensing, we have tested its performances in the monitoring of low 

NO2 concentration in air. First, we evaluated the effect of operating 

temperature on the sensor response. Fig. 7a reports the variation of resistance 

for the CDs sensor subjected to pulses of NO2 at the concentration of 2 ppm in 

dry air. 

 

Fig. 7 a) Resistance variation at different temperatures of CDs sensor subjected to 
pulses NO2 at the concentration of 2 ppm. Inset shows the trend of sensor response 
with temperature; b) Response/recovery time at different temperatures of the CDs 

sensor. 

From the above reported data, it clearly appears that the CDs-based 

sensor is very sensitive to NO2 gas exposure exhibiting a tendency to a 

response enhancement with the temperature decrease. However, by reducing 

the temperature, the recovery time becomes longer (see Fig. 7b) and this 

limits the practical application of the sensor. Therefore, the best balance 

between high response and faster dynamics can be settled at 150 °C. Fig. 8a 

reports the resistance variation for the CDs sensor, at the optimal 
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temperature of 150 °C, subjected to pulses of NO2 at different concentration 

(from 140 ppb to 2 ppm) in dry air. The interaction among NO2 molecules and 

CDs leads to a linear variation of the resistance with the nitrogen dioxide in 

the investigated concentration range, as highlighted in the calibration curve 

graph reported in Fig. 8b. It is noteworthy the good reproducibility of the two 

reported calibration curves, registered by two diverse sensors fabricated by 

using the same CDs. The resistance variations observed are well reversible; 

the response and recovery times are in the order of about 150 s and 315 s, 

respectively. 

 

Fig. 8 a) Transient response towards different NO2 concentrations for the CDs 
sensor; b) calibration curve towards NO2, whereas the inset shows the response to 
different gases; c) schematization of the NO2 proposed sensing mechanism on CDs-

based conductometric sensor. 

The interaction between the NO2 molecule and CDs leads to a decrease 

of the resistance at all temperatures and NO2 concentrations investigated, 

indicating that the CDs sensor has a p-type behaviour. This finding can be 

attributed to presence of electron withdrawing oxygen functional groups on 

the surface of CDs, as also suggested by some authors for other colloidal 

quantum dots [98]. 

The sensing mechanism can be described into the framework of general 

theory of p-type semiconducting gas sensors functioning [99]. However, the 
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true sensing mechanism of NO2 on carbon materials is still not fully 

understood and only hypotheses could be formulated taking into account 

examples coming from CNTs and graphene as previous carbon 

nanostructures-based sensing material for NO2 [100-103]. Here, we can suppose 

that the resistance of sensing layer decreases after adsorption of NO2 gas 

molecule due to the direct adsorption/chemisorption of NO2 on the CDs 

surface, which is covered of adsorbed O− oxygen ions, the main surface 

oxygen species present at the operating temperature of 150 °C. NO2 interacts 

with the chemisorbed oxygen ions on the surface and extracts electrons. 

Indeed, NO2 as an electron acceptor consume electrons, resulting in the 

increase of hole concentration. The depletion layer becomes thinner (low 

electrical resistance, see Fig. 8c) and therefore, electrical resistance decreases, 

as experimentally observed. 

Above explanation is in according with data reported for other carbon 

nanostuctures, such as CNTs, were Schottky barrier modulation is the main 

detection mechanism postulated for gas sensing [104].  

However, other sensing mechanisms cannot be excluded and can be 

concurrently present, depending on many factors linked mainly to size of 

carbon nanostructures. Indeed, carrier transport through the electrode-

carbon particles is influenced by the particle size and the width of the 

depletion region. In air, oxygen is adsorbed at the active carbon sites, 

accepting electrons from the conduction band and causing, depending on the 

size, a partial to fully depleted region devoided of mobile charge carriers. The 

conduction mechanism is then governed by Schottky barriers at the grain 

boundaries, and grain control mechanism, respectively. 

For our CDs-based conductometric sensor, the sensing mechanism can 

be supposed to be related to limited charge transport across Schottky barriers. 

The conduction across Schottky barriers is regulated by thermoionic emission 

carrier transport, or less usually, by tunnelling. Relevant to gas sensing is 

however that the activation energy for conductance is a function of the barrier 

height, which is directly affected by the charge and fractional coverage of the 

surface species and, hence, a function of the composition of the gas 

surrounding the sensor. 
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Selectivity to target gas, response reproducibility and stability are also 

important parameters of a sensor for the practical use. From inset reported 

in Fig. 8b is noted a very low response toward reducing gases (CO, NH3, CO2, 

CH4), which implies that the sensor is also highly selective towards NO2. 

Experimental results have also demonstrated a good signal 

reproducibility. Fig. 9a shows the reproducibility test when the sensor was 

exposed to pulses of 2 ppm of NO2 at 175 °C. A fairly stable response was 

observed for a period of approximatively three months (see Fig. 9b). 

 

Fig. 9 (a) Response of the sensor to consecutive pulses of 2 ppm of NO2; (b) Sensor 
response evaluated for a period of approximatively 3 months 

The good sensing properties (sensitivity, selectivity, stability) of the 

sensor towards NO2 can be then explained with the characteristics of CDs 

synthesized. First, the large specific surface area of the very small CDs 

provides many unsaturated sites with high reactivity, maximizing the 

interaction with the target gas. As regarding the excellent selectivity towards 

NO2, it is associated to the surface state of CDs. Indeed, other than addressing 

the semiconducting behaviour, the chemical structure of the surface has the 

noticeable function to interact with the gases surrounding the sensor. In this 

way, depending on the chemical nature on the CDs surface and gaseous 

specie, the interaction will have a different strength and charge transfer. It 

seems then that the presence of the various organic groups on the CDs surface 

as indicated by FT-IR and XPS investigation can be relevant for NO2 gas. In 

this perspective, it is interesting to note that it is possible to modulate the 

surface chemistry of the C-dots by introducing new ligands. These 

modifications can change the interaction of CDs with the gas molecules, 

modulating then the selectivity of the sensor versus different gases. At last, 
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the long term stability of the sensor can be related to mild temperature 

(150 °C) chosen for sensing tests. This aspect is fundamental in order to avoid 

thermal stress to sensing layer in general, and in particular in the case of CDs 

sensing layer, this mild temperature avoids to modify/degradate the labile 

surface groups on the surface of CDs. 

Finally, the sensing performances of the developed CDs-based sensor 

were also compared with previously reported conductometric sensors based 

on other carbon nanomaterials (see Table 1). 

Sensing 
material 

LOD 
 (ppb) 

Response1/ 

concentration 

Operating 
temp. 

Measurement 
range (ppm) 

UV 
light 

Ref. 

SWCNTs2 86 100/0.1 ppm 50 °C 0.1-10 No [105] 

Graphene 
oxide 

0.21 10/1 ppm 150 °C 1-9 No [106] 

Aligned 
SWCNTs 

- 7/0.5 ppm RT3 0.5-10 Yes [105] 

S-doped 
graphene 

- 0.2/500 ppt RT 0.5-100 No [107] 

3D rGO4 186 0.1/1 ppm 22 °C 1-8 No [108] 

rGO - 37/5 ppm RT 5-100 No [109] 
CVD 

graphene 
4 3/1 ppm RT 1-20 Yes [110] 

C-Dots 50 140/0.7 ppm 150 °C 0.14-2 No 
This 
work 

1 

Response (R) is defined as 𝑅 = 100 ×  
|𝑅𝑔−𝑅𝑎|

𝑅𝑎
 where 𝑅𝑎 and 𝑅𝑔 are, respectively, the recorded 

signal in the absence and in presence of NO2 at the indicated concentration. 
2 
Singled walled carbon nanotubes 
3 
Room temperature 
4 
Reduced graphene oxide 

Table 1 Comparison of the NO2 sensing performances of carbon conductometric 
sensors. 

From this comparison, it is worthy to mention the outstanding 

sensitivity (3rd column in Table 1) of our nanomaterials. Further, this 

remarkable sensitivity and full and fast response/recovery of the signal is 

reached without the use of UV light. Once again, these comparative data 

confirm that the suitable carbon nanostructure obtained improve the 

performance of conductometric device for monitoring NO2 at part-per-billion 

levels. However, we plan to further improve the performances of our 

materials by investigating in future studies both the effect of possible surface 

functionalization of C-dots and also the optimization of film structure and 

morphology. 



80 
 

5.1.5 CONCLUSIONS 

In summary, CDs here reported were produced by a simple pyrolysis 

process combined with chemical oxidation from olive solid wastes, a cheap 

and readily available natural precursor. Morphological and microstructural 

characterization indicated that these nanometer CDs have a spherical shape 

with dimension ranging from 0.5 to 5 nm. Further, the presence of charged 

functional groups (COO- (carboxylate), C-O-C (epoxide) and C-OH 

(hydroxyl), which imprint excellent water colloidal dispersion properties, has 

been also highlighted. 

NO2 sensing properties of CDs has been investigated showing excellent 

performances in terms of sensitivity, selectivity, full recovery after exposure 

and stability. Noteworthy, this study represents the first evidence of using 

CDs sensing material for conductometric gas sensor. Therefore, we expect 

that this study will pave the way for a large family of CDs produced by 

different natural sources to be employed as highly sensitive sensors. 
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5.2 NO SENSING 
“DEVELOPMENT OF A NOVEL C-DOTS 

CONDUCTOMETRIC SENSOR FOR NO SENSING”  

The content of this chapter is a draft based on preliminary results during the 
experimental investigation of the PhD activity.  

5.2.1 ABSTRACT 

Carbon dots (CDs) obtained by waste generated during the production 

of Calabria olive oil have been investigated as a gas sensing material for the 

sensitive and selective detection of nitric oxide (NO) in air. The obtained CDs 

were characterized by X-ray Photoelectron, conventional and ATR FT-IR, 

Raman, UV/Vis and luminescence spectroscopies. CDs were deposited as a 

sensitive layer on a conductometric platform and tested for gas sensing, 

showing promising results for the selective monitoring of NO in air. The 

response of CDs composite to NO was 1.5 @ 1250 ppm and the response and 

recovery times were 90 and 200 s, respectively. The sensing behavior of CDs 

prepared by olive waste from a different geographic location (Puglia) was also 

reported and compared. It has been found that the sensing behavior of the 

two sensors investigated towards nitrogen oxides (NO and NO2) was 

completely different. The first resulted selective to NO while the latter showed 

prominent selectivity towards NO2. This behavior was attributed to the 

different functional groups present on the CDs surface. Data here presented 

indicate that hydroxyl group -OH address the response for NO, while C-O-C 

ether group promote the sensitivity and selectivity for NO2.  

5.2.2 INTRODUCTION 

Gas detection using carbon nanomaterials, such as carbon nanotubes 

(CNTs), graphene (G) or graphene oxide (GO), has been largely pursued in 

the last decade [111]. Indeed, because of their small size, almost all atoms of 

the structure are located on the surface, so they can be highly sensitive to 

adsorbed gas molecules. This has subsequently enabled the development of 

conductometric sensors based on these 1-D or 2-D carbon nanomaterials, 

capable of detecting trace levels of gases [112]. In this regard, carbon dots 

(CDs) are 0-D carbon nanomaterials subjected to the "quantum size effect" 

showing interesting properties and promising applications in gas sensors [113]. 
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CDs have quasi-spherical shape and the dimensions below 10 nm, consisting 

of an amorphous nucleus given by the sp2 hybridized carbon and crystalline 

structures given by the sp3 hybridized carbon. CDs can be synthesized 

following the "top-down" and "bottom-up" approaches. In the top-down 

approach, they are obtained from large carbon structures using characteristic 

methods to control their size, morphology, and purity, such as laser ablation, 

chemical and electrochemical oxidation, and ultrasound treatment. In the 

“bottom up”, the methods are simpler in which it is possible to control the size 

and obtain them with low cost using few solvents, such as microwave 

synthesis, thermal decomposition, and hydrothermal treatment [114]. In recent 

years there is a tendency to use organic waste materials, also defined biomass, 

to obtain carbon nanomaterials by exploiting simple and low-cost synthesis 

methods [115]. Carbon dots also can be produced from biomass, exhibiting 

different physical and chemical properties depending on the starting 

biomaterial and the preparation method adopted. So, carbon dots have 

attracted much attention due to their unique optical, chemical, and electronic 

properties enabling a wide range of applications. Further, CDs properties can 

be effectively adjusted through modifying their chemical composition.  

 The presence of -COOH, -OH and -NH2 surface groups distinguish 

these nanomaterials, which give them excellent optical properties with wide 

continuous and absorption spectra, so contributing to their excellent 

fluorescent, photoluminescent and optoelectronic properties [116]. However, a 

major challenge remains in understanding the core and surface contributions 

to optical and electronic properties [61, 117]. 

Their electrochemical and optical properties were largely exploited for 

chemical sensing [118]. In fact, many studies on CDs focus on their 

fluorescence and electrochemical properties for the detection of various metal 

ions in water (Fe3+, Cu2+, Hg2+, etc.) and biomolecules [76]. 

Given their properties, they could be also used as sensitive materials to 

develop sensors to detect gaseous environmental pollutants. However, on the 

contrary, few studies exist for the application of CDs in gas sensors. These 

reports deal with the use of CDs as a support for the sensing phase, usually a 
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metal oxide, and optical detection is the preferred transduction method [119-

120]. 

In a previous introductory work, we reported the feasibility to develop a 

CDs-based conductometric sensor for NO2 detection in air, demonstrating for 

the first time the use of pristine CDs in this typology of electrical solid-state 

device [74]. In this work we try to expand the possibility to use CDs obtained 

from olive solid waste to monitor nitrogen monoxide (NO) in air by a 

conductometric sensor. The main NO emissions in the atmosphere derive 

from the exhaust gases of cars, in which NO is the most common form of NOx 

at around 93 %, around 100–2000 ppm. The Environmetal Protection Agency 

(EPA) sustains that these emissions cause environmental problems, causing 

an increase in the greenhouse effect as it has 310 times more impact than CO2 

and compromising human health through the onset of serious diseases 

related to the respiratory system. The minimum exposure value is 20 ppm. 

This outlines the importance of developing gas sensors that can detect NO in 

real time. However, the previous CDs-sensor was not able to detect NO [74]. 

So, we tested another CDs obtained by olive oil production solid waste coming 

from a different geographic origin (Calabria). This was motivated by fact that 

the surface composition of CDs produced may be very different if the raw 

material is changed. 

Here we report the fabrication and characterization of a such 

conductometric sensor. Results demonstrate as the developed device allows 

the sensitive and selective detection of NO in air. Further, the comparison 

with the previous CDs sensor was also made, attempting to explain the 

different sensing behavior observed. At last, this study suggests the potential 

of this low-cost nanomaterial as promising active material in gas sensors for 

monitoring selectively the desired gases, by simply designing its surface 

composition.  

5.2.3 EXPERIMENTAL SECTION 

5.2.3.1 CDs synthesis 

The CDs were prepared according to the method reported in [73] using 

olive solid wastes (OSWs) collected from Puglia – Italy (vide section 4.3.2).  
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5.2.3.2 Sensing tests 

Sensor devices were prepared by printing thick films of CDs dispersed 

in water onto alumina substrates (6mm x 3mm) provided by Pt interdigitated 

electrodes and a Pt heater located on the backside. The sensing tests were 

carried out using the data acquisition instrument Agilent 34970A to monitor 

the resistance. A dual-channel power supply Agilent E3632A was used to bias 

the built-in heater of the sensor. 

Sensing tests were performed using a homemade detection setup as 

follows; first, the sensor was inserted in a stainless-steel test chamber and was 

kept at a fixed temperature while a flow of synthetic dry air (O2 + N2) was 

passing over the sensing material to obtain a stable baseline resistance. 

Afterwards, the sensor was exposed to pulses of gas mixtures supplied from 

certified bottles from SOL company. The sensor response to target gas (R) is 

determined as the ratio of Ra (resistance of the gas sensor in dry synthetic air) 

to Rg (resistance of the injected gas sensor), R = Ra/Rg. The calculation of the 

response and recovery time, i.e., the variation of the sensor resistance over 

time until it reaches 90 % of equilibrium after the start and end of NO 

detection, allowed the study of sensor dynamics. 

5.2.4 RESULTS AND DISCUSSION 

5.2.4.1 Synthesis of carbon dots (CDs) 

Carbon dots (CDs) were prepared from a natural precursor recycling 

the olive oil production discard, according to the method reported in our 

recent work [74], using olive solid waste from the Mediterranean region 

Calabria (Italy) (vide section 4.3.2). CDs final concentration was 0.4 mg/mL. 

C-CDs were prepared by pyrolysis from solid waste produced during the 

production of Calabria olive oil. We also investigated CDs prepared from 

Puglia origin olive solid waste; its sample code is P-CDs.  

Carbon dots were obtained using a facile, low cost, and biofriendly 

route that starts with the pyrolysis of the natural precursor and continues 

with a green surface oxidation of the carbon-based nanostructured 

components. Hydrogen peroxide addition is crucial for the reaction because 

permits CDs surface oxidation and so on their functionalization with polar 
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groups, such as hydroxyls (-OH) and carboxyls/carboxylates (-COOH/-COO-) 

[73]. These groups confer aqueous dispersibility and considering a different 

surface functionalization rate, in addition to different π domains extension in 

the carbon core, their peculiar optical properties and reactivity. These 

properties are recognized also as size dependent. [58] 

5.2.4.2 Characterization of carbon dots (CDs) 

5.2.4.2.1 Chemical composition 

Carbon dots obtained from Calabria olive solid waste provenience (C-

CDs) were exceptionally dispersible in water and the resulting dispersion was 

stable up to two months. According to Dynamic Light Scattering (DLS) 

technique, CDs surface was negatively charged, measured ζ-potential was -23 

mV confirming the system stability.  

As represented in Fig. 10 the XRD pattern of C-CDs included several 

peaks. The broad peak from 20 ° to 24 ° (2θ) and the sharp one at 2θ = 24.35 

° (3.7 Å d lattice spacing) are attributable to the amorphous carbon phase and 

to graphitic C(002) plane [121]. The graphitic nature of CDs is confirmed by 

the peaks around 40-45 ° and 53.80 ° (d-spacing 1.7 Å) assignable to C(100) 

and C(004) planes of graphitic carbon [122]. 

 

Fig. 10 XRD pattern of C-CDs 

FT-IR analysis (see Fig. 11) revealed the extent of CDs surface 

functionalization. Different vibrational signatures, coming from surface 

groups can be seen, revealing the presence of –OH, C=O (carbonyl), COO- 
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(carboxylate), C–OH (hydroxyl), and C–O–C (ether) groups. In particular, the 

wide band in the 3500-3000 cm-1 region is due to the stretching vibration of 

O-H groups. The strong feature around 1600 cm-1 can be associated to 

convolution to the signals due to C=O stretching of carboxylic (1660 cm-1) of 

acids or amides, to the asymmetric stretching of carboxylate (1570 cm-1) and 

to the bending of H2O (1620 cm-1). The other strong feature at about 1370 cm-1 

correspond to convolution of the symmetric stretching of carboxylate groups 

(1450 cm-1), the C-O stretches of carboxylic acids (1250 cm-1) and the bending 

of OH groups (1350 cm-1).  
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Fig. 11 FT-IR spectrum of CDs 

HR-XPS spectra on the C1s, N1s and O1s regions are showed in Fig. 12. 

The complex shape of the C1s signal is mainly due to the presence of C-C, C-H 

signal at 285.0 eV and to the signal at 289.0 eV of carboxylic groups. A 

component around 287.3 eV must be added to account for the presence of 

carbons in carboxylates and amides groups. Note a small amount of K+ is also 

present. The N1s band is mainly constituted by a peak at 400.4 eV that can be 

due to amines and amides (C-N containing groups). A small shoulder at about 

399.0 eV could be also present due to the formation of imidic groups (-C=N-). 

The O1s peak position at 532.2 eV is typical of the oxygen in organic 

compounds.  
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Fig. 12 HR-XPS analysis on C-CDs 

In the Raman spectrum of C-CDs (Fig. 13) the D band at 1346 cm-1 and 

the G band at 1598 cm-1 were observed, the intensity ratio 𝐼𝐷 𝐼𝐺⁄  was 

calculated to be 0.8. Another peak at 1444 cm-1 was assigned to C-C vibrations 

related to surface passivation with heteroatoms such as O, N and H. The 

typical Raman vibrational modes of carbon (D and G bands) and their 

intensity ratio revealed that carbon dots were constituted by sp3/sp2 carbon in 

which the graphitic nature is slightly higher than the disordered one.  

 

Fig. 13 Raman spectrum of C-CDs 

5.2.4.2.2 Optical characterization 

C-CDs colloidal dispersion in ultrapure water appears as pale yellow 

and presents blue/green luminescence under 365 nm lamp excitation. The 
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UV/Vis absorption spectrum in Fig. 14a exhibits broadband UV absorption 

with a quasi-asymptotic trend compatible with the light scattering operated 

by small nanoparticles. Under this band, there could be detected two peaks, 

confirmed by the photoluminescence excitation spectra in Fig. 14c, located 

around 280-290 nm and 340 nm attributed respectively to π-π* and n-π* 

transitions believably responsible for CDs emission phenomena [123, 124].  

CDs show excitation wavelength-dependent photoluminescence, their 

emission bands move to lower energies as a function of the excitation 

wavelength. Emission spectra were recorded in the excitation wavelength 

interval between 250 and 450 nm as reported in Fig. 14b. Emission maximum 

is located around λ emission = 450 nm for λ excitation = 350 nm.  

 

Fig. 14 Optical characterization of C-CDs sample: a) UV/Vis absorption spectrum; b) 
Photoluminescence emission spectra, excitation wavelengths in legend; c) 

Photoluminescence excitation spectra, emission wavelengths in legend 

5.2.2.2.4 Thermogravimetric and Differential Scanning Calorimetry 

analysis 

Thermogravimetric analysis (TGA) in air and nitrogen (Fig. 15 and Fig. 

17a) shows that C-CDs are stable until 120 °C, 58-59 % of weight loss is 

experienced in two main steps.  

Under nitrogen flow, 27 % of weight loss occurred on the first step at 

175 °C and 16 % on the second at 450 °C. In synthetic air 21 % of weight loss is 

observed at 182 °C. The second step with an overall weight loss of 22 % is split 

into two sub-steps, the first at 434 °C with 8 % of loss and the second at 471 

°C, as highlighted by the Differential Scanning Calorimetry (DSC) curve and 

the Differential Thermal Analysis (DTA) curve (see Fig. 16 and Fig. 17b). 
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 The first decomposition stage can be attributed to the loss of water 

adsorbed on CDs surface, the loss of crystallization water, or the one released 

from dehydration processes [125]. The second may be associated with the loss 

of covalently linked species to CDs surface [126] or simpler to the loss of 

oxygen-containing groups such as -O-C=O and C=O [127, 128]. TGA confirms 

the empirical evidence that CDs in powder are particularly hygroscopic.   

 

Fig. 15 TGA analyses in Nitrogen and synthetic air of Calabria carbon dots. Inside 
the graphs are reported the weight loss percentages per process. 

 

Fig. 16 TGA/DTG/DSC graphs in synthetic air atmosphere 
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Fig. 17 a) TGA and b) DSC analyses in comparison between air and nitrogen 
atmospheres 

5.2.4.3 CDs sensitivity to NO gas 

The electrical resistance in dry air as a function of temperature for the 

C-CDs has been first investigated. The measurements were performed with 

the CDs sample deposited as a layer on the conductometric platform used for 

the successive sensing experiments, so the information obtained can be 

directly used for optimizing the performances. We noted as, starting from 

room temperature, the sample layer exhibits a very high resistance (Fig. 18). 

Increasing the temperature there is a sharp decrease of the resistance. CDs 

can be considered as p-type semiconductors, the decreasing of the observed 

resistance may be attributed to holes carriers which are activated for the 

conduction as the temperature increase. As they require a higher activation 

energy for the conduction, larger than for electrons, this explains the sharp 

decrease of resistance compared to that exhibited by n-type sensing materials 

such as metal oxides. 
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Fig. 18 Electrical resistance of C-CDs sensor as a function of the operating 
temperature 

Then, we tested the sensing characteristics of the fabricated C-CDs 

sensor at the operating temperature from 100°C to 250°C. For these 

measurements, NO was selected as the target gas. The choice of this target gas 

derived by considering that carbon nanostructures are largely used for 

monitoring nitrogen oxides [129]. For performing the tests, a concentration of 

2500 ppm NO was used. Results obtained are shown in Fig. 19. Starting from 

the temperature of 150 °C, the C-CDs-based sensor exhibits a reversible 

decrease of the resistance when NO pulse was injected in the sensor chamber. 

An increase in temperature allows the improvement of the reaction kinetics 

that occur on the surface of the material and then the response increase. The 

response reached a plateau at an operating temperature of 200°C.  
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Fig. 19 a) Response at different temperature to 2500 ppm NO of the C-CDs 
sensor; b) Trend of the sensor response vs. temperature 

NO behave as a strong π-acceptor, thus very likely a strong binding is 

established between NO and the carbon dots surface, decreasing the baseline 

resistance, as reported for other carbon nanomaterials [130]. We suppose that 

when the sensor is exposed to dry air, the oxygen molecules are adsorbed on 

the carbon dots surface to be ionized by electrons trapped by the 

semiconductor conduction band to produce oxygen ions such as O2-, O- or O2-, 

depending on the operating temperature. In the presence of target gas, the 

absorption and subsequent reaction of NO with adsorbed oxygen species, 
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causes a local doping effect and inherently leads to the observed resistance 

decrease.   

Sensing tests were also carried out to verify the performance of the C-

CDs sensor towards the gas target. Therefore, dynamic, sensitivity, 

reproducibility, stability over time and selectivity to the target gas in the 

presence of other interferent gases, were also investigated. The dynamic of the 

C-CDs sensor was verified by testing the sensor to a concentration of 1250 

ppm of NO at the operating temperature of 200 °C, as shown in Fig. 20. The 

response and recovery time calculated are approximatively 90 s and 200 s, 

respectively.   

 

Fig. 20 Transient response of the C-Cdots sensor 

In the subsequent tests we have verified the response of the sensor to 

different concentrations, from 125 to 4000 ppm, of NO (Fig. 5a). Further, in 

order to verify the presence of a memory effect, the sensor was tested at 

decreasing NO concentration (Fig. 5b). The response of the sensor is quite 

reproducible over time for the different concentrations, excluding the 

presence of any memory effect (Fig. 5c). Further, the signal reproducibility is 

quite good (Fig. 5d). 
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Fig. 21 Response of the C-CDs sensor at a) increasing and b) decreasing 
concentrations of NO; c) calibration curve; d) reproducibility of the signal over time 

at 2500 ppm of NO. 

The selectivity of the sensor was verified by evaluating the response to 

different interferent gases, i.e. CO2. NH3, NO2 and CO. The high selectivity of 

the C-CDs sensor for NO is clearly manifested looking at the bar graph in Fig. 

22. 
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Fig. 22 Response of the C-CDs based sensor to different gases. The high 
response to NO, compared to the lower response to other gases, highlights the high 

selectivity of this sensor towards NO. 

Table 2 shows the comparison of our CDs sensor material with some 

others found in the literature. The performances of our material, in terms of 

operating temperature, sensitivity, selectivity, and response/recovery time, 

are comparable with the state-of-the-art of others, proving it can be a 

promising alternative to existing ones. 

#  Ra/Rg or Rg/Ra; 

* Ra-Rg/Ra or Rg-Ra/Ra where Ra and Rg represent the values of sensor resistance in presence 

of air and target gas, respectively. 

Table 2 Comparison of NO sensing properties of different sensor materials 

 

Sensor 
material 

Temp. 
(°C) 

NO conc. 
(ppm) 

Response  
time (s) 

Recovery 
time (s) 

Response Ref. 

CDs 200 1250 30 200 1.50 # 
This 
work 

GaN 35 100 280 2300 115%* [131] 

Bi-SnO2 75 5 100 120 90 [132] 

MoO3 200 250 600 120 80 [133] 

WO3 

ZnO 

300 

28 

500 

10 

63 

135 

88 

130 

37# 

1.7# 

[134] 

[135] 
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5.2.2.4 Mechanistic insight 

Working on nanomaterials as sensing layers for conductometric gas 

sensors we discovered that carbon dots prepared from different olive solid 

waste provenience have different gas sensitivity. Above data demonstrated 

unambiguously that C-CDs sensor detect selectively NO. In a previous paper 

[74] we reported a study on the sensing characteristics of a conductometric 

sensor based on carbon dots prepared from olive oil production waste coming 

from a different geographic origin (Puglia, Italy). The two sensors exhibit a 

very different sensing behavior, presenting a large and different sensitivity 

and selectivity towards the nitrogen oxides, NO and NO2. To explain this 

behavior, we focused our attention on the surface characteristics of the two C-

dots. Surface characteristics are very important in gas sensing, because the 

interaction between the gas and the sensing layer surface is mediated by the 

surface groups. Indeed, the gas sensing mechanism of conductometric gas 

sensors is well known to be primary related to the adsorption/desorption and 

surface reaction of gases on surface groups [26, 136-137]. 

In this work we found that carbon dots prepared using olive solid waste 

collected from the Mediterranean region Calabria (Italy) (CDs_C) have high 

performance sensitivity to gaseous nitric oxide (NO). In our previous work 

carbon dots, prepared with the same unmodified procedure, using olive solid 

waste collected from the Mediterranean region Puglia (Italy) (CDs_P) 

presented high performance gas sensitivity to nitrogen dioxide (NO2). By FT-

IR investigation we acquired information on these surface groups. FT-IR 

analysis showed that C-CDs has a large signature attributed to presence 

hydroxyl groups, while the ether one prevails on P-CDs. Obviously, the band 

intensity it is expected to change with the temperature, which is related to the 

different thermal stability of the surface groups. Then, to investigate the 

sensor surface in the same conditions under which operate the sensor, we 

carried out an in situ ATR-FTIR investigation on the sensor platform (see Fig. 

23).  
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Fig. 23 a) ATR-FTIR spectra of C-CDs recorded at different temperatures; b) 
selectivity plot for the C-CDs sensor; c) ATR-FTIR spectra of P-CDs sensor before and 

after the gas sensing tests; d) selectivity plot for the P-CDs sensor. 

Comparing the ATR-FTIR results collected at different temperature 

(from room temperature to 200 °C), it is confirmed that the two CDs samples 

investigated show different functional groups. Interestingly, it was noted that 

the differences noted at room temperature, remains also at the highest 

temperatures (max. 200 °C).  

For a quantitative comparison about the sensing characteristics of the 

two sensors, we used the S= RNO/RNO2 ratio, where RNO and RNO2 is the 

response to NO and NO2, respectively, at the conc. of 2500 ppm for NO and 5 

ppm for NO2. For the C-CDs sensor, the above ratio is very high (S > 23), 

while for sample P-CDs is around 0.1. These values indicate clearly that C-CDs 

sensor is selective to NO, while P-CDs is selective to NO2.  

By characterization data before reported, it has been confirmed that 

ether and hydroxyl are the main functional groups presents on C-CDs and P-

CDs, respectively.  
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The Raman pattern of C-CDs and P-CDs is similar (see Fig. 24). The D 

band is respectively for P-CDs and C-CDs at 1370 and 1346 cm-1 and G band 

in the same way at 1590 and 1598 cm-1; the ratio 𝐼𝐷 𝐼𝐺⁄  is also similar. Even in 

the P-CDs spectrum it can be recognized the presence of the third band 

attributed to surface passivation, that in this case is shifted of around 50 cm-1 

compared to C-CDs. 

 

Fig. 24 Raman spectra of a) P-CDs and b) C-CDs 

C-CDs and P-CDs presented similar UV/Vis absorption spectra, but 

thanks to photoluminescence excitation spectra we found that C-CDs bands 

are shifted to lower energies (Fig. 25). Peaks of C-CDs were around 270-280 

nm and 300 nm, for C-CDs around 280-290 and 340 nm. This result was 

confirmed by the photoluminescence emission spectra, C-CDs emission 

maxima are shifted to lower energies starting from excitation wavelength (λ 

exc) 250 nm to 400 nm.  Both the samples, in fact, presented excitation 

wavelength-dependent luminescence (see Fig. 26). 
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Fig. 25 Photoluminescence excitation spectra of P-CDs (black line) and C-CDs 
(red line) recorded with λ emission = 420 nm 

 

Fig. 26 Photoluminescence emission spectra of P-CDs (black line) and C-CDs 
(red line). In the legend the excitation wavelength. 

The presence of ether and hydroxyl functional groups, that was 

confirmed in the two C-CDs and P-CDs samples, in other carbon 

nanomaterials such as CNT, graphene or GO provides the active defect sites 

for the adsorption of nitrogen oxides has been related to the improvement of 

the binding and charge-transfer properties [138]. In a computational study, 

Salih et al [139] investigated the interaction of nitrogen oxides with graphene 

nanoribbons differently functionalized on the surface. The results of this 

study indicate that ZGNR-OH is the most selective to NO gas. Instead, ZGNR-

O-OH can be considered as promising gas sensors for NO2. Tang et al. 

reported a density functional calculations study on the adsorption of nitrogen 
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oxides on graphene and graphene oxides [138]. These predictions agree with 

experimental data reported by us in the present study. In addition, Arunragsa 

reported computational calculations which confirmed the hypothesis that the 

-OH functional group was a major contributing factor to the NH3 sensitivity 

and selectivity on graphene quantum dots (GQDs) modified via edge 

functionalization [140]. Another excellent example illustrating the structure-

activity relationship of surface -OH groups during NO2 reaction on TiO2 and 

the generation of nitrogen-containing species, has been reported by Liu and 

collaborators [141]. Based on the above consideration, Fig. 27 shows a 

schematic representation of the gas sensing mechanism on CDs sensors. 

 

Fig. 27 Schematic representation of the NO and NO2 sensing mechanism on 
CDs sensors 

Gaseous molecules (NO or NO2) are chemisorbed on CDs and interact 

with the surface groups. The interaction of nitrogen oxides with these 

functional groups results in the formation of different chemisorbed species. 

These intermediates can react further with the adsorbed oxygen species, 

explicating the transduction function. Based on the previous computational 

studies, the charge transfer per NO2 increases as the number of hydroxyl 
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group decrease, suggesting that the P-CDs sensor will increase the sensor 

response to this gas, as observed experimentally. The opposite behavior noted 

on C-CDs sensor, leading to NO selectivity, agree with this view. 

5.2.5 CONCLUSIONS AND FINAL REMARKS 

In the present work, we focused our attention on sensing properties of 

conductometric platforms based on carbon dots as sensing layer for common 

pollutant gas molecules such as NO and NO2. Comparing the sensing 

properties of CDs coming from olive waste of a different geographic origin, we 

observed a different sensitivity and selectivity towards these gases, which has 

been explained by the presence of different functional groups on the surface 

of these CDs. We believe that developing controllable synthetic/production 

methods, will greatly extend the application of CDs-based sensors for other 

target gases. However, some key scientific issues need to be addressed first. 

To establish relationships among the electrical property, morphology, and 

nanostructure of CDs, will help to better understand the gas sensing 

mechanism of CDs-based materials. 
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6. PHYSICOCHEMICAL CHARACTERIZATION AND 

ANTIBACTERIAL PROPERTIES OF CARBON DOTS 

FROM TWO MEDITERRANEAN OLIVE SOLID WASTE 

CULTIVARS 

The content of this chapter is reprinted/adapted from MDPI [142] under open access 
permission: Nocito, G.; Sciuto, E.L.; Franco, D.; Nastasi, F.; Pulvirenti, L.; Petralia, S.; 
Spinella, C.; Calabrese, G.; Guglielmino, S.; Conoci, S. Physicochemical 
Characterization and Antibacterial Properties of Carbon Dots from Two 
Mediterranean Olive Solid Waste Cultivars. Nanomaterials 2022, 12, 885. 

6.1.1 ABSTRACT 

Carbon nanomaterials have shown great potential in several fields, 

including biosensing, bioimaging, drug delivery, energy, catalysis, diagnostics, 

and nanomedicine. Recently, a new class of carbon nanomaterials, carbon 

dots (CDs), have attracted much attention due to their easy and inexpensive 

synthesis from a wide range of precursors and fascinating physical, chemical, 

and biological properties. In this work we have developed CDs derived from 

olive solid wastes of two Mediterranean regions, Puglia (CDs_P) and Calabria 

(CDs_C) and evaluated them in terms of their physicochemical properties and 

antibacterial activity against Staphylococcus aureus (S. aureus) and 

Pseudomonas aeruginosa (P. aeruginosa). Results show the nanosystems 

have a quasi-spherical shape of 12–18 nm in size for CDs_P and 15–20 nm in 

size for CDs_C. UV/Vis characterization indicates a broad absorption band 

with two main peaks at about 270 nm and 300 nm, respectively, attributed to 

the π-π* and n-π* transitions of the CDs, respectively. Both samples show 

photoluminescence (PL) spectra excitation-dependent with a maximum at λ 

em = 420 nm (λ exc = 300 nm) for CDs_P and a red-shifted at λ em = 445 nm (λ 

exc = 300 nm) for CDs_C. Band gaps values of ≈ 1.48 eV for CDs_P and ≈ 1.53 

eV for CDs_C are in agreement with semiconductor behaviour. ζ potential 

measures show very negative values for CDs_C compared to CDs_P (three 

times higher, −38 mV vs. −18 mV at pH = 7). The evaluation of the 

antibacterial properties highlights that both CDs have higher antibacterial 

activity towards Gram-positive than to Gram-negative bacteria. In addition, 

CDs_C exhibit bactericidal behaviour at concentrations of 360, 240, and 120 

µg/mL, while lesser activity was found for CDs_P (bacterial cell reduction of 

only 30 % at the highest concentration of 360 µg/mL). This finding was 
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correlated to the higher surface charge of CDs_C compared to CDs_P. Further 

investigations are in progress to confirm this hypothesis and to gain insight 

on the antibacterial mechanism of both cultivars. 

6.1.2 INTRODUCTION 

Since their serendipitous discovery as byproduct of the arc-discharged 

synthesis of single-walled carbon nanotubes [48], carbon dots (CDs) represent 

an emerging luminescent carbon-based nanomaterial. Simple synthetic 

procedure, wide precursors and fascinating physical and chemical properties 

have successfully stimulated researchers in the last years. In the spreading 

field of nanotechnology CDs have been utilized as promising tools for many 

applications [61] such as: optical sensors for ions and molecular species [143], 

photocatalysis [144], optoelectronics [145], biomaterials [146, 147], bio-imaging 

[148], cancer diagnosis and therapy [62], drug delivery in tumours [149, 97] and 

so on. 

CDs are quasi spherical carbonaceous nanoparticles with sizes 

generally below 10 nm. They are mainly constituted by a crystalline sp2 core 

surrounded by sp3 imperfections and high oxygen content on their surface 

[150]. They are chemically stable, low toxic, biocompatible, good 

conductors/semiconductors and possess bright luminescence, high 

photostability and broadband UV absorption [151]. Their surface is mainly rich 

of hydroxyls (-OH) and carboxyl/carboxylates (-COOH/-COO-). The latter 

contribute from 5 to 50 % (weight) of their oxygen content and impart 

excellent water colloidal dispersibility and subsequent easy functionalization 

or passivation with a great variety of chemical specie [152]. All these properties 

can be modulated by synthetic conditions that produce photo-physical 

behaviour, size and reactivity. CDs present emission bands shifts dependent 

from excitation wavelength modulated by precursor change, surface 

passivation or heteroatom doping [153]. The reason of this phenomenon is 

attributed to both (a) the nanometric size that in-duces quantum confinement 

effect and (b) the chemical composition referred to different surface 

functionalization groups and π-domain extension inducing many possible 

states slightly different in energy between the frontier’s orbitals [58]. 
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The synthetic strategies for CDs production could be broadly divided 

into top-down and bottom-up approaches. The first uses physical and 

chemical methods starting from a wide range of natural or chemical 

precursors that assembles to produce CDs such as pyrolysis, hydrothermal 

treatments, microwave irradiation, ultrasound. The second uses physical 

methods to nano fragmentate larger inorganic carbon pre-cursors (graphene, 

graphite, carbon nanotubes) such as laser ablation, arc discharge and 

electrochemistry. [62, 154, 155]. Recently great attention has been also paid to 

new synthetic methods in terms of green chemistry that address the 

production of CDs from biomass wastes, cheap or abundant, heterogeneous 

and biodegradable materials obtained from the manufacturing processes of 

food, forestry, energy, and many other industrial processes [117]. CDs derived 

from biomass are greenest and, in some case better than their chemical 

counterpart [156, 157] and have been produced using top-down approaches 

from a lot of precursors such as papaya [156], spent tea [100], lychee seeds [158], 

peanut shells [92], wool [159], strawberries [160], olive pit [161] and many others. 

Further, olive wastes management is one of the main ecological issues in the 

Mediterranean basin, due to the concentration more than 98% of global olive 

production and a market in hugely expansion over the last two decades  

More specifically in the biomedical field, CDs gained a growing interest 

due to their excellent photoluminescence properties, diverse surface 

functions, good water solubility, low cytotoxicity, cellular uptake, 

biocompatibility, microbial adhesion, and theranostic properties [162, 163]. 

Among these properties, antibacterial activity is one of the most appealing 

features in the design of new biomaterials in which nanotechnology is giving 

fundamental contribution [12, 164, 165, 166]. In this context, the specific 

physicochemical properties of CDs (e.g. size and surface charge) make them 

promising tools for addressing antibacterial processes as drug resistance, 

biofilms, and intracellular active/latent bacteria [167, 168, 169, 170, 171].  

In this context, we have developed CDs derived from olive solid wastes 

of two Mediterranean regions, Puglia (CDs_P) and Calabria (CDs_C) and 

evaluated them in terms of physicochemical properties and antibacterial 
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activity against Staphylococcus aureus (S. aureus) and Pseudomonas 

aeruginosa (P. aeruginosa). 

6.1.3 METHODS  

6.1.3.1 Carbon dots preparation 

CDs were prepared from olive solid wastes collected from two regions 

of the Southern Italy, Puglia (CDs_P) and Calabria (CDs_C), according to the 

method reported in [73] (vide section 4.3.2). CDs_P aqueous dispersion 

concentration was around 0.7 mg/mL, whereas CDs_C concentration was 1.4 

mg/mL. 

6.1.3.2 Bacterial assays 

S. aureus (ATCC 29213) was purchased from American Type Culture 

Collection (LGC Promochem, Milan, Italy) and cultured in Tryptone Soya 

Broth (TSB, Sigma-Aldrich, Milan, Italy). P. aeruginosa (ATCC 27853) was 

purchased from American Type Culture Collection (LGC Promochem, Milan, 

Italy) and cultured in Luria-Bertani Broth (LB, Sigma-Aldrich, Milan, Italy).  

Antibacterial tests were performed in Mueller Hinton Broth (MHB, 

Sigma-Aldrich, Milan, Italy), a culture medium susceptible to antibiotics. 

To evaluate the Minimal Inhibitory Concentration (MIC) of both CDs 

colloidal dispersions the microplate inhibition assay was used. Specifically, 

semi-exponential cultures of bacterial strain at the final concentration of 

about 105 bacteria per mL were inoculated in MHB in presence of increasing 

concentration of CDs (60-360 µg/mL) in 96-well and incubated at 37 °C 

under shaking overnight. After incubation, the concentrations inhibiting at 

least 90 % and 99.9 % of bacteria, MIC90 and MIC99, were determined   

compared to the untreated control.  

To evaluate the bacterial cell viability, MTS assay (CellTiter 96® 

AQueous One Solution Cell Proliferation Assay, Promega, Milan, Italy) was 

performed. More in detail, bacterial cultures in presence of different 

concentrations of CDs were grown overnight at 37 °C in 96-well. After, MTS 

reagent was added to bacteria culture media, incubated for 2 hours at 37 °C in 

static condition, the plate shaked briefly and absorbance measured at 490 nm 
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by using a microtiter plate reader (Multiskan GO, Thermo Scientific, USA). 

Reduction of bacterial viability was evaluated in terms of percentage of MTS 

reduction (% MTSred), compared to the untreated control (CTR) by the 

following equation: 

𝑀𝑇𝑆𝑟𝑒𝑑 (%) =  
𝐴

𝐵
 𝑋 100 

where A e B are the OD490 from the MTS reduced formazan of condition with 

CDs and CTR. The samples were analysed in triplicate for each experimental 

condition. 

6.1.3.3 Isoelectric point determination 

The isoelectric points of CDs colloidal dispersions were estimated by ζ 

(Zeta) potential pH titration using the dynamic light scattering (DLS) 

technique with a Malvern Zetasizer Nano ZS90 instrument. pH was moved to 

8, 10 and 2 by adding re-spectively NaOH 0.1 M (Sodium hydroxide – Sigma-

Aldrich) and HCl 0.1 M solutions (Hydrochloric acid – Sigma-Aldrich). The 

isoelectric point was found plotting pH vs Zeta potential and intercepting the 

pH value when the ζ potential is zero. 

 

Fig. 28 Schematic representation of CD preparation, physico-chemical 
characterization, and bacterial testing. 
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6.1.4 RESULTS AND DISCUSSION 

6.1.4.1 Physicochemical characterization of CDs 

The optical properties of both synthesized CDs were characterized by 

UV-Vis absorbance and photoluminescence emission spectra displayed in Fig. 

29. The absorption spectrum of CDs_P (Fig. 29a) exhibits broadband ultra-

violet absorption, with a trend compatible with the light scattering operated 

by a small nanoparticles’ colloidal dispersion. UV-Vis absorbance spectrum of 

CDs_P shows two detectable peaks as shoulders located around 270 nm and 

300 nm attributed respectively to the π-π* transition of CDs and n-π* 

transitions of the functional groups present on CDs [123, 172]. These two 

absorption shoulders, probably suggest the existence of conjugated structures 

as well as the presence of functional groups containing oxygen in CDs [150, 151, 

152]. Fig. 29b shows the PL spectra of CDs_P with the excitation wavelength in 

the interval between 300 nm and 450 nm. Emission maximum is around λ em 

= 420 nm for λ exc = 300 nm. 

 

Fig. 29 Optical characterization of CDs: a) UV/Vis absorption spectrum of CDs_P; b) 
Photoluminescence spectra of CDs_P; c) UV/Vis absorption spectrum of CDs_C; d) 

Photoluminescence spectra of CDs_C 
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Although absorption spectrum of CDs_C showed a trend similar to that 

exhibited from CDs_P, some differences are present (Figure 2a-c). Firstly, the 

peaks detected as shoulders are shifted to lower energies founding them 

around 280 nm and 320 nm (Figure 2c). Secondly, although CDs_C show PL, 

the emission spectra -registered in the same excitation wavelength interval 

(300 - 450 nm) are red shifted with respect to CDs-P, as for the absorption 

bands [173]. Emission maximum is around λ em = 445 nm for λ exc = 300 nm 

(Figure 2d). 

To further evaluate the difference between CDs derived from two 

different Mediterranean olive solid waste cultivars we calculated the 

respective band gaps from UV-Vis absorption spectra reported in Fig. 29a and 

Fig. 29c, using Tauc plot [174] with the formula [175] 

(𝛼ℎ𝜈)
1
𝛾 = 𝐵(ℎ𝜈 − 𝐸𝑔) 

Were 𝛼 is the absorption coefficient (𝛼 = 2.303 𝐴𝑐𝑚−1), ℎ is the Planck 

constant, 𝜈 is the frequency of the incident photon. The 𝛾 factor depends on 

the nature of the electronic transition, and in our case for permitted 

transition, it could be 0.5 for the indirect one and 2 for the direct one. 𝐵 is a 

constant assumed to be 1, and 𝐸𝑔 is the energy gap. 𝐸𝑔 was calculated using 

𝛾 =
1

2
 for direct electronic transition.  

Plots are reported in Fig. 30. Band gaps values Fig. 30a of ≈ 1.48 eV for 

CDs_P and ≈ 1.53 eV for CDs_C, respectively, were found. These values are in 

agreement with a semiconductor behaviour, according to similar value found 

in [176, 96]. 
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Fig. 30 a) Tauc plots for the optical energy band gap calculation: a) CDs_P; b) 
CDs_C 

Concerning the chemical characterization, CDs_P, both FTIR and XPS 

analysis were reported in our previous works [73-74] and showed for FT-IR the 

following peaks: 3424, 3236, 2923/2850, 1656, 1412, 1320 and 1116 and 1096 

cm−1, attributed to –OH, N-H, C-H, C=O (carbonyl), COO- (carboxylate), C-

OH (hydroxyl) and C-O-C (epoxide) groups, respectively. XPS analysis 

showed peaks of C1s at 285 eV for C-C and 289 eV for O=C-O respectively. 

About CD_C, FT-IR analysis (see Fig. 31a) reveals the presence of –OH, C=O 

(carbonyl), COO- (carboxylate), C-OH (hydroxyl) and C-O-C (epoxide) 

groups, while XPS spectrum (see Fig. 31b) exhibits same C1s peaks of CDs_P 

at 285 eV for C-C and 289 eV for O=C-O respectively. The similarity of surface 

groups for both cultivars accounts also for similar values of band gap (see 

above). 
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Fig. 31 a) FT-IR spectrum of CDs_C; b) XPS spectrum of CDs_C 

Fig. 32 reports the plot of ζ potential values as a function of pH for both 

CDs_P and CDs_C. It can be noticed that both cultivars show negative surface 

charges, but CDs_P exhibits higher values of ζ potential respect to CDs_P. 

According to that, the values of the isoelectric point (pH value at 0 charge) 

correspond to pH ≈ 3 for CDs_P and pH ≈ 2.4 for CDs_C. More interesting, 

in the phisological conditions (pH ≈ 7), CDs_C are featured by a charge (ζ 

potential) about three times more negative than CDs_P (-32 mV versus -11 

mV). This certainly can be a notable point for the antibacterial activity of the 

nanomaterials (vide infra). 

 

Fig. 32 Graphical representation of ζ potential as a function of pH titration: a) 
CDs_P; b) CDs-C 

Morphological characteristics were also investigated by Transmission 

Electron Microscopy (TEM). Fig. 33 reports TEM images of the two different 
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cultivars. CDs_P displays dispersed quasi-spherical nanoparticles with 

particle size ranging between 12-18 nm, while CDs_C exhibits similar 

behaviour with mean size of 15-20 nm. 

 

Fig. 33 Representative Transmission Electron Microscopy (TEM) images of: 
a) CDs_P; b) CDs_C 

6.1.4.2 Antibacterial properties of Carbon dots 

The bactericidal activity of both CDs dispersions was evaluated against 

both S. aureus (Gram-positive) and P. aeruginosa (Gram-negative), two of 

the most common pathogens involved in a wide range of infections. Firstly, 

values of MIC for both CDs types were determined by microplate inhibition 

assay up to the maximum concentration of 360 µg/mL. In table 1 are reported 

the MIC90 and MIC99 values (µg/mL) for both CDs. 

Bacterial strain CDs MIC90 MIC99 

S. Aureus 
CDs_P - - 
CDs_C 120 μg/mL 360 μg/mL 

P. Aeruginosa 
CDs_P - - 
CDs_C - - 

Dash (-) = No antibacterial activity up to the concentration of 360 μg/mL 
Table 3 MIC values (μg/mL) of S. Aureus and P. Aeruginosa strains in Mueller-

Hinton broth (MH) 

Our results showed that CDs_C exhibit S. aureus viability reduction of 

about 99.9 % (MIC99) at 360 µg/mL and 90 % bacterial inhibition (MIC90) at 

about 120 µg/mL, while no bacterial inhibition was observed against P. 

aeruginosa. On the contrary, no bacterial inhibition was observed for CDs_P 

at all used concentrations (ranging 60-360 µg/mL) against both bacterial 

strains.  
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To further evaluate the antibacterial proprerties of both CDs types we 

also performed MTS cell viability assay (Fig. 34 and Fig. 35).  

MTS data showed that CDs_C dispersion reduces almost completely S. 

aureus viability at the higher concentrations (360, 240 and 120 µg/mL), while 

at the lowest concentration (60 µg/mL) it is reduced of about 50% compared 

to the control (untreated). On the contrary, MTS data of CDs_P indicated a 

bacterial cell reduction of only 30% at the highest concentration (360 µg/mL) 

showing very poor antibacterial activity. More in details, bacterial viability of 

CDs_C was found of 47.5 ± 2.37 % at 60 µg/mL, 4.75 ± 0.24 % at 120 µg/mL, 

0.47 ± 0.005 % at 240 µg/mL, 0.05 ± 0.0005 % at 360 µg/mL; for CDs_P 

was 94.9 ± 4.74 % at 60 µg/mL, 92.6 ± 4.63 % at 120 µg/mL, 85.7 ± 4.28 % at 

240 µg/mL, 68.4 ± 3.42% at 360 µg/mL. These data were in agreement with 

MIC results.  

On the other hand, MTS data obtained against P. aeruginosa showed 

that only CDs_C at the higher concentration (360 µg/mL) exhibit a bacterial 

reduction of about 20%. In more detail, the bacterial viability of CDs_C was 

found to be 98.4 ± 1.17 % at 60 µg/mL, 95.75 ± 1.49 % at 120 µg/mL, 93.43 ± 

1.12 % at 240 µg/mL, 83.81 ± 3.5 % at 360 µg/mL.  

In addition to the above considerations, we also observe a different 

antibacterial activity between CDs_P and CDs_C, more evident in S. aureus 

than in P. aeruginosa probably due to the different cell wall composition. 

Several action mechanisms have been suggested to explain the antibacterial 

activity of CDs closely related to their physicochemical properties, including 

their dimensionalities, lateral size, shape, number of layers, surface charge, 

the presence and nature of surface functional groups, and doping [167, 168, 169, 

170]. 
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Fig. 34 MTS assay of CDs_C and CDs_P against S. Aureus strain. Data are presented 
as the mean ± SD from three independent experiments. 

 

Fig. 35 MTS assay of CDs_C and CDs_P against P. Aeruginosa strain. Data are 
presented as the mean ± SD from three independent experiments. 

A hypothesis to explain the dissimilar antibacterial behaviour of two 

CDs types could be due to the charge distribution and functional groups of 

CDs. Recently, some studies suggested that factors due to particle size and 

surface functionalization and charges can affect antibacterial effects [167, 177]. 

With specific focus on surface charge, Bing et al studied antibacterial 

capability of CDs with three different surface charges (uncharged, positive 

and negative) founding only positive- (spermine derived positive CDs, SC-

dots) and negative-charged CDs (candle-soot derived negative CDs, CC-dots) 

exhibited signs of cell death on E. coli (gram negative), such as DNA 

fragmentation, extracellular exposure of phosphatidylserine, condensation of 
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the chromosome and loss of structural integrity, but the same effects not 

occurred with uncharged glucose Carbon Dots (GC-dots). Based on these 

considerations, our results could be compared with negatively charged 

candle-soot C-dots (CC-dots). Although similar results were obtained against 

P. aeruginosa, we found that S. aureus viability was almost totally and 

slightly reduced when treated with CDs_C and CDs_P, respectively. Since our 

systems CDs_C and CDs_P exibith similar size of nanoparticles and no 

surface functionalization was carried out, both factors are not relevant for the 

found data indicating that CDs_C show higher antibacterial activity respect to 

the CDs_P. These results suggest, rather, a different antibacterial mechanism 

for the two cultivars, probably attributable to the different surface charges 

and ζ potential. Although both CDs from the two cultivars exhibited negative 

surface charges, however CDs_C have much more negative charge respect to 

CDs_P (about -38 mV for CDs_C and -18 mV for CDs_P at pH = 7). Actually, 

during the bacterial growth, the medium pH decreases over time (0-8 hrs) 

reaching more acid values (from 7.2 to about 5.5) (See Fig. 36). By 

considering this aspect, we can observe that surface charge of both cultivars 

reaches about -32 mV (CDs_C) and -11 mV (CDs_P), respectively, at pH = 5.5 

highlighting that CDs_C are featured by a negative surface charges 3 times 

higher than CDs_P. This is probably the reason of the increased antibacterial 

activity of CDs_C respect to CDs_P. Further studies are in progress to 

validate our hypotesis and gain insight on the understanding the active 

antibacterial mechanism.  

 

Fig. 36 pH changes during S. aureus bacterial growth (OD540) (0-8 h) 
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6.1.5 CONCLUSIONS 

In this paper, we report the development of CDs derived from olive 

solid wastes of two Mediterranean regions, Puglia (CDs_P) and Calabria 

(CDs_C) and their evaluation in terms of physicochemical properties and 

antibacterial activity against S. aureus. The UV-Vis characterization shows 

typical broad absorption band with two main peaks at about 270 nm and 300 

nm, attributed to the π-π* and n-π* transitions of CDs, respectively. The PL 

spectra are excitation-dependent and CDs_P shows emission maximum at λ 

em = 420 nm (λ exc = 300 nm) while CDs_C has the emission maximum red-

shifted at λ em = 445 nm (λ exc = 300 nm). Band gaps values of ≈ 1.48 eV for 

CDs_P and ≈ 1.53 eV for CDs_C, respectively, were found, in agreement with 

semiconductor behaviour. ζ potential values are negative for both cultivars. 

However, CDs_C are featured by more negative charge reaching three times 

more negative than CDs_P (-38 mV versus -18 mV at pH = 7). The TEM 

morphological inspection shows quasi-spherical nanoparticles 12-18 nm in 

size for CDs_P and 15-20 nm in size for CDs_C. The evaluation of 

antibacterial properties highlights that both CDs have higher antibacterial 

activity towards Gram-positive respect to Gram-negative. In addition, the 

evaluation of antibacterial properties towards S. aureus of both CDs types 

highlights that CDs_C exibiths antibacterial properties at concentrations of 

360, 240 and 120 µg/mL, while CDs_P shows a bacterial cell reduction of 30 

% at the highest concentration of 360 µg/mL. This finding was correlated to 

the highest surface charge of CDs_C than CDs_P that is still very negative also 

during the bacterial growth reaching acid pH of 5.5. Further investigations are 

in progress to confirm this hypothesis and gain insight on the antibacterial 

mechanism of both cultivars. 

 

  



117 
 

7. A NEW CARBON DOTS-EU(III) COMPLEX AS A 

RED EMITTING PH SENSOR 

The content of this chapter is reprinted and adapted with permission from Springer 
Nature [178]: Nocito, G., Puntoriero, F., Conoci, S., Galletta, M., Nastasi, F. A New 
Carbon Dots-Eu(III) Complex as Red Emitting pH-Sensor. In: Di Francia, G., Di 
Natale, C. (eds) Sensors and Microsystems. AISEM 2021. Lecture Notes in Electrical 
Engineering, vol 918., Springer International Publishing (2023). 

7.1 ABSTRACT 

The intriguing photophysical properties and biocompatibility of carbon 

dots (CDs) have let them to become one of the most popular nanosystem for a 

multitude of applications. Generally, the interaction of external substrates 

such as metallic cations, small molecules or macromolecules with CDs surface 

leads to the change of CDs photoluminescence. In the better case it is possible 

to completely quench their emission and for this reason there is a large 

volume of knowledge on on/off luminescence sensors, based on carbon dots, 

for analytical purposes. Here we used CDs, prepared from natural precursor, 

as complexing and sensitizing agents for Eu(III) cations. In the CDs-Eu3+ 

adduct, CDs luminescence is quenched and shifted to higher energies. Great 

part of the energy absorbed by CDs is funnelled by energy transfer processes 

in the Eu(III) coordinated ions sensitizing their characteristic red 

luminescence (antenna effect). Lanthanide ions were complexed from -COO- 

moieties on the surface of CDs that are pH sensitive. The CDs-Eu(III) 

complex was tested as a red emitting acidic pH sensor, reading the 

luminescence quenching at 700 nm operated by carboxylate protonation and 

consequent Eu3+ displacement. Red emission and particular sensitivity make 

this complex addressable also for bio-applications.  

7.2 INTRODUCTION 

Carbon dots (CDs) are quasi-spherical carbonaceous nanoparticles less 

than 20 nm to 60 nm with a sp2-sp3 core and an irregular surface rich of polar 

groups that confers aqueous dispersibility and intriguing optical properties 

[45]. CDs display fascinating excitation wavelength dependent luminescence 

mainly attributed to different surface states tunable by synthetic conditions 

[179]. Their preparation is simple and low cost. Due to these properties, there 

is spreading interest on carbon dots-based optical sensors, in fact the 
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interaction of analytes with CDs surface, favoured by polar groups, generally 

leads to the change of their fluorescence spectra. Current research on this 

field is aimed to control specificity and sensitivity for a wide range of 

substrates such as cells, biological molecules, small molecules, inorganic ions. 

[180] Moreover, systems capable of exhibiting the ability to switch an on/off 

luminescence signal in the presence of suitable substrates are widely studied 

for their interest in various application fields such as sensors and molecular 

logic gates. [181, 182, 183, 184, 185, 186, 187] In addition, CDs possess a well-known 

coordination ability for metal ions [118].  

Generally, the absorption of carbon dots is limited to the UV region of 

the electromagnetic spectrum and their emissions lie with blue or green (400-

550 nm) [188] narrowing their optical application to this spectral region. There 

are many examples in literature reporting on attempts to extend their 

emission to lower energies and they are mainly focused on surface 

modification such heteroatom doping [189], polymer passivation [190], or 

peculiar synthetic conditions [191].  

In general, systems exhibiting red luminescence are of great interest for 

potential bio-applications because these wavelengths are not interested by 

interfering optical phenomena such as tissue autofluorescence or non-specific 

scattering. However, species capable of emitting in these regions, apart from 

exceptional cases, are characterised by low quantum yields, poor 

photostability, challenging synthetic steps and rather wide emission bands. 

[62]  

Coordination of lanthanides ion, and their sensitization, could be a 

promising strategy to obtain emission in the red region characterized by long 

living excited states, large Stoke shifts and sharp emission bands that are 

located in the case of Eu(III) in the 600-750 nm range, as demonstrated in 

literature [192]. In fact, recently CDs have been covalently functionalized with 

lanthanides complexes, preserving the original morphology of CDs, 

demonstrating their sensitization power for the Vis-NIR emission. [193]  

Lanthanides ions, due to 4fn electronic configuration, have very low 

molar absorption coefficients in the UV/Vis region and so sensitization from 
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proper coordinate chromophore is needed to sensitize their luminescence 

(antenna effect). Suitable chromophoric ligands may strongly coordinate 

lanthanide ions, replacing molecules from solvation sphere (that amplify, in 

particular for O-H containing solvents, non-radiative decay), and absorb light 

of higher energies than lanthanides excited state. The light absorbed by the 

ligand can be efficiently transferred, via energy transfer processes, to the 

luminescent lanthanide ions. [194]  

Carbon dots surface [73] presents many polar groups such -COOH 

(Carboxyl), -OH (hydroxyl), -NH2 (amine) so their emission could be tuned by 

the interaction with an external species. In particular, carboxylic groups can 

strongly coordinate lanthanides ions shielding metal ions from solvent. [195] 

7.3 CARBON DOTS-EUROPIUM COORDINATION AND ITS 

PH TITRATION 

In a typical experiment CDs aqueous dispersion was 

spectrophotometrically diluted (A max  ≈ 0.1) in a final volume of 3 mL (2.4 

μg/mL). Carbon dots were prepared according to the method from Sawalha et 

al [73] using olive solid waste from Calabria (Italy) (vide section 4.3.2). The 

final concentration of CDs aqueous colloidal dispersion was 0.36 mg/mL. 

Titration was performed using a 0.22 mg/mL Europium chloride 

hexahydrate stock solution adding each time a little volume (10-20 μL) to CDs 

dispersion. Fluorescence emission spectra were recorded setting λ exc = 300 

nm with a 350 nm filter, the excitation spectra to λ em = 700 nm with a 610 nm 

filter and to λ em = 400 nm without any filter. Spectrofluorimetric pH 

titrations were executed adding a little volume (2-10 µL) of HCl and NaOH 

(0.1-1 M) solutions to a stirring dispersion of CDs-Eu(III) complex. Each time 

absorption and emission spectra (λ exc = 300 nm, 350 nm filter) were 

recorded. pH was monitored with Metrohm 826 mobile pHmeter.    

7.4 RESULTS AND DISCUSSION 

7.4.1 CDs-Eu3+ coordination 

We prepared sustainable CDs colloidal water dispersion from olive 

solid waste, as a coordination agent for Eu(III), according to the Sawalha et al 
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method [73]. The absorption spectrum in water and the emission (registered at 

300 nm) are shown in Fig. 37a. As it can be seen, naked CDs emission band, 

exciting at 300 nm, extends from about 350 to 600 nm with the emission 

maximum at 466 nm and a less intense band tail up to 700 nm.  

Upon addition of additive small volumes of EuCl3·6H2O aqueous 

solution (0.22 mg/mL) to a 3 mL of CDs (0.36 mg/mL), the luminescence of 

CDs is quenched and shifted to higher energies with the cooperative 

appearance of the characteristic Eu(III) luminescence bands located from 

green to red region at: 580 nm, 615 nm and 700 nm. This behavior can be 

rationalized by considering the formation of an adduct between CDs and 

Eu(III) ions. In this assembly part of the energy absorbed by the carbon dots 

is transferred to the Eu(III) coordinated ions, thus sensitizing their emission. 

This assumption is confirmed by the fact that sensitization of the Eu(III) 

luminescence relies on quasi-quantitative energy transfer from excited states 

centered on CDs that reach maximum efficiency at the ratio 1:1 (CDs/Eu, 

w/w) as highlighted in the Job Plot resumed in Fig. 37c. 

 Unambiguous confirmation of the energy transfer process is provided 

by the excitation spectrum shown in the Fig. 37d, recorded at 700 nm, which 

shows that the absorption of the carbon dots is responsible for the lanthanide 

emission.  

The residual emission of carbon dots can be assigned to the 

deactivation from the excited state localized on the coordinated CDs the lies at 

higher energy because the coordination of metal cations influences the 

electronic state of their surfaces.  
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Fig. 37 a) Normalized emission (λ exc =300 nm), absorption and excitation (λ em =450 
nm) spectra of naked CDs; b) Spectrofluorimetric titration of CDs-Eu(III) 
coordination; c) Job Plot on spectrofluorimetric titration: normalized emission 
intensities (701 nm for Eu-based emission and 456 nm for CDs based emission) 
versus  Eu3+/CDs w/w ratios; d) Normalized emission (λ exc =300 nm), absorption 
and excitation (λ em =700 nm) spectra of CDs-Eu(III) complex. 

7.4.2 CDs-Eu3+ complex as an acidic pH sensor 

The main responsible are surface carboxylic groups, in aqueous neutral 

or alkaline media these are normally deprotonated in form of carboxylate (-

COOˉ) that are available for the coordination. Our idea was to test whether at 

different pH levels it is possible to modulate lanthanide coordination by 

protonating (at low pH) the sites responsible for coordination, and to test the 

reversibility of the process. The obtained aqueous solution of CDs-Eu3+ 

system have pH = 5.09. This was the starting point of a spectrofluorometric 

titration settled to test the responsivity of our system to pH changes (solid 

black line in Fig. 38). pH has been gradually turned towards low values 

observing the progressive quenching of Eu(III) based luminescence and a 

concomitant modification and shift to lower energies of the CDs fluorescence. 

Interestingly at pH = 2.15 only residual Eu(III) based emission is observed 

while CDs luminescence is  dominant (I700 nm/I420 nm = 0.25). This behavior is 
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most probably associated to the protonation of the carboxyl moieties engaged 

in the coordination so releasing in solution uncoordinated Eu3+ ions. No 

changes in UV/Vis absorption spectra during the process where found (data 

not shown). The trend of the titration curve (Fig. 38 insert) proceeds 

smoothly with an equivalence point around pH = 3.5 compatible with the 

commonest pKa of the carboxylic acids. The system is fully reversible as 

shown by the emission spectrum, see Fig. 2, obtained by returning the pH to 

5.12. Titration towards basicity would lead to the competition between CDs 

and hydroxyls complexing ability for Eu(III) losing in specificity. 

 

Fig. 38 Spectrofluorometric pH titration of the CDs-Eu3+ complex. Emissions are 
normalized to the maximum. In the insert the titration curve, in X-axis the pH and in 
the Y-axis the normalized emission intensity ratio 700 nm (Eu3+ complex band) over 
420 nm (CDs band). 

7.5 CONCLUSIONS 

A new CDs-Eu3+ complex has been prepared starting from solid olive 

waste. The adduct emits in a wide range of wavelengths with the 

luminescence fingerprints of Eu(III) complexes.  

The excited states of carbon dots, via energy transfer, serve as 

sensitizing agent for Eu3+ luminescence that is characterized by defined and 

shaped bands in the red region of the spectrum, which enhance the sensibility 

of the optical measurements.  
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Carbon dots coordinate the lanthanide thanks to carboxylic moieties 

that are pH sensitive, their protonation causes the displacement of the metal 

from the coordination site. The consequent emission quenching at 700 nm, 

range where common fluorescent dyes and indicators does not have 

characteristic signal, is proportional to pH. In particular the double reading at 

456 nm and 700 nm could lead to a very sensitive optical application.  

Further studies are ongoing to use this novel material for sensing 

application in the solid state. 
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8. PHOTOCHEMICAL ROUTE TO CDS-AU 

NANOHYBRID FOR PHOTOTHERMAL APPLICATIONS 

The content of this chapter is a final and unpublished draft. 

8.1 ABSTRACT 

Gold nanoparticles (AuNPs) are the milestone of nanoscience and 

carbon dots, despite of their relative recent discovery, are one of the most 

studied members of carbon nanoparticles family. Efficient light-to-heat 

conversion, photostability and chemical versatility gave the successful 

application of AuNPs in many fields from biomedicine to photothermal 

applications. Intriguing photophysical properties, easy preparation and 

biocompatibility pushed researchers on extensive study of carbon dots. In this 

work we report a photochemical route to carbon dots-gold (CDs-Au) 

nanohybrid using CDs as both reducing and capping agent. According to 

green chemistry principles, precursors CDs (CDs) were prepared from olive 

solid waste and functionalized with ethylenediamine via amide bond 

formation (CDs-E). Actually, amine and amide groups are known for Au(III) 

complexing ability and amine to bind AuNPs surface. CDs and CDs-E were 

characterized via UV/Vis, steady-state and time-resolved luminescence, FT-

IR, Raman, quantitative X-Ray Photoelectron spectroscopies and 

Transmission Electron Microscopy (TEM) imaging. CDs-E excited states, 

generated by blue light irradiation, served both as electron donors, for Au(III) 

reduction to Au(0), and acceptors for the counterpart. After the easy, green 

and one-step photochemical synthesis the resulting CDs-Au nanohybrid, 

exceptionally stable in aqueous dispersion, was characterized via UV/Vis, FT-

IR, Raman, Energy-dispersive X-Ray spectroscopies and with TEM and SEM 

imaging. Its photothermal ability was also evaluated showing comparable 

light-to-heat energy conversion efficiency to the “gold standard” citrate-

capped AuNPs by Turkevich. 

8.2 INTRODUCTION 

Gold nanoparticles (AuNPs) have intrigued most of the researchers due 

to their nanoscaled properties. They are subjected to quantum size effect that 

justifies Red-Ox activity and they feature surface plasmon resonance (SPR) 
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that explains the optical properties. [196] For example, AuNPs are photostable, 

possess high extinction coefficient and optical tunability. In fact, their 

Localized Surface Plasmon Resonance (LSPR) band in the UV/Vis absorption 

spectrum red-shifts as a function of particle diameter [197], shape [198], 

aggregation [199]. In addition they are known for efficient light-to-heat 

conversion, the reason why they are considered one of the most promising 

nanomaterials for photothermal applications [11]. However, in most of the 

synthetic procedures of AuNPs external reducing agents (NaBH4, idrazine), 

sacrificial agents, capping layers (CTAB, PVP) are needed and, in some cases, 

they could be toxic for the environment or the human health [200]. Nowadays, 

according to green chemistry principles [201] the urgency of minimizing and 

valorising waste and to implement sustainable processes have pushed 

researchers to find alternative ways to metallic nanoparticles synthesis. [202]  

In this concept, we decided to use carbon dots as both reducing and 

capping agent for AuNPs synthesis. We found that the two components, 

carbon and gold, are in intimate connection, so that we start calling it a 

carbon-gold (CDs-Au) nanohybrid.  

Carbon dots (CDs) are the latest family of carbon-based nanomaterials 

[62], serendipitously discovered in 2004 during an electrophoretic purification 

of carbon nanotubes fragments [48]. Recently great attention has been paid to 

this nanomaterial, so much that according to Prato et al [203] classification the 

family now includes: Carbon NanoDots (CNDs), Carbon Quantum Dots 

(CQDs) and Graphene Quantum Dots (GQDs). It is still difficult to 

differentiate between the members, especially for CNDs and CQDs, so it is 

commonly accepted to refer to these as quasi-spherical carbonaceous 

nanoparticles with amorphous or crystalline core surrounded by polar groups 

as -OH (hydroxyls), -COO-/-COOH (carboxylates/carboxylic acid) and amino 

groups responsible for their excellent water dispersibility [203]. The large 

volume of knowledge on CDs arises from their essential biocompatibility and 

interesting optical properties. They are photostable and present excitation-

wavelength dependent photoluminescence [204]. There is a plethora of 

application of carbon dots: chemical and biological sensing [196], biomedicine 

[205], photosensitizers for solar-driven catalysis [206], optoelectronics [145], 
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cancer diagnosis and  therapy [62], drug delivery in tumours [149] and so on. 

For the exceptional metal ions complexing ability [207], Red-Ox activity [208, 

209, 210] and photophysical properties we decided to use carbon dots for CDs-

Au nanohybrid formation. Moreover, other research groups confirmed CDs 

capping ability to gold nanoparticles, in fact AuNPs [209, 211], gold carbon dot 

core shell [212], gold-carbon nanoalloys [213], carbon-gold nanocomposites [214] 

were produced with carbon dots via thermal reduction. Another group 

produced a carbon-gold nanohybrid by the interaction of pre-formed carbon 

dots and gold nanoparticles [215].  

Photochemical strategies to metallic nanoparticles, and in particular 

gold nanoparticles, synthesis are very appealing and well-suited for this 

purpose [216]. Photons, in fact, are considered green reactants, they are not 

expensive, and they can be easily modulated in terms of wavelength, intensity, 

duration and location [71]. Furthermore, there are many examples in literature 

in which free radicals, generated by UV light irradiation of organic molecules, 

can act as reducing agents for precise gold nanoparticles synthesis [217, 218, 219]. 

In this scenario, we developed a photochemical route to CDs-Au nanohybrid 

in which the excited states of ethylenediamine functionalized carbon dots 

(CDs-E), generated by blue light irradiation, served as both electron donors 

for the reduction of Au(III) to Au(0) and acceptors for the counterpart. 

Although the majority of the precedent works reports that hydroxyls on the 

surface of carbon dots are efficient anchoring groups for the rising gold 

nanoparticle, we found that amine and amide groups introduced with 

ethylenediamine functionalization are pivotal for the efficiency of the 

reduction and the final nanohybrid stability. 

The resulting CDs-Au nanohybrid was tested for its photothermal 

ability. Efficient light-to-heat conversion of gold nanoparticles is related to 

the surface plasmon resonance (SPR) and illuminating wavelength. Light 

absorbed by AuNPs induces collective and coherent electron oscillation of the 

metal to the illuminating wavelength that is efficiently converted to heat for 

the surrounding fluid. [11, 220] With the powerful spatiotemporal and intensity 

control operated by light irradiation it is possible to generate punctual and 
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localized temperature increase in a determined site for example of the human 

body (photothermal therapy) or for technological applications.   

8.3 SYNTHETIC PROCEDURES 

8.3.1 Carbon dots-Ethylenediamine 

8.3.1.1 EDC coupling 

The procedure for carbon dots functionalization with ethylenediamine 

was optimized from different literature works [221, 222, 223]. Surface functional 

groups of CDs can be easily used for covalent functionalization with a plethora 

of molecules in well-established reactions as the EDC coupling [203]. In this 

case, carboxylic/carboxylate groups were exploited. These are very frequent 

on the carbon nanoparticle surface due to the oxidizing conditions of their 

preparation, in fact together with hydroxyl groups they impart polarity to the 

nanosystem and so on aqueous dispersibility [224]. 

 

Fig. 39 EDC/NHS coupling mechanism 

 Carbodiimide coupling is a common synthetic strategy to form amide 

or ester bonds between a carboxylic moiety and a primary aminic or alcoholic 

moieties respectively. On the carboxylic acid the carbonyl carbon is not prone 

to acyl nucleophilic substitution because of the hydroxyl that is not a good 

leaving group. Carbodiimide coupling solves the problem installing a good 

and reasonably stable leaving group that allows the nucleophile attack.  On 

the first step the carbodiimide derivative, in this case it was used N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride) - EDC 

hydrochloride – because of its water solubility, forms a O-acylisourea 

unstable intermediate with the carboxylic acid. On the second step N-

hydroxysuccinimide reacts with the intermediate to form a more stable NHS-

ester intermediate that can finally react with the nucleophile. The reaction 
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mechanism is summarized in Fig. 39 showing a primary amine as the 

nucleophile. 

8.3.1.2 Naked carbon dots synthesis (CDs) 

Naked carbon dots (CDs) were prepared from Sawalha et al [73] method 

(vide section 4.32.2) using olive solid waste from Calabria (Italy). 

Nanoparticle concentration, in colloidal dispersion, was 0.2 mg/mL. 

8.2.1.3 Carbon dots-Ethylenediamine functionalization 

 

Fig. 40 CDs-Ethylenediamine reaction scheme 

50 mL of 0.2 mg/mL naked carbon dots (CDs) aqueous colloidal 

dispersion were diluted with 50 mL of ultrapure water (HPLC Plus, Sigma-

Aldrich) and degassed at 0 °C for 1 h with Ar flow in a two-neck round bottom 

flask, before pH was moved to 4 for HCl 0.1 M addition. After that 159.6 mg of 

N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride) - EDC 

hydrochloride - and subsequently 143.8 mg of N-hydroxysuccinimide were 

added. The reaction was magnetically stirred for 1 h in the ice bath. After that 

ethylenediamine (5.56 mL) was poured, and the reaction was continued for 1 

h under ice and overnight in RT maintaining the inert atmosphere (Fig. 40). 

The reaction mixture was purified by dialysis (MWCO = 14 KDa) against 

deionized water for two days, changing the water every 2-8 h obtaining a 

light-yellow CDs-Ethylenediamine (CDs-E) dispersion of about 0.1 mg/mL. 

The concentration of CDs-E was quantified weighting the residue obtained 

from solvent evaporation. 

SAMPLE MW mmol eq. mg d mL 
CDs 12 0.833 1 10 - 50 
EDC 191.7 0.833 1 159.6 - - 
NHS 115.09 1.25 1.5 143.8 - - 

Ethylenediamine 60.10 83.3 100 5 0.899 5.56 
Table 4 CDs-Ethylenediamine reaction stoichiometry 



130 
 

8.3.2 Carbon dots-Au nanohybrid 

A 4.77 · 10-3 M mother solution of tetrachloroauric(III) acid was 

prepared dissolving 16.2 mg of Gold(III) chloride hydrate (HAuCl4·xH2O) in 

10 mL of ultrapure water (HPLC Plus, Sigma-Aldrich).  

 

Fig. 41 CDs-Au nanohybrid reaction scheme 

On a vigorously stirred aqueous dispersion of CDs-Ethylenediamine 

(100 mL, 0.1 mg/mL) HAuCl4 mother solution was added until 2.5 · 10-4 

mol/L. The mixture was irradiated with a blue (420-430 nm) LED for 310 

min and left under overnight stirring in darkness. (Fig. 41) The crude was 

purified by filtration (fritted glass filter, porosity 4) to remove larger 

aggregates and subsequent centrifugation (1 h, 9000 rpm/8500 RCF). The 

supernatant was discarded, according to UV/Vis and fluorescence 

spectroscopies only unreacted CDs were contained, the precipitate was 

collected, washed two times with ultrapure water and sonicated for 2 h. CDs-

Au nanohybrid was stored at RT in ultrapure water dispersion, appreciating at 

least 2 months stability, and was characterized without further purification. 

All the reaction steps and the reaction kinetic were monitored via UV/Vis 

absorption spectroscopy. 

8.3.3 Gold nanoparticles 

Spherical gold nanoparticles, used as a reference for photothermal 

measurements, were prepared using the Turkevich method [225]. Briefly, a 

solution of Gold(III) chloride hydrate (HAuCl4·xH2O - 35 mL, 2.5 · 10-4 

mol/L) was warmed up to 75 °C in a round-bottom flask under vigorously 

stirring. Then a solution of sodium citrate dihydrate (35 mL, 2.5 · 10-3 mol/L, 

75 °C) was poured and the reaction was left for 30 min at 75 °C. Before 20 min 

the mixture changed from colourless to red/purple. After cooling to RT gold 

nanoparticles were directly characterized via UV/Vis absorption spectroscopy. 
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 8.4 RESULTS AND DISCUSSION 

8.4.1 Synthesis and characterization of naked CDs and CDs-

Ethylenediamine 

Naked carbon dots (CDs) were prepared recycling the biomass waste of 

olive oil production. Olive solid waste was collected from an oil mill in 

Calabria (Italy), pyrolyzed and grounded until a fine carbonaceous powder 

was obtained. CDs were produced with a modified hydrothermal method [73] 

using hydrogen peroxide as oxidizing agent, a recognized green chemical as 

its byproduct water [201, 226]. H2O2 addition provides CDs surface 

functionalization with polar groups such as hydroxyls (-OH) and 

carboxyls/carboxylates (-COOH/-COO-) [73] that confer excellent aqueous 

dispersibility and hence stability to the colloidal dispersion. Exploiting 

carboxylic moieties and EDC coupling reaction it was possible to further 

functionalize the surface of CDs with amine and amide groups via 

ethylenediamine anchoring.  

CDs-Ethylenediamine (CDs-E) and naked CDs (CDs) were 

characterized via UV/Vis absorption, steady-state and time-resolved 

luminescence, FT-IR, Raman and quantitative X-Ray Photoelectron 

spectroscopies. Nanoparticles surface charge was estimated by Zeta potential 

measurement via Dynamic Light Scattering (DLS) technique, nanoparticles 

size was obtained thanks to Transmission Electron Microscopy (TEM).  

7.4.1.1. Optical characterization 

In Fig. 42 and in Fig. 43 complete luminescence spectroscopy 

characterizations are reported, respectively for CDs and CDs-E. 
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Fig. 42 Optical characterization of naked CDs (CDs): a) 3D profile of CDs 
luminescence emission spectra, excitation wavelength in legend; b) A selection of 

luminescence excitation spectra; c) A selection of normalized luminescence emission 

spectra ( excitation = 250-550 nm) 
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Fig. 43 Optical characterization of CDs-Ethylenediamine (CDs-E): a) 3D profile 
of CDs-E luminescence emission spectra, excitation wavelength in legend; b) A 

selection of luminescence excitation spectra; c) A selection of normalized 

luminescence emission spectra ( excitation = 250-550 nm) 

CDs-E and CDs show broadband UV absorption compatible with the 

light scattering of small nanoparticles in colloidal dispersion (Fig. 44a). 

Despite of this trend it is still possible to differentiate two weak absorption 

bands around 300 and 340 nm attributable respectively to π-π* and n-π* 

transitions from core sp2 domains and surface oxygen-containing groups 

believably responsible for the emission phenomena [227, 228, 123] as highlighted 

by luminescence excitation spectra in Fig. 44c and Fig. 44d. 
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Fig. 44 Characterization of CDs naked (CDs, black line) and CDs-
Ethylenediamine (CDs-E, red line): a) UV/Vis absorption spectra; b) Luminescence 

emission spectra (λ excitation = 300 nm); c) Luminescence excitation spectra (λ 
emission = 450 nm); d) Luminescence excitation spectra (λ emission = 550 nm) 

Both the samples present excitation wavelength-dependent 

luminescence, in the excitation wavelength range of 250-550 nm (vide for 

complete luminescence spectroscopy characterizations Fig. 42 and Fig. 43). In 

Fig. 44b CDs and CDs-E emission spectra for λ excitation = 300 nm are reported. 

CDs-E emission maximum is slightly shifted to higher energies compared to 

CDs, altogether higher energies contributions in the emission spectra are 

similar while they differ for those at lower energies. CDs maximum emission 

intensity is at 451 nm for 340 nm excitation, for CDs-E is at 446 nm for 340 

nm excitation. 
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Fig. 45 Comparison of normalized luminescence emission spectra of CDs (black line) 
and CDs-E (red line). Excitation wavelengths: 250, 300, 350, 400, 450, 500 and 550 

nm 

 

Fig. 46 Comparison of luminescence excitation spectra of CDs (black line) and CDs-E 
(red line). Emission wavelengths: 400, 450, 500, 550 nm. 

According to steady-state emission spectra, time-resolved 

luminescence decays (Table 5 and Fig. 47, recording emission wavelength 

from 430 to 530 nm - Δ = 20 nm, 59 ps 408 nm pulsed laser) show two 

emissive populations with comparable lifetimes around 2 and 8 ns.  

λ emission  
(nm) 

CDs-E CDs 

430 1.70 ns (62 %) 6.60 ns (38 %) 1.60 ns (69 %) 7.20 ns (31 %) 
450 2.00 ns (57 %) 7.80 ns (43 %) 1.87 ns (57 %) 7.51 ns (43 %) 
470 2.00 ns (52 %) 8.20 ns (48 %) 1.97 ns (52 %) 8.37 ns (48 %) 
490 2.20 ns (48 %) 8.50 ns (52 %) 2.27 ns (45 %) 8.67 ns (55 %) 
510 2.50 ns (49 %) 8.20 ns (51 %) 2.40 ns (42 %) 8.87 ns (58 %) 
530 2.45 ns (45 %) 8.80 ns (54 %) 2.57 ns (43 %) 8.93 ns (57 %) 

Table 5 Luminescence lifetimes of CDs-E and CDs. Samples were excited at 408 nm, 
luminescence lifetimes were recorded at different emission wavelengths. 
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Fig. 47 Photoluminescence lifetimes of CDs and CDs_E: a) Decays recorded on 

different luminescence wavelengths of CDs; b) Lifetimes of CDs on  em = 450 nm; c) 
Decays recorded on different luminescence wavelengths of CDs-E; d) Lifetimes of 

CDs-E on  em = 450 nm 

8.4.1.2 Chemical composition 

Concerning chemical composition and the extent of naked carbon dots 

functionalization with ethylenediamine, analyses from quantitative X-Ray 

Photoelectron, FT-IR and Raman spectroscopies are reported. Quantitative 

XPS in Fig. 48 revealed that CDs and CDs-E are constituted by C, N, O, Na, Ca 

and P. N/C ratio is 1/16 for CDs-N and 1/10 for CDs-E.  

 

Fig. 48 Quantitative XPS analysis of CDs (black bar) and CDs-E (red bar). 

FT-IR spectra in Fig. 49a clarify the extent of ethylenediamine 

functionalization of naked CDs. In CDs-E spectrum are more pronounced the 
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peaks at 3405, 3000-2900 and 1130 cm-1 attributable respectively to -NH 

stretching [229], -CH stretching [230] and amine -C-N stretching [230] 

introduced by ethylenediamine, instead in naked CDs spectrum are more 

intense peaks at 3200 and 1400 cm-1 of -OH stretching [230] and deformation 

[231]. Ethylenediamine covalent anchoring is recognizable by the presence of a 

doublet band from 1650 to 1550 cm-1 attributable to the overlapping of the 

secondary amide carbonyl stretching, -NH in plane vibrations and -C-N 

vibrations absorptions [230, 232]. Instead, carbonyl absorption band in naked 

CDs is broad and covered by the intense -OH bending vibrations from 

adsorbed water at 1645 cm-1 [233]. A shoulder around 1760 cm-1 is attributable 

to C=O stretching vibration of carboxylic/carboxylates moieties [230]. Another 

evidence of the ethylenediamine functionalization is given by the Raman CDs-

E spectrum in Fig. 49b (red line). The intense band on the 2700-3200 cm-1 

region, that is completely absent in CDs spectrum (black line), is addressable 

to -CH vibrations reasonably introduced by ethylenediamine, other 

characteristic vibrations are overlapping with the vibrational modes of carbon 

dots from 1150 to 1650 cm-1.  

 

Fig. 49 Characterization of naked CDs (CDs, black line) and CDs-
Ethylenediamine (CDs-E, red line): a) FT-IR spectra; b) Raman spectra 

According to TEM in Fig. 50, CDs-E diameter was 2.3 ± 0.2 nm and 

their Zeta potential, according to DLS technique, was -32.7 ± 2.4 mV. 
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Fig. 50 TEM image of CDs-E 

8.4.2 Synthesis and characterization of CDs-Au nanohybrid 

8.4.2.1 CDs-Au nanohybrid synthesis 

Carbon dots – Au (CDs-Au) nanohybrids were produced via visible 

light triggered reduction using ethylenediamine functionalized carbon dots 

(CDs-E) as reducing and capping agent.  

Irradiation of CDs-E in the presence of HAuCl4 (420-430 nm blue LED) 

resulted in the formation of the characteristic Localized Surface Plasmon 

Resonance (LSPR) band of gold nanoparticles centred at 543 nm, plateau was 

reached around 310 min (Fig. 51a). Reaction occurred in water with CDs-E 

and HAuCl4 as the only reactants, no external reducing agent was added, and 

as reported in Fig. 52a only CDs-E absorbed 420-430 nm light. 
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Fig. 51 a) Absorption spectral changes upon 420-430 nm irradiation, CDs-Au 
nanohybrid formation; b) TEM images of CDs-Au nanohybrid 

 

Fig. 52 a) UV/Vis absorption spectra of HAuCl4 2.5 · 10-4 mol/L and CDs-E in 
ultrapure water; b) Control experiment of CDs-Au nanohybrid synthesis, absorption 

spectral changes in darkness conditions using CDs-E. 
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Fig. 53 TEM images of CDs-Au nanohybrid before and after purification. 

 Control experiment (Fig. 52b) executed in darkness showed that light 

irradiation is crucial for Au(III) reduction, in fact no LSPR band is detectable 

up to 150 min. These evidences suggest that CDs-E excited states, generated 

by blue light irradiation, served both as electron donors, for Au(III) reduction 

to Au(0), and acceptors for the counterpart. Transmission Electron 

Microscopy (TEM) analysis, in Fig. 51b and Fig. 53 images are reported, 

revealed that CDs-Au nanohybrids had a quasi-spherical shape and a mean 

diameter of 22.1 ± 6.1 nm. Ζ-potential of CDs-Au colloidal dispersion in water 

was -34.0 ± 1.0 mV. According to literature [234] the position of the maximum 

of the LSPR band of citrate-capped (Turkevich method [225]) gold 

nanoparticles is size dependant, for 21 nm nanoparticles is reported to be 521 

nm. It is known that this effect is also capping layer dependant [235], our 

experimental results (22 nm size, 543 nm LSPR maximum) is not far from 

literature and advise the influence of CDs-E in the produced nanohybrid. 

Moreover, CDs-Au before and after purification were well dispersible and 

stable up to 2 months in ultrapure water. As it can be seen by TEM imaging in 

Fig. 53 in the reaction mixture before purification there were quasi-spherical 

nanoparticles around 20 nm and around 2-3 nm, respectively attributed to 

CDs-Au nanohybrid and unreacted CDs-E. After purification no residuals 

CDs-E were detected. In light of the aforementioned, it is reasonable to 

assume that CDs-E served also as capping layer in the synthetic process.  
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Fig. 54 Control experiment performed with naked CDs as reducing and capping 
agent: a) Blue (420-430 nm) light irradiated sample, b) Control in darkness 

condition 

Control experiments substituting CDs-E with CDs as reducing and 

capping agents were performed (Fig. 54) showing that 1 min of blue light 

(420-430 LED) irradiation triggered a rapid and intense reduction of the gold 

salt. In the UV/Vis absorption spectrum in Fig. 54a two LSPR bands were 

detected: the first centred around 528 nm attributable to spherical 

nanoparticles, and the second in the NIR region attributable to complex 

nanostructures as nanoprisms or nanoflowers [236, 71]. After few hours the 

system collapsed to insoluble gold aggregates. Probably, the quasi-

instantaneous reduction was not sustained by a powerful capping agent able 

to stabilize nanoparticles dispersion in water, that is index of the pivotal role 

of ethylenediamine functionalization of carbon dots. In fact, amine and amide 

groups are known for Au(III) complexing ability [237] and amine to bind 

AuNPs surface [238]. Control experiment with naked CDs in darkness was 

performed too (Fig. 54b), reduction was slower than in the light irradiated 

sample, a fine blush pink precipitate was formed and after two hours almost 

disappeared. This time no insoluble gold aggregates were produced, Red-Ox 

processes were in equilibrium probably because there were controlled by 

hydroxyl groups on CDs surface [211] and no stable gold nanoparticles were 

prepared.  

8.4.2.2 Spectroscopic characterization of CDs-Au nanohybrid 

CDs-Au UV/Vis absorption spectrum in Fig. 55a presented an LSPR 

band centred around 540 nm typical of gold nanostructures, and broadband 

UV absorption compatible with the sum of absorption and scattering operated 
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by carbon dots and gold nanostructures. CDs-Au nanohybrid is not 

luminescent as highlighted in Fig. 55. Black dash line spectra in Fig. 55a and 

Fig. 55b are referring to the supernatant of purification procedure in which 

only unreacted CDs-E were contained. 

The elemental composition of CDs-Au nanohybrid, according to 

Energy-dispersive X-Ray spectroscopy (EDS) from Scanning Electron 

Microscopy imaging in Fig. 56 is: C, O, Au and Si (the latter for the 

background Si wafer). Carbon and gold amount is comparable. FT-IR and 

Raman analysis, in Fig. 55c and Fig. 55d respectively, show the presence of 

CDs-E absorption pattern in CDs-Au spectra. Luminescence of CDs-Au is 

quenched for small metal nanoparticles effect [239] and Raman signals are 

enhanced.  

These evidence suggest that CDs-Au nanohybrid present CDs and 

AuNPs properties in contemporary.  

 

Fig. 55 Characterization of CDs-Au nanohybrid (blue line): a) UV/Vis absorption 
spectra of pure CDs-Au and the supernatant from purification (black dash line); b) 

Luminescence emission spectra (λ excitation = 300 nm) of pure CDs-Au and the 
supernatant from purification (black dash line); c) FT-IR spectra comparison of CDs-
Au and CDs-E (red line); d) Raman spectra comparison of CDs-Au, CDs-E (red line) 

and CDs (black line). 
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Fig. 56 SEM/EDS characterization of CDs-Au nanohybrid 

8.4.3 Photothermal activity 

8.4.3.1 Method 

The experimental setup for photothermal measurements was 

reproduced from Jiang et al work [240] with little modifications.  

1 mL of CDs-Au nanohybrid aqueous dispersion was placed in a 1 cm 

quartz cuvette which contained a magnetic stirring bar. Sample was kept 

under continuous stirring to avoid hotspot formation and non-homogeneous 

heat distribution. The dispersion was irradiated with a CW 532 nm laser, the 

incident light power was 30 μW for a 2 mm2 illumination area. Sample 

dispersion was prepared to have A 532 nm ≈ 1, transmitted light power was 1 

μW. Incident and transmitted light power were measured with a Newport 

model 843-R (Newport Co., CA – USA) power meter. Temperature profiles 

were acquired with a Vernier GoDirect (Vernier Software & Technology, OR - 

USA) digital thermometer equipped with a Pt100 resistance temperature 

detector (RTD) and digitalized using the Vernier LabQuest software. Each 

data point, recorded every 0.5 s (sensitivity ± 0.001 °C), represent an 

individual measurement. Laser beam direction was adjusted to be over the 

stirring bar and below the temperature sensor that was soaked in the upper 

part of the solution. In this way the laser beam could pass through the sample 

cell and be absorbed by the CDs-Au nanohybrid without any interference. In 

order to minimize heat loss from the cell surface to the external environment 

this was insulated with a 3 cm polystyrene coating with a 1 cm2 opened 

window for the laser optical pass. 
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8.4.3.2 Results 

CDs-Au nanohybrid photothermal ability was evaluated showing 

comparable light-to-heat energy conversion efficiency to the “gold standard” 

citrate-capped AuNPs by Turkevich. The temperature of the aqueous solution 

of CDs-Au and Turkevich AuNPs increased in a ten of minutes reaching 

plateau around 25 min and 23 °C starting from 22 °C (Table 6). 

 

Fig. 57 Temperature changes upon 420-430 nm LED irradiation of CDs-Au 
(blue line) and AuNPs (Turkevich method) as reference (pink line). Gray line is 

referred to the temperature changes of 1 mL of water as blank experiment. On the 
insert: UV/Vis absorption spectra of CDs-Au and AuNPs Turkevich. 

SAMPLE 
TEMP. (°C) 

ΔT (°C) 
Light ON Light OFF 

CDs-Au 22.745 ± 0.001 23.657 ± 0.001 0.912 ± 0.002 
AuNPs ref. 22.659 ± 0.001 23.753 ± 0.001 1.094 ± 0.002 

Blank 22.713 ± 0.001 22.552 ± 0.001 0.161 ± 0.002 
Table 6 Temperature values of photothermal experiments with CDs-Au 

8.5 CONCLUSION 

Stable and water dispersible CDs-Au nanohybrid were produced via a 

visible light (420-430 nm) triggered reduction of HAuCl4 in the presence of 

ethylenediamine functionalized carbon dots (CDs-E) as contemporary 

reducing and capping agents. CDs-E excited states, produced by blue light 

irradiation, served both as electron donors, for Au(III) reduction to Au(0), 

and acceptors for the counterpart managing the Red-Ox process carbon and 

gold nano-structuration. Ethylenediamine functionalization of carbon dots is 

pivotal for Red-Ox and capping reactivity and was done exploiting carboxylic 

chemistry.  
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Naked carbon dots (CDs), ethylenediamine functionalized carbon dots 

(CDs-E) and CDs-Au nanohybrid were fully characterized via UV/Vis, steady 

state and time resolved luminescence, FT-IR, Raman, quantitative X-Ray 

Photoelectron, Energy-dispersive X-Ray spectroscopies. Particle morphology 

and surface charge were analysed by Transmission Electron Microscopy 

(TEM), Scanning Electron Microscopy (SEM) and Zeta potential with the 

Dynamic Light Scattering (DLS) technique respectively.  

CDs-Au nanohybrid presented comparable light-to-heat conversion 

efficiency, with 532 nm irradiation, to “gold standard” citrate-capped gold 

nanoparticles firstly prepared by Turkevich. Further studies are on-going in 

order to test photothermal activity with different wavelengths and powers 

exploitable at example for therapeutic applications (Red, NIR).  
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9. A NEW AG-NANOSTRUCTURED 

HYDROXYAPATITE POROUS SCAFFOLD: 

ANTIBACTERIAL EFFECT AND CYTOTOXICITY STUDY 

The content of this chapter is reprinted/adapted from Elsevier B.V., the author has the 
right to include it in a thesis [12]: Calabrese, G.; Petralia, S.; Franco, D.; Nocito, G.; 
Fabbi, C.; Forte, L.; Guglielmino, S.; Squarzoni, S.; Traina, F.; Conoci, S., A new Ag-
nanostructured hydroxyapatite porous scaffold: Antibacterial effect and cytotoxicity 
study. Materials Science and Engineering: C 2021, 118, 111394. 

9.1 ABSTRACT 

We report a new chemical method for the functionalization of Mg-

hydroxyapatite (Mg-HA) scaffold with Ag nanoparticles (Ag NPs) integrating 

in one step both the synthesis of the Ag NPs and their nano-structuring into 

the HA matrix (Ag-Mg-HA scaffold). This method exploits a green 

photochemical synthesis and allows the direct growth of Ag NPs on the Mg-

HA surface. The surface structure of Ag-Mg-HA scaffold, investigated by 

scanning electron microscopy, shows no significant changes in the 

morphology upon Ag NPs incorporation. The presence of Ag was confirmed 

by EDX analysis. TEM and spectroscopic investigations show Ag NPs 

spherical shaped with a mean diameter of about 20 nm exhibiting the typical 

plasmon absorption band with maximum at 420 nm. The antibacterial 

properties of Ag-Mg-HA scaffolds were tested against two bacterial 

strains, Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). The 

results show excellent antibacterial properties achieving up to 99% and 100% 

reduction of colonies for both bacteria cultures after 24 h of incubation and 

100% of reduction after 48 h of incubation. The cytotoxicity of Ag-Mg-HA was 

also in deep investigated assessing both cell proliferation and differentiation 

using hADSCs (human Adipose Derived Stem Cells) and testing data point at 

0, 7, 14 and 24 days. The results show cytotoxic effect with cell proliferation 

decreasing up to 90% at 24 days and osteogenic differentiation inhibition. The 

observed cytotoxicity can be probable ascribed to the oxidative stress by ROS. 

Indeed, considering the effectiveness of the nanofunctionalization method 

and the excellent antibacterial properties showed by the Ag-Mg-HA scaffold, 

future works will be devoted to create nanofunctionalized scaffold satisfying 

both antimicrobial and osteo-regenerative properties. 
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9.2 INTRODUCTION 

There are growing research interests on multifunctional 

innovative nanomaterials exhibiting antibacterial properties for bone tissue 

repair [241, 242, 243, 244, 245]. In this context, nanoscale materials play a key role 

providing new functionalities to biomaterial interacting with biological 

systems. 

In bone regeneration, one of the most studied biomaterial is 

hydroxyapatite (HA), a calcium-phosphate ceramic (Ca10(PO4)6(OH)2) 

exhibiting excellent biocompatibility, osteoconductivity, good cell 

adhesiveness, excellent biodegradability and non-inflammatory properties 

[246, 247]. However, this material fundamentally lacks of antibacterial property 

that is one of the unmet clinical needs in bone scaffolds and prosthetic 

coatings. The maintenance of bacteria-resistance, especially towards to the 

common pathogens present at surgical sites, represents a significant progress 

in the bone regeneration materials and bioactive coatings. Infections are 

events that can occur when the scaffold or the prosthesis are implanted in an 

environment rich of nutrients and favorable to bacteria proliferation. 

Therefore, the patient should be protected from infections as a result of both 

primary (up to 2% percentage of risk) and revision prosthetic implantations 

(greater than 10%). In the last case, the risk of infection is significantly higher, 

if the cause of the revision is the outbreak of a primary infection that must be 

eradicated. 

Infections in implanted scaffolds and endoprostheses are mostly caused 

by Staphylococcus aureus (S. aureus), Pseudomonas aeruginosa (P. 

aeruginosa) or Escherichia coli (E. coli) due to their high virulence and an 

increase of antibiotic resistances. These events induce highly inflammatory 

processes leading to bone destruction and implant loss [248, 249]. Actually, the 

presence of the artificial surface of the implant favors the formation of 

bacterial biofilm making it more resistant to the immune system and 

antibiotic treatment [250]. It has been proven that treatments of bone 

infections with antibiotics offer poor results when not combined with 
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eradication of residual bacteria from the surgical site [251, 252]. Orthopedic 

implant infections are notoriously difficult to treat with antibiotics. Therefore, 

prevention and eventually eradication of residual bacteria from the surgical 

site is fundamental for the success of the implant. 

In this context, new material design strategies based on nanostructured 

antibacterial coating offer unique properties of high specific surface area and 

topographies mimicking the microstructures of natural tissue with 

antibacterial properties at the same time [253]. Innovative nanomaterials 

exhibiting antibacterial properties for bone tissue repair are widely reported 

in literature including micro and nanostructured titania [254], titanium surface 

modification with Ag-, Sr- and Si micro-calcium phosphate coating [255], and 

red phosphorus/IR780/arginine-glycine-aspartic acid-cysteine coating on 

titanium implant [256], fluoridated hydroxyapatite coatings [257, 258] and 

calcium phosphate coatings on metallic implant [259]. Ag has been extensively 

studied because of its well know antimicrobial activities, against both gram-

positive and gram-negative bacteria [260] and minimal bacterial resistance 

[261]. Additionally, Ag is an inorganic material and then it is not affected by 

degradation processes typical of organic molecules. For these reasons, it can 

be considered as one of the best material for antibacterial activity and has 

been widely used in several applicative fields including clinical and medical 

usage, personal care products, domestic, agriculture and industrial products 

[262]. Nanotechnology has improved physical, chemical and biological 

properties of Ag by transforming it into silver nanoparticles (Ag NPs). Several 

researchers studied the Ag-NPs antibacterial mechanism and their effect on 

osteogenic-related cells. An extensively review on antibacterial effect of Ag-

NPs was published by Qing and coworkers [263]. They studied the effect of NPs 

concentration and dimension into the antibacterial property and cytotoxicity 

suggesting that Ag-NPs ≤10 μg/mL is a safe dose for osteogenesis-related 

cells. Castiglioni et al. [264] showed that Ag NPs cause cytotoxicity in different 

cell types in a dose-dependent manner. Khalandi et al. [265] in their review 

reported that Ag-NPs are able to anchor themselves to the bacterial cells wall 

and infiltrate them causing cell death. Recent evidences suggested that the 

released silver ions (Ag+) from Ag NPs have a key role for the antibacterial 

activity [266]. Moreover, Pal et al. published the effect of NPs concentration 
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and shape on antibacterial properties, finding 50 μg of spherical shape NPs 

completely inhibits the grown of E. coli proliferation [267]. Martınez-Castanon 

et al. have investigated the antibacterial activity of Ag-NPs with dimension 

from 7 to 30 nm finding that the antibacterial effect decreases with an 

increase of the particle size [268]. Therefore, several are the parameters 

modulating the Ag-NPs properties towards the living cells offering a 

stimulating field of research. 

The use of Ag NPs coating on scaffold and prosthesis can be a potential 

valuable strategy to be used to prevent infections in orthopedic application 

[269]. On that, both the method of Ag-NPs synthesis and the way of 

functionalization of the scaffold matrix play a key role in determining the final 

properties of the implantable system. The conventional methods reported in 

literature are mainly based on: i) bottom-up approach consisting on the 

loading of pre-formed Ag NPs on scaffold surface, resulting on unstable Ag 

decoration [270] and ii) in-situ Ag NPs formation mediated by reducing agents 

[271]. Versace et al. reported an alternative radical method for the in-situ 

formation of Ag NPs on microfibrous scaffold surface. They demonstrated the 

formation of a radical species on surface, which induces the Ag reduction. But 

this method is limited to the reactive surface able to form a radical species 

[272]. Therefore, all the state of art approaches includes several executive steps 

using organic agents with negative impact on both the production cost and 

the environment [273]. Therefore, the development of new 

nanofunctionalization methodologies of bone scaffold overcoming the above 

reported limitations represents an important challenge for regenerative 

biomaterials. 

In the light of the above considerations, in this study we report a new 

chemical method for the functionalization of Mg-HA scaffold with Ag NPs, 

integrating in one step both the synthesis of the Ag NPs and their integration 

into the HA matrix. This method uses a green photochemical synthetic 

approach that has been already proved to be appealing for various 

technological applications [274, 275]. It is based on the reduction of Ag-

acetylacetonate (Ag(acac)) precursor mediated by UV–Vis light offering the 

advantages of in-situ growth of Ag NPs on substrate surface without the need 
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of reducing agents. The obtained nanofunctionalized scaffold (Ag-Mg-HA 

scaffold) has been fully structurally characterized and in deep investigated 

towards (i) the antibacterial properties against two bacterial strains E. coli 

and S. aureus and (ii) cytotoxicity using hADSC cells. 

9.3 EXPERIMENTAL 

9.3.1 Chemicals 

All chemicals were obtained from commercial sources at the highest 

possible purity and were used as received. All solvents used were 

spectrophotometric grade. Milli-Q-grade water was used in all preparations. 

9.3.2 HA-based scaffold structure and Ag nano-

functionalization 

HA-based scaffolds have been provided by Fin-Ceramica Faenza SpA 

(Faenza-Italy) and produced according to the process described in [276, 277]. In 

brief, they consist in cylindrical shapes (8 mm diameter, 5 mm high) with a 

structure made of a mineralized blend of type I collagen (30%) and Mg-HA 

(70%), mimicking the bone extracellular matrix (ECM). The scaffolds were 

manufactured through a bio-inspired procedure, incorporating equine type-I 

collagen with bioactive Mg-doped hydroxyapatite (Mg-HA) nano-crystals and 

stabilizing the whole structure by an extremely reactive bis-epoxy (1,4-

butanediol diglycidyl ether, BDDGE). The developed process leads to a very 

good combination between collagen (atelo-collagen isolated from equine 

tendon) and co-precipitated Mg-HA nanoparticles. Finally, the whole 

structure was freeze-dried with a controlled freezing and heating ramp from 

25 °C to −35 °C and from −35 °C to 25 °C. The process was carried out over a 

period of 25 h under vacuum conditions (P = 0.29 mbar) and then samples 

were gamma-sterilized at 25 kGy. 

Ag-Mg-HA was prepared dipping HA-based scaffold in 10 mL of Silver 

acetylacetonate (Ag(acac)) deaerated aqueous solution (concentration 

4.5 mg/100 mL) in quartz tools. Then 100 μL of acetone was added to the 

reaction. After degassing with Ar for 15 min, the reaction was irradiated with 

4 UV lamps (254 nm, 16 W) for 5 min in an home-made photoreactor. The 



152 
 

yellowish Ag-Mg-HA scaffold was rinsed with deionized water and dried by 

Nitrogen flow. 

9.3.3 In vitro antibacterial procedure 

S. aureus ATCC29213 and E. coli ATCC19138 were purchased from 

American Type Culture Collection (LGC Promochem, Milan, Italy) and 

cultured in Tryptone Soya Broth (TSB, Sigma-Aldrich, Milan, Italy) and 

Luria-Bertani Broth (LB, Sigma-Aldrich, Milan, Italy), respectively. All 

bacteria strains were maintained in 20% glycerol stocks at −80 °C. Ag-Mg-HA 

scaffolds were decontaminated by exposition to UV-light for 12 h. 

Bactericidal activity was evaluated using a semi-exponential bacteria 

culture [278]. Briefly, a colony of S. aureus and E. coli from the overnight 

cultures in Tryptone Soya Agar (TSA) and Luria-Bertani Agar (LA), 

respectively, were inoculated in the corresponding medium, TSB and LB, and 

incubated for 6–8 h at 37 °C with 150 rpm speed shaking. After incubation 

period, bacteria were harvested by centrifugation and resulting pellet 

resuspended in Phosphate Saline Buffer (PBS), for two times. A final 

concentration of approximately 2.5 × 105 bacteria per mL was resuspended in 

TSB or LB. 

Each bacteria suspension was aliquoted in 24-well plates (1 mL/well), 

containing pre-decontaminated scaffolds, and incubated under gentle shaking 

(100 rpm, orbital shaker KS-15, Edmund Bühler GmbH) at 37 °C. As positive 

control (CTR+) of normal bacterial growth, one well was evaluated without 

the scaffold. 

Evaluation of the bactericidal effects were determined by Colony 

Forming Units (CFU) assay, comparing growths of bacteria tester strain in 

presence and absence of the scaffold after 24 and 48 h of incubation times. 

Specifically, 100 μL of bacterial suspension were serially diluted in 900 μL of 

PBS. From each dilution, 100 μl were spread on solid medium and incubated 

overnight at 37 °C. After incubation, colonies in the range 30–300 were 

considered to determine the number of CFU, which was calculated as follows: 

CFU = (number of colonies)/(volume(0.1 mL)×dilution factor) 
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Number of adherent bacteria on the scaffold surface was also evaluated. 

Specifically, scaffolds after 24 and 48 h of incubation times, were aseptically 

removed, placed in a glass tube containing 1 mL of PBS and subjected to 

sonication in an ultrasonic bath (frequency 35 kHz) for 60 s. The detached 

bacteria were detected using the CFU assay, as described above. 

Simultaneously to CFU assay, Live/Dead BacLight bacterial viability kit was 

also performed. The procedure consists in the following: 6 μL of dye pre-

mixed of SYTO 9 and propidium iodide (at 1:1 ratio) were added to 200 μl of 

culture from each condition and incubated for 15 min at 37 °C [279]. Then, the 

samples were visualized using a Leica DMRE epifluorescence microscope with 

Leica C Plan 63× objective, using a BP 515–560 nm excitation filter in 

combination with a LP 590 nm suppression filter. 

9.3.4 In vitro study with hADSC 

9.3.4.1 Cell culture 

hADSC line used in this study was purchased from Thermo Fisher 

Scientific (NYSE: TMO) and cultured in MesenPRO RSTM medium (Thermo 

Fisher Scientific, NYSE: TMO) up to 70–80% confluence. The hADSCs at the 

second passage (P2) were used for the following experiments. 

9.3.4.2 hADSCs cell adhesion and viability on Ag-Mg-HA scaffolds 

1 × 106 hADSCs suspended in 50 μL of MesenPRO RSTM medium were 

slowly drop seeded onto the scaffold in 24-well culture plates and incubated 

at 37 °C for 4 h. Successively, the growth medium was added and the day after 

(day 0) replaced with StemPro™ osteogenesis differentiation medium 

(Thermo Fisher Scientific, NYSE: TMO). The osteogenic differentiation 

medium was completely replaced twice a week and hADSCs- Ag-Mg-HA 

scaffolds cultured for 24 days. hADSCs adhesion on Ag-Mg-HA scaffolds was 

evaluated by haematoxylin and eosin (H&E) staining. For H&E staining, 

hADSCs-Ag-Mg-HA scaffolds were fixed in 4% PFA, dehydrated, embedded in 

paraffin and cut into 5 μm-thick sections. Sections were mounted on slides 

and after de-paraffinization and rehydration, stained as described previously 

[280]. 
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The cell viability of hADSCs on Ag-Mg-HA scaffolds was determined 

using DAPI staining. Briefly, for DAPI staining, hADSCs-Ag-Mg-HA scaffolds 

were fixed in 4% PFA, dehydrated, embedded in paraffin and cut into 5 μm-

thick sections. After, the sections were permeabilized in 0.3% Triton X-100 

for 10 min, washed in PBS and the nuclei stained with 4′,6-diamidino-2-

phenylindole (DAPI) (1:5000) in PBS for 5 min. Finally, slides were mounted 

in fluorescent mounting medium (Permafluor, Thermo Scientific, Waltham, 

Massachusetts, USA), acquired using a Leica DMI4000B fluorescence 

microscope (three digital images/scaffold) and the nuclei counted by Fiji 

Image J recognition software. 

9.3.5 hADSCs osteogenic differentiation on Ag-Mg-HA 

scaffolds 

The extracellular matrix (ECM) mineralization of hADSCs cultured on 

Ag-Mg-HA scaffolds was tested by Alizarin Red staining. Alizarin Red S 

solution (Panreac, Castellar del Valles, Barcellona, Spain) was prepared 

according to the manufacturer protocol, added to the sections and incubated 

for 5 min. After, the sections were washed several times to remove the 

staining solution surplus and finally mounted. The stained sections were 

acquired by using a Leica DMI 4000B microscope (Leica Microsystems Srl, 

Milano, Italy) and optical density quantified using Fiji Image J software 

(three sections/scaffold). 

9.3.6 Statistical analysis 

Data were analyzed either as raw data or as mean ± standard error 

(SE), as appropriate. Differences between several time points of hADSCs- Ag-

Mg-HA scaffolds were evaluated by using one-way ANOVA with post-hoc 

Holm test, where appropriate. p < 0.05 was considered to be significant. 

9.4 RESULTS AND DISCUSSION 

9.4.1 Ag-Mg-HA scaffolds preparation and characterization 

The Ag-nanofunctionalized HA scaffold (Ag-Mg-HA) was prepared 

using a photochemical method based on reduction of Ag(acac) precursor 

dissolved in a water solution induced by ketyl radical formed by 

a photosensitizer upon UV-light absorption. A scheme of reaction steps is 
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reported in Fig. 58A. More in details, the acetone photosensitizer 

forms via Norrish type I reaction a ketyl radical upon 254 nm light absorption 

(reaction 1). This radical (ns typical lifetime [217]) reacts with Ag(acac) in 

solution inducing the formation of colloidal Ag0 NPs and acaH byproduct 

(reaction 2). The mechanism of Ag NPs formation on the scaffold surface is 

probably driven by the formation of a coordination complex between the 

hydroxyl group (OH) present on Mg-HA surface with the Ag center of 

Ag(acac) precursor to form a bis-coordinated Ag complexes at the Mg-HA 

surface. The surface Ag-complex reacts with the ketyl radical present in the 

solution inducing the grown of Ag0 NPs at surface (reaction 3). This 

mechanism is well supported by previous studies carried out on the formation 

of Ag NPs in aqueous media driven by light [281, 282]. 

 

Fig. 58 A) Schematic reaction steps of the Mg-HA nano-functionalization with Ag 
NPs: Norrish-I type reaction for ketyl radical formation (reaction 1), Ag NPs 
formation in water solution (reaction 2) and Ag NPs formation at HA surface 
(reaction 3); B) SEM image of untreated Mg-HA; C) SEM image of Ag-Mg-HA The 
Insets are representative photos of Mg-HA and Ag-Mg-HA scaffolds. 

The SEM analysis performed on untreated Mg-HA (Fig. 58B) and Ag-

Mg-HA scaffold (Fig. 58C) indicates that the surface morphology does not 

undergo chemical changes by the photochemical treatment. The effectiveness 
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of Ag nanofunctionalization is also illustrated by the photos reported in the 

inset of Fig. 58 B and C clearly showing that the untreated scaffold has a white 

color, while the Ag-Mg-HA scaffold exhibits a yellowish color according to the 

Ag NPs plasmon absorption (vide infra). The presence of Ag NPs was 

confirmed by EDX measurements showing the Ag cluster diagnostic peaks at 

3.15 ± 0.15 keV and P and Ca species peaks collected at 2.0 ± 0.1 keV and 

3.85 ± 0.15 keV respectively. The EDX analysis gives an estimation of about 

550 μg/scaffold of Ag NPs. 

Further physico-chemical characterization allowed gaining insight into 

the Ag NPs formed during nanofunctionalization. In particular, TEM 

investigation carried out on colloidal Ag formed on the surfactant water 

solution shows the formation of NPs with diameters of about 20 nm (Fig. 

59A). The UV–Vis spectrum confirms the effective Ag NPs formation showing 

a diagnostic plasmon band centered at 420 nm (Fig. 59B). 

 

Fig. 59 A) Representative TEM image of Ag NPs; B) Ag NPs optical plasmon 
absorption spectrum on media reaction. 

9.4.2 In vitro antibacterial study 

The antibacterial properties of the Ag-Mg-HA scaffolds were firstly tested in 

suspension against two bacterial strains, E. coli and S. aureus. Fig. 60 shows 

the results obtained after 24 and 48 h of bacteria incubation on Ag-Mg-HA 

scaffold. 
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Fig. 60 Number of S. aureus ATCC29213 and E. coli ATCC19138 colonies after 24 and 
48 h of incubation in presence/absence of Ag-Mg-HA. The values were obtained from 
the mean of three replicates and the error bars represent standard deviation. 

Both bacteria showed a similar viability reduction in presence of 

functionalized Ag-Mg-HA scaffolds. In fact, S. aureus and E. coli cultures in 

the presence of Ag-Mg-HA scaffolds exhibited 3.57 ± 1.5 × 103 and 

4.2 ± 1 × 103 CFU/mL, respectively. These values are about 6 logarithms 

lower than the control (cultures without Ag-Mg-HA scaffold), values that are 

2.2 ± 0.6 × 109 and 3.4 ± 1.1 × 109 CFU/mL for S. aureus and E. coli, 

respectively. Similar results were obtained by evaluating adherent bacteria on 

scaffold surface after 24 and 48 h, respectively. More in details, we observed 

6.1 ± 2.2 × 102 CFU/ml for S. aureus and 1.3 ± 0.4 × 103 CFU/ml for E. 

coli after 24 h, whereas no colonies were found after 48 h of incubation for 

both bacteria (Fig. 61A). Results were in agreement with the Live/Dead 

staining (Fig. 61B). It can be noticed that for both bacteria Ag-Mg-HA scaffold 

drastically reduced the number of live cells as highlighted by the red 

fluorescence due to dead cells (propidium iodide). On the contrary, the un-

treated HA scaffold does not affect the bacterial viability showing high 

presence of live cells (green fluorescence due to Syto 9). Table 7 summarizes 

the above discussed antibacterial data collected for both methods (in 

suspension and in adhesion). These data correspond to 99 % and 100 % 

reduction of colonies for both bacteria cultures after 24 h of incubation and 

100 % of reduction after 48 h of incubation. 
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Fig. 61 (A) Number of S. aureus ATCC29213 and E. coli ATCC19138 colonies adhered 
to HA and Ag-Mg-HA after 24 and 48 h. The values were obtained from the mean of 
three replicates and the error bars represent standard deviation; (B) Live/Dead 
staining images of S. aureus ATCC29213 and E. coli ATCC19138 on HA and Ag-Mg-
HA scaffolds. 

 In suspension In adhesion 
0 h 24 h 48 h 24 h 48 h 

S. Aureus ATCC 29231 
HA (2.8 ± 0.7)105 (2.2 ± 0.6)109 (4.2 ± 0.8)1010 (1.4 ± 0.7)107 (3.6 ± 0.9)107 

Ag-Mg-
HA 

(3.1 ± 0.9)105 (3.57 ± 1.5)103 No CFU (6.1 ± 2.2)102 No CFU 

E. coli ATCC 29213 
HA (3.8 ± 0.8)105 (3.4 ± 1.1)109 (5.3 ± 0.9)1010 (6.4 ± 1.0)107 (8.2 ± 1.1)107 

Ag-Mg-
HA 

(2.5 ± 0.9)105 (4.2 ± 1.0)103 No CFU (1.3 ± 0.4)103 No CFU 

Table 7 Number of S. aureus ATCC29213 and E. coli ATCC19138 colonies after 24 and 
48 h of incubation on HA and Ag-Mg-HA for both “in suspension” and “in adhesion” 
cultures. The values were obtained from the mean of three replicates. 

Since bacteria were suspended freely in bulk liquids before sticking to 

surfaces, they occupy one of the three regions of fluids: (1) bulk liquid, in 

which the cells do not undergo bactericidal effects from the specimen surface; 

(2) bulk liquid near the surface, where the cells can experience the 

bactericidal effects of the surface; and (3) constraint near the surface, in 

which the cells undergo to bactericidal effects, due to presence of Ag+ ions. 

Our experiments were carried out at low speed shaking and consequently, 

during incubation time, bacterial cultures were almost uniformly put in 

contact with the functionalized surface of specimens. Results at 24 h still 
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showed presence of live bacteria in suspension, although significantly 

reduced. This finding could indicate that some bacteria had no interaction 

with the sample surface. On the other hand, live adherent bacteria, although 

in contact with surface and consequently more subjects to bactericidal effects, 

were also present. This suggests that bactericidal effects require long contact 

time to killing all bacteria, as showed by the results after 48 h. In term of 

bactericidal mechanism, literature studies indicate possible pathways. Since 

bacteria cellular membrane has negative charge, essentially due to presence of 

phosphate and carboxyl groups, positive charge ions, such as Ag+ are attracted 

on its surface [283]. The resulting electrostatic interactions can cause physical 

changes in the cellular membrane, damaging itself and promoting the ion 

infiltration inside cell [284]. Intracellularly, Ag+ can cause protein 

denaturation, mainly those of the ribosomes, and/or high levels of reactive 

oxygen species (ROS). The latter, when in excess, inhibit cellular respiration, 

damage lipids and nucleic acids, also leading to an apoptosis-like response 

[263, 285].  

These encouraging bactericide properties exhibited by Ag-Mg-HA 

scaffolds stimulate us to further in deep investigations on the specific 

antibacterial mechanism acting in the Ag-Mg-HA and testing against 

additional bacteria strains causing orthopedic infections (i.e. P. aeruginosa). 

9.4.3 In vitro human adipose stem cells study 

In order to investigate the cytotoxicity of the Ag-Mg-HA scaffolds with 

the host cells we seeded hADSCs on Ag-nanofunctionalized scaffolds and 

assessed their ability to adhere, penetrate and grow within them. Specifically, 

we cultured hADSCs cells in osteogenic medium for 24 days and performed 

H&E and DAPI staining's at four different differentiation time points (day 0, 

7, 14 and 24). H&E results are reported in Fig. 62. Data indicated that 

hADSCs adhere and grow on the surfaces of scaffolds, showing a normal 

morphology and phenotype, but from day0 to day24 the cell amount that 

populate the scaffolds decreases significantly. 
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Fig. 62 A) hADSCs osteogenic differentiation schematic representation. B) 
Representative images of Ag nanofunctionalized scaffold sections, stained with H&E, 
after 0, 7, 14 and 24 days in osteogenic medium; a) Ag-Mg-HA scaffold at day 0 
(D0), b) Ag-Mg-HA scaffold at day 7 (D7), c) Ag-Mg-HA scaffold at day 14 (D14), and 

d) Ag-Mg-HA scaffold at day 24 (D24); magnification 10× and scale bars 100μm. 

A’–d’) Images representing the magnifications of the rectangle indicated above. Scale 

bars: 50μm. 

To further investigate this result, we performed a quantitative 

measurement of cell number using DAPI stain. The data reported in Fig. 63 

(first line of Fig. 63A and blue bars in Fig. 63B) confirm the findings obtained 

from H&E staining. It can be noted that the cell amount on day 7 is about 1.6-

fold of that on day 0 (24 h after cells seeding). After 14 days of culture the cell 

number decreases almost 3.8-fold than day 0 and 2.3-fold than day 7. Finally, 

on day 24 the cell amount is reduced by 11.5, 7.14 and 3.04-fold compared to 

day 0, 7 and 14 respectively (p < 0.01). These data indicate that the Ag-Mg-

HA scaffolds are toxic to hADSCs being unable to offer a biocompatible 

environment for hADSCs to propagate and grow.  

To complete our cytotoxic investigation, we cultured the scaffolds with 

hADSC cells in presence of osteogenic differentiation medium and analyzing 

the Ag-Mg-HA scaffolds by Alizarin Red S (AR) staining at several time points 

(D0-D24). Fig. 63 (second line of Fig. 63A and orange bars in Fig. 63B) show 

that, at all the analyzed time points, the presence of calcium deposits is very 

low, although can be noted an increase at day 7 which decreases over time 
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until it returns to the level of day 0. This was quantitatively confirmed by the 

measurements of the AR optical densities (orange bars in Fig. 63B). Data 

show that even if after 7 days there is an increasing of cell differentiation of 4-

folds respect to the starting point (0 day), this value decreases to 2-folds after 

14 days and basically reaches the starting value after 24 days. This finding 

shows that Ag NPs inhibits the cell differentiation inducing a cytotoxic effect. 

 

Fig. 63 A) DAPI and Alizarin Red staining after 24 days of osteogenic 
differentiation on Ag nanofunctionalized scaffolds. Representative images of Ag 
nanofunctionalized scaffold sections, after 0, 7, 14 and 24 days. a) Ag-Mg-HA 
scaffold at day 0 (D0), b) Ag-Mg-HA scaffold at day 7 (D7), c) Ag-Mg-HA scaffold at 
day 14 (D14), and d) Ag-Mg-HA scaffold at day 24 (D24); scale bars 250 and 100 

μm respectively. In Alizarin Red, the red arrows indicate the calcium deposits. B) 
Cell count of the DAPI positive nuclei/section and Optical densities quantification of 
Alizarin Red images. (Mean and standard deviation obtained on 3 sections/scaffold.) 
ANOVA test p value is indicated (p < 0.0001) and ** (p < 0.01) shows significant 
differences between the different time points as reported by the Holm post-hoc test. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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Ag-Mg-HA Cell proliferation (DAPI) (n° cells/filed) 
D0 D7 D14 D24 
566 ± 65 552 ± 41 150 ± 71 50 ± 18 
Cell differentiation (AR) (LogOD) 
D0 D7 D14 D24 
0.08 ± 0.005 0.47 ± 0.05 0.27 ± 0.05 0.08 ± 0.01 

     
The values were obtained from the mean of three replicates. 

Table 8 Cell proliferation and differentiation after 0–24 days for Ag-Mg-HA. 

Table 8 summarizes the above discussed data related to both cell 

proliferation (DAPI staining) and differentiation (AR staining) after 0–24 

days.  

The observed cytotoxicity can be probable ascribed to the oxidative 

stress by ROS, as already reported in previous in-vitro studies on human cell 

lines [286, 287]. Even if ROS are necessary for preserving normal physiological 

processes, an excess can lead to oxidative stress, disruption of ATP synthesis, 

antioxidant defense capacity damage, DNA damage and finally apoptosis [288]. 

Therefore, ROS interrupt the cellular respiratory chain and provoke cells 

dead. This process has been also observed in the bacteria cells (see above). 

Together with cell dead mechanisms induced by Ag, another important 

aspect to be considered for the cytotoxicity observed in the Ag-Mg-HA 

scaffold regards the physiochemical properties of Ag-NPs (i.e. size, shape, 

concentration, and interaction with a biological system). These have been 

proved to imprint the specific cytotoxic effects to the material integrating the 

Ag-NPs [289]. 

Therefore, we can reasonably conclude that both (i) the cell dead 

mechanisms induced by Ag-NPs and (ii) their concentration play a key role in 

the observed cytotoxicity. 

9.5 CONCLUSIONS 

In this paper, we have presented a new chemical approach for nano-

functionalization of Mg-hydroxyapatite (Mg-HA) scaffold with Ag NPs. It 

bases on a photochemical generation of ketyl radicals (Norrish type I 

reaction) as reducing agent of an Ag precursor (Ag (acac)). The method is fast 

(3 min), green (water solvent) and, most importantly, allow the direct grown 

of Ag-NPs direct on the whole Mg-HA scaffold without change the 
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morphology of the pristine HA scaffold. The size of the grown Ag NPs was 

observed to be about 20 nm. The nanofunctionalized Ag-Mg-HA scaffold 

exhibited excellent antibacterial properties against E. coli and S. aureus, with 

a reduction of CFU/mL up to 99% for E. coli and 100% for S. aureus after 

24 h and 100% reduction after 48 h of incubation. The scaffold cytotoxicity 

was also in deep investigated. Results show cell proliferation decreasing up to 

90% at 24 days and osteogenic differentiation inhibition. These data can be 

attributed to specific bactericidal and cytotoxic mechanism from 

Ag nanostructure. On that, literature studies describe several pathways 

involving Ag+ release, ROS generation and NPs interaction with cells as 

function of dimensions, concentration and shape. Up to date, the bactericidal 

and cytotoxic mechanism of Ag-NP is not definitely identified. Therefore, in 

the light of that, due to the effectiveness of the nanofunctionalization method 

and the excellent antibacterial properties showed by the Ag-Mg-HA scaffold, 

our future works will be devoted to investigate the specific mechanism of 

toxicity of Ag NPs grown by the photochemical method towards hADSCs and 

the effect on the Ag-NPs concentration into the scaffold on both antibacterial 

properties and cytotoxicity. On that, an important point to be considered is 

that the respiratory chain on bacteria occurs in the cellular membrane, while 

in human eukaryotic cells it takes place in the mitochondria. This then 

significantly affects local concentration of Ag on the “killing site” (cell 

membrane for bacteria and mitochondria for human cell). Therefore, by 

playing with the Ag-NPs concentration into the scaffold and optimizing it, we 

will target the final goal to obtain nanofunctionalized scaffold satisfying both 

antimicrobial and osteoregenerative properties. 
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10. SILICON NANOPARTICLES FROM VOLCANIC 

ROCKS 

The content of this chapter is a collection of experimental data obtained during the 
visiting PhD period on the laboratory of nanochemistry at the Institute of 
Supramolecular Science and Engineering (ISIS) (University of Strasbourg/CNRS) in 
Strasbourg, France.  

10.1 INTRODUCTION 

Within the research area of nanostructures for material science, the 

current focus of frontier research is the obtainment of new (nano)materials 

with versatile properties. Graphene and 2D materials have been amongst the 

milestones of nanoscience, material science, and condensed-matter physics, 

and still are extremely hot topics. In the last years their unique electrical, 

thermal, and optical properties allowed researchers to develop a large volume 

of knowledge. [290] Today, thanks to these efforts, we know that 

nanochemistry paraphernalia, in terms of nanostructures size and shape 

tunability or surface functionality, can support the demand for new materials 

with adjustable physical and chemical properties. It is also true that it is also 

needed to continue exploring new starting materials and nature is a 

continuous source of inspiration dear to researchers of any era. Following this 

lead, it was decided to explore the potential of an extremely abundant 

product, one of the basic constituents of our planet: volcanic rocks. The idea is 

to apply nanochemistry to volcanic rocks, forge of many elements entrapped 

in a complex silicate matrix, to produce new materials or new functional 

coatings.  

As a starting material, it was decided to use “lapilli” which are one of 

the products of the volcanic activity of Mount Etna (Sicily, Italy). This volcano 

alternates effusive activity, with basaltic lava production, with explosive 

activity. The latter appears generally as a huge column made of gases, ashes, 

and “lapilli” from one of the volcano’s vents. Lapilli, that are small, light, and 

porous lava rocks, have been selected both for their abundance in eastern 

Sicily areas and for their facile mechanical processability.  

Research state-of-art on lava products is generally focused on 

geological studies, for example to predict new eruptions or earthquakes, to 

understand the history of the volcano [291, 292] or for other fundamental 
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studies [293]. Little is known about lava nanostructures that could become a 

new and promising research niche for a plethora of applications in material 

science, chemistry, and nanomedicine. Some works were published in 2007-

2008 in which volcanic ashes were used as catalysts for nanocarbons (carbon 

nanotubes and nanofibers) synthesis [294] and this complex as support for 

oxidative dehydrogenation reactions [295]. In 2016 Zhua used α-Fe2O3 

nanoparticles-coated volcanic rock for Cd(II) removal from wastewater [296]. 

This work was born with the aim to explore nanomaterials coming from 

volcanic rocks that can be easily “extracted” instead of obtaining similar with 

long, expensive, and maybe also pollutant synthetic techniques. New 

nanoparticles with bizarre shapes, unusual compositions, and unrevealed 

physical and chemical properties within the framework of a complex silicate 

matrix can be an inert and bio-compatible basis to install new targeted 

functionalities and entrap molecules to become drug delivery agents. Their 

mechanical, thermal, and electrical properties can be also exploited for 

functional coatings in material science. 

10.2 MATERIAL PREPARATION 

Lapilli rocks, collected in the area of Zafferana Etnea (Catania, Italy), 

were grounded in a mortar until fine grey powder (Fig. 64). 

 

Fig. 64 Lapilli "lava" as collected (a) and after grounding (b) 

The resultant powder was used for the liquid phase exfoliation 

experiments summarized in Table 9. Among the possible methods to 

fragment bulk layered materials into the nanoscale, liquid exfoliation 

represents a simple technique to obtain large quantities of nanomaterials like 

nanosheets, hybrids, composites, and others. There are several methods to do 

this that involve oxidation, ion intercalation/exchange, or surface passivation 
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by surfactants or solvents. [297] For this work it was decided to use the ion-

exchange/intercalation method, in acidic and alkaline solutions, driven by 

ultrasonication that is a recognized procedure to decrease particle size until 

the nanometric scale [298]. It was also explored the surfactant-assisted method 

driven both by ultrasonication and conventional thermal procedure. 

 

SAMPLE SOLVENT ADDITIVE CONDITIONS 
Lava exf. pH = 2 

(LExA) 
Water 

HCl to pH = 2 

Ultrasonication 
Lava exf. Natural 

pH = 9.3 
- 

Lava exf. pH = 13 NaOH to pH = 13 
Lava CTAB UW 

(LExC UW) 
Ethanol CTAB 

Lava CTAB Reflux 
(LExC reflux) 

Thermal 

Table 9 Experimental conditions of liquid phase lava exfoliation 

10.2.1 Liquid phase exfoliation in water – Ultrasonication 

Lapilli powder (500 mg) was suspended in 100 mL of ultrapure water 

(MilliQ-type). The pH of the solution was moved to 2 with 0.1 M hydrochloric 

acid (Merck, Darmstadt, Germany) addition or to 13 with 0.1 M NaOH 

addition (Merck, Darmstadt, Germany). The mixture was sonicated in a cup 

horn sonicator for 3 h at 20 °C, with 40 % of amplitude in a programmed 

pulse cycle of 3 s ON and 1 s OFF. The instrument was a QSonica cup horn 

Q700 sonicator (Qsonica L.L.C., Newton, CT – USA) (Max power: 700 W, 20 

KHz) equipped with a ThermoCube Qsonica/Solid State Colling recirculating 

chiller (Solid State Cooling Systems, Wappinger Falls, NY – USA).  

The product was then centrifuged at 550 rpm for 10 min to remove all 

the bigger fractions and unreacted constituents, collecting the supernatant. 

Only the pH = 2 exfoliated sample was centrifuged again in two different 

fractions: the first was treated at 4629 rcf (6000 rpm) for 30 min and the 

other at 15557 rcf (11000 rpm) for 30 min. All of them were split into other 

two fractions: one that was laid untreated and the second filtered with a 0.22 

μm PES (Polyethersulfone) filter (Merck Millipore Millex-GP 0.22 μm, Merck, 

Darmstadt, Germany). Below the list of the samples, for a matter of simplicity, 
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it was chosen to short the name of lava exfoliated pH = 2 samples in LExA – 

Lava Exfoliated Acid. 

• LExA 6000 rpm 

• LExA 6000 rpm filt.     

• LExA 11000 rpm 

• LExA 11000 rpm filt. 

10.2.2 Surfactant-assisted liquid phase exfoliation 

Lapilli powder (500 mg) was suspended in 100 mL of absolute ethanol 

with Cetyltrimethyl Ammonium Bromide (CTAB) as a surfactant (1.823 g). 

CTAB critical micelle concentration (CMC) in ethanol is 0.24 M [299] 

compared to 9·10-4 M in water. Using ethanol as a solvent could avoid micelle 

formation favouring surfactant interaction with the material to be exfoliated 

and providing a better solvent for laboratory manipulations. Ethanol is also 

recognized as a “green” solvent. To estimate lava powder molecular weight, it 

was decided to approximate using the one of SiO2. 

SAMPLE MW mmol eq. mg 
Lapilli powder (SiO2) 46 5 1 500 

Cetyltrimethyl ammonium bromide (CTAB) 364.46 5 1 1823 
Table 10 Reaction stoichiometry of CTAB-assisted lava exfoliation 

This experiment was performed with ultrasonication, as for the liquid 

phase exfoliation in water, and with a thermal treatment.  

• Ultrasonication 

The mixture of lapilli powder and CTAB in EtOH was sonicated in a cup 

horn sonicator for 3 h at 10 °C, with 40 % of amplitude in a programmed 

pulse cycle of 3 s ON and 1 s OFF. 

• Thermal exfoliation 

The mixture of lapilli powder and CTAB in EtOH was left under stirring 

at 40 °C for 4 h and then under reflux for 61 h. 
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For both methods, the mixture was purified by centrifugation at 550 

rpm for 10 min, followed by filtration of the supernatant with a sintered glass 

filter (porosity 4); such filtered product was washed many times with ethanol. 

Two products were collected: a grey solid precipitate named “coarse fraction” 

(already washed) and a “fine fraction” coming from the filtered dispersion. 

The latter was recovered as the precipitate of centrifugation made at 15557 rcf 

for 60 min of the filtered ethanolic dispersion.  

10.3 LIQUID PHASE EXFOLIATION ON DIFFERENT PH 

10.3.1 Optical microscopy 

 

Fig. 65 Optical microscopy images of lava liquid phase exfoliation in water on 
different pH values 

As is shown in Fig. 65a, starting material (the non-exfoliated lapilli 

powder) presented different types of crystals with heterogeneous shapes and 

size distribution. The images in Fig. 65b are referred to the ultrasound liquid 

phase exfoliation performed at different pH values. As the purpose of the 

work was to obtain materials on the nanometric scale, it was chosen to 

continue the experimental plan only on exfoliation at pH = 2 (LExA). This 

procedure in fact, according to optical microscopy images, seems that 

produced smaller particles compared to the other two. It can be deduced that 

Na+ and OH- as intercalating/exchanging ions were not efficient as H+ and Cl- 

coming from HCl dissociation. Protons, in particular, lead to the substitution 
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of the interlayer cations producing Si-OH at the layer edges which increases 

the general reactivity and ion binding [300, 301]. 

pH of the natural bare lava suspension was 9.23, according to 

carbonates dissolution, and became 8.4 after the process. Alkaline exfoliation 

was performed on pH = 13.15 and after the process was found equal to 12.65. 

LExA exfoliation started on pH = 2 and evolved to pH = 2.64.  

10.3.2 SEM/EDS on starting material and LExA 

 

Fig. 66 SEM imaging and EDS characterization: a) LExA sample; b) Bare lava 
“lapilli” powder. 

A 1/100 dilution of the product of “lava” powder exfoliation pH = 2 

(LExA) was drop-casted on a Si/SiO2 wafer and directly analysed on SEM, 

without metallic sputtering. Elemental composition, according to EDS 

spectroscopy, did not change as a function of material morphology. 

Quantitative analysis in Fig. 66a is reported on two different points of the 

sample, one related to the micrograph image shown and the second on a 

single particle (image not shown). As a comparison experiment (Fig. 66b) 

bare lapilli powder (the starting material) was attached to a Copper tape and 

directly analysed on SEM, without metallic sputtering. Elemental 
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composition, according to EDS spectroscopy, was: O, Fe, Na, Mg, Al, Si. 

Carbon, Chlorine, Potassium, and Calcium are missing, so it can be concluded 

that these elements were introduced or unmasked during the LExA process 

due to hydrochloric acid addition. Protons and Chlorides, in this way, 

reasonably served as intercalator/exchange ions favouring silicate exfoliation 

and their presence prove the effectiveness of the procedure. This, however, 

was not quantitative, as it is still possible to find multilayered crystals in the 

product mixture (Fig. 67). 

 

Fig. 67 SEM images on LExA sample: multi-layered crystals in the product mixture 

10.3.3 Dimensional selection on LExA materials 

As reported in the material preparation section (2.2.3), the product of 

lapilli powder acidic exfoliation was centrifuged to obtain nanometric scale 

materials attempt a size separation of nanometric fractions in dispersion. The 

LExA samples list is reported below. 

• LExA 6000 rpm 

• LExA 6000 rpm filtered 0.22 μm     

• LExA 11000 rpm 

• LExA 11000 rpm filtered 0.22 μm 
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10.3.3.1 UV/Vis and luminescence characterization 

 

Fig. 68 UV/Vis absorption spectra: a) Spectra recorded right after sample 
preparation, b) Spectra recorded 2 weeks after preparation. 

All the samples presented the same absorption spectrum right after the 

preparation (Fig. 68a), with one band from 250 to 350 nm (Amax = 292 nm). 

After two weeks (Fig. 68b) only the absorption spectra of the non-filtered 

samples changed, showing one band from 217 to 255 nm (Amax = 237 nm), 

another from 265 to 333 nm (Amax = 300 nm), and the last one from 450 to 

550 nm (Amax = 495 nm) as highlighted in the insert of Fig. 68b. 

 

Fig. 69 Emission spectra: a) 6000 rpm, b) 6000 rpm filtered 0.22 μm, c) 11000 rpm, 
d) 11000 rpm filtered 0.22 μm 

In Fig. 69 are reported emission spectra recorded right after the 

preparation, on the legend the excitation wavelengths. Even in this case, there 



173 
 

is no difference between the samples. It could be detected an emission band 

from 300 to 400 nm (λ emission max = 350 nm) with 250 nm excitation. The 

absorption band responsible for the emission phenomenon is attributed to the 

deep UV band from 200 to 250 nm as confirmed by the excitation spectra in 

Fig. 70a.  

After two weeks of preparation, analysing 6000 rpm non-filtered sample, it 

can be seen a change also in the emission band that became larger (Fig. 70b). 

 

Fig. 70 a) Excitation spectra of 6000 rpm filtered sample; b) Emission spectra (λ exc = 
250 nm) right after the preparation and two weeks later 

10.3.3.2 FT-IR characterization 

 

Fig. 71 FT-IR (ATR) spectra: a) Comparison between of LExA samples and bare lava; 
b) FT-IR spectrum of LExA 6000 rpm filt., as a reference for the others, with the 
selected peaks. 

In Fig. 71a are reported FT-IR spectra of the different samples. It can be 

seen a dramatic change in the IR bands from the bare lava (non-exfoliated 

lapilli powder), that has one large band from 1250 to 763 cm-1 and a less 

intense band from 763 to 653 cm-1, to the LExA samples. The latter presented 

the same IR absorptions. In Fig. 71b a single spectrum is reported with a 

selection of the peaks (cm-1), which are listed in Table 11 and can be associated 



174 
 

to silicates [230]. Notably, the most important contribution is given by the Si-

OH bond vibrations. 

WAVENUMBERS (cm-1) ATTRIBUTION 
3550 -Si-OH 
3352 -Si-NH-Si-; -NH 
3231 -Si-OH 
3020 -C=C-; sp2 CH stretch 
1950  
1614 Water; -C-C- arom. stretch 
1372  
1147 -Si-NH-Si; -Si-O-Si- 
1062 -Si-OH 
940 -Si-NH-Si- 
838 -Si-OH; -CH oop bend. 
Table 11 FT-IR peaks attribution 

In Table 12 are reported on the left the common IR absorption bands of 

silicates, on the right other bands associated with common vibration of 

carbon and nitrogen bonds that are reported in [230] and were used for 

spectrum interpretation. 

GROUP WAVENUMBERS (cm-1) GROUP WAVENUMBERS (cm-1) 

-Si-OH 
3700-3200; 1030-1000;  

910-820 
-NH 3350 

-Si-NH2 
3600-3300 (doublet); 

 1530-1510 

-C=C-; 
sp2 CH 
stretch 

3020 

-Si-; 
CH=CH2 

1615-1590; 1420-1390; 
1050-1010; 950-920 

-CH oop 
bend 

838 

-Si-O-Si- 1100-100   
-Si-O- 1062   

Table 12 FT-IR peaks from ref. 230 

10.3.3.3 Energy gap characterization 

 

Fig. 72 a) Samples work function estimated by UPS, b) Tauc plot for the estimation of 
the optical band gap 



175 
 

To further understand materials’ surface behaviour, work functions 

were estimated using Ultraviolet Photoelectron Spectroscopy (UPS). Very 

similar values of work function were found between the samples, namely from 

5.26 to 5.47, probably within the experimental error (Fig. 72a). From the 

UV/Vis absorption spectrum right after the preparation, it was calculated the 

optical energy band gap (Fig. 72b) between Valence Band Minimum (VBM) 

and Conduction Band Minimum (CBM) using a Tauc plot [174] by the formula 

taken from [175] 

(𝛼ℎ𝜈)
1
𝛾  =  𝐵(ℎ𝜈 − 𝐸𝑔) 

where 𝛼 is is the absorption coefficient (𝛼 = 2.303𝐴 ∙ 𝑐𝑚−1), ℎ the Plank 

constant, 𝜈 is the frequency of the incident photon, 𝛾 is a parameter that 

depends on the nature of the electronic transition (in this case for allowed 

transition could be 0.5 for the indirect and 2 for the direct), 𝐵 is a constant 

assumed to be 1 and 𝐸𝑔 the energy band gap. 𝐸𝑔 was calculated using 𝛾 = 1
2⁄  

for the direct electronic transition. The calculated optical band gap is 3.23 eV. 

10.3.3.4 Material resistivity (four-point probe) 

The obtained resistivity values are shown in Table 13. In Table 14 there 

are reported experimental values and calculations used to obtain the 

resistivity parameters. It can be seen large heterogeneity in terms of film 

thickness and, especially, in terms of sheet resistance. It can be concluded 

that materials are heterogeneous and seem to be conductive.  

SAMPLE RESISTIVITY (𝜴 ∙ 𝒎) 
6000 rpm 14.65 ± 14.76 

6000 rpm filtered 3.58 · 10-6 ± 2.54 · 10-6 
11000 rpm 4.80 ± 7.30 

 11.99 ± 42.82 
 1.32 · 10-6 ± 8.62 · 10-7 

11000 rpm filtered 7.12 ± 11.59 
 16.62 ± 13.58 
 2.48 · 10-6 ± 1.36 · 10-6 

Bare 0.05 ± 0.02 
Table 13 Resistivity values of material thin films estimated from four-point probe 
technique 
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SAMPLE 
MAX  

CURRENT 

SHEET 
RESISTANCE 

(𝜴 𝒔𝒒⁄ ) 

THICKNESS 
(nm) 

6000 rpm 10 nA 

2.1 · 107 
432, 522, 175 

651, 218, 1000 
623, 734, 682 

 

2.5 · 106 
8 · 106 

4.2 · 107 
5.8 · 107 

2.612·107 ± 
2.3404·107 

560.66667 ± 
258.65953 

6000 rpm filtered 100 mA 

5 118, 810, 1184 
1145, 893, 1307 
655, 1078, 1270 

 

6.15 
1.1 
3 

3.8125 ± 2.22799 940 ± 377.52682 

11000 rpm 

10 nA A - 1.5 · 107 345, 373, 320 
397, 970, 885 

629, 448 
452, 580, 1200 

 

100 mA 
B - 3.2 
B – 1.3 

10 nA A - 2.5 · 107 
100 mA B – 2.1 

 

T - 8·106 ± 
1,151097 · 107 

599.90909 ± 
293.34909 

A - 2·107 ± 7.07107 
· 107 

B – 2.2 ± 0.95394 

11000 rpm 
filtered 

10 nA A - 2.1 · 107 

839, 607, 394 
865, 1060, 1298 
1527, 1312, 1036 

558 

100 mA B – 4.1 

10 nA 
A - 2.8 · 107 
A - 3.5 · 106 

100 mA 
B - 2.05 
B – 2.4 
B – 1.9 

 

T - 7.5 · 106 ± 
1.18568 · 106 

949.6 ± 365.84247 
A – 1.75 · 107 ± 

1.26194 · 107 
B – 2.6125 ± 

1.01355 

Bare 100 nA 

2 · 104 

1737, 4346, 2885 
2504, 2058 

1.8 · 104 
1.91 · 104 
1.81 · 104 
1.78 · 104 

1.8602 · 104 ± 
931.40754 

2706 ± 
1015.05049 

Table 14 Experimental values of sheet resistances and thicknesses for resistivity 
calculations 
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10.3.3.5 XPS characterization 

XPS spectra were collected from three different points per each sample. 

For each sample survey and high-resolution spectra were acquired, the latter 

for C1s, O1s, Al2p, Si2p, Fe2p, and Mg1s. In Fig. 73a an overlay of the survey 

spectra is presented for all the different samples, it can be noticed that the 

exfoliated are overlapping, instead of bare lava (lapilli powder) that is 

different.  

 

Fig. 73 a) Overlay of XPS survey spectra for LExA samples and bare lava; b) 
Quantitative XPS determination of LExA and bare lava samples 

Three survey spectra per sample allowed statistics on quantitative XPS 

that are shown in Fig. 73b. As the surveys were not different in peak positions 

but only in the atomic percentages, it was chosen one representative for the 

exfoliated (11000 rpm filtered) to plot vs. bare lava for qualitative and 

quantitative determination (Fig. 74). 
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The trend of surveys is confirmed by the high-resolution spectra 

overlay reported in Fig. 75. LExA samples were not subjected to peak shift 

between them, some are shifted compared to bare lava, but the shape, of 

course, is different. HR-XPS spectra fitting allowed to show different 

contributions between bare lava and 11000 rpm filtered (reference for the 

LExA samples). In Table 15 are reported B.E., attribution, and relative atomic 

percentage of deconvoluted peaks for both samples. Fitting for Fe2p region is 

taken from [302]. In Fig. 76 are reported the deconvoluted spectra graphs. 

 

Fig. 74 Quantitative XPS on 11000 rpm filtered and bare lava as the reference 

 

Fig. 75 Overlay of HR-XPS spectra of LExA and bare lava samples 
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ELEMENT 
11000 RPM FILTERED BARE LAVA 

PEAK 
B.E. 

ATTRIBUTION 
RELATIVE  
ATOMIC % 

PEAK  
B.E. 

ATTRIBUTION 
RELATIVE  
ATOMIC % 

Al2p 74.41 Al2O3, Al(OH)x 100 74.02 Al2O3 100 

Si2p 
100.19 Si 8.96 101.44 Silicate 22.47 
102.01 Silicate 74.54 102.10 Silicate 17.03 
102.97 Silicate 16.50 102.72 Silicate 60.50 

C1s 

284.57 C-C, C-H 51.12 284.50 C-C, C-H 64.45 
285.19 C-OH, C-O-C 20.71 285.25 C-OH, C-O-C 10.78 
286.37 C=O 12.07 286.33 C=O 11.34 
287.48 O-C=O 8.51 287.72 O-C=O 5.69 
288.66 Carbonate 7.59 289.13 Carbonate 7.73 

O1s 

529.89 FeOx 14.67 530.49 FeOx 17.93 
531.32 AlOx, Carbonate 42.92 531.34 AlOx, Carbonate 51.53 
532.24 Silicate 36.45 532.41 Silicate 4.69 
533.51 Water 5.96    

Fe2p 

709.02 Pre-peak 1.30 708.55 Pre-peak 2.62 
710.20 

Fe2p 3/2 

9.24 709.28 

Fe2p 3/2 

6.98 
711.15 15.48 710.32 9.68 
712.07 17.60 711.51 18.44 
713.16 7.79 713.09 13.51 
714.44 Surface peak 6.12 715.03 Surface peak 5.78 
718.53 Fe2p 3/2 satellite 11.39 171.94 Fe2p 3/2 satellite 7.73 
723.83 

Fe2p 1/2 
13.60 724.47 Fe2p 1/2 35.25 

725.93 17.49    

Mg1s 

1302.60 Mg 21.91 1303.15 MgOx 46.63 
1304.47 MgOx 52.28 1303.86 MgOx 39.04 
1305.53 MgOx, MgCO3 13.23 1304.50 MgCO3 14.33 
1306.86 MgCO3 12.57    

Table 15 XPS peaks chart for 11000 rpm filtered and bare lava samples 
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Fig. 76 HR-XPS spectra of 11000 rpm filtered and bare lava sample
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10.3.3.6 XRD characterization 

 

Fig. 77 XRD pattern of bare lava "lapilli" powder (green line) overlayed with 
literature pattern of volcanic ashes and azolo [303] (black line) reproduced with 
permission from Elsevier. 

 

Fig. 78 XRD pattern of LExA samples compared to bare lava 

X-Ray powder diffraction pattern of bare lava (lapilli powder) is 

comparable to one of Mount Etna volcanic ashes and azolo (“a material 

produced by artificial crashing of trachybalsaltic lava and commonly 
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employed in the Etnean area as aggregate fraction in the production of 

building materials such as ceramics and mortars”) found in the paper of 

Belfiore et al [303]. The authors attributed material composition mainly to 

glass with a low content of crystalline phases given by plagioclaste, augitic 

clinopyroxene, olivine and Ti-magnetite and only subordinally tachylyte. This 

minero-petrographic characterization was confirmed by plagioclaste, augitic 

clinopyroxene, olivine and Ti-magnetite phases individuated in the XRD 

pattern that is shown in Fig. 77. In that figure is overlayed the experimental 

pattern acquired from lapilli powder with the literature spectrum. The bare 

lava XRD pattern is not comparable with LExA samples patterns in Fig. 78, 

many peaks in fact are missing or shifted. For example, peaks at 2θ = 22°, 

26.49°, 35.66°, and 42.15° are not present in the patterns of exfoliated 

samples, and peaks at 2θ = 23.66°, 27.78°, and 39.53° are shifted. It is also 

possible to comment that background noise decreases and the sharpness of 

the peaks increase with the centrifugation speed. The clearest pattern in fact 

is from 11000 rpm centrifuged and 0.22 μm filtered sample, probably because 

of the greater homogeneity of the sample. 

10.3.3.7 STEM imaging 

 

Fig. 79 STEM images on LExA 6000 rpm sample 
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Fig. 80 STEM images on LExA 6000 rpm filtered sample 

 

Fig. 81 STEM image with some particle's diameters on LExA 6000 rpm 
filtered sample 
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Fig. 82 STEM images on LExA 11000 rpm sample 

 

Fig. 83 STEM images on 11000 rpm filtered sample 

In Fig. 84 are reported STEM/EDS characterization of the 11000 rpm 

filtered sample. Composition is heterogeneous, at least 3 different types of 

nanoparticles were identified: a large amount of indefinite shape ≤ 100-150 

nm particles, 500-1000 nm spherical and porous particles and other bigger 

and irregular structures. Nanostructures are constituted by Silicon (~ 70 %), 

Carbon (~ 10-20 %), Oxygen (~ 7-9 %) and Aluminium (~ 3-5 %). Chlorine (~ 

3-5 %) is present only in the spherical and porous (~ 500-1000 nm) particles. 
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Fig. 84 STEM/EDS characterization on LExA 11000 rpm filtered sample 
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10.3.4 Surfactant-assisted liquid phase exfoliation  

As reported in the material preparation section (vide 2.2.3.2), 

surfactant-assisted liquid phase exfoliation of lapilli powder was performed 

with CTAB as surfactant (“LExC”) and using both thermal (namely “reflux”) 

and ultrasonication (namely “UW”) procedures. Products from both 

procedures were a “coarse” and a “fine” fraction. Fine fractions were 

centrifuged and filtered to sort only nanometric scale particles, the procedure 

was the same for LExA samples. The samples list is reported below. 

• LExC reflux coarse 

• LExC reflux fine 

• LExC reflux fine 6000 rpm 

• LExC reflux fine 6000 rpm filtered 0.22 μm  

  

• LExC reflux fine 11000 rpm 

• LExC reflux fine 11000 rpm filtered 0.22 μm 

• LExC UW coarse 

• LExC UW fine 

• LExC UW fine 6000 rpm 

• LExC UW fine 6000 rpm filtered 0.22 μm  

  

• LExC UW fine 11000 rpm 

• LExC UW fine 11000 rpm filtered 0.22 μm 

10.3.4.1 UV/Vis characterization 

In Fig. 85 there are shown UV/Vis absorption spectra of fine and coarse 

fractions from both the exfoliation procedures. In ultrapure water particles 

are in suspension, moreover, there is no clear UV absorption.  
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Fig. 85 UV/Vis absorption spectra of fine and coarse fraction of lava CTAB-
assisted liquid phase exfoliation. Thermal exfoliation vs. ultrasonication 

In Fig. 86 are reported absorption spectra of centrifuged and filtered 

samples. In this case, although they are diluted, it can be seen the presence of 

a colloidal dispersion because of the small particles’ light scattering visible 

from the asymptotic absorption trend to UV region. Centrifuged only and 

centrifuged and filtered samples have two to two similar spectra, the same is 

for samples coming from the different exfoliation procedures (thermal and 

ultrasonication). Samples are not luminescent. 

 

Fig. 86 UV/Vis absorption spectra of centrifuged and filtered samples coming 
from fine fractions of LExC. a) Thermal exfoliation vs. ultrasonication of all LExC 

samples; b) Comparison of LExC 11000 rpm sample and 11000 rpm filtered 
absorption spectra coming from thermal and ultrasonication procedures 
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10.3.4.2 FT-IR characterization 

 

Fig. 87 FT-IR spectra of LExC samples: a) LExC from thermal exfoliation; b) 
LExC from ultrasonication. 

Looking at the FT-IR spectra in Fig. 87 of coarse and fine fractions of 

thermal (Fig. 87a) and ultrasonication (Fig. 87b) exfoliation there can’t be 

seen significative differences between bare lava (lapilli powder starting 

material) and the LExC samples.  
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10.3.4.3 STEM/EDS characterization 

 

Fig. 88 STEM/EDS characterization on coarse fraction (Thermal) 
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Fig. 89 STEM/EDS characterization on LExC 6000 rpm (Thermal) 

 

Fig. 90 STEM images on LExC 11000 rpm (Thermal) 

 

Fig. 91 STEM images on LExC coarse fraction (Ultrasonication) 
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Fig. 92 STEM/EDS characterization on LExC 6000 rpm (Ultrasonication) 

 

Fig. 93 STEM/EDS characterization on LExC 11000 rpm (Ultrasonication) 

10.3.5 Conclusions 

Heterogeneous types of silicon oxides nanoparticles were produced via 

liquid phase exfoliation in acidic medium (LExA) of lava “lapilli” powder; 

according to the data, in these nanoparticles are embedded metals such as 

Aluminium, Iron, Magnesium, Calcium and non-metals like Chlorine and 

Carbon. Considering nanoparticle size, different populations were recognized: 

the lightest fraction ≤ 100-150 nm with indefinite or approximatively 

spherical shape, an intermediate fraction between 500 and 1000 nm 
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constituted by spherical and porous particles, and a heterogeneous group of 

heavier and irregular structures. The latter group is reasonably constituted by 

the non-exfoliated/unreacted fraction which have not been separated by 

centrifugation. Size separation attempted by centrifugation and filtration per 

steps (6000 rpm, 11000 rpm and 0.22 μm filtration) was effective anyway as 

it can be seen by STEM imaging and progressive signal definition of the XRD 

pattern. Investigations performed with UV/Vis and fluorescence 

spectroscopies, FT-IR spectroscopy and XPS revealed nearly identity between 

the different centrifugation fractions, but a substantial difference with the 

starting non-treated material. Liquid exfoliation treatment produced 

nanoparticles with an identifiable and characteristic spectral pattern. Finally, 

regardless of the size-related heterogeneity, samples according to four-point 

probe measurements were conductive. They had a work function, estimated 

by UPS, of approximately 5.3 eV and an optical band gap, estimated by Tauc 

plot, of ~ 3.2 eV.  

Liquid exfoliated samples produced with the surfactant-assisted 

method via ultrasonication, and thermal procedures (LExC) were strongly 

different from LExA. They were difficult to disperse in water and the general 

appearance was similar to the unreacted material. FT-IR spectra of starting 

material and LExC samples were, in fact, the same. From a preliminary 

interpretation, STEM imaging revealed no differences between LExC UW and 

LExC reflux. It was difficult to find completely covered areas on the TEM grid, 

probably due to the low dispersibility in water. A lot of aggregates of big 

particles (5-10 μm) were found, the exact shape of which could not be 

assessed with STEM, because of the high charging under the electron beam. 

In every centrifuged sample unusual rod-shaped particles were found, with a 

length between 1 and 4 μm. Despite issues arisen with the electron beam 

focusing (maybe due to lower electron density compared to the other 

particles) the elemental composition was the same as the other structures (C, 

Al, O, Si). These probably could have been produced thanks to the templating 

power of CTAB towards tubular/wormlike structures [304, 305], but those are in 

general one order of magnitude smaller than these. 
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11. INSTRUMENTS 

11.1 Optical spectroscopy 

UV/Vis absorption and luminescence spectra were recorded in air-

equilibrated solutions or dispersions contained in 1 cm quartz cells.  

The UV/Vis spectrophotometers were: Jasco V-560 UV/Vis, Jasco V-

570 and V-670 UV/Vis-NIR (Jasco Co., Tokyo, Japan).  

Fluorescence steady-state spectrofluorometers were: Agilent Cary 

Eclipse (Agilent Technologies Inc., Santa Clara, CA – USA), Horiba Jobin-

Yvon FluoroMax-P and FluoroLog-2 (mod. F-111) (Horiba Ltd., Kyoto, 

Japan).  

Luminescence lifetimes were determined on an Edinburgh OB900 

time-correlated single-photon-counting (Edinburgh Instruments Ltd., 

Livingston, UK) spectrometer equipped with Hamamatsu PL2 408 nm laser 

diode (pulse width: 59 ps) (Hamamatsu Photonics K.K., Hamamatsu city, 

Japan). 

• Chapt. 5.2: Jasco V-560, Horiba Jobin-Yvon FluoroMax-P 

• Chapt. 6: Jasco V-560, Horiba Jobin-Yvon Spex Fluorolog-2 

• Chapt. 7: Jasco V-560, Horiba Jobin-Yvon FluoroMax-P 

• Chapt. 8: Jasco V-560, Jasco V-570, Horiba Jobin-Yvon 

FluoroMax-P, Edinburg OB900. 

• Chapt. 9: Jasco V-560 

• Chapt. 10: Jasco V-570 UV, Agilent Cary Eclipse. 

11.2 Fourier Transform InfraRed spectroscopy (FT-IR) 

Fourier Transform Infrared (FT-IR) spectra in Attenuated Total 

Reflectance (ATR) were acquired with i) Thermo Scientific Nicolet iS50 

spectrometer (Thermo Fisher Scientific Inc., Waltham, MA – USA) in the 

spectral range between 4000 and 400 cm-1 (wavenumbers), with a resolution 

of 4 cm-1 and 64 scans per sample and ii) Perkin-Elmer Spectrum Two 

spectrometer with a diamond ATR single reflection accessory. Transmission 

FT-IR measurements on silicon-deposited samples were obtained using a 
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Jasco FTIR 4600LE spectrometer (Jasco Co., Tokyo, Japan) in the spectral 

range of 560-4000 cm-1, 4 cm-1 of resolution and 64 scans per sample. 

• Chapt. 5.1: Perkin-Elmer Spectrum Two 

• Chapt. 5.2: Jasco 4600LE, Perkin-Elmer Spectrum Two 

• Chapt. 6: Jasco 4600LE 

• Chapt. 8: Jasco 4600LE, Nicolet iS50 

• Chapt. 10: Nicolet iS50 

11.3 Raman spectroscopy 

Raman spectra were acquired with a Horiba Jobin-Yvon (Horiba Ltd., 

Kyoto, Japan) LabRAM HR800 micro-Raman spectrometer equipped with 

1800 lines/mm grating and a Peltier cooled CCD detector (Horiba, Synapse 

model). A 3 mW 514.5 nm Ar+ laser (Spectra-Physics 2060, Newport Corp., 

CA – USA) was focused onto 1 μm2 of the samples by a 100X (N.A. = 0.9) 

objective (Olympus BX41 microscope - Olympus Co., Tokyo, Japan).  

Raman measurements were carried out using also a Horiba Raman 

XploRA coupled with Olympus BX 41 with a laser excitation source at 532 nm 

(power 0.125 mW cm−2). 

• Chapt. 5.1: Horiba XploRA 

• Chapt. 5.2: Horiba LabRAM 

• Chapt. 8: Horiba LabRAM 

11.4 X-Ray Photoelectron Spectroscopy (XPS) 

X-Ray Photoelectron Spectroscopy (XPS) was performed on sample 

dispersions drop-casted on Si/SiO2 slides, by means of a Thermo Scientific K-

Alpha X-Ray photoelectron spectrometer (Thermo Fisher Scientific Inc., 

Waltham, MA – USA) equipped with a monochromatic Al X-Ray source 

(1.4866 KeV) with 400 μm spot size. The XPS binding energy (BE) scale was 

calibrated on the C1s peak of adventitious carbon at 284.8 eV.  

A PHI 5600 ESCA-Auger spectrometer (Physical Electronics Inc., 

Chanhassen, MN, USA), equipped with a monochromatic Al-Kα X-ray source, 

was also used. The XPS binding energy (BE) scale was calibrated on the C 1s 

peak of adventitious carbon at 285.0 eV. 
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• Chapt. 5.2: PHI 5600 

• Chapt. 6: PHI 5600 

• Chapt. 8: PHI 5600 

• Chapt. 10: Thermo Scientific K-alpha 

11.5 X-Ray Powder Diffraction (XRD) 

X-Ray powder diffraction patterns were acquired on thin films drop-

casted over Si/SiO2 wafers. There were collected in air and at room 

temperature with a Bruker D8 Advance diffractometer (Bruker Co., MA - 

USA) with Cu Kα radiation (λ = 1.54184 Å) and a step size of 0.05 ° at 40 KV 

and 40 mA in the range of 2θ degrees from 2 ° to 60 °. 

• Chapt. 10 

11.6 Ultraviolet Photoelectron Spectroscopy (UPS) – Work 

function 

Materials work functions were estimated with a Riken Keiki AC-2 

Ultraviolet Photoelectron Spectroscopy (UPS) instrument (Riken Keiki Co. 

Ltd., Tokyo, Japan) in air and in atmospheric pressure, analysing samples 

either as powders or as films drop-casted on Si/SiO2 wafers.  

• Chapt. 10 

11.7 Dynamic Light Scattering (DLS) and Zeta-potential 

Nanoparticles hydrodynamic radius and ζ (Zeta) potential were 

estimated using the dynamic light scattering (DLS) technique with a Malvern 

Zetasizer Nano ZS90 instrument (Malvern Panalytical Ltd., Malvern, UK) 

equipped with a 4 mW 632.8 nm He-Ne laser. In order to have statistics each 

measurement was executed three times collecting mean and standard 

deviation values. 

• Chapt. 5.1 

• Chapt. 5.2 

• Chapt. 6 

• Chapt. 8 

• Chapt. 10 
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11.8 Material resistivity 

Film thickness, on samples spray-coated on Si/SiO2 wafers or glass 

substrates, was measured with a KLA-Tencor Alpha-Step IQ profilometer 

(KLA-Tencor Co., CA – USA).  

Sheet resistance of the films was measured with a Jandel RM3000+ 

four-point probe test unit (Jandel Eng. Ltd., Leighton Buzzard, UK). Materials 

resistivities were then calculated by multiplying film thickness by sheet 

resistance.   

• Chapt. 10 

11.9 Thermogravimetric and Differential Scanning 

Calorimetry analyses (TGA/DSC) 

Thermogravimetric analysis and Differential Scanning Calorimetry 

(TGA/DSC) were performed in a Mettler-Toledo TGA/DSC 2 STARe 

instrument (Mettler Toledo LLC, Columbus, OH – USA). Measurements were 

executed on Carbon dots powder (from 1 mg to 2.5 mg) both in synthetic air 

(Air Zero X50S, Air products, Saint Quentin Fallavier, France, from 20.69 % 

to 21.11 % in Oxygen content) and in pure Nitrogen environments, r starting 

from 25 °C to 600 °C (5 °C/min). 

• Chapt. 5.2 

11.10 Microscopy 

11.10.1 Scanning Electron Microscopy (SEM) and Scanning 

Transmission Electron Microscopy (STEM) 

Scanning Electron Microscopy (SEM) and Scanning-Transmission 

Electron Microscopy (STEM) images were obtained with a FEI Quanta FEG 

250 instrument (FEI Co., Hillsboro, OR – USA) equipped with a STEM 

detector and an EDAX AMETEK Octane Elect EDS detector (AMETEK Inc., 

Berwyn, PA – USA) for Energy Dispersive Spectroscopy (EDS). A SEM EVO 

MA 10 (Carl Zeiss AG, Oberkochen, Germany) operated at 20 KeV exploiting 

the Secondary Electron signal (SE mode) in which samples were prior 

sputter-coated with gold was also used. A ZEISS VP 55 field emission gun 

scanning electron microscope (FEG-SEM) was also used.  
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Samples for STEM were deposited on Formvar/Carbon film 400 mesh 

Copper grids (Agar Scientific Ltd., Stansted, UK).  

• Chapt. 8: ZEISS VP55 

• Chapt. 9: ZEISS EVO MA 10 

• Chapt. 10: FEI Quanta FEG 250 

11.10.2 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) analysis was performed in 

bright field conventional parallel mode with ATEM JEOL JEM 2010 

instrument equipped with a 30 mm2 window energy dispersive X-ray (EDX) 

spectrometer (JEOL Ltd., Tokyo, Japan).  

A JEOL JEM 1400-Plus microscope operated at an accelerating voltage 

of 120 kV, equipped with GATAN US1000 CCD Camera was also used. 

Samples were prepared by drop casting of CDs solution on Lacey carbon 

film coated copper TEM grids. 

• Chapt. 5.1: JEOL JEM 1400-Plus 

• Chapt. 6: JEOL JEM 2010 

• Chapt. 8: JEOL JEM 2010 

• Chapt. 9: JEOL JEM 2010 

11.10.3 Atomic Force Microscopy (AFM) 

AFM images and profiles were acquired by multimode V AFM from 

Bruker microscope on drop casted diluted CDs solution on silicon substrates. 

• Chapt. 5.1: Bruker V AFM 

11.10.4 Optical microscopy 

An Olympus BX51 fluorescence microscope (Olympus Co., Tokyo, 

Japan) and a Zeiss Axioscope 5 microscope (Carl Zeiss AG, Oberkochen, 

Germany) were used for conventional optical microscopy imaging.    

• Chapt. 10 
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11.11 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) was carried to estimate the HOMO and LUMO 

energy levels of the CDs and the band gap. The electrochemical measurement 

was performed by the electrochemical workstation Autolab MSTAT204 

Potentiostat/Galvanostat using a three-electrode electrochemical cell with 

a glassy carbon (3 mm Dia.) working electrode, an Ag/AgCl reference 

electrode, and a platinum counter electrode (Pt wire) in a 20 mL acetonitrile 

solution containing 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) as the supporting electrolyte and 1 mL of 1 mg/mL CDs solution. 

Cyclic voltammetry of the sample was run at a scan rate of 50 mV/s at room 

temperature. 

• Chapt. 5.1 
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