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1. Abstract 

Carbon nanodots (CDs) have aroused increased attention as promising nanotools for drug 

delivery, fluorescence imaging, and NIR-induced photothermal therapy, due to their 

versatile and responsive surface, distinctive tunable fluorescence from the blue to the red 

region, and excellent photothermal conversion capability. This combination of physico-

chemical and optical features in a unique nanometer platform offers the advantage of 

concurrent tumor treatment and monitoring of nanosystems biodistribution and cancer 

tissues. Therefore, the theranostic approach in cancer treatment improves early diagnosis 

and therapeutic outcomes, avoiding the limitations of unspecific conventional 

chemotherapy [1]. However, the structural, surface, and optical profile of CDs is strongly 

influenced by the synthetic scheme and the post-synthetic surface engineering adopted, 

allowing to design and modulate the physico-chemical and optical features of CDs in 

function of the applicative requirements [2–4]. 

The thesis focuses on the rational development of novel CDs synthesis, purification, and 

surface functionalization schemes for the development of theranostic nanosystems for 

breast cancer diagnosis and therapy. In a first step, in order to obtain highly homogeneous 

CDs with performant fluorescence properties in the red/NIR region and photothermal 

conversion capacity, different combinations of reagents (e.g. urea, citric acid, 

indocyanine green) were tested under solvothermal conditions, demonstrating for the first 

time how high operating pressure (P > 18.5 bar) can be effectively exploited to obtain 

performant CDs in cancer theranostic. However, a major limitation in the extensive 

application of CDs is the low yield that characterizes the synthetic processes. Therefore, 

in a second step, a new purification scheme was developed to maximize the yield, 

overcoming one of the major obstacles in the development and application of CDs-based 

nanosystems. At a later stage, the opportunity to synthesize CDs on a large scale enabled 

the development of a new strategy of surface functionalization of CDs with poly (D, L-

lactide) by melt extrusion-induced transesterification process. This surface modification 

method was proven to be effective, scalable, and industrializable, paving the way for 

wider use of CDs in the development of nanosystems and nanocomposites for biomedical 

applications. In order to expand the application potential of CDs in the theranostic 

treatment of breast cancer, three different CDs-based hybrid nanosystems have been 

developed that combine fluorescence imaging with different therapeutic approaches. The 
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versatility and surface reactivity of CDs have enabled the development of theranostic 

nanosystems for the delivery of different classes of drugs (e.g., irinotecan, doxorubicin, 

sildenafil), such as polymeric micelles and nanoparticles encapsulating CDs, and hybrid 

nanosystems consisting of diametrically surface functionalized CDs with modified 

cyclodextrins. The rational design of CDs-based nanosystems with performant 

theranostic properties enables the effective combination of fluorescence imaging with 

various therapeutic strategies, such as targeted drug delivery, ROS production induced by 

nitrogen and sulfur codoped CDs (intrinsic cytotoxicity), and/or activation of various 

programmed cell death pathways (e.g., apoptosis, necroptosis, autophagy) through NIR-

induced photothermal therapy. Extensive characterization of the diverse theranostic 

nanosystems developed has demonstrated the versatility and multifunctionality of CDs in 

the formulation, which can be modulated through careful synthesis and surface design, 

and the potential of the combined therapeutic approach in the treatment of cancer therapy.
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2. Introduction 

2.1. Breast Cancer 

Carcinogenesis is a multifactorial process that is primarily caused by both genetic 

predispositions and environmental causes [5]. The process of carcinogenesis takes place 

in three defined phases: i) initiation; ii) promotion; iii) progression. In the first phase 

(initiation), a stem cell acquires one or more mutations escaping from the homeostatic 

control of growth. The second phase (promotion) consists of the clonal expansion of the 

initiated cell that gives rise to a population of mutated cells. Subsequently (progression), 

the initiated cells convert to a malignant phenotype by acquiring additional genetic 

mutations. The latter stage includes the clonal evolution of tumor tissue [6]. The main 

mechanisms supporting the progression phase include evasion to programmed cell death 

mechanisms of apoptosis, high mitotic index, enhanced angiogenesis, resistance to anti-

growth signals, and the ability to metastasize [7]. 

Nowadays, the incidence of cancer-caused deaths is steadily increasing becoming one of 

the leading causes of death worldwide. According to the GLOBOCAN 2020 data, breast 

cancer is currently one of the most frequently diagnosed cancers and the 5th cause of 

cancer death, with an estimated number of 2.7 million new cases worldwide by 2030 

[8,9]. Invasive breast cancers encompass broad-spectrum tumor subtypes that vary in 

terms of clinical profile, behavior, and morphology. The World Health Organization 

(WHO) distinguishes at least 18 different histological types of breast cancer [10]. In 

detail, breast cancer (BC) is divided into several subtypes based on the expression of 

specific heterogeneous biomarkers, such as estrogen hormone receptor (ER), 

progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) [11–

13]. 

Based on receptor expression, breast cancer could be categorized into four groups: 

i) BC expressing estrogen receptor (ER+); 

ii) BC expressing progesterone receptor (PR+); 

iii) BC expressing human epidermal receptor 2 (HER2+); 

iv) Triple-negative breast cancer (TNBC) (ER−, PR−, HER2−) [14,15]. 

Molecular classification independently from histological subtypes classified invasive 

breast cancer into five molecular subtypes based on biomarker expression: 
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i) Luminal A (ER+ and/or PR+); 

ii) Luminal B (ER+, HER2+ and/or PR+); 

iii) HER2-enriched (HER2+); 

iv) Basal-like (ER−, PR−, HER2−); 

v) Normal-like (ER+) [5] 

Gene expression analysis has thus identified several distinct breast cancer types that differ 

significantly in morphology, prognosis, and possible therapeutic strategies [16,17]. In 

general, ER receptor-positive tumors are well-differentiated, less aggressive, and tend to 

have a better prognosis than PR+ tumors [18,19]. HER2+ tumors are among the most 

aggressive, grow more rapidly, and have a generally worse prognosis. However, these 

tumors respond successfully to anti-HER2 targeted therapy [19,20]. TNBC that does not 

express hormone receptors is particularly difficult to treat, associated with poor prognosis 

and weak response to treatment, often requiring combination therapies [21,22]. 

Despite increased knowledge about the molecular profile of different cancer cells 

associated with early detection, breast cancer remains a largely incurable disease due to 

the heterogeneity of breast tumors [23]. Typically, heterogeneity is related to similar 

tumor types that are subtyped (inter-tumor heterogeneity), but also within tumors of the 

same type (intra-tumor heterogeneity). Therefore, tumor tissue may consist of different 

phenotypic subpopulations of cancer cells with different functions, marker expression, 

drug resistance, and clinical outcomes [13,24]. Intra-tumor heterogeneity results from the 

ability of tumor cells to adapt to changes in the microenvironment, often caused by 

conventional chemotherapy or radiotherapy and a significant lack of oxygen and specific 

nutrients [24]. This behavior reflects differences in tumorigenicity, senescence induction, 

signaling pathways, migration, angiogenesis, and the different response of tumor cells to 

anticancer drugs [25]. 

2.1.1. Tumor microenvironment: components and functions 

The heterogeneity of breast cancer is also related to another peculiar aspect of tumor 

tissue, such as the multiple components of the tumor microenvironment (TME) [26,27]. 

It is increasingly recognized that human tumors do not consist of a homogeneous 

collection of neoplastic cells, but of a complex network in which malignant cells interact 

with a significantly altered and complex surrounding stroma, which creates a unique 
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cancer environment that emerges in the course of tumor progression [28,29] This TME is 

created and continuously shaped by the interactions of the tumor with the host, 

orchestrating molecular and cellular events in the surrounding tissues. TME is now 

recognized as a critical element in tumor development and progression, as well as a 

measurable parameter of treatment response. 

The TME can be considered at three levels, local (intratumor), regional (in the breast 

tissue), and distant (metastatic tissue) [30]. 

Each microenvironment is composed of multiple components: 

i) Cancer-associated fibroblasts (CAF); 

ii) Cells of the immune system (T cells, B cells, NK cells, dendritic cells, 

macrophages); 

iii) Adipocytes; 

iv) Endothelial cells; 

v) Extracellular matrix-ECM (e.g. collagen IV, laminin, fibronectin, and 

glycosaminoglycans); 

vi) Vascular system (blood and lymphatic); 

vii) Soluble factors (e.g. cytokines, hormones, growth factors, and enzymes) 

[31,32] (Figure 1). 

 

Figure 1. Representation of tumor microenvironments and constituting elements. 

Although immune cells, stromal cells, vascular vessels, and ECM constitute the hallmark 

of cancers, the composition of the tumor microenvironment varies between tumor types. 
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TME through a dynamic and reciprocal relationship that develops between cancer cells 

and non-cancer components supports cancer cell survival, invasiveness, and metastatic 

dissemination, promoting the progression of cancer [33,34]. Tumor-associated stromal 

cells are a heterogeneous population that includes carcinoma-associated fibroblasts 

(CAFs), mesenchymal stem cells (MSCs), tumor-associated macrophages (TAMs), 

endothelial cells, pericytes, adipocytes, and lymphocytes. Unlike normal stroma which 

suppresses carcinogenesis, tumor stroma co-evolves with the tumor and dynamically 

adapts to the needs of tumor cells, promoting cancer progression [35,36]. Specifically, in 

solid cancer tissues, CAFs have demonstrated pathological relevance due to their wide 

range of functions. CAFs secrete growth factors that have a key component in ECM 

remodeling and deposition, stimulation of angiogenesis and vascular permeability, and 

immunosuppression [37,38]. This complex interaction between cells and the ECM 

eventually leads to more invasive tumor cells that can rupture connective tissue and 

metastasize [31]. 

The ECM is a three-dimensional network of proteins such as collagen IV, laminin, 

fibronectin, and glycosaminoglycans such as hyaluronic acid (HA), chondroitin sulfate, 

and heparan sulfate, which provide physical support [39]. However, the microarchitecture 

of ECM is surprisingly dynamic and versatile [40,41]. In addition to its structural roles, 

the ECM also guides the passage of cytokines and growth factors between cells, acting as 

a reservoir and thus enabling intercellular communication [40]. These growth factors are 

released as a result of remodeling of the ECM operated by metalloproteinases (MMPs) 

[39], such as MMP1, MMP7, MMP10, MMP11, and MMP14, secrete by adipocytes [34]. 

Therefore, an aberrant ECM also promotes tumor growth by preventing normal T-cells 

differentiation and maturation and the control of the immune system over tumor cells 

[41].  
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2.2. Conventional clinical approach and limitations 

Nowadays, the heterogeneity of breast cancers represents a critical obstacle to the 

identification of the specific tumor type and the main challenge of appropriate and 

successful cancer management [24]. 

The principal clinical approach in cancer treatment consists of surgery, chemotherapy, 

hormone therapy, and radiotherapy. The main goal of non-metastatic breast cancer 

therapy is surgery to eradicate tumor mass and regional lymph nodes, preventing 

recurrence. Systemic therapy, on the other hand, can be either preoperative (neoadjuvant) 

or postoperative (adjuvant). The therapeutic approach has been chosen according to breast 

cancer subtypes [42]. For example, hormone therapy (e.g. tamoxifen, anastrozole, 

exemestane) is the most common therapeutic approach for ER+ BC to inhibit hormone 

production from the ovary [43]; while in the case of HER2+ BC, different anti-HER2 

monoclonal antibodies (e.g. trastuzumab, pertuzumab, ado‐trastuzumab emtansine) have 

been employed in combination with conventional cytotoxic drugs (e.g. docetaxel, 

doxorubicin, irinotecan). The treatment of TNBC is the most challenging tumor type and, 

in general, is treated with a combination of chemotherapy drugs or a combination of 

chemotherapy and monoclonal antibody against vascular endothelial growth factor [43–

45]. However, conventional chemotherapy suffers from some important limitations: 

i) Most known chemotherapeutic drugs are poorly soluble in water, leading to 

the need for appropriate formulation for their administration; 

ii) Traditional chemotherapy shows marginal selectivity for cancer cells, 

resulting in major side effects and a strong impact on the patient's quality of 

life; 

iii) The efficacy of chemotherapy is strongly influenced by multidrug resistance 

(MDR) phenomena [46,47]. 

In general, anticancer drugs target highly proliferative cells. However, a high mitotic 

index is common to both cancer and normal cells such as bone marrow, gastrointestinal 

mucosa, hair follicles, and gonads. This nonspecific mechanism of action quickly leads 

to severe side effects (e.g. myelosuppression, nausea, vomiting, hair loss, and reduced 

fertility), which have dose-limiting consequences [48]. In addition, the active principle of 

any anticancer drug is to induce DNA damage either directly (e.g. platinum-based drugs) 
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or indirectly (e.g. topoisomerase inhibitors). The cellular response to DNA damage is 

repair or cell death. However, the DNA damage repair checkpoints of cancer cells are 

often dysfunctional influencing the effectiveness of DNA-damaging drugs [49]. 

2.2.1. Mechanisms of multidrug resistance 

The efficacy of chemotherapy is also severely limited by MDR phenomena, which remain 

a major obstacle in cancer treatment. Drug resistance may be intrinsic to the 

characteristics of cancer tissues and cells (intrinsic drug resistance) or may be acquired 

during the treatment resulting in relapse after a variable time interval (acquired 

resistance). MDR in general is well defined at a genetic/epigenetic level, resulting in 

dysfunction of apoptosis, adaptive response, increased metabolic activities, loss of 

specific oncogenes, or more efficient repair of DNA damage (Figure 2.) [50,51]. 

Environmental-mediated drug resistance is one of the first obstacles in the diffusion and 

accumulation of drugs in cancer tissues and to treatment efficacy. The tumor stroma and 

ECM can form a protective microenvironment that allows cancer cells to resist the effects 

of drugs, also increasing the risk of relapse. The dense ECM represents a physical barrier 

that restricts the diffusion of drugs, limiting their accumulation and efficacy locally. In 

addition, the ECM can be reactive to drug treatment, becoming stiffer (increased 

deposition of collagen) and thus further reducing drug penetration [50]. The dense nature 

of the tumor stroma also leads to the compression of tumor vessels and increased 

interstitial pressure, which may hinder drug transport into and through tumor vessels [49]. 

Interactions between ECM and cells also contribute to drug resistance (adhesion-

mediated drug resistance), making it rigid locally. Adhesion-mediated drug resistance 

was mainly caused by fibronectin and collagens, which are ligands for integrins. Several 

studies demonstrated that triple-negative MDA-MB-231 breast cancer cells were more 

resistant to chemotherapy (e.g. vincristine, paclitaxel) due to the ECM-cell interactions 

via integrin. In parallel, resistant Her2-positive breast cancer cells showed higher 

expression of integrin than drug-sensitive parental cells [50,52]. Integrin-mediated drug 

resistance is not limited to chemotherapies but is extended to radiotherapy [52]. 

Furthermore, as extensively discussed above, tumors are characterized by an important 

degree of molecular heterogeneity [53], whereby drug resistance can also be ascribed to 

the therapy-induced selection of a resistant minor subpopulation of cells that were present 
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in the original tumor. Extensive studies have shown that MDR phenomena were initially 

linked to several cell membrane transporter proteins that promote drug efflux. These 

efflux proteins, named ATP-binding cassettes (ABC), are a family of transmembrane 

proteins that regulate flux across the plasma membrane [47]. 

There are three types of protein correlated to MDR: 

i) Multi-drug resistance protein 1 (MDR1), also known as P-glycoprotein; 

ii) MDR-associated protein 1 (MRP1); 

iii) Breast cancer resistance protein (BCRP) [54]. 

MDR1 is associated with chemotherapy failure and is overexpressed in many tumors 

including leukemia, prostate, lung, and breast cancer [55–58]. Although drug solubility, 

distribution, metabolism, and elimination (pharmacokinetic) are all important factors that 

can limit the amount of drug that effectively reaches cancer cells, MDR-associated ABC 

proteins strongly affect the efficacy of chemotherapy determining the need to use large 

doses of chemotherapic [47] (Figure 2). 

 

Figure 2. Schematic representation of principles of drug resistance. Pharmacokinetic (PK) of 

unspecific drugs limit the amount of systemically administered drugs that reached the tumor. The 

accumulation of drugs in tumor tissue was also limited by the complex and dynamic TME that 

limits drug diffusion (environmental-mediates drug resistance). Cancer resistance highly involves 

intrinsic or acquired factors such as dysfunctional apoptosis, adaptive response, increased 

metabolic activities, loss of specific oncogenes, or more efficient DNA damage repair. 
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Several strategies have long been used to overcome the obstacles of MDR (e.g. 

combinational therapy, chemosensitizers). However, these approaches do not efficiently 

prevent treatment failure and cancer recurrence [59]. 

Notably, new and innovative approaches to reverse drug resistance using drug delivery 

nanosystems have been developed. These consist of nanosized particles designed to 

deliver therapeutic payloads to tailor therapeutic regimes and treat the disease more 

effectively with less toxicity, and hold great promise in the fight against cancer [59,60].  
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2.3. Nanomedicine in cancer therapy: opportunities and challenges 

Nanomedicine based on the development of nanosized drug delivery systems (DDS) has 

attracted increased attention as a viable strategy to overcome the severe limitations of 

conventional therapeutic approaches to cancer diseases [61]. DDSs have peculiar 

properties such as nanoscale dimensions (1-200 nm), high specific surface area, and 

variable physico-chemical characteristics [61,62]. 

Loading drugs into nanocarriers can offer many advantages over the use of free drugs: 

i) Modulate the pharmacodynamic and pharmacokinetic profile of the drug; 

ii) Prevent premature interaction with the biological environment; 

iii) Avoid rapid degradation and elimination of the drug; 

iv) Enhancing selective accumulation in the tumor tissue avoiding undesired side 

effects and MDR phenomena; 

v) Release the drug in a stable and controlled manner [63–65]. 

Nanocarriers include a plethora of possible designs and architectures of organic or 

inorganic materials. Nanomaterials can be classified into polymer-based, lipid-based, and 

inorganic nanocarriers. Polymer-based nanocarriers include dendrimers, polymeric 

nanoparticles, micelles, and nanogels. Lipid-based nanocarriers include liposomes, 

exosomes, and solid lipid nanoparticles. Inorganic nanocarriers, on the other hand, can be 

divided into carbon-based nanocarriers (e.g. carbon nanotubes, carbon nanodots, 

graphene), metallic nanoparticles (e.g. gold nanoparticles, silver nanoparticles, iron oxide 

nanoparticles), and quantum dots [66] (Figure 3). 
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Figure 3. Examples of nanosystems for drug delivery in cancer nanomedicine. 

2.3.1. Rational design of nanosystems to overcome biological barriers 

A rational design of nanocarrier in terms of size, shape, charge, and surface is necessary 

to target tumors by circumventing numerous biological barriers. To this end, a thorough 

understanding of the physiology of healthy tissues and the pathophysiology of cancer 

tissues is crucial (Figure 4) [67]. 

- Reticuloendothelial System 

The reticuloendothelial system (RES), also known as the mononuclear phagocyte system 

(MPS), negatively affects the ability of NP to be internalized by the tissue and constitutes 

the first obstacle that nanoparticles must avoid. Mononuclear phagocytic cells include 

monocytes, which circulate in the blood, and dendritic cells and macrophages, which are 
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present in tissues such as liver, spleen, lungs, and bone marrow [68]. Phagocytic cells can 

recognize nanoparticles by inducing the release of cytokines (e.g. tumor necrosis factor, 

interleukins, interferons) that promote phagocytic cell-mediated clearance of 

nanoparticles from the bloodstream and local tissue inflammation [63,69]. Recognition 

by RES could be promoted by the interaction of proteins, lipids, or other macromolecules 

on the nanoparticle surface through a process also known as opsonization [67,70]. 

Therefore, rational modifications of nanoparticle surface could be a valid and necessary 

strategy to escape from the RES and prolong their circulation time. For this reason, 

several surface passivation strategies have been proposed, such as the involvement of 

zwitterionic ligands such as cysteine, glutathione, or PEGylation which has proven to be 

a valid passivating agent. PEGylation allows for the formation of a hydration shell on the 

nanoparticle surface, which makes the interaction with opsonins thermodynamically and 

sterically unfavorable, thus preventing their recognition by RES.[67,71]. 

- Renal filtration and elimination 

In the designing of nanoparticles, the glomerular basement membrane of the kidney, 

which is involved in filtration and elimination, must also be considered. In particular, 

after the fenestrated endothelium with 70-100 nm pores, the nanoparticles must pass 

through the glomerular membrane (meshwork structure with 2–8 nm pores) and the 

epithelium with filtration slits (4–11 nm) [72]. Particle size and charge are both important 

parameters to consider in the renal clearance of nanocarriers. Spherically positive 

nanoparticles with a diameter of 6-8 nm have been shown to have a higher clearance than 

those negatively or neutrally charged of the same size [63]. At the same time, elongated 

forms such as carbon nanotubes have been shown to pass efficiently due to their long 

axis, despite their large molecular mass. In light of these considerations, diverse strategies 

could be employed, such as reducing the size of nanoparticles, modeling their shape, or 

developing biodegradable nanoparticles able to dissolve into smaller particles that can be 

easily removed [73]. Therefore, for the design of clinical nanomedicines, it is crucial to 

assess the trade-off between minimizing premature renal clearance of nanomedicines 

(diameter < 5 nm) to maintain their therapeutic effect and promoting their safe excretion 

from the body to prevent long-term toxicity [63]. 
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- Pathophysiological barriers in cancer 

Unlike normal vascularization, the general characteristics of tumors include a network of 

fenestrated blood vessels (gaps of 1-500 nm) and poor lymphatic drainage, which induce 

non-specific diffusion of free drugs. The inadequate function of poorly organized cancer 

vessels creates an oxygen and nutrient gradient, which is another crucial factor affecting 

drug delivery to all tumor cells. The defective vascular network can generate distinct 

microenvironments within tumor tissues that contribute to inter- and intra-tumor 

heterogeneity and influence clinical outcomes[74]. In addition, tumor tissues are 

characterized by distinctive features compared to normal cells, such as an acidic pH 

gradient, high glutathione concentration, or over-expression of peculiar enzymes (e.g. 

proteases, peptidases, hydrolases, and lipases) [75]. 

 

Figure 4. Abilities of nanomedicines to overcome biological barriers of normal and cancer 

tissues. 

Therefore, the rational design of nanosystems with peculiar properties enables the 

advantageous exploitation of the physiopathological and physiological characteristics of 

tumor and normal tissues, respectively, and efficient cancer treatment [76].  
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2.4. Therapeutic strategies in nanomedicine 

In order to overcome the biological barriers and the current severe limitations of 

conventional chemotherapy, nanoparticles can be designed to exploit different therapeutic 

strategies. The targeting approaches commonly used in nanomedicine can be divided into: 

i) passive targeting; ii) active targeting; iii) stimuli-responsive. 

2.4.1. Passive targeting 

Heterogeneous vascularization and poor lymphatic drainage strongly contribute to the 

complex topography and variable interstitial pressure within tumor tissues, which 

collectively result from dysregulation of vascular endothelial growth factor (VEGF), 

nitric oxide, bradykinin and tumor necrosis factor (TNF) production [74,77]. Thus, 

increased permeability and heterogeneity of the vascular network of cancer tissues result 

from the rapid and defective formation of new vessels (angiogenesis), modification of 

existing vessels, and the recruitment and differentiation of bone marrow-derived 

endothelial precursors (vasculogenesis) [78]. In contrast to the unspecific diffusion of free 

drugs, the nanometer size of DDSs allows extravasation through leaky vessels and 

accumulation in tumor tissues due to inefficient lymphatic drainage (Figure 5). This 

phenomenon, known as the enhanced permeability and retention (EPR) effect, could be a 

valid strategy to improve the therapeutic index of the drug and its pharmacological 

efficacy [74]. 

 

Figure 5. Representation of passive targeting of nanoparticles based on enhanced permeability 

and retention (EPR) effect of cancer tissues. 
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Currently, several passively targeted DDSs are in clinical use (e.g., Doxil™, Abraxane™, 

Marqibo™, DaunoXome™, and Onivyde™ in the US; Myocet™ and Mepact™ in 

Europe; Genexol-PM™ in Korea; and SMANCS™ in Japan) [64]. In addition to these, 

several other DDSs, including EndoTAG-1, AZD2811, and CPX-1 have also 

demonstrated safety and/or therapeutic effects in clinical studies [79]. 

The EPR effect is influenced by several factors, such as size and shape of the 

nanosystems. It was demonstrated that the use of smaller nanoparticles can allow 

enhanced extravasation and deeper penetration into the tumor [80]. Diverse studies on 

nanoparticles of different average sizes suggest that the threshold size for extravasation 

into tumors is < 200 nm [81]. For example, Tang et al. showed by comparing the 

distribution of silica nanoconjugates with diverse average sizes (20, 50, and 200 nm) that 

a diameter of 50 nm allows for the greatest tumor penetration and retention over time and 

the consequent highest pharmacological efficacy [82] (Figure 4.). Another possible 

strategy reported in the literature is the development of multistage nanosystems capable 

of disassembling into their smaller components [73,83]. In addition, diffusion and 

convection of nanocarriers through the tumor interstitium are further hindered by an 

intratumoral pressure gradient, which is influenced by the dynamic remodeling of ECM 

(as reported in Section .2.2.) [84,85]. These peculiar features of cancers contribute to the 

generation of a distinct tumor microenvironment, which allows for inter- and intra-tumor 

spatial and temporal heterogeneity and a variable EPR effect, adding an additional level 

of complexity to the control of DDS extravasation [35,61,62]. 

Therefore, taking into account these peculiar features of tumor tissues, optimization of 

the physiochemical properties of DDSs is crucial to exploit the tumor pathophysiology 

and must therefore be personalized to each tumor type, location, and stage to maximize 

therapeutic efficacy [86]. Although passive targeting approaches constitute the basis of 

clinical therapy, the random nature of this approach makes it difficult to control the 

process, which in some cases suffers from several limitations [60]. 

2.4.2. Active targeting 

Another targeting strategy is represented by active targeting. This approach involves 

decorating nanocarriers on the surface with targeting agents that can be selectively 

recognized by cancer cells through antigens or receptors [79,87] (Figure 6). To maximize 
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specificity, the targeting agent must be uniquely expressed on the surface of cancer cells 

or overexpressed on target cells compared to normal cells [62,87]. A wide range of 

targeting agents have been studied, such as proteins (e.g. transferrin, antibody, and their 

antigen-binding fragments), nucleic acids (aptamers), vitamins (e.g. folic acid, biotin), 

carbohydrates (e.g. hyaluronic acid), peptides (arginine– glycine–aspartic acid, RGD) 

[60]. The binding of some targeting ligands to their cellular receptors can cause receptor-

mediated internalization, facilitating nanoparticles transport and subsequent drug release 

within cells via a specific pathway once the particles reach the extracellular space of 

tumor. In the function of the receptor-dependent or independent endocytic pathway, 

intracellular trafficking can also be controlled [88]. For example, macromolecules taken 

up by clathrin-dependent receptor-mediated internalization (e.g. transferrin, riboflavin) 

are typically destined for lysosomal degradation. On the other hand, clathrin-independent 

internalization (e.g. folic acid, biotin) leads to endosomal accumulation and sorting in a 

non-degradative way [89]. To further promote DDS accumulation in the target tissue, 

surface ligands can also be employed to target intravascular tumor cells or tumor blood 

vessel endothelial cells (e.g. vascular cell adhesion molecule-1, αvβ3 integrin, vascular 

endothelial growth factors) [90,91]. 

 

Figure 6. Representation of active targeting of targeted nanoparticles and possible pathways of 

cell internalization. 

Therefore, the choice of targeting ligand is fundamentally governed by: i) the specific 

characteristics of the target receptor, including the receptor expression, whether 
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internalization is required; ii) the design and biodistribution of the nanoparticle itself; iii) 

the peculiar properties of the target tumors [92]. 

2.4.3. Stimuli-responsive nanosystems 

The rational design of multifunctional nanocarriers capable of sensing and responding 

rapidly to signals from the tumor microenvironmental or external factors has attracted 

increasing attention to develop more performant and flexible nanosystems [93]. Such 

stimuli can result in a change in nanoparticles size, zeta potential, or carrier disassembly, 

promoting nanoparticle penetration deep into the tumor and endocytosis by tumor cells, 

thereby achieving much more efficient tumor cell targeting and local drug release [71]. 

The next generation of smart nanocarriers, also known as stimuli-responsive nanocarriers, 

can respond to two classes of stimuli: 

i) External stimuli (e.g. light, magnetic field, ultrasound); 

ii) Internal stimuli (e.g. acidic pH, enzymes, hypoxia, elevated reductive 

conditions) [94–100] (Figure 7). 

 

Figure 7. External and internal stimuli exploitable in the design of stimuli-responsive 

nanosystems. 
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- pH-responsive nanosystems 

The most widely used triggers for stimuli-responsive nanosystems, due to their 

universality in most solid tumors, are represented by the acidic pH, including the pH of 

the extracellular tumor microenvironment ranging to 6-7 and intracellular endosomes and 

lysosomes characterized by a pH of 4-6 [101]. The decreased pH is caused by the 

increased glucose uptake and aerobic glycolysis in cancer cells, which leads to an increase 

in lactate production [102,103]. The mechanisms of various pH-sensitive nanocarriers 

with different design basis include ionizable chemical groups, acid-labile chemical bonds, 

pH-sensitive peptides, and pH-responsive. However, numerous researches demonstrated 

that there are some limitations in exploiting the acidic pH of the tumor microenvironment. 

First of all, the acidic pH is typical of the region near blood vessels, limiting the 

effectiveness of pH-responsive nanosystems in the function of their localization in tumor 

tissue. Moreover, sometimes pH differences between the normal tissue and tumor tissue 

are not significant enough to trigger responsiveness [71]. 

- Enzyme-responsive nanosystems 

The upregulated enzymes by tumor cells and tumor stroma is another important trigger 

for the design of enzyme-responsive nanosystems [104,105]. The development of 

nanomaterials incorporating specific moieties (enzymatic substrates) that can be 

recognized and degraded by overexpressed enzymes allows for tumor-confined and 

spatiotemporal drug release, thereby achieving superior efficacy in tumor-targeting, 

enhanced deep tumor penetration, and cellular internalization with reduced side effects 

[106]. There are several types of enzymes overexpressed in solid tumors, including 

proteases (e.g., matrix metalloproteinase and cathepsin B), peptidases (e.g., 

aminopeptidase, legumain), hydrolases (e.g. hyaluronidase) and lipases (e.g., 

phospholipase A2) [71,106]. The expression level of enzymes is correlated to the type of 

tumor. For example, legumain and cathepsin are particularly overexpressed in several 

cancer cells such as breast cancer, gastric cancer, and colorectal cancer [106]. 

Extracellular enzymes such as matrix metalloproteinases and hyaluronidases are 

ubiquitously upregulated in tumor tissues. 
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- Redox-sensitive nanosystems 

This class of stimuli-sensitive nanosystems takes advantage of intracellular 

concentrations of glutathione (GSH) (approximately 2-10 mM) one thousand times higher 

than those in the extracellular space (approximately 2-10 μM) [107,108]. More 

importantly, compared with healthy cells, the level of GSH is about four times higher in 

cancer cells. The huge concentration gradient in GSH can efficiently ensure the 

responsiveness of the redox-sensitive nanosystems [108]. These type of nanosystems 

typically contains disulfide bonds that are susceptible to the rapid cleavage by GSH. The 

presence of disulfide bonds can achieve several functions including nanosystem 

disassembly, degradation, and fast drug release. Several disulfide bond-based redox-

responsive nanosystems have been developed, these redox-sensitive DDS should be 

designed carefully to make them not only stable in the blood circulation but also in the 

tumor tissue before entering into tumor cells [109–111].  

Although internally triggered delivery systems are generally effective in achieving site-

specific drug delivery, their efficacy is limited by the variability of the inter- and intra-

individual tumor microenvironment. Therefore, the development of systems responsive 

to external stimuli is of particular interest to achieve better spatio-temporal control and 

reduce the variability in response dictated by the heterogeneity of tumor tissues [112]. 

- Ultrasound-responsive nanosystems 

Drug delivery and release from nanocarriers can also be triggered by external ultrasound 

due to thermally- or mechanically-induced effects. Ultrasound not only can trigger the 

release of drugs from carriers, but it can also increase the permeability of biological 

barriers (e.g. cell membranes, blood-brain barrier) through the formation of cavitation 

bubbles and increased temperature, resulting in enhanced drug diffusion [113]. In 

addition, another useful mechanism of ultrasound results from the energy lost from 

ultrasound waves that propagate through tissue and are partially absorbed and scattered. 

These events push away nanoparticles by enhancing their extravasation and diffusion 

through the tumor matrix [114]. 

 



Introduction 

- 21 - 
 

- Magnetic-responsive nanosystems 

Magnetic-responsive nanoparticles, such as superparamagnetic iron oxide nanoparticles 

(SPIONs), are also being studied for drug targeting applications. The main advantages of 

magnetic-responsive DDSs are that by employing a non-invasive magnetic field they can 

be guided or held in place and heated to trigger drug release or to produce 

hyperthermia/ablation of tissue [115,116]. 

- Light-responsive nanosystems 

Among the several stimuli exploited to develop stimuli-sensitive DDSs, light irradiation 

has attracted increased attention due to the ease of fine-tuning its intensity, spatio-

temporal exposure, and non-invasiveness of the approach. The absorbance of photon 

energy by materials depends on the corresponding band gap energy in the highest 

occupied molecular orbital [113]. Considering that UV/UVvis light is absorbed by several 

endogenous chromophores (such as oxy- and deoxyhemoglobin, lipids, and water), light-

responsive nanosystems operating in this wavelength range have some limitations [117]. 

For these reasons, NIR-responsive nanosystems are particularly interesting and efficient 

due to high tissue penetration and low invasiveness of NIR light [113]. Severe light-based 

strategies have been used to design novel smart DDSs that can be classified into three 

broadly defined categories: i) photochemically triggered, in which the absorbed light 

energy is sufficient to break covalent bonds directly or through a photochemical reaction; 

ii) photoisomerization, in which the excess energy causes structural changes; iii) 

photothermal, in which the energy of the absorbed photons is dissipated via vibrational 

motion into heat [118] (view Section 2.7.1.).  
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2.5. Theranostics: from drug delivery to imaging 

Awareness of the extreme complexity of tumor tissues and the important intra-individual 

and inter-individual variability has led to the need to combine therapeutic strategies and 

diagnostic approaches in a single nanoplatform to enable early diagnosis and real-time 

monitored treatment (Figure 8) [119]. The combinatorial approach emerges as an 

alternative to the separate administration of diagnostic probes and pharmacologically 

active molecules. The efficient combination of therapy and diagnosis in a single 

nanosystem (theranostics) conducted to an extreme versatility of theranostic 

nanoplatform, would contribute to the development of optimized and individualized 

treatment protocols, offering the opportunity to perform a “personalized nanomedicine” 

[120]. The main goal of the personalized theranostic approach is to combine the plethora 

of advantages offered by the use of nanosized DDSs (e.g. improved pharmacokinetics, 

reduced side effects, controlled drug release) with concurrent diagnosis, monitoring of 

the disease progress, therapeutic response, and real-time drug distribution [121]. The 

ability to monitor drug distribution and accumulation in target or off-target tissues offers 

numerous advantages. Firstly, screening for drug accumulation at the target site makes it 

possible to identify patients who respond positively to treatment from others who require 

a different therapeutic approach. In addition, undesired accumulation in healthy tissues 

can be assessed, favoring the determination of the possible risk of patients developing 

serious side effects [119,122]. Therefore, the possibility to have early feedback in real-

time offers the important advantage to optimizing the therapeutic approach with the best 

safety profile, permitting better disease management without waiting for traditional 

endpoints and possibly understanding the causes for failure of some drug targeting 

approaches [120]. To achieve this goal, nanosystems are the most promising platforms 

for the development of multifunctional theranostic nanosystems due to their versatile 

design that allows contrast agents to be integrated into the core and/or the surface [123]. 
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Figure 8. Theranostics results from the advantages of the use of nanomedicine with the 

combination of different therapeutic strategies and imaging modalities. 

2.5.1. Imaging modalities 

Numerous imaging modalities have been developed and the advantages and limitations 

of each approach have been deeply investigated.  

- Magnetic resonance imaging 

Magnetic resonance imaging (MRI) is a non-invasive imaging technique that exploits 

strong magnet and radiofrequency waves to produce images of internal organs. MRI has 

become the most widely used diagnostic tool due to its high spatial resolution and 

unlimited tissue penetration [124–126]. The most explored magnetic nanoparticles are 

the superparamagnetic iron oxide nanoparticles, also known as SPIONs, due to their 

biocompatibility and ease of synthesis [127]. Although numerous MR contrast agents 

have been developed and used for clinical diagnosis, the disadvantages of this modality 

are low sensitivity, time-consuming use, and high cost [124]. 
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- Computed tomography imaging 

Computed tomography (CT) is an imaging modality used to obtain three-dimensional 

images of the tissue of interest, combining X-ray images taken from diverse angles 

[124,126,128]. The use of targeted CT contrast agents allows for increased differentiation 

between normal and cancer tissues. Several alternative contrast nanoagents have been 

proposed in this field such as nanosystems containing iodinated compounds, bismuth-

based nanoparticles, and gold nanoparticles (AuNPs) [129,130]. Although CT allows 

rapid diagnosis, high spatial resolution, and deep tissue penetration, related radiations, 

and contrast agents are often associated with important collateral effects [131]. 

- Photoacoustic imaging 

Photoacoustic imaging (PAI) is a diagnostic approach that exploits a pulsed laser as an 

energy source and ultrasonic waves as signals [132,133]. The principle of operation is the 

ability of in vivo components (e.g. hemoglobin, melanin, myoglobin) to convert incident 

light energy to heat (photothermal effect). This temperature increase induces a 

thermoelastic expansion that produces ultrasonic waves. To maximize photoacoustic 

signals in vivo, diverse PAI contrast agents with high photothermal coefficients have been 

developed. These agents include, for example, organic contrast agents (e.g. indocyanine 

green, evans blue, fluorescent proteins), AuNPs, silver nanoparticles (AgNPs), SPIONs, 

quantum-dots (Q-dots), and carbon nanodots (CDs). The PAI technique offers high 

contrast and resolution, but low sensitivity and limited tissue penetration compromise its 

use [124]. 

- Fluorescence imaging 

Fluorescence imaging (FLI) involves the detection of light emission of fluorophores by 

the absorption of light at a specific wavelength [124,126,134]. In particular, for in vivo 

applications, near-infrared (NIR) fluorescent agents have aroused increased attention due 

to their enhanced deep tissue penetration and low scattering and autofluorescence of 

tissue components (biological transparent window) [135]. Representative fluorophores 

with peculiar NIR absorption profiles include organic dyes (e.g. indocyanine green, 
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fluorescein isothiocyanate, alexa fluor 750), Q-dots, AuNPs, and CDs [134,135]. 

Compared to other imaging modalities, FLI is non-invasive and gives high-contrast and 

resolution images, in fact, depending on the wavelength exploited, some problems of 

tissue penetration may be reported [136].  

Compared to conventional organic dyes, Q-dots initially emerge as a valid alternative due 

to their superior fluorescence, resistance to photobleaching, and long blood circulation 

time [137–139]. Q-dots are semiconductor nanocrystals of 2-10 nm in size such as 

cadmium selenide, cadmium telluride, indium phosphide, and indium arsenide [138], 

characterized by tunable multicolor fluorescence as a function of average size [137]. 

However, their application is strongly affected by cadmium nephrotoxicity [140]. 

Unfortunately, even for gold nanoparticles that have shown excellent optical properties, 

photostability, biocompatibility, and biodegradability remain critical obstacles to their 

clinical translation [141]. Carbon nanodots, due to their low toxicity and brilliant 

fluorescent profile, emerge as a promising theranostic agent for the development of drug 

delivery nanoplatform useful in cancer therapy and diagnosis by high-resolution 

fluorescence imaging.  
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2.6. Carbon Nanodots (CDs) 

CDs were discovered serendipitously in 2004 during the process of purification of single-

walled carbon nanotubes through preparative electrophoresis. Since then, CDs have 

gradually become a rising star in the family of carbonaceous nanomaterials [142]. 

CDs are a new class of carbon nanomaterials with sizes in the range of 1-10 nm, which 

have aroused increased attention in recent decades due to their superior optical properties, 

low toxicity, chemical- and photo-stability, water solubility, ease of synthesis and 

versatile chemical surface (Figure 9). This combination of properties allows CDs to be 

used in a very wide range of applications such as bioimaging, sensing, photovoltaics, 

theranostics, and optoelectronics [142–144]. In particular, multicolor fluorescence from 

blue to near-infrared (NIR) has gained particular interest in the development of long-

wavelength emissive CDs-based nanoplatforms as a new powerful strategy of 

fluorescence imaging (FLI) useful in cancer diagnosis. Moreover, carbon nanodots also 

proved to be excellent nanoheaters due to their ability to photothermally convert NIR 

light into heat, making them a promising candidate in the field of photothermal therapy 

(PTT) and fluorescence imaging [1] in cancer treatment (Figure 9). 

From a structural standpoint of view, CDs are quasi-spherical 0-D carbon-based 

nanoparticles typically composed of carbon, oxygen, nitrogen, and hydrogen [145], 

characterized by a range of possible core structures (e.g. graphitic, amorphous, C3N4 

crystalline core) and surface functional groups (e.g. carboxyl, hydroxyl, amine, amide) 

(Figure 9.). The core structure, surface state, and size distribution, which consequently 

determine the chemical, physico-chemical, and optical properties of CDs, depend closely 

on the synthetic approach adopted [2,146]. 
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Figure 9. Schematic representation of CDs' structural, chemical, and optical properties, and 

relative possible biomedical applications. 

2.6.1. Methods of synthesis 

Approaches for CDs synthesis can generally be classified into two main groups: top-down 

and bottom-up methods [144] (Figure 10). 

In the top-down approach, CDs are generated by chemical or physical processes of cutting 

relatively macroscopic carbon structures, such as carbon nanotubes, graphite columns, 

graphene, or suspended carbon powders (Figure 10). An important advantage of top-

down synthesis routes is that the resulting CDs typically have homogeneous and well-

defined structures similar to the structure of the precursors [147]. However, these types 

of CDs do have not native fluorescence, but require surface passivation with polar 

moieties to impart high fluorescence [148]. 

In contrast, bottom-up methods take advantage of the carbonization of different molecular 

precursors (e.g. citric acid, urea, aminoacid, polymers), typically chosen for their low 

melting points (Figure 10). In addition, the selection of molecular precursors rich in 

heteroatoms (e.g. urea, thiourea, lysine) allows the production of doped CDs for example 

with nitrogen, sulfur, or phosphorus [149]. A major advantage of bottom-up routes is that 

the resulting CDs are particularly fluorescent without the need for post-synthetic chemical 

modifications. Bottom-up syntheses are more versatile than top-down approaches 
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because they allow CDs structures to be easily modulated and the core and surface to be 

doped with heteroatoms [2]. 

 

Figure 10. Top-down and bottom-up synthesis methods of CDs and relative examples of starting 

reagents. 

The most common top-down approaches include: 

i) laser ablation; 

ii) electrochemical oxidation [150]. 

- Laser ablation 

Laser ablation was the first method exploited for the synthesis of CDs. This top-down 

method is used for the production of different types of nanoparticles by exploiting the 

interaction between the pulsed laser beam and the surface of the solid precursors [148]. 

Traditional synthesis by laser ablation involves several steps and rigid reaction 

conditions. Hu et al., therefore, designed a one-step protocol for CDs synthesis by laser 

ablation, irradiating a suspension of graphite powder in polymer solution with a 1064 nm 

laser. This approach conducts the simultaneous surface passivation of CDs, determining 

the formation of natively fluorescent CDs. Therefore, by selecting the starting precursors 

and solvent, it was possible to prepare CDs with distinctive optical and physico-chemical 

profiles. Moreover, it was observed that changing the pulse duration from 0.3 ms to 1.5 
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ms allows for modulating the size of CDs from 3 nm to 13 nm. Therefore, the nucleation 

and growth process could be modulated by varying the pulse duration [151]. On the other 

hand, Reyes et al. demonstrated the correlation between the wavelength of the laser 

employed and the size distribution of the obtained CDs. In detail, they demonstrated that 

the ablation of graphite in acetone at 355 nm allows the formation of highly homogeneous 

crystalline CDs with an average size of 5 nm, while the use of a 532/1064 nm laser induces 

the production of carbon aggregates. Moreover, the homogenous crystalline CDs were 

highly fluorescent probably due to the active participation of acetone as a reagent that 

induce the surface functionalization of CDs with ketone groups [152]. 

- Electrochemical oxidation 

Electrochemical synthesis exploits a redox reaction that takes place in an electrochemical 

cell under the influence of an electric current applied between two electrodes separated 

by the electrolyte. The electrochemical synthesis of CDs was first demonstrated by Zhou 

et al. when they produced graphitic CDs using multi-walled carbon nanotubes as the 

electrode in an electrochemical cell by applying a potential cycle between -2.0 to +2.0 V. 

The CDs obtained were spherical with an average size of 2.8 nm and an emissive profile 

in the blue region [150]. Another important aspect of electrochemical synthesis is the 

influence of the alkaline environment as demonstrated by Li et al. They demonstrated that 

graphitic CDs synthesized from graphite in an alkaline environment allow for a bright 

emission, which does not occur under acidic conditions. Thus, it seems to be that the 

fluorescence of CDs may be related to the surface oxidation state induced by the presence 

of OH- groups favored by the alkaline environment [153]. 

Bottom-up methods include: 

i) microwave-assisted synthesis; 

ii) solvothermal decomposition; 

iii) hydrothermal decomposition [150]. 

- Microwave-assisted synthesis 

Similar to the laser ablation route, microwave-assisted synthesis can also provide intense 

energy to break off the chemical bonds of starting reagents. The microwave technique has 

become an increasingly popular method as a potential strategy to overcome some 
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problems related to conventional heating processes such as inhomogeneous heating that 

results in the broad size distribution of the nanoparticles obtained [154]. This approach 

of synthesis is a cost-effective, convenient method of heating and eco-friendly, that offers 

largely reduced reaction time [155]. The synthesis of CDs by microwave pyrolysis was 

first proposed in 2009 by Zhu et al. CDs were produced from different amounts of poly-

(ethylene glycol) (PEG200) and diverse saccharides (e.g. fructose and glucose) in an 

aqueous solution. The CDs obtained were characterized by an amorphous structure and 

tunable fluorescence, but only in the presence of PEG200 demonstrating its possible 

implication as surface passivating [156]. 

- Thermal decomposition 

The synthesis of CDs by thermal decomposition exploits the dehydration and 

carbonization of molecular precursors driven by thermal reactions, usually carried out in 

the aqueous or organic phase (hydrothermal or solvothermal synthesis) upon heating in 

an autoclave at the precise temperature and pressure conditions [155]. The use of thermal 

conditions results in an increase or alteration of the solubility of the reagents in the 

solvent, allowing their physical and chemical interactions and the nucleation of 

carbonaceous structures [157]. However, the synthesis parameters are much more 

difficult to control (view Section 2.6.3.) and the raw product is particularly heterogeneous 

and requires intense purification [2]. 

2.6.2. Methods of purification and isolation 

Several synthetic routes, particularly bottom-up approaches, tend to produce small 

fluorescent molecules and CDs that are highly heterogeneous in terms of structure, size 

distribution, and surface state, which, as previously debated, are reflected in their optical 

properties. Therefore, taking into account that homogenous size distribution is the first 

requirement for the biomedical application of CDs, a strong purification step is necessary 

after synthesis. The purification step is crucial to remove the by-products of the reaction 

and thus to isolate the sub-population of CDs with a different size distribution, absorption 

capacity, emission profile, and quantum yield [146,158]. The most common purification 

methods are dialysis, centrifugation, precipitation, and chromatography. Usually, CDs are 

isolated by precipitation in no-solvents, typically ethanol. However, this procedure gives 
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rise to a very low reaction yield due to the very good dispersibility of CDs in a wide range 

of polar and non-polar solvents. Heterogenous CDs with low yield are also obtained by 

purification using the dialysis method [2,159]. In ref. [154,160], gel permeation 

chromatography was employed to purify raw products obtaining homogenous CDs. Very 

recently, a novel work-up procedure has been introduced to obtain the highest reaction 

yield reported in the literature. This approach consists of removing the reaction solvent 

using a rotary evaporator and directly purifying the redispersed product in water using a 

particular chromatography [159]. In detail, size exclusion chromatography (SEC), 

exploiting a combination of resin with a different cut-off, is shown to be effective in 

isolating homogeneous sub-population of CDs with different size distributions and optical 

profiles [3,146,158,159]. 

2.6.3. Tuning CDs profile through pre-synthetic design 

In light of the range of possible CDs profiles and the wide range of applications, 

researchers focused their attention on identifying an effective synthetic strategy to 

achieve precise control of the performance of CDs, in terms of size distribution, chemical 

structure, and optical properties [1] (Figure 11). 

 

Figure 11. Structural, chemical, and optical properties of CDs modulable through the synthesis 

scheme. 

The high flexibility of bottom-up strategies has led to an explosion in the number of 

studies focusing on CDs, resulting in countless CDs with different properties and 

applications [161]. A major advantage of the bottom-up approach to CDs is the possibility 

of producing nanoparticles with specific properties. An important property to customize 
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would be the emission of CDs with a focus on red/NIR-emitting CDs. CDs are attractive 

light-emitting materials for a variety of applications, where modulation of their emissive 

properties would therefore be a winning strategy [154]. As reported in the literature, there 

are some aspects of the scheme of synthesis to be taken into consideration, such as the 

starting reagents and their molecular ratio, solvent, temperature, pressure, and time of 

reaction. All of these parameters, if chosen and modulated rationally, make it possible to 

obtain CDs with a distinctive profile. For example, the thermal process at high 

temperatures, up to 300 °C, has been demonstrated to lead to the production of carbon 

nanotubes or graphitic carbon materials. Instead, when carbonization is performed at a 

temperature below 300 °C, the dehydration and polymerization processes result in 

ordered CDs with various surface functional groups [157]. Another important 

thermodynamic parameter for designing CDs with defined size and optical distribution is 

represented by the operating pressure in solvothermal synthesis. In detail, it was 

demonstrated that the average size and the surface content of carboxyl groups of CDs 

decreased by increasing the operative pressure from 8 bar to 18.5 bar. Moreover, CDs 

synthesized at higher pressure conditions displayed a remarkable emission profile in the 

red region, while at lower reaction pressure the obtained CDs showed more fluorescence 

in the green region [3]. Therefore, the adopted operating pressure proved to be another 

key parameter to be taken into account for a rational design of CDs with established 

properties. Furthermore, Huo et al. demonstrated the influence of the reaction solvent on 

the fluorescence of CDs. In detail, the authors synthesized CDs from urea and citric acid 

by thermal approach in four different solvents like water, DMF, DMF/ethanol, and 

DMF/acetic acid, demonstrating how the fluorescence shift from the blue to the red 

region, respectively [162]. Moreover, as reported in other work in the literature, DMF 

proved to be the key solvent obtaining red-emissive CDs, probably due to the higher 

content of surface carboxyl functional groups [3,158,159,162]. The choice of precursors 

also highly affects the surface functional groups of the resulting nanoparticles. For 

example, polyamines, citric acid, and urea are particularly effective in introducing amines 

and carboxylate groups onto the surface of CDs, allowing post-synthetic functionalization 

reactions. Furthermore, bottom-up methods allow multiple precursors to be used to obtain 

CDs with different structures and properties [154]. Bottom-up approaches make it easy 

to introduce heteroatoms that dope the core and surface of CDs, modulating their 
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structural and optical properties, and obtaining CDs with the highest emission efficiencies 

reported in the literature. Doping is an effective method to modulate the intrinsic 

properties of CDs. The introduction of heteroatoms tunes the HOMO-LUMO energy 

gaps, modulating the electronic and optical properties [149]. Nitrogen, sulfur, boron, and 

phosphorous represent the most common dopants. In particular, doping CDs with 

nitrogen atoms appears to dramatically enhance the red fluorescence and emission 

quantum yield by introducing new electron trapping on the surface state, which is 

correlated with high radiative recombination yield. The high level of N-doping obtained 

by conducting the synthesis with a high amount of doping agent leads to the formation of 

particular networks such as carbon nitride nanocrystals [149,163], which are impossible 

to obtain by top-down methods. On the other hand, doping CDs with sulfur atoms seems 

to introduce new transitions that extend the absorption spectrum toward the red and NIR 

regions, consequently improving the capacity to convert NIR light into heat 

(photothermal conversion) [159]. In light of this panorama, although the rational design 

of an efficient synthesis scheme of highly homogeneous CDs with performing optical 

properties is still a major challenge, there is also growing awareness of the innumerable 

parameters that can be modulated to obtain performing CDs for the application of interest. 

2.6.4. Core structure 

The core of CDs is quite synthesis-dependent, offering the possibility to design diverse 

sub-types of CDs. Based on the core structure, CDs can be classified in: 

i) graphene quantum dots; 

ii) graphitic carbon dots; 

iii) amorphous carbon dots; 

iv) -C3N4 carbon dots [2] (Figure 12). 
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Figure 12. Possible structure of CDs core as graphene, graphitic, amorphous, and -C3N4, and 

relative shape, crystalline, and hybridization. 

Graphitic CDs, like graphite, are characterized by a spherical core composed of layers of 

sp2-hybridized carbon stacked on top of each other. Unlike graphene quantum dots, the 

latter are not spherical particles but small disks of 1-3 layers of graphene stacked on top 

of each other. However, graphene quantum dots and graphitic dots have a similar optical 

profile. Typically, spherical-shaped graphitic CDs are the most common in the literature 

and are synthesized by a top-down approach [164–166]. Other possible CDs core 

structures can be obtained with high levels of N doping that allow the formation of 

graphitic (g-C3N4) or -crystalline (-C3N4) carbon nitride structures [146,167]. The two 

variants of carbon nitride CDs are very different. g-C3N4 is similar to graphite consisting 

of the repetition of a layer formed by three hexagonal rings of carbon and nitrogen 

hybridized sp2. In contrast, -C3N4 is a hexagonal network of tetrahedral structures of 

carbon hydridized sp3 connected to trigonal sp2 nitrogen atoms. The latter is obtained 

when the level of nitrogen doping is particularly high and forces the core structure to 

deviate from its graphitic nature [168]. CDs with C3N4 core structure have aroused 

particular attention due to their improved emissive and photothermal conversion capacity. 

Many examples of amorphous CDs reported in the literature consist of a mixture of 

carbon structure hybridized sp2 and sp3 in variable proportions and without a repetitive 

structural element. Amorphous CDs show a high fluorescence similar to that of crystalline 

CDs [169–172]. 
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2.6.5. Tuning CDs profile through post-synthetic surface modifications 

Careful integration of pre- and post-synthetic schemes is a powerful strategy to improve 

the functionality of nanomaterials in light of their perspective applications [149,154]. A 

key to producing advanced CDs that can meet precise requirements and perform specific 

functions is to further engineer the surface of CDs through ad hoc designed post-synthetic 

strategies by modifying the surface coating or integrating diverse functionalities (Figure 

13). Therefore, another important intrinsic factor of CDs is the versatility of the surface 

functional groups (e.g. carboxyl, hydroxyl, amine, amide groups) that make CDs easily 

functionalized by different strategies (e.g. amidation, esterification, alkylation, imidation) 

[1]. As mentioned above, the surface state of CDs is determined by the synthetic scheme 

adopted and is reflected in their optical and biological properties. The concept of surface 

passivation of CDs as a strategy to improve their quantum efficiency was introduced by 

Sun et al. in 2006. In this work, CDs were surface-passivated with an amino PEG1500, 

demonstrating that PEGylation is a valid strategy to induce a redshift of the emission peak 

and an increase in quantum yield [173]. The effectiveness of PEGylation as a strategy to 

tune optical properties of CDs was since been investigated by diverse authors. For 

example, in Ref. [158] surface passivation of CDs with a heterobifunctional PEG2000 

induces an enhancement of absorption in the red region and a subsequent redshift of the 

emission band. In light of the possible application of CDs as theranostic nanosystems, 

another important aspect to consider is their interaction with biological component and 

their bioelimination. The ultra-small size of CDs ensures their bioelimination and 

prevents their accumulation and retention in organs, making them suitable for biomedical 

applications. Therefore, their average diameter is often smaller than the glomerular 

basement membrane cut-off (< 5 nm), which induces premature renal excretion [174]. As 

a consequence, surface passivation of CDs could also be exploited to increase their 

average size avoiding premature renal bioelimination. Moreover, surface 

functionalization of CDs demonstrated also a valid strategy to improve their 

biocompatibility by reducing the recognition and clearance by the RES [175]. The 

biocompatibility of CDs could also be affected by their interaction with serum proteins 

and the consequent formation of dot-protein aggregates that negatively affect their 

capacity to interact with cells. As reported in the literature, the surface state and charge 

of CDs could promote their interaction with serum protein [176]. In particular, CDs rich 
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in surface of carboxyl groups seems to interact more with proteins [3]. Therefore, rational 

surface passivation of CDs could be an attractive strategy to avoid the CD-protein 

aggregate formation by modulating the surface state and charge of CDs. Finally, CDs 

surface-engineering could be exploited to introduce new functions, such as conjugating 

targeting agents, improving their appealing for in vivo applications [158]. 

 

Figure 13. Strategies of CDs surface modifications and relative possible advantages and 

functions. 

2.6.6. Fluorescence properties and tunability 

Fluorescent carbon nanodots emerge as promising contrast agents in fluorescence 

imaging due to their tunable multicolor fluorescence from the blue to the red/NIR region, 

high quantum yield, and exceptional good photostability. The possibility to tune their 

emissive profile within the biologically transparent window (600-1100 nm) represents the 

major challenge for many researchers. However, although the well-known correlation 

between the surface, size, core, and emission spectra of CDs has been reported, 

modulation of CDs emission by a rational combination of reagents and conditions is not 

easy [1,177]. 

Two main radiative mechanisms, quantum confinement, and surface state, have been 

reported to explain the phenomena of emission. The theory of quantum confinement was 

carried out from the observation of graphene quantum dots emission, which seems to 

depend on the number of graphene-like rings or more in detail on the size of sp2 domains 
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[2,178–180]. Taking into account the quasi-spherical shape, the ultra-small size, and the 

graphitic core structure of CDs, it is possible to hypothesize that their emission originates 

from a similar quantum confinement effect, in which the emissive chromophore would 

be the nanometric size [2,178,179,181]. In fact, following this proposed theory, some 

works reported a regular dependence of emission on diameter size. In detail, a study of 

CDs with different sizes highlighted a blueshift of the emission band with decreasing size 

[181]. However, other works evidenced the exact opposite of the theory of quantum 

confinement, evidencing a redshift of the emission band of CDs as size decreases [167]. 

This conflicting evidence has led to the belief that the CDs emission cannot be exclusively 

related to the intrinsic state, but is influenced by extrinsic surface-related contributions, 

such as surface defect, surface charge traps, or surface state [173,178]. Numerous 

experimental evidences support this hypothesis. For instance, as previously reported, 

surface passivation, solvents, and degree of oxidation (amount of carboxyl groups) [182] 

were demonstrated to strongly affect the emission quantum yield, probably by changing 

the number of surface emissive traps. Another recent theory has proposed that an electron 

transfer from core states to surface traps occurs during the photo-excitation and the 

fluorescence is due to the inverse recombination transition [183]. Despite several studies 

and proposed theories, the origin of fluorescence is still an open and much-debated topic. 

The most intriguing characteristic of CDs fluorescence is its tunability, which consists of 

the dependence of the emission peak on the excitation wavelength. Like the origin of 

fluorescence, also the origin of tunability is not unclear and highly debated. Many authors 

attribute the fluorescence tunability to the degree of inhomogeneity observed in most CDs 

synthesized with different synthetic routes [146,184]. The large heterogeneity of most 

CDs samples, in terms of size, structure, and surface state, is pointed out by the complex 

absorption and emission spectra. Several experiments based on the single-dot 

investigation have been conducted to refute this hypothesis [185–188]. Despite the 

extremely contrasting results reported, most authors still agree in associating the origin 

of tunability with the inhomogeneity of nanoparticles size and surface state due to the 

absence of tunability in the single dot or highly homogeneous sub-population isolated by 

SEC [2]. 
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2.6.7. Photothermal conversion capacity 

Another interesting property of CDs is represented by their photothermal conversion 

capacity, which increased their application in the field of photothermal therapy (PTT). 

Some authors reported diverse CDs able to act as potential nanoheaters. Ref. [189] 

reported CDs with a photothermal conversion efficiency of 58.2 % under a 635 nm laser 

with a power set at 2 W cm-2. Ref. [190] reported CDs with a photothermal conversion 

efficiency of about 50 % under a 732 nm laser irradiation with a power density of 1 W 

cm-2. As previously discussed in Section 2.5.3., co-doping of CDs with nitrogen and 

sulfur atoms was demonstrated to be a valid strategy to improve the absorption properties 

in the NIR region and then the no-radiative recombination phenomena. For example, Qu 

et al. obtained co-doped CDs with a photothermal conversion capacity of 59.19 % under 

irradiation with a 655 nm diode laser [177]. 

Therefore, CDs emerge as promising nanoheaters, comparable to the most noted 

photothermal agents proposed, such as gold nanorods and graphene oxide, but with the 

most interesting biological properties for prospective biomedical applications [191]. 

2.6.8. Sensing the external environment 

The fluorescence of CDs is very sensitive to the external environment, more in detail to 

external agents such as ions or molecules [192–194], solvents [185,195], or pH [196–

198]. These peculiar features could be exploited in the field of sensing and bioimaging. 

The capacity of CDs to interact with positively charged metal cations (e.g. Ag+, Pb2+, 

Hg2+, Cu2+, Fe3+) is correlated to negatively charged surfaces due to the rich content of 

carboxyl in groups. The formation of this complex induces a quenching of CDs 

fluorescence, which could be attributed to the electron transfer from CDs surface to metal 

ions [192–194,199], similar to quenching phenomena observed in complex cations-

organic dyes. For example, in ref. [192] were synthesized and selected seven kinds of 

CDs for the detection of six types of metal ions (Ag+, Pb2+, Hg2+, Cr2+, Cd2+, Fe3+). For 

each metal ion, there exists a unique fluorescence fingerprint that allows the qualitative 

identification of unknown metal ions in a specific environment. The capacity of CDs to 

act as photo-activated electron donors are not limited to metal ions. For example, Wang 

et al. synthetized green-emissive CDs for the detection of reduced glutathione exploiting 

the fluorescence quenching induced by the formation of the CDs-GSH complex [200]. 
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The surface functional groups are also correlated to the diverse optical response of CDs 

at diverse pH [196–199], probably due to variable surface charge at different acid/basic 

conditions [201]. Otherwise, ref [199]. reported N-doped CDs that undergo fluorescence 

quenching at acidic pH, probably due to the protonation of pyridinic N atoms on the CDs 

surface. While, Zhang et al. synthesized N, S-codoped CDs whose fluorescence intensity 

is very intense at acidic pH (pH=1-2), while the intensity decreased at pH 3 until it turn 

off in the pH range 8-13 [196]. 

The fluorescence of CDs is also highly sensitive to external solvents. Diverse solvation 

studies demonstrated how the polarity of the solvent influences fluorescence, quantum 

yield, and non-radiative decay rates in the function of hydrophilic and/or hydrophobic 

surface functional groups [185,195].  
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2.7. Carbon nanodots in cancer theranostics 

The application of CDs in controlled drug delivery has been widely explored in cancer 

therapy due to their ultra-small size, versatility and rich surface chemistry that combined 

with the pharmacokinetic advantages of nanomaterials make CDs a promising drug 

delivery system [202,203]. The extraordinary capacity of CDs to act as drug delivery 

systems, and fluorescent, photodynamic, and photothermal agents simultaneously, 

aroused increased attention in the rational design of multifunctional engineered CDs, 

more or less complex, as theranostic nanoplatforms in cancer therapy, diagnosis, and 

monitoring [4,158,204,205]. This powerful combination of features has increased 

exponentially over time the use of CDs in the field of photothermal therapy, 

photodynamic therapy, and/or chemotherapy in diverse combinations with fluorescence 

imaging. 

2.7.1. Image-guided photothermal therapy (IG-PTT) 

Photothermal therapy (PTT) is an emergent therapeutic strategy, which employs near-

infrared (NIR)-responsive nanoabsorbers, such as CDs, able to convert light energy into 

localized heat upon NIR laser irradiation to induce selective cell death. The therapeutic 

modality and efficacy of PTT significantly depend on the degree of temperature increase 

induced by the nanoheaters [206]. More in detail, the photothermal approach includes two 

possible strategies, hyperthermia, and thermal-ablation. Hyperthermia consists of an 

increase in temperature just above the physiological temperature (about 42 °C) to induce 

cytotoxic effects only on cancer cells due to their higher thermal sensitivity than normal 

cells [207]. This localized increased temperature changes the vascular permeability 

increased blood flow and reduced the level of hypoxia. Instead, thermal ablation consists 

to reach a higher temperature (> 47 °C) inducing the complete eradication of the cell 

exposed [208]. In the photothermal approach, at a temperature of about 40-45 °C, 

irreversible cell damage occurs only after prolonged exposure (from 30 to 60 minutes) 

impacts cell membrane integrity, and inhibits DNA replication. On the contrary, at a 

temperature above 60 °C (thermal-ablation approach), the time that is required to achieve 

irreversible cell damage decreases exponentially due to the rapid protein denaturation, 

inactivation of vital enzymes, and immediate cytotoxic effect that leads to coagulative 

necrosis [209]. However, in contrast to hyperthermia, the operative temperature range of 
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thermal ablation is not selective for cancer tissue, but damage also the nearby healthy 

tissues. The combination of precise NIR laser and nanoheaters selectively accumulated 

in tumor tissue confers to either the photothermal approach unique advantages in cancer 

therapy including high specificity, minimal invasiveness, and precise spatial-temporal 

selectivity [206]. The combination of photothermal therapy with fluorescence imaging, 

also known as image-guided photothermal therapy (IG-PTT), allows for ensuring the 

localization of the nanoparticles and the safety and efficacy of the photothermal approach 

in real time. In recent years, the combination of more than one therapeutic approach in a 

single nanoplatform, such as the combination of PTT with chemotherapy, has attracted 

the most attention as a promising strategy to overcome MDR phenomena and the 

heterogeneous response of cancer cells to chemotherapy [122,210,211]. Moreover, PTT 

demonstrated to amplify the antitumor effect of chemotherapy by rendering tumor cells 

more susceptible to anticancer drugs [212,213]. The activation of the apoptosis pathway 

represents the fundamental mechanism of action of the most common anticancer drug 

[47]. The apoptosis pathway could be activated through the death receptor-mediated 

apoptosis pathway (extrinsic pathway) [214,215] and/or the mitochondrion-induced 

apoptosis pathway (intrinsic pathway). The extrinsic pathway could be induced by tumor 

necrosis factor  (TNF) or Fas ligand (FasL) that leads to the cascade activation of 

caspase 8 and caspase 3 in sequence. Whereas, the balance between proapoptotic and 

antiapoptotic factors regulates the activation of caspase 9 as well as of the intrinsic 

pathway [216,217]. However, diverse types of cancer are characterized by a marked 

resistance to apoptosis, resulting from disrupted apoptosis machinery, overactivated 

prosurvival signaling pathways, increased expression of the therapeutic target, activation 

of alternative compensatory pathways, high degree of molecular heterogeneity in tumor 

cells, upregulation of drug transporters and multidrug resistance [218]. Recently, the 

growing number of works focusing on the use of nanoheaters-induced photothermal 

therapy has highlighted its ability to activate diverse programmed regulated cell death 

(RCD) pathways like necroptosis, autophagy, and apoptosis [219]. Necroptosis is a 

caspase-independent regulated necrotic cell death modality, that could be activated also 

in absence of pro-apoptotic factors, representing an interesting alternative way for RCD 

to bypass apoptosis resistance. Rather necroptosis is induced by TNF and the activation 

of receptor-interacting protein kinase (e.g. RIPK1, RIPK3) and mixed lineage kinase 
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domain-like protein (MLKL), that regulate the inhibition of caspase 8 and promote the 

formation of the necrosome [220,221]. It is important to underline that diverse types of 

cancers have shown downregulation of the key mediators of the necroptosis pathway, 

suggesting that cancer cells try to evade necroptosis to survive [219,220,222]. Moreover, 

several studies reported in the literature emphasized that necroptosis involved also the 

activation of antitumor immunity, including antigen presentation, cross-priming of CD8+ 

T cells, and the production of IFN- [221,223,224] In Ref. [224] CDs functionalized on 

the surface with PEG-biotin and loaded with irinotecan were developed as a strategy to 

elicit diverse RCD pathways to overcome MDR and apoptosis resistance in breast cancer. 

In contrast to treatment with irinotecan-loaded nanoparticles that promote the apoptosis 

pathway, the combinatorial approach demonstrated effectiveness in simultaneously 

activating apoptosis and necroptosis with excellent anticancer efficacy. 

In light of these considerations, the possibility to trigger necroptosis by a simple, non-

invasive, and accurate method like NIR laser-mediated PTT, represents an increasing and 

interesting strategy to maximize the efficacy of the treatment overcoming the apoptosis 

resistance phenomena [219,221]. 

2.7.2. Image-guided photothermal/photodynamic therapy 

Photodynamic therapy (PDT) emerging as an interesting therapeutic approach due to its 

non-invasive nature, and reduced side effects, and represent a valid alternative to the 

conventional approach and relative MDR phenomena. The PDT was focused on inducing 

cancer cell death by the production of reactive oxygen species (ROS), such as singlet 

oxygen or free radicals, by a photosensitizer and a photoactivable agent under NIR-laser 

irradiation. PDT can be easily performed using a NIR-photoactivable agent with an 

emission band overlapped with the absorption of one of the photosensitizers, in order to 

reach the highest efficiency of energy transfer. Indeed, the production of ROS was based 

on the ability of the photosensitizer to transfer the absorbed photon energy to the 

surrounding oxygen molecules generating ROS [225,226]. The regulation of ROS levels 

is crucial for cellular life revisiting a dual role in the function of its concentration. In fact, 

moderate levels of ROS contribute to the control of cell proliferation and differentiation; 

on the contrary, high levels of ROS (oxidative stress) increase receptor and oncogene 

activity, with the possibility to damage lipids, proteins, and DNA [227]. Conventional 
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NIR-sensitive photosensitizers like porphyrin, phthalocyanines, and bacteriochlorin 

derivates demonstrated able agent for concurrent cancer imaging and therapy, and some 

of these have been approved in the clinic (e.g. Photolon®, Fotolon®, and Tookad®) 

[228]. However, the current applications are often limited by their poor water solubility, 

photostability, and low absorbance capacity in the biological transparent window [229]. 

As for fluorescence imaging, quantum dots (Q-dots) have been proposed to improve the 

PDT potentiality of photosensitizers due to their excellent optical properties and water 

solubility. However, the use of Q-dots brings with it an important toxicity problem related 

to the presence of heavy metals, as previously anticipated. 

Carbon nanodots due to their functional combination of optical properties, size, and 

biocompatibility emerge as potential PDT and FLI agents exploitable in image-guided 

photodynamic therapy (IG-PDT) [225,228]. Some examples of engineered CDs in cancer 

IG-PDT were reported in the literature [230–232]. For example, Huang et al. developed 

a conjugate of CDs and chlorine-6 that showed efficient photodynamic capability and 

excellent contrast in fluorescence imaging as compared to the use of chlorine-6 [232]. 

Therefore, the use of CDs as carrier of photosensitizers in PDT offers several advantages: 

i) improving the stability and solubility of photosensitizers in aqueous/biological media; 

ii) reducing the cytotoxicity of photosensitizers; iii) improving the circulation half-time 

and increasing the diffusion in tumor tissues [228]. 

2.7.3. New outlook in cancer theranostics 

More recent studies have reported various nanoparticles, such as carbon nanomaterials, 

metal nanoparticles, and 2D materials can trigger autophagy pathways [233]. Autophagy 

is a highly regulated process that degrades proteins and recycles cellular products or 

damaged organelles, playing a key role in maintaining cellular homeostasis. In order to 

preserve cellular homeostasis, autophagy provides an adaptive and inducible response to 

cellular stress induced by external chemical or physical agents [234,235]. Therefore, 

nanomaterials able to overstimulate ROS production can lead to autophagy cell death or 

adaptive response to maintain homeostasis [236]. An interesting housekeeping response 

consists of the activation of diverse forms of stress and in particular in the overproduction 

of ROS [237]. In ref. [238] was studied the cytotoxic profile of negative-charged CDs, 

passivated with neutral PEG and passivated with positive polyethylene imine (PEI). In 



Introduction 

- 44 - 
 

this study, for the first time, was highlighted differences in cell cycle, ROS generation, 

and cytotoxicity correlated to different surface passivation and more in detail to the 

diverse surface state in terms of charge. Therefore, the present study offers a new view 

on the toxicity of CDs, which cannot be traduced as a simple reduction in cell viability 

but as the capacity of CDs to induce ROS generation acting as anticancer agent. In another 

recent work, carbon nanodots were demonstrated to induce the activation of the 

autophagy system in cancer cells through the stimulated production of ROS, which serves 

as a buffer to control the level of stress and reduce the cytotoxic effects or to lead to cell 

death by apoptosis [233]. Another work reported in the literature proposed N, S-codoped 

CDs that demonstrate to improve the intracellular ROS generation inducing an effective 

anticancer effect. ROS production was ascribed to the capacity of CDs to interact with 

the electron transport chain in the mitochondrial membrane [239]. 

These works lead the way to study the implication of the surface functional groups and 

surface charge in their ability to stimulate an overproduction of ROS and explore the 

intrinsic cytotoxic effect of CDs as a novel therapeutic strategy for cancer without the use 

of conventional chemotherapeutic drugs. 
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3. Aim of the work 

Nanomedicine aims to overcome limitations of unspecific conventional chemotherapy 

(e.g. severe side effects, multidrug resistance, poor bioavailability, dose-limiting toxicity) 

and the complexity of tumor tissues, exploiting the unique properties of nanocarriers to 

modulate the pharmacokinetic and pharmacodynamic profiles of drugs, enhancing their 

therapeutic index and improving the patient’s quality of life [76,240]. The necessity of 

more personalized, non-invasive, and efficient treatments in the fight against breast 

cancer has aroused considerable attention in the development of innovative 

multifunctional nanosized tools able to simultaneously act as multimodal therapeutic 

nanoplatform (e.g. chemotherapy, photothermal therapy, photodynamic therapy) and 

contrast agent in non-invasive fluorescence imaging [241]. This combinatorial approach 

(theranostics) allows for combining early diagnosis, real-time monitoring, and targeted 

therapy of tumors, contributing significantly to the ever-growing field of personalized 

medicine [119]. In particular, the combination of diverse therapeutic approaches allows 

for circumventing the well-known intra-tumor heterogeneity of cancer tissues, multidrug 

resistance (MDR), and apoptosis resistance, demonstrating a valid strategy to induce 

selective cell death by the activation of diverse regulated cell death (RCD) pathways (e.g. 

apoptosis, necroptosis, autophagy) [224,242]. 

A wide range of light-responsive nanomaterials has been proposed for fluorescence 

imaging and/or photothermal therapy within the biological transparency window, such as 

organic dyes, carbon nanomaterials, and metal nanoparticles. However, despite the high 

photostability of metal nanoparticles against conventional organic dyes, they suffer from 

low renal excretion and organ accumulation, which imply potential long-term toxicity 

phenomena limiting their clinical applications [175]. Among the plethora of photo-

responsive nanomaterials proposed, carbon nanodots (CDs) emerge as potential 0D 

carbon-based nanomaterials due to their potential combination of water-solubility, 

versatile surface, lower toxicity, fluorescence properties, photothermal conversion 

capacity, and photostability. In particular, red/NIR-emitting CDs have shown the most 

promising properties in cancer theranostics, since they emit light that can pass through 

biological tissues without being absorbed to give information on their localization by 

high-resolution fluorescence imaging [243]. However, the biomedical applications of 

CDs as theranostic agent as such or in more complex hybrid nanoplatforms is highly 
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affected by severe limitations in the design of performant CDs [1]. In detail, the huge 

access to starting monomers and protocols, as well as the lack of full control in all 

synthesis parameters involved in low yield and deficiency control of CDs profile, often 

obtaining heterogeneous CDs with preferential fluorescence in the blue/green region with 

poor interest for biomedical applications [2]. Moreover, the ultra-small size of CDs, 

although on the one hand, it constitutes a great advantage by avoiding their undesired 

organ accumulation, on the other hand, average size under the glomerular cut-off of 5 nm 

results in undesired premature renal excretion [1]. Therefore, a careful and rational design 

of the synthesis scheme as well as of the surface of the CDs constitutes necessary and 

fundamental steps to increase the biomedical interest in the use of carbon nanodots. 

In the present thesis work, the different aspects and steps involved in the development of 

multifunctional carbon nanodot-based nanoplatforms have been deeply explored, from 

the rational synthesis to surface engineering of CDs as far as to the design of more 

complex nanosystems exploitable in breast cancer theranostics. The first focus goal was 

to design and test diverse solvothermal synthesis schemes and work-up strategies, in order 

to obtain peculiar performant CDs for biomedical applications. In detail, diverse 

combinations of reagents (e.g. urea, citric acid, indocyanine green, DMF) and 

thermodynamic parameters of synthesis (e.g. time, pressure, temperature) have been 

studied, understanding their potential to modulate the structure of the core, the surface 

functional groups, the optical properties (e.g. absorbance, fluorescence, photothermal 

conversion) and the biological profile of CDs. Doping of CDs with nitrogen and/or sulfur 

has been explored to obtain crystalline CDs with brilliant red/NIR fluorescence and 

photothermal conversion efficiency, also revealing the key correlation of the surface state 

of CDs with their functional capacity to interact with biological components (e.g. 

plasmatic proteins, mitochondrial). In a second step, in order to employ the appeal of CDs 

in the development of theranostic nanoplatform, diverse surface engineering strategies 

have been studied from the pegylation/alkylation by amidation to the transesterification 

with PLA chains, as well as the incorporation inside the polymeric matrix or self-

assembling core-shell nanostructures. The covalent functionalization of CDs or their use 

as a functional material in polymeric nanostructures was exploited as strategies for 

overcoming some limitations in the use of CDs in cancer theranostics (e.g. premature 

renal excretion, dot-dot/dot-serum protein interactions). The range of carbon dot-based 
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nanoplatforms proposed was rationally designed, carefully choosing each element in 

order to efficiently combine the fluorescence properties and/or photothermal conversion 

capacity of CDs with the advantages impinged by the polymeric shell or structure (e.g. 

water stability, increased drug loading, biodegradability, targeting properties, average 

size). The diverse design of carbon dots allows for exploring different combinations of 

fluorescence imaging and therapeutic strategies such as chemotherapy (e.g. doxorubicin, 

irinotecan, sildenafil), CDs-triggered ROS production, and/or photothermal therapy. 

Each step has been thoroughly studied and characterized in order to reconstruct all the 

key aspects in the synthesis and engineering of carbon nanodots, and to investigate the 

potential of the different therapeutic approaches in the therapy and diagnosis of breast 

cancer. 

 

Figure 14. Summary scheme of the aim of the work: from the design of carbon nanodots to the 

development of multifunctional nanosystems for the diagnosis and therapy of breast cancer. 
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4. Results Discussion and Conclusions 

4.1. Pressure-dependent synthesis of N-doped carbon nanodots as a tool to 

modulate their physico-chemical and optical profile 

A consistent synthesis of Carbon Nanodots (CDs) with an established and controlled 

physico-chemical profile is precluded owing to the impossibility of fully controlling the 

thermodynamic parameters during the synthesis, thus limiting their possible use in 

medical applications. The possibility of tuning the photoluminescence of CDs as a 

function of monomer ratios, reaction temperature, solvent composition, and doping 

agents, to obtain CDs with optical properties suitable for a plethora of applications, still 

constitutes the challenge of many research groups [112,150,244]. Although pressure is a 

thermodynamic parameter that plays a crucial role in solvothermal reactions in terms of 

viscosity, density, and crystal lattice energy, to the best of our knowledge there are no 

studies that report the effect of the operative pressure on the structure, dimensions, and 

optical features of CDs [245,246] Herein, a solid solvothermal protocol exploiting for the 

first time the fine controlling of temperature and pressure to obtain CDs with tunable 

optical and structural properties was developed. Here, it was demonstrated that by 

manipulating the operating pressure it is possible to obtain highly homogeneous nitrogen-

doped CDs with tunable multicolor fluorescence and NIR photothermal conversion 

capability. Moreover, the proposed strategy of synthesis allows for obtaining peculiar 

biological properties, like cytocompatibility and NIR-triggered photothermal cytotoxic 

properties, highly desirable in precision medicine (Figure 15). 
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Figure 15. Graphical abstract. 

4.1.1. Synthesis of N-doped Carbon Nanodots at different operating 

pressure 

Modulating the operating pressure of the reactor from 8 to 18.5 bar during the 

solvothermal decomposition of urea and citric acid in N, N-dimethylformamide (DMF) 

different emissive-CDs were obtained. CDs were synthesized in the condition of nitrogen 

doping to obtain optimal optical properties since it seems to be a crucial factor. Three 

pressures were chosen to study the pressure-dependent behavior of the emission spectrum 

and size distribution of CDs, namely 8, 13, and 18.5 bar. The selected operating pressure 

was reached within 45 min and kept for about 2h, through a micrometric tuning of the 

reactor valve. As shown in Figure 16 the trend of the pressure recorded during the 

reactions, suggests that the selected pressure was reached and maintained a plateau over 

time after 50 minutes of warm-up solvothermal reactions. Only for the synthesis at a 

higher pressure of 18.5 bar, the plateau was registered after 150 min. As supported by the 

literature, these conditions are suitable to provide the necessary time for forming ordered 

crystals typical of nitrogen-doped CDs [158]. 
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Figure 16. Pressure trend in the function of the reaction time monitored during the synthesis of 

CDs. 

All the CDs obtained consisted of a mixture of amorphous carbonaceous sub-materials 

and heterogeneous green-, orange- and red-emissive CDs but in different percentages. 

The different sub-populations with peculiar sizes, surfaces, and optical properties were 

isolated by exclusion chromatography (SEC). In detail, to eliminate by-products and the 

smallest materials, crude CDs were purified by a strategic combination of two Sephadex 

stationary phases packed with an increasing cut-off from G15 to G25. After purification 

by SEC three main fractions per each reaction were isolated. Usually, one emits in the 

green region of the visible spectrum, another in the orange, and the last prevailingly in 

the red region. A first analysis of the optical properties successfully allows the selection 

of fractions of each sample of CDs with the top red fluorescence. Red fluorescence 

represents the focused goal in fluorescence imaging applications to obtain high-resolution 

images within the biologically transparent window. The reaction yield of the three 

selected fractions, named CDs8bar, CDs13bar, and CDs18.5bar, is strictly affected by the 

operating pressure (Table 1). In particular, the yield of CDs emitting in the red region 

increased by increasing the pressure (4 %, 8 bar; 5.7 %, 13 bar, and 11.6 %, 18.5 bar), 

suggesting that red-emitting CDs can be efficiently obtained at the higher pressure 

studied. On the contrary, the yield of the green fractions decreased with the operating 

pressure (from about 14 % to 1 %, at 8 and 18.5 bar, respectively). In contrast, the yield 

of the orange fractions had a maximum of 13 bar and decreased at higher and lower 

pressures (Table 1). 
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Table 1. Yield (%) of green-, orange- and red-emitting CDs collected of CDs8bar, CDs13bar, and 

CDs18.5bar. 

a Calculated on a weight basis considering the weight of starting monomers completely 

dehydrated 

4.1.2. Physico-chemical characterization 

To compare only the red-emitting CDs8bar, CDs13bar, and CDs18.5bar the chemical surface 

state was established by FTIR analysis (Figure 16). The FTIR spectra show diagnostics 

bands typical of hydroxyl, carbonyl, and amide groups relative to O-H stretching (3436 

cm−1 ), C = O (1384–3178 cm−1 ), and C-H vibration (2915 cm−1 ), but with different ratio 

[158][146][247]. In detail, the carboxyl/amide band heights highlighted that CDs18.5bar are 

characterized by a higher amount of carboxylic acid groups on the CDs surface compared 

to the samples obtained at lower pressure. On the contrary, the CDs13bar and CDs8bar would 

seem richer in amide groups. Therefore, the amount of carboxyl groups is directly 

proportional to operating pressure, whereas the amide groups follow an opposite trend 

(Figure 17 and Table 2). 

 

Figure 17. FT-IR spectra of CDs8bar, CDs13bar, and CDs18.5 bar. 

 Yield CDsGreen (%) a Yield CDsOrange (%) a Yield CDsRed (%) a 

CDs8bar 14.3 6.4 4.0 

CDs13bar 5.4 8.1 5.7 

CDs18.5bar 0.9 4.1 11.6 
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These data were also confirmed by ζ-Potential measurements reported in Table 2, where 

it is manifest that CDs18.5bar have a higher amount of surface negative charge relative to 

carboxylic acids (−33 mV and about −19 mV for CDs18.5 bar and CDs13bar/CDs8bar, 

respectively). Following the literature, the surface composition has a critical role for 

nanomaterials, since it could affect many parameters in the biomaterial/tissue interface 

such as cell uptake, nano-toxicity, protein absorption, biodistribution, and immune system 

[248,249] Thus, the operating pressure could be a key parameter to modulate the yield of 

red-emitting CDs, their surface functional groups, and their biological behaviors. 

Table 2. Z-average, PDI, and ζ -potential of CDs8bar, CDs13bar, and CDs18.5 bar by DLS analysis. 

a Data obtained by DLS analysis in ultrapure water at 37 °C. 

b Data obtained by DLS analysis in supplemented DMEM at 37 °C. 

4.1.3. Size distribution determination by Atomic Force Microscopy (AFM) 

Another parameter that affects the biomaterials/tissues interactions is the size distribution 

of nanoparticles [248,249]. Even if CDs are small enough (< 5 nm) to be eliminated by 

normal renal clearance, interactions with biological components also depend on the size 

distribution of nanoparticles. Therefore, modulating the size distribution of CDs allow 

tuning the parameter over-mentioned helpful in the design of safe effective 

nanomedicines with negligible side toxic effects [128]. Here, the operating pressure 

provides a simple way to obtain highly homogeneous CDs with size distribution 

proportional to the pressure adopted. 

The influence of the operating pressure on the size distribution of the CDs and the 

involvement of the particle size distribution in emission phenomena by interfacial 

electron mechanisms was evaluated by AFM analysis. CDs18.5bar, CDs13bar, and CDs8bar 

micrographs and size distribution obtained from the particle heights were reported in 

Figure 18. As shown in Figure 18b, the process of purification adopted allows obtaining 

Sample Z-Average 

a (nm) 

PDI a Z-Average 

b (nm) 

PDI b ζ-Potential 

a (mV) 

ζ-Potential 

b (mV) 

CDs8bar 1.9 0.06 128.3 0.253 -18.4 ± 6.5 -5.5 ± 1.2 

CDs13bar 2.4 0.1 267.5 0.498 -19.6 ± 8.6 -6.0 ± 1.1 

CDs18.5bar 5.3 0.02 210.8 0.373 -33.6 ± 5.9 -6.2 ± 1.7- 

DMEM - - 91.8 0.219 - -10.1 ± 8.4 
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CDs with narrow size distribution. The mean diameter varied from 0.45 to 2.4 nm as the 

operative pressure increased, suggesting that tuning the pressure during the reaction 

allows for modulating the size distribution of the CDs. It might be noticed that non-

spherical CDs were obtained at 8 bar, consisting of 0.45 nm in height extended 

unidirectionally up to about 1 nm in width (Figure 18a). While at lower pressure (8 bar) 

crystal growing is incomplete, it is noteworthy that high pressure is required to provide 

spherical CDs and complete multidirectional crystal growth. The mechanism of this 

phenomenon is associated with directional stress on the solubility of compounds 

produced during the dehydration and carbonization of the starting monomers. In fact, 

under compressive forces, the solubility of the stressed faces is higher and the degree of 

supersaturation of the liquid affects the crystal growth of the stressed faces [250]. 

  

Figure 18. AFM micrographs of CDs8bar (a), CDs13bar (b), and CDs18.5bar (c) and relative size 

distribution (d). 

4.1.4. Optical characterization 

Previews publications report that doping nanoparticles with sulfur or compounds able to 

be incorporated into the crystals during the growing processes represents a prominent 

strategy to synthesize CDs with red/NIR fluorescence. However, this strategy does not 
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guarantee that the control of the chemical composition and physicochemical properties of 

CDs results in the arduous production of standard nanoparticles suitable for biomedical 

use. Considering that the photoluminescence of CDs is highly affected by the size and 

functional groups, here, it was exploiting the pressure of the synthesis process to obtain 

nitrogen-rich CDs with a significant red shift [251]. To evaluate the red emission 

properties of CDs18.5bar, CDs13bar, and CDs8bar, absorption spectrum, and emission spectra 

were recorded and reported in Figure 19. All CDs are characterized by a complex 

absorption spectrum consisting of three main bands at about 350, 450, and 600 nm (Figure 

18a). These bands are associated with the three main emission bands in the green, orange, 

and red emission regions, respectively. In particular, the band at 350 nm is particularly 

remarked for the CDs8bar sample, decreased up to hinted for the CDs13bar and the CDs18.5bar 

respectively. In contrast, the bands at 450 and 600 nm sharply increased in the CDs18.5bar 

and CDs13bar spectra, with a prevalent band at 600 nm for the CDs18.5bar. In order to 

investigate the emission properties of the CDs in the red region, emission spectra were 

recorded under an excitation wavelength of 600 nm (Figure 19b), confirming that the 

operating pressure is an underestimated parameter in the solvothermal synthesis of CDs 

which provides a versatile and fine control of the physicochemical properties of CDs. In 

fact, it was observed a significant red shift of 10 nm for the CDs18.5bar if compared with 

parent samples (CDs8bar and CDs13bar) and a higher quantum yield (QY%) for the 

CDs18.5bar (4.3 % vs. 2.4 %), implying that the higher operating pressure adopted in the 

synthesis of CDs (18.5 bar) provided significant improvements in the emission properties 

of CDs in the red region, desirable for medical applications [247,252]. 

 

Figure 159. UV spectra (a) and emission spectra recorded under excitation at 600 nm of CDs8bar 

(green lines), CDs13bar (orange lines), and CDs18.5 bar (violet lines). 
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4.1.5. Determination of photothermal conversion capacity 

The photothermal abilities of the selected red-emitting CDs18.5bar, CDs13bar, and CDs8bar, 

each sample (0.2 mL) at a concentration of 0.1 mg mL−1 was evaluated exciting using a 

diode laser of 810 nm with a power of 5 W cm−2 for 300 s. Temperature was measured 

and reported as a function of the exposure time (Figure 20). Ultrapure water was used as 

a negative control for comparative purposes. CDs18.5bar sample provided a much more 

distinct photothermal ability since it allows reaching 69 °C after 300 s exposure. 

According to the higher absorption property observed in the red range of the UV-vis 

spectrum (Figure 19a). Although all CDs samples proved capable of increasing the 

temperature of the medium under NIR exposure up to at least 55 °C, far beyond the 

photothermal threshold useful in cancer hyperthermia (43 °C). However, all CDs allow 

tuning NIR photothermal effect to generate hyperthermia by controlling the exposure 

time and laser power, which could supply the minimum temperature needed to eradicate 

tumors and avoid damage in healthy tissues [212,213,253]. In particular, under the 

selected experimental conditions the medium reached 43 °C after barely 25 s of laser 

exposure for the CDs18.5bar sample. At the same time, the same temperature was obtained 

after 40 s and 75 s for the CDs8bar and CDs13bar, respectively. Therefore, the photothermal 

kinetics under NIR laser excitation confirms that the increasing pressures and the optimal 

absorbance in the transparent window ensure greater photothermal performance in the 

NIR region, which is necessary for image-guided phototherapy in deep tissues. 

 

Figure 20. Kinetics of hyperthermia in the function of exposure time under irradiation with an 

810 nm diode laser with power fitted at 5 W cm−2 for 300 s. 
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4.1.6. Cytocompatibility assay of N-doped CDs and NIR-triggered cancer 

cell death study 

In vitro cytocompatibility of the selected red-emitting fraction of CDs18.5bar, CDs13bar, and 

CDs8bar was evaluated on the breast cancer cell model (MDA-MB-231) after 48 h 

incubation within a concentration range of 0.05–1 mg mL−1. Cell viability is expressed as 

the percentage of cells alive in comparison to the untreated control (100% viability). As 

reported in Figure 21. cell viability followed a dose-dependent trend in the entire range 

of concentration. In particular, cell viability decreased as the concentration increased. 

However, the CDs obtained at different pressure were different cytocompatibility 

profiles. In particular, CDs8bar displayed excellent cytocompatibility (> 90 %) over the 

entire range studied, whilst a lower cytocompatibility was recorded for the CDs13bar 

sample at the higher concentration tested. Surprisingly, the CDs18.5bar sample provoked a 

significant cell death at concentrations higher than 0.25 mg mL−1. These data suggest that 

the different nature of the CDs surface observed might play a crucial role in the biological 

profile of these nanomaterials. 

In light of the controllable high photothermal performance of the red-emitting CDs, it was 

evaluated their ability to induce human breast cancer cell death by NIR-triggered 

photothermal ablation. Therefore, the second experimental set was conducted on MDA-

MB-231 after an incubation time of 48 h by irradiating each well with an 810 nm diode 

laser for 300 s with power fitted at 5 W cm−2. The photothermal ablation was measured 

as a reduction in cell viability after the laser treatment and results were compared with 

cells treated only with CDs (Figure 21). According to literature data, the 810 nm diode 

laser treatment alone at suitable power density (0.1–10 W cm−2) has a bio-stimulating 

effect, which reflects on cell proliferation and thus is considered biocompatible [212,254–

256]. In contrast, cells exposed to either CDs18.5bar, CDs13bar, or CDs8bar show a remarkable 

dose-response reduction in cell viability after laser irradiation. Like other tested nano-

heaters, the treatment of MDA-MB-231 with a harmless dosage of NIR diode laser (300 

s, 5 W cm−2 ) provoked the activation of CDs within the therapeutic window and the local 

release of heat to provoke a selective cell death [257–260]. In detail, CDs8bar need a higher 

concentration to induce cancer cells death by photothermal ablation (IC50 = 0.45 mg mL−1 

) if compared with the parent CDs (CDs13bar, IC50 = 0.125 mg mL−1; CDs18.5bar, IC50 < 

0.05 mg mL−1 ). Besides, CDs18.5 bar was able to provoke 100% of cell death under NIR 
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laser treatment at a very low dosage (<50 µg mL-1), involving complete eradication of 

cancer cells [261]. Thus, the operating pressure allows tuning both the physico-chemical 

and biological properties of CDs, providing a key synthetic parameter to design new 

nanomaterials adaptable to medical requirements. 

 

Figure 21. Study of cytotoxicity (compact lines) and photothermal activities (dotted lines) in vitro 

on 2-D model of MDA-MB-231. 

4.1.7. Study of CDs-serum protein interactions by DLS analysis 

When nanoparticles with a high specific surface state and charge are in biological fluids, 

they can interact with proteins to form a protein shell with various conformations named 

protein corona, which can negatively affect their physicochemical properties and the 

ability of cell internalization [262–267]. Thus, the interaction of the selected red fractions 

of CDs18.5bar, CDs13bar, and CDs8bar with DMEM serum protein was established by 

exploring the formation of aggregate after incubation at 37 °C by DLS measurements. As 

shown in Table 2, all CDs samples interact with DMEM proteins giving rise to bigger 

proteins-dots aggregates within the range of 120–270 nm. In particular, CDs with the 

higher amount of surface carboxylic functions, namely CDs18.5bar and CDs13bar, showed a 

stronger interaction with DMEM serum protein affording to proteins-dots nano-

aggregates of about 210 and 270 nm in diameter, respectively.  

In accordance, CDs8bar with the lower amount of carboxylic acid and lower ζ-Potential 

(≈−19 mV) are much more cytocompatible. On the opposite, cell viability tends to 

decrease at the higher dosage tested (0.5–1 mg mL−1) for the CDs obtained at higher 
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pressure (Figure 21, Table 2). This behavior can be explained considering that CDs are 

prone to provoke electrostatic adsorption of serum proteins of the medium on their surface 

to give rise to nano-aggregates of about 270 nm in diameter and quasi null ζ-Potential 

(≈−6 mV) (Table 2). The reduction of the ζ-Potential elicited a time-dependent 

flocculation of the CDs into nano-aggregates. As consequence, the amount of corona 

protein on the surface is proportional to the size of the nanoparticles (CDs18.5bar are five 

times bigger than CDs8bar, Table 2). This could significantly change nanoparticles' 

biological behavior, suggesting that the formation of corona protein might be involved in 

the cytotoxicity mechanisms of such CDs [268]. 

4.1.8. In vitro cell internalization study 

Taking into account the possible use of the selected red-emitting fractions of CDs18.5bar, 

CDs13bar, and CDs8bar in imaging applications, their cell internalization was evaluated by 

fluorescence microscopy. In detail, MDA-MB-231 cells were incubated with an 

equivalent amount of either CDs18.5bar, CDs13bar or CDs8bar for 6 h, and cell uptake was 

evaluated by tracking the red self-fluorescence of CDs and blue fluorescence of nuclei 

marked with a DAPI solution (Figure 22). Figure 22 shows a certain ability of all CDs 

samples to enter cancer cells under physiological conditions in DMEM, since red-

emissive CDs show a specific nuclear localization (Figure 22a–c). However, as expected, 

cell cultures were highly contaminated by aggregates visible before washing up wells 

with DPBS using the Texas red channel (data not shown), corroborating the tendency of 

CDs to provide significant nano-aggregates in DMEM, and limiting their possible use in 

vivo. Therefore, a strategic surface engineering of these CDs must be considered as a 

functional strategy to limit the adsorption of corona proteins and increase the average 

surface diameter, avoiding rapid renal clearance and improving their therapeutic efficacy 

in vivo. 
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Figure 22. Uptake study by fluorescence microscopy in a multichannel fashion of CDs after 24 h 

of incubation. DAPI (a,b,c), texas red (a',b',c'), and merge (a'',b'',c'') images are reported. 

4.1.9. Conclusion 

In this work, it was explored a bottom-up synthesis strategy of fluorescent CDs to 

modulate their size distribution, surface state, optical properties (fluorescence and 

photothermal conversion capacity), and biological profile. The parallel solvothermal bar 

to the synthesis of CDs from urea and citric acid at different operating pressure (from 8 

to 18.5 bar) highlighted the key role of pressure in the design of CDs with peculiar 

physicochemical, optical, and biological profiles. The crucial role of pressure as a 

thermodynamic parameter could allow for synthesized performant CDs for image-guided 

photothermal applications. In detail, it was observed a red shift of fluorescence 

proportional to the increased pressure and improved yield of red-emitting CDs at higher 

pressure. Moreover, the reddest fluorescent CDs obtained at the higher pressure also show 

a considerable absorption in the NIR region, determining the correlated good NIR 

photothermal conversion capacity. Indeed, the operating pressure highly impacts the size 

distribution of CDs. As demonstrated by AFM characterization. In particular, the average 

size of CDs was proportional to the operating pressure, passing from 0.45 to 2.4 nm, 

demonstrating that 8 bar is not a sufficient pressure to induce the complete formation of 

the crystal. Proportionally to the increased average size, it was observed an increment of 
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the surface carboxyl groups can be correlated to the improved red fluorescence. 

Biological characterization of breast cancer cells allows for demonstration of the capacity 

of CDs to act as fluorescence and photothermal NIR-sensitive agents, exploitable in 

fluorescence imaging-guided photothermal therapy. However, although the present work 

demonstrates the key role of pressure in profiling CDs, the extremely low yield of the 

synthesis processes is still a major limitation in their use in the biomedical field.  
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4.2. Innovative decagram-scale synthesis of multicolor N,S-doped carbon 

nanodots as photothermal nanotools with selective anticancer properties 

One of the most limiting drawbacks in the use and application of CDs is the extremely 

low reaction yield obtained up to now lower than the 3% w/w. 

Here, an innovative protocol of synthesis and work-up of highly homogeneous N, S-

codoped carbon nanodots in decagram-scale quantities was proposed for the first time, 

bypassing one of the major obstacles in the use of CDs for real-world biomedical 

applications. In detail, indocyanine green (ICG) is used as a bidentate SO3
- donor able to 

tune surface groups and emission bands of carbon nanodots obtained by carbonization of 

citric acid and urea in DMF in solvothermal conditions. The co-doping involves various 

surface states providing transitions in the visible, thus allowing tunable multicolor 

emission from blue to the red region and excellent NIR-photothermal conversion 

efficiency useful in bioimaging applications and image-guided phototherapy in cancer 

theranostics. Moreover, sulfur-doping confers pro-oxidant activities by increasing NIR-

triggered ROS generation in cancer cells compared to healthy cell lines. The oxidant 

stress can be locally increased by irradiating cells treated with N, S-doped CDs with an 

810 nm diode laser at a lower power density of 2.5 W cm-2. Therefore, this work provided 

a solid high-yield scheme of preparation of multicolor N,S-CDs with intrinsic cytotoxic 

activity toward cancer cells able to act as therapeutic and diagnostic agents, useful in 

breast cancer theranostics (Figure 23). 
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Figure 23. Graphical abstract. 

4.2.1. Synthesis of N, S-doped Carbon nanodots (N,S-CDs) 

In previous work, it was demonstrated that the decomposition of urea and citric acid in 

the strategic stoichiometric ratio, the use of DMF as the solvent, and appropriate 

conditions of temperature and pressure allowed obtaining red emitting CDs with suitable 

fluorescence quantum yield (QY of 4 %) and photothermal conversion efficiency (≈ 32 

%), desired in cancer theranostics [3,158,224]. Taking into account these considerations, 

the main starting goal of the present work was to explore how the S-surface groups affect 

the photothermal performance of the dots, exploring that as a strategy to improve and 

extend their optical properties into the red and near-infrared (NIR) region. The second 

focus goal of the present work is to advance a synthetic and work-up protocol to improve 

the reaction yield, as necessary steps towards industrialization and real-world biomedical 

applications. 
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The designed CDs also attempt to strategically combine advanced optical properties with 

peculiar intrinsic anticancer features since CDs can penetrate and diffuse into the cell, 

interact with mitochondria and the genetic material, and provoke ROS production and 

G0/G1 phase arrest in cancer cells. Therefore, the design of promising functional 

nanomaterials with an intrinsic capacity to induce ROS-triggered DNA damage could be 

a valid rationale strategy in cancer therapy [269,270]. Therefore, nitrogen and sulfur co-

doped carbon nanodots, namely N,S-CDs, were prepared by a bottom-up approach which 

consists of the solvothermal decomposition in N, N-dimethylformamide (DMF) of citric 

acid, urea, and indocyanine green (ICG) used as sulfonate donor chromophore (Figure 

25) [271,272]. ICG having two alkyl sulphonate groups linked to nitrogen atoms can 

theoretically be involved in N-doping during the solvothermal decomposition (18–25 bar, 

170 °C) and crystallization of urea and citric acid (Figure 24). 

 

Figure 24. Pressure trend in the function of time reaction monitored during CDs synthesis. 

Therefore, ICG was chosen as a doping agent to provide C-N, C-S, C-S=O, and SO3 

groups at the CDs surface (Figure 25). For this consideration, we employed an equimolar 

amount of citric acid and urea (roughly 58 mmol per each) and a non-stoichiometric 

amount of ICG (about 0.5 % on a molar basis). The idea was to introduce defect-

controlled crystallization of the core derived from the decomposition of the starting 

monomers and to insert SO3
- groups on the CDs surface. As the diverse work reported in 

the literature, carbon nanodots are usually isolated by precipitation using ethanol or other 

solvents. Successively, the heterogeneous crude product was purified using many 

chromatographic procedures. However, CDs have good dispersibility in many polar and 

non-polar solvents, as a result the step of isolation by purification negatively affects the 
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yield of reaction giving rise to a very low reaction yield from 0.01 to 5 % on a weight 

basis. Similar results are observed using dialysis, which conducts on heterogeneous 

samples with very low reaction yields. Here, the work-up of the sample was radically 

changed to allow the production of homogeneous CDs with the highest reaction yield 

reported in the literature panorama (i.e., 21.769 g), corresponding to 44.78 % w/w. In 

detail, the DMF of the solvothermal decomposition product was removed by a rotatory 

evaporator, obtaining a dark powder that was dispersed in ultrapure water by sonication. 

Successively, the aqueous dispersion of raw CDs was purified by size exclusion 

chromatography using a gradient of Sephadex with increasing cut-off as stationary phase 

and simple water as eluent (Figure 25). 

 

Figure 25. Scheme of solvothermal synthesis and purification by SEC of N,S-CDs. 

Two main fluorescent fractions were collected from chromatography after the first elution 

of amorphous by-products, named F1 and F2. F1 was characterized by a predominant 

emission band in the violet-blue region, which is of poor biological interest for in vivo 

biomedical applications (Figure 26). The F2 fraction possessed a multicolor emission 

behavior with bright emission bands also in the orange-NIR region (Figure 33b). 
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Figure 26. UV spectra of F1-2 of N,S-CDs (a) and 3D fluorescence spectrum of N,S-CDs F1. 

4.2.2. Structural characterization of N,S-CDs 

The morphologies and size distribution of the fractions selected, F1 and F2, were 

investigated by atomic force microscopy analysis (AFM). The size distribution of each 

fraction was extrapolated from several AFM micrographs considering the heights of each 

dot. In detail, AFM micrograph of F1 fraction (Figure 27a) highlighted single CDs of 

about 5 nm in height and many aggregates, reflecting in heterogeneous size distribution. 

Indeed, as reported in Figure 27b, F2 sample was characterized by highly homogeneous 

CDs with an average diameter of 5.3±0.4 nm and a very narrow size distribution. F2 

fraction represents about 46 % of the pure product (≈ 10 g) and is the best in terms of size 

distribution and was selected for further characterization. 

 

Figure 27. AFM micrographs of N,S-CDs F1 (a) and F2 (b). Size distribution of N,S-CDs F2 (b'). 

In order to evaluate the structure of the N,S-CDs core, HR-TEM analysis was performed 

investigating several dots. CDs show a regular crystalline lattice of type β-C3N4 with an 

average size of 5 nm (Figure 28), highlighting an elevated structural homogeneity. HR-

TEM image (Figure 28a’) shows spherical carbon dots with hexagonal -C3N4 
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monocrystal, as indicated by the good agreement between its 2-dimensional Fourier 

transform (FT) and the calculated diffraction pattern of bulk hexagonal -C3N4 (space 

group P63/m, space group number 176) with a = b = 6.38 Å, c=2.395 Å in the [214]-zone 

axis. 

 

Figure 28. HR-TEM micrograph of isolated N,S-CDs (a) and the calculated diffraction pattern 

of bulk hexagonal -C3N4 by Fourier Transform (FT) (a’). 

4.2.3. Physico-chemical characterization by spectroscopy techniques 

FT-IR and XPS analysis were employed to evaluate the N,S-CDs surface state. As 

reported in Figure 29, the FT-IR spectrum of CDs revealed many vibration bands 

attributable to hydroxyl (3420 cm-1 ), amine (3200 cm-1 ), amide (amide I band, 1640 cm-

1 ), carboxyl (asymmetric stretching at 1715 cm-1 ), and sulfonate/sulfoxide groups (1391 

and 1283 cm-1 ). Moreover, there are bands attributable to C-N (1463 cm-1 ), C-O-C-N 

(1212 cm-1 ), and C-S (992 cm-1 ) vibrations. These vibrational bands suggested that 

different surface polar groups characterized CDs, which implies high dispersibility in 

different polar solvents. 

 

Figure 29. FT-IR spectrum of N,S-CDs (a) and zoom of spectrum in the range 1900-900 cm-1 (a') 

with relative attributions. 
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This chemical profile is highly desirable for further functionalization and manipulation 

steps to improve their physicochemical and dimensional properties for a specific 

application. Furthermore, CDs present -SO3
- surface groups provide stable anionic 

charges under physiological conditions (5.5 < pH < 7.4) (Figure 30.), due to their pKa 

being less than 3. This aspect of CDs surface state allows for avoiding dot-dot interactions 

due to -potential changes induced by protonation phenomena during their biodistribution 

in vivo [273]. 

 

Figure 30. FT-IR spectrum of N,S-CDs at physiological pH and acid pH. 

The surface chemical profile of CDs revealed by FT-IR study was confirmed by XPS 

analysis (Figure 31), confirming the main bonds previously observed in the FT-IR 

spectrum (Figure 29). More in detail, SO3
- groups of indocyanine green were successfully 

inserted on the CDs surface (about 1.1 %) as shown by diagnostic peaks of C-S and C-

SOx (S=O, SO3 
- or SO4 

-2 ) groups in the Sp2 core levels (168 eV) (Figure 31a). Moreover, 

XPS study revealed that only a few sulfur atoms occasionally doped the CDs crystalline 

core (< 0.1 %) in the form of C-S defects, following HR-TEM measurements. In the C1s 

signal (Figure 31a’), distinctive contributions related to C-C, C-OH, C-S, and C-N (286.0 

eV) and around 288.0 eV attributable to amide and carboxyl functions, confirming the 

high amount of carbonyl groups at the CDs surface. In detail, about 10 % and 5 % of 

surface functional groups are amide (287.6 eV) and carboxyl (288.9 eV) functions, 

respectively. The high-resolution scan of the N1s peak around 400.0 eV (Figure 31a’’) 

confirms the presence of amide functions and some prim- or sec-amine groups (1.4 %). 

Lastly, the deconvolution of the O1s XPS signal confirmed the spectral signatures of OH, 

C=O, and S=O groups, following FTIR analysis, suggesting about 11 % of amides, 6 % 
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of carboxyl acids, 9 % of hydroxyls, and 1 % of sulfonates, as above calculated (Figure 

31a’’’). 

 

Figure 31. XPS analysis and deconvolution of the rough spectra (a-a’’’) of N,S-CDs. 

4.2.4. Thermal characterization by coupled DSC-TGA analysis 

DSC and TGA analysis were performed to evaluate the thermal stability of carbon 

nanodots and the amount of surface functional groups on a weight basis. The analyses 

were conducted within a temperature range of 20-600 °C, applying a heating rate of 10 

°C min-1 (Figure 32a). As shown in Figure 32a, no significant weight loss and thermal 

transitions were revealed in the sample thermograms in the range of 20-160 °C, indicating 

that the sample was stable within this temperature range. By contrast, increasing the 

temperature at 160 - 400 °C a broad endothermal transition was observed, followed by a 

further decomposition peak within 200-600 °C of 920 J g-1 (Figure 22a’), attributable to 

the decomposition of surface functional groups of CDs. In parallel, the thermogravimetric 

curve (Figure 22a) highlighted a weight loss of 41 % w/w up to 600 °C (Figure 22a’). 

These evidences suggest that CD’s core represents about 60 % of the nanodot, while the 

total amount of surface groups (amides, carboxyl, hydroxyls, sulfonates, and amines) 
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represent about 40 % of the sample considered, according to the XPS analysis (Figure 

31.). 

 

Figure 32. DSC coupled TGA analysis (a) and extrapolated values of differential enthalpy and 

weight loss in function of the temperature (a’). 

4.2.5. Optical Characterization 

The optical absorption spectrum of N,S-CDs (Figure 33a) shows a sharp UV absorption 

band below 300 nm attributable to the core states and a complex series of electronic 

transitions in the visible range, with peculiar peaks at 350, 440, 540, and 670 nm, certainly 

associated with surface states, as well-established from previous studies [2]. In contrast, 

the optical absorption profile of CDs does not show the typical peak of ICG at 780 nm, 

confirming its successful decomposition during the solvothermal process, acting as a 

donor of -SO3
- groups to the CD surface. The absorption spectrum of simpler β-C3N4 CDs 

generally displays a single dominant band at 400 nm related to transitions coupling core 

states to surface carboxylic groups [167,274]. Here, the spectrum in Figure 33a. is very 

different and complex to precisely correlate the many bands to specific chemical surface 

moieties of N,S-CDs. However, the strongly complex optical absorption spectrum toward 

the red and NIR regions could be ascribed to a highly multifunctional surface where -SO3
- 

introduces new transitions. Indeed, previous studies on S-doped dots had already 

observed similar absorption profiles but less pronounced than those observed here [275]. 

The subsequent emission properties were deeply investigated in light of the complex 

absorption properties of N,S-CDs. In terms of emission properties, the very broad 

absorption leads to a wide tunability of the CDs fluorescence. As shown in Figure 32b-c, 

N,S-CDs exhibit a strong fluorescence tunability, displaying an emission peak that 

continuously shifts from 420 to 700 nm (Figure 33b), varying the excitation wavelength 
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from 355 to 660 nm. Together with the correlated changes of the decay lifetime (Figure 

33c), a variation in the QY efficiency was observed, changing from 6 % in the green to 

less than 1% in the NIR region. The nanosecond decays lifetime and QY efficiency 

proportionally decrease as a function of the excitation wavelength, suggesting a reduction 

of the non-radiative rate recombination. Then, the emission profile and QY in different 

solvents were evaluated. 

 

Figure 33. UV spectrum (a), emission spectra at different excitation wavelengths (355, 420, 440, 

460, 500, 530, 560, 590, 620, 650, 660 nm) (b) and decay of fluorescence at diverse excitation 

wavelength with fitting curves (c). 

As shown in Figure 34 fluorescence shifts in different solvents were observed, revealing 

a very sensitivity to the character of the external environment. Also, QY depends on the 

solvent which is almost 3-fold lower in water as compared to the other tested solvents. 

These observations suggest a proper surface functionalization of N,S-CDs with different 

polymers could be an effective strategy to increase their emission efficiency and profile. 

 

Figure 34. Emission spectra of N,S-CDs in presence of cations (Fe3+, Ag+, and Cu2+). 

4.2.6. NIR-induced photothermal conversion capacity evaluation 

Considering the extended absorption spectrum of N,S-CDs with significant extensions 

into the deep-red, a considerable photothermal effect under near-infrared (NIR) 
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irradiation is strongly expected. Therefore, the temperature increase induced by intensity 

laser radiation at 810 nm was monitored by a thermal imaging camera. As can be noted 

in Figures 34a-b, after three minutes of NIR-laser irradiation at 5 W cm-2 of power 

density, an aqueous solution of N,S-CDs at a concentration of 0.5 mg mL-1 heats up to 

about 80 °C. It should be noted that after 5 minutes of laser exposure, the sample reached 

a steady state (Figure 35a), implying that the thermal relaxation of the sample is balanced 

by the dissipation of energy towards the environment. At 800 nm and 2.5 W cm-2 power 

density, the temperature increase is about 33 °C, significantly higher than that of other 

carbon-based nanoparticles with similar structures at comparable concentration 

[276,277], attributable to the long absorption band observed in the NIR region (Figure 

33a). 

 

Figure 35. Kinetic of hyperthermia at different concentrations of N,S-CDs (0.1, 0.25, and 0.5 mg 

mL-1) under 810 nm laser irradiation with power fitted at 5, 2.5, and 1.25 W cm-2 (a). 

Thermographs of aqueous N,S-CDs dispersion (0.2 mL per well) with increasing concentration 

under 810 nm laser irradiation (200 s, 2.5 W cm-2) (b). 

In reference to a previously reported method [278], the photothermal efficiency of the 

N,S-CDs carbon nanodots was calculated by considering the photothermal kinetic of a 

dispersion of carbon nanodots in ultrapure water placed into a 1 cm quartz cuvette 

evaluating the heat generation of the N,S-CDs dispersion under NIR-light irradiation 

(laser on) and heat dissipation (laser off) (Figure 36). 
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Figure 36. Photothermal conversion efficiency evaluation: heating profile (red section) under an 

810 nm laser irradiation (300 s, 2.5 W cm-2) and cooling profile turning off the laser (green 

section). 

Here, it was assumed that all the light absorbed by CDs is transformed into heat. Under 

NIR irradiation, the change in temperature T is described by the energy balance equation 

(1): 

∑ 𝑚𝑖𝐶𝑖
𝑑𝑇

𝑑𝑡𝑖 = 𝐸𝑎𝑏𝑠 − 𝐸𝑙𝑜𝑠𝑠    (1) 

where Eabs is the heat induced by the absorbed energy, Eloss is the heat dissipated in the 

surrounding medium and t is the irradiation time. While mi and Ci are the mass and 

specific heat capacities of each element (i) comprising the entire physical system (i.e., 

CDs, deionized water, and cuvette). The mass of tested N,S-CDs was insignificant 

compared to the mass of the solvent and the cuvette. Moreover, the heat capacity of N,S-

CDs is also much smaller than that of water. Thus, the mass and heat capacity can be 

assumed to be the one of water. Energy transfers can be described by the following 

equations: 

𝐸𝑎𝑏𝑠 = 𝑃(1 − 10−𝐴𝜆)𝜂    (2) 

𝐸𝑙𝑜𝑠𝑠 = ℎ𝑆(𝑇𝑡 − 𝑇0)     (3) 

where P represents the incident NIR-laser power, Aλ is the absorbance value of the N,S-

CDs dispersion at the excitation wavelength of the laser, η is the photothermal conversion 

efficiency, h is the heat transfer coefficient, S is the surface enclosed by the N,S-CDs 

dispersion, and T0 is the room temperature. Then, Eq. (1) can be rewritten substituting 

Eq. (2) and (3) as follows: 
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𝑑𝑇

𝑑𝑡
=

𝑃(1−10−𝐴𝜆)𝜂

∑ 𝑚𝑖𝐶𝑖𝑖
−

ℎ𝑆(𝑇𝑡−𝑇0)

∑ 𝑚𝑖𝐶𝑖𝑖
    (4) 

Equation (4) can be simplified by introducing two constants A and B: 

𝐴 =
𝑃(1−10−𝐴𝜆)𝜂

∑ 𝑚𝑖𝐶𝑖𝑖
     (5) 

𝐵 =
ℎ𝑆

∑ 𝑚𝑖𝐶𝑖𝑖
      (6) 

Thus obtaining the simplified Eq. (7): 

𝑑𝑇

𝑑𝑡
= 𝐴 − 𝐵(𝑇𝑡 − 𝑇0)     (7) 

By integrating Eq. (7) from 0 to t, the temperature transient (Tt) for an arbitrary initial 

temperature value (Ti) results as: 

𝑇𝑡 =  𝑇0 +  
𝐴

𝐵
(1 − 𝑒−𝐵𝑡) + (𝑇𝑖 − 𝑇0)𝑒−𝐵𝑡   (8) 

In order to retrieve η, it is needed to measure the temperature variation of the N,S-CDs 

dispersions as a function of time during both the photothermal heating (laser on, A≠ 0 

and Ti = T0) and the subsequent cooling (laser off, A = 0 and Ti > T0). Thus, obtaining 

equations (9) and (10), respectively: 

𝑇𝑡 =  𝑇0 +  
𝐴

𝐵
(1 − 𝑒−𝐵𝑡)    (9) 

𝑇𝑡 =  𝑇0 + (𝑇𝑖 − 𝑇0)𝑒−𝐵𝑡    (10) 

By fitting the experimental curve with equation (4), the values of A and B can be 

extrapolated and employed to calculate the experimental photothermal conversion 

efficiency η: 

𝜂 =
𝐴 ∑ 𝑚𝑖𝐶𝑖𝑖

𝑃(1−10−𝐴𝜆)
    (11) 

The photothermal efficiency of N,S-CDs at 800 nm is estimated to be 46 ± 4 %, 

comparable to the most promising nanoheaters as gold nanorods [279] (≈ 55 %) and 

graphene oxide [280] (≈ 58 %), promising for applications of these nanomaterials in 

photothermal therapy. 
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4.2.7. Cytocompatibility study 

Cytotoxic profile of N,S-CDs with and without NIR-laser stimulation was studied on 

different cancer, pre-cancer, and healthy cell lines evaluating the cell viability of each cell 

line after a defined time of incubation with an increasing concentration of nanosystem. In 

detail, human bronchial epithelial cells (16-HBE) and human fibroblasts (NHDF) were 

used as healthy cell lines, breast epithelial cells (MCF-10A) were employed as a pre-

cancerous cell line model, and breast cancer cells (MCF-7, MDA-MB-231, and SK-BR-

3) were used as cancer cell lines with different phenotypes, receptors expression, and 

inclination to form metastases. Selective anticancer effects of N,S-CDs expressed in 

terms of cell viability toward cancer and pre-cancerous cells after an incubation time of 

48 h with an increasing amount of N,S-CDs dispersed in DMEM were compared (Figure 

37). N,S-CDs showed an optimal cytocompatibility up to 0.5 mg mL–1 (100%) for the 

healthy cell lines tested (e.g. 16-HBE and NHDF). Only at the higher concentrations 

tested was observed a minor cytotoxic effect corresponding to a cell viability of 75 % for 

the bronchial epithelial cells, highly beyond the typical IC50 values reported for CDs 

(<0.25 mg mL–1), and much more marked reduced cell viability to about 20 % for 

fibroblasts [205,281]. Therefore, N,S-CDs are broadly cytocompatibility 0.5 mg mL–1 for 

both healthy cell lines (Figure 37). Surprisingly, a dose-dependent cytotoxic effect on 

both pre-cancerous (MCF-10A) and cancerous (MCF-7, MDA-MB-231, and SK-BR-3) 

cell lines were observed at a concentration higher than 0.25 mg mL–1 (Figure 37). 

However, it is important to highlight that pre-cancerous MCF-10A cells show a cell 

viability of about 100 % after 48 h of incubation with N,S-CDs at 0.25 mg mL–1; while, 

MDA-MB-231 cells treated under the same conditions exhibit the major toxic effects 

corresponding to a cell viability of about 70 %. The dose-dependent cytotoxic effect was 

observed on cancerous and pre-cancerous cells also after 24 h of incubation. In light of 

these considerations, the cytotoxic effect of these CDs decreased passing from healthy to 

cancerous cells (IC50 healthy > IC50 pre-cancerous > IC50 > cancerous) (Figure 37), 

suggesting that these N,S-CDs seem to be able to stimulate a sustained and selective 

cytotoxic effect, suitable to provide innate anticancer properties useful for medical 

applications. 
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4.2.8. NIR-induced photothermal effect in vitro 

Moreover, as previously demonstrated N,S-CDs exhibit a marked NIR-photothermal 

conversion capacity, potentially exploitable to locally induce an increment of the 

intracellular temperature as well as to simultaneously trigger regulated cell death 

pathways (RCD), such as necroptosis and phagocytosis, by hyperthermia [1,4,224,282]. 

Thus, the NIR-triggered nanotoxicity was compared to effects obtained from cells treated 

only with N,S-CDs for 48 h, to prove that further effective anticancer phototherapeutic 

insults can be induced on demand under a no-invasive and high penetrating 810 nm laser. 

For these reasons, the second set of experiments was carried out using the same conditions 

adopted and tested above, but also treating cells with NIR-laser for 200 s at power fitted 

at 2.5 W cm–2. The power density was selected based on the photothermal profile, in order 

to reach a useful temperature within the range of 42–65 °C to induce photothermal 

hyperthermia or ablation. As expected, all cell lines tested showed an exposure-dependent 

anticancer effect as reported in Figure 37 the complete ablation of all the cultured cells 

was observed after 48 h of incubation with N,S-CDs at 0.5 mg mL–1 combined with a 

NIR-induced temperature increase beyond 70 °C. On the contrary, no considerable 

synergistic photothermal anticancer effects were observed at concentrations lower than 

0.25 mg mL–1, except for MCF-10A. It should be noticed that only NIR-triggered 

hyperthermia (T < 44 °C) allows the selective killing of cancer cells preserving the 

healthy ones, although a fine control of the cell temperature is precluded during laser 

exposure in vitro [283]. On the contrary, photothermal ablation (T > 45 °C) provokes 

unspecific cell death in vitro of normal and cancer cells. However, NIR-induced cell 

ablation can be exploited for the selective removal of the entire tumor mass in vivo under 

remote spatio-temporal control of an 810 nm laser. Overall, the observed data suggest 

that the combination of the innate anticancer effect observed for cancerous and pre-

cancerous cells and the local NIR-photothermal ablation of primary tumors can be 

exploited to maximize anticancer treatment with poor side effects. 
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Figure 37. Cytotoxicity of N,S-CDs with and without 810 nm laser exposure (200 s, 2.5 W cm-2) 

after 48 h of incubation on six different cell lines (16-HBE, NHDF, MCF-10A, MCF-7, MDA-

MB-231, and SKBR-3). 

4.2.9. Cell Reactive Oxygen Species (ROS) evaluation in vitro 

In order to better understand the selective growth inhibition effects on pre-cancerous and 

cancerous cells observed without NIR-laser treatment, it was evaluated the capacity of 

the proposed nanoparticles to interact with the mitochondria membrane inducing 

intracellular ROS generation, especially in cancer cells. This mechanism was explored 

taking into account scientific works reported in the literature describing that CDs obtained 

from the solvothermal decomposition of citric acid and urea might exhibit selective 

antiproliferative activities against different cancer cells such as choriocarcinoma cells 

(JAr/Jeg-3 cell lines), due to local laser-triggered ROS production, although highly 

biocompatible towards different healthy and cancer cell lines [284,285]. Interesting data 

suggest that ROS are not simply mitochondria by-products that damage cells, but are 

implicated in diverse intracellular signaling pathways which regulate tumor 

microenvironment as well as cancer cell homeostasis [281,286]. In particular, the strong 

production of ROS, especially in cancer cells, also provokes overexpression of 

antioxidant proteins, thus preserving intracellular redox homeostasis [205,212]. 

Therefore, the inherent anticancer effect observed for the proposed N,S-CDs could be 

ascribed to a metabolic dysregulation induced by an uncontrolled intracellular 
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overproduction of ROS triggered by nanomaterials. In light of these considerations, 

intracellular ROS production was evaluated to establish cancer cell death mechanisms 

induced by nanomaterials in comparison to healthy cell ones. The intracellular amount of 

ROS in all healthy, pre-cancerous, and cancerous cell lines chosen was evaluated using a 

redox-sensitive fluorescent probe, namely DCFH-DA, by a microplate reader. DCFH-DA 

consists in a cell-permeable probe that can be hydrolyzed to the free carboxylate (DCFH) 

by intracellular esterase and then oxidated to fluorescent dichlorofluorescein (DCF). 

Green fluorescence of DCF can be detected by confocal microscopy or microplate reader, 

thus allowing quantitation of ROS and in particular hydrogen peroxide. Results were 

compared with tert-butyl hydroperoxide a standard inductor of oxidative stress used as a 

positive control, and dextran used as a negative control. As reported in Figure 38, a dose-

responsive increase of intracellular ROS level was observed in all cell lines tested, but 

with significant changes in the production of ROS passing from healthy to cancerous 

cells. In particular, the relative amount of ROS produced in 16-HBE and NHDF at the 

higher concentration tested of N,S-CDs (1 mg mL-1) is about ten- and five-fold lower than 

the positive control, respectively. On the contrary, the amount of ROS produced in MCF-

10A, MCF-7, MDA-MB-231, and SK-BR-3 at the higher concentration tested, 

comparable to the positive control, is about six-fold higher than that produced by healthy 

cells. Moreover, in pre-cancerous and cancerous cells treated with N,S-CDs within 0.25 

– 0.5 mg mL-1 the level of ROS is from two- to three-fold higher (Figure 38). It is 

noteworthy that compared to the other breast pre-cancerous and cancerous cell lines, 

MDA-MB-231 breast cancer cells generate the highest amount of ROS, demonstrating 

much more sensitivity to oxidative stress induced by N,S-CDs at doses higher than 0.1 

mg mL-1. However, no significant changes can be observed at lower dosages. This trend 

suggests the innate capacity of N,S-CDs to induce cancer-specific modifications to ROS 

homeostasis, implying that this mechanism would be targeted for selective and precise 

therapeutic approaches. In accordance with cell viability data reported in Figure 36, N,S-

CDs proved capable of selectively killing only pre-cancerous and cancerous cells, due to 

the increased ROS production level and the consequential oxidative stress. Literature data 

suggest that sulphur doping of CDs confers the capacity to stimulate ROS production by 

interacting with the electron transport chain in the mitochondrial membranes [270]. 

However, this is the first time that ROS production is recorded preferentially in cancer 
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cells instead of normal cells into this range of concentration (0.25 – 1 mg mL-1), 

suggesting an excellent anticancer potential of this innovative nanomaterial. 

 

Figure 38. ROS assay in vitro on cell lines incubated for 24 h with N,S-CDs (0.1, 0.25, 0.5, and 

1 mg mL-1 ). Dextran solution (1 mg mL-1) and TBHP (50 M) were used as the negative and 

positive control, respectively. 

The production of ROS in cells was evaluated also by combining the inherent and 

selective cytotoxic effect of N,S-CDs, and the hyperthermia owing to NIR light exposure 

at low power density (Figure 39). The levels of ROS in healthy, pre-cancerous, and 

cancerous cells treated with N,S-CDs at concentration beyond 0.25 mg mL-1 were 

measured after NIR-laser irradiation for 200 s at 2.5 W cm-2. According to cell viability 

data, no significant difference between healthy and cancer cell lines was observed for all 

the cells considered. Compared with unexposed cells, these findings are of great 

significance, revealing the possibility to restrict the cytotoxic effects to a tumor mass by 

confined NIR light treatments. 
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Figure 39. ROS assay in vitro on cell lines incubated for 24 h with N,S-CDs (0.1, 0.25, 0.5, and 

1 mg mL-1 ) and irradiated with 810 nm laser (200 s, 2.5 W cm-2). Dextran solution (1 mg mL-1) 

and TBHP (50 M) were used as the negative and positive control, respectively. 

4.2.10. Study of uptake on cell culture in vitro 

Cell internalization of N,S-CDs on all the considered cell lines was evaluated by 

exploiting the self-tracking abilities from the blue to the red region by fluorescence 

microscopy. As reported in Figure 40-41, there are no observed significant differences 

between breast cancer cells and normal cells in terms of cell uptake and intracellular 

internalization pathways adopted. The uptake and cell localization of N,S-CDs were 

established on all cell lines after 6 h (Figure 40) and 24 h (Figure 41) of incubation to 

correlate how a different mechanism of internalization can affect the cytotoxicity profile 

of these CDs. Besides, we performed the uptake measurements by fluorescence 

microscopy in a multichannel way (from green to red region) to assess their potential in 

bioimaging, diagnosis, and image-guided therapy. No significant changes in the 

intracellular localization of N,S-CDs were observed comparing data over time (Figure 

40-41). However, cell uptake shows cell line-dependent internalization and localization 

in different compartments of N,S-CDs. N,S-CDs demonstrated a good contrast in the 

green channel (Fitc) and red channel (TxR), involving excellent potential in multicolor 

bioimaging applications. N,S-CDs appear preferentially localized inside cytosolic 

vesicles in breast cancer cell lines like MCF-7 and SKBr-3, while MDA-MB-231 are 

characterized by a much more restricted nuclear and perinuclear localization of 
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nanoparticles. Although more discrete, pre-cancerous cells (MCF-10A) display a similar 

cell localization (Figure 41d-d’’’), which explains well why the compatible cytotoxic 

profile (Figure 37). Considering healthy cell lines, N,S-CDs appear localized into 

cytosolic endosomes and slightly in nucleus and endosomes for fibroblasts (NHDF) 

(Figure 41e-e’’’) and bronchial epithelium (16-HBE) (Figure 41f-f’’’), respectively. The 

human bronchial epithelial cell line, namely 16-HBE, forms a pseudo-stratified 

monolayer characterized by tight junction proteins which limits cell transport 

mechanisms [287]. Therefore, the different intracellular localization observed could be 

ascribed to a prevailingly passive mechanism of transport for 16-HBE. Overall, the higher 

sensitivity observed in pre-cancerous and cancerous cells, suggested faster internalization 

by endocytosis for breast cancer cells since nanoparticles appear widely localized into the 

cells, including endosomes, cytosol, and nuclei. In fact, cancer cells are characterized by 

well-known multiple dysregulated proteins, that promote cell migration and invasion 

[283]. These characteristics corroborate the hypothesis that redox stress at the 

mitochondria level and thus irreversible cell damages are correlated to the sustained 

transport of nanoparticles observed in cancer cells, instead of healthy ones, explaining the 

higher and selective toxicity observed for several kinds of breast cancer cells (Figure 37-

38). 
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Figure 40. Uptake study by fluorescence microscopy after 6 h of incubation. 

 

Figure 41. Uptake study by fluorescence microscopy after 24 h of incubation. 
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4.2.11. Conclusions 

Here, it was proposed for the first time an efficient protocol of synthesis and purification 

of highly homogeneous N,S-codoped CDs in decagram-scale, useful in a wide range of 

biomedical applications. The proposed CDs were synthesized from urea, citric acid, and 

indocyanine green (ICG) in solvothermal conditions. ICG was exploited as a bidentate 

SO3
- donor to achieve core and surface doping, and peculiar optical properties. The co-

doping allows for the extension of the absorption properties of CDs in the entire visible 

range, favoring a multicolor fluorescence from the blue to the red region and excellent 

photothermal conversion capacity in the NIR region. N,S-doped CDs demonstrated 

extended biocompatibility on six different cell lines,  demonstrating powerful nanoheaters 

to induce selective cancer cell death under 810 nm diode laser stimulation. Moreover, 

sulfur doping was demonstrated to impinge pro-oxidant activities by triggering an 

increased ROS generation in breast cancer cells (MCF-7, MDA-MB-231, and SKBr-3) 

and breast pre-cancerous cells (MCF-10A) compared to normal cells (NHDF and 16-

HBE), that can be improved under NIR irradiation (2.5 W cm-2). Cell uptake studies by 

fluorescence microscopy demonstrated the capacity of N,S-CDs to act as a contrast agent 

in a multicolor fashion. The uptake micrographs show a different cell localization in 

healthy cell limes compared to cancer cells probably correlated to a diverse pathway of 

internalization. Therefore, this work, first of all, proposed a decagram-scale of CDs 

synthesis, which allow for overcoming applicative limitations correlated to low yield, and 

opens a debate on the rational design of next-generation nanomaterials with intrinsic 

anticancer properties.  
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4.3. Advanced surface functionalization strategy of N,S-doped carbon  

nanodots via heterophase melt-extrusion transesterification with Poly (D, L-

lactide) 

As deeply explored in the literature, carbon nanodots (CDs) can be synthesized in a one-

step bottom-up or top-down synthesis procedure from a plethora of starting natural 

products or synthetic organic compounds at different temperatures and pressure 

conditions [3,142]. The resulting CDs core and surface functional group features define 

their shape, size distribution, optical properties (e.g. absorption, fluorescence, 

photothermal conversion), and biological profile (e.g. cytocompatibility, dot-protein 

interactions) [155,288,289]. Therefore, it has been recognized that the modulation of the 

CDs features can be rationally tuned by a strategic design of the scheme of synthesis 

and/or by post-surface passivation and functionalization. A key way to obtain advanced 

hybrid nanomaterials able to supply precise requirements and acquire specific functions 

could be an ad hoc designed post-synthetic surface engineering strategy by modifying the 

surface state or by integrating diverse functions. Covalent modifications have aroused 

increased attention to achieve better control of the size, shape, and physical properties. 

Additionally, surface passivation can be also exploited to increase the electron cloud 

density and introduce surface energy traps that could positively affect the optical profile 

of CDs [149,154]. Different surface modification methods are introduced based on the 

characteristics of CDs and their possible applications (e.g. amide coupling, sialylation, 

esterification, sulfonylation). Among them, amide coupling is the most common strategy 

of surface passivation due to the good stability of the amide bond and the rich content of 

carboxyl and amine groups on CDs surface. On the other hand, there are few works of 

literature regarding esterification, probably because these reactions are particularly 

difficult to carry out [290]. In light of these considerations, the development of alternative 

strategies for post-synthesis surface modifications of CDs is highly desired to increase 

their functionalities and promote their use in a broad range of biomedical applications. 

Herein, due to the possibility to synthesize CDs in large scale, for the first time an 

innovative strategy of surface functionalization by melt-extrusion transesterification of 

CDs, useful in the preparation of hybrid amphiphilic nanoparticles composed of a carbon 

core and a polymeric shell of poly (D, L-lactide) (PLA), was proposed. Extrusion 
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demonstrated to be a valid, simple, scalable, and industrialized strategy for the one-pot 

functionalization of CDs on the surface by extrusion-induced transesterification with PLA 

chains (CDs-PLA), constituting an important step in the large-scale production of carbon 

nanodot-based nanosystems (Figure 42). 

 

Figure 42. Graphical abstract. 

4.3.1. Surface functionalization of CDs with Poly (D, L-lactide) by 

heterophase melt-extrusion transesterification 

The N,S-doped carbon nanodots (N,S-CDs) exploited in this work were synthesized by a 

solvothermal approach as previously described in Section 4.2. [159]. The efficient 

protocol of synthesis and purification adopted allowed to obtain decagram-scale 

quantities of highly homogeneous N,S-CDs (d = 5.3 ± 0.4 nm) with a multicolor 

fluorescence profile (from green-QY 6 % to NIR-QY 1 %) and high NIR-photothermal 

conversion efficiency. The high yield scheme of preparation allows for overcoming one 

of the main drawbacks of CDs synthesis route as the extremely low yields, usually lower 

than 5 % w/w, which categorically precludes bulk application of CDs. 

The main advantage of CDs over other carbon-based nanostructures is the versatile 

surface chemistry that can be exploited for further modifications to modulate or add 

features, inspiring the preparation of novel hybrid nanostructures. These CDs bear 

different surface polar groups amenable to further surface functionalization, such as 

carboxyl, hydroxyl, amide, and sulfonate/sulfoxide. In particular, hydroxyl groups at the 

N,S-CDs surface could be in principle exploited to provoke one-pot solid/liquid 
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heterophase transesterification of polyesters (e.g., PLA, PCL, and PLGA) by melt-

extrusion processes [291]. 

Poly(lactide acid) (PLA), approved by the US Food and Drug Administration (FDA), has 

outstanding advantages over other polymers like renewability, biocompatibility, and 

processability. Moreover, PLA in contact with biological fluids undergoing degradation 

into non-toxic and carcinogenic products to the human body like H2O and CO2. These 

attractive properties make PLA an excellent material for biomedical applications from 

tissue engineering to nanomedicine. Furthermore, PLA due to its greater thermal 

processability in comparison to other biomaterials, like PEG and PCL, can be processed 

by a wide range of techniques (e.g. film casting, extrusion, blow molding, fiber spinning), 

making it appealing for industrial application in different fields [292,293]. 

Melt-extrusion transesterification is already described for polyester mixtures in order to 

produce cost-effective copolymers with tunable mechanical and chemical properties 

[294–296]. Indeed, extrusion processes represent an interesting cost-effective tool to 

manufacture biodegradable polymers like PLA, and to induce diverse solvent-free 

chemical reactions in the presence or not of catalysts (e.g. ester copolymerization, 

grafting, and functionalization) [292,293]. In contrast to the very recently reported 

extruded hybrid CDs/PLA mixtures, in which the extrusion process was exclusively used 

to allow the mixing of solid components in a physical blend [297]. 

Herein, the principle of the heterophase melt-extrusion process was exploited to induce 

the direct transesterification between the hydroxyl groups at the CDs surface and the ester 

bonds of PLA chains chosen as a biocompatible polymer. This route yielded PLA-coated 

CDs, named CDs-PLA, embedded into the hydrophobic matrix of unbounded PLA 

chains. The obtained amphiphilic hybrid nanostructures could be exploited in a variety of 

ways, for example as a functional excipient of more complex DDS, like core-shell 

nanosystems, such as a strategy to increase hydrophobic surface favoring hydrophobic 

drug loading and controlled drug release and impinge theranostic properties (e.g. 

fluorescence and photothermal conversion capacities) [4]. 

In detail, as represented in Figure 43, to obtain PLA-coated CDs (CDs-PLA) a dispersion 

of crystalline N,S-CDs in acetone was slowly added dropwise into a 20 % PLA solution, 

thus achieving a homogeneous dispersion of PLA with the 0.1 % w/w of CDs (CDs/PLA). 

The percentage of CDs used to prepare the mixing was rationally chosen to allow 
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obtaining a uniform colloidal distribution of CDs into the PLA matrix, free of aggregates 

and precipitate induced by dot-dot interactions. Besides, preliminary experiments showed 

us that increasing the percentage of CDs beyond 0.1 % w/w provides dot-dot interactions 

that negatively affect the formation of homogenous and ordered PLA-coated CDs and 

also induce the fluorescence quenching of CDs. Instead, this scheme of preparation 

provides homogeneous chops of CDs/PLA from the solvent casting procedure. CDs/PLA 

chops obtained by solvent-casting were extruded as filaments at 185 °C. 

 

Figure 43. Preparation scheme of PLA-coated CDs (CDs-PLA) by melting extrusion-

transesterification. 

4.3.2. Chemical characterization of CDs-PLA 

FT-IR analysis was employed to preliminarily evaluate the effective surface 

functionalization of CDs on CDs-PLA film-casting compared to starting CDs and PLA 

(Figure 44). As reported in Figure 43a, N,S-CDs are characterized by several vibration 

bands attributable to hydroxyl (3420 cm−1), amine (3200 cm−1), amide (amide I band, 

1640 cm−1), carboxyl (asymmetric stretching at 1715 cm−1), and sulfonate/sulfoxide 

groups (1391 and 1283 cm−1). PLA-CDs spectrum resembles the characteristic FT-IR 

profile of PLA reported in Figure 44b. As shown in Figure 44a’, compared to PLA 

spectrum in the CDs-PLA spectrum the intensity ratios I1129/I1083 and I1041/I1083 are higher. 
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Moreover, also the peaks within the fingerprint region (1129 and 1083 cm−1) do not show 

the same symmetry exhibited in the PLA spectrum, suggesting an increased OH bending. 

It is also important to notice that in the CDs-PLA spectrum, the peak at 753 cm−1 shows 

in the PLA spectrum splits into two peaks centered at 753–734 cm−1, hinting at different 

O-C=O/OH ratios which implies higher OH bending vibrations in the PLA-CDs spectrum 

attributable to transesterification processes efficiently occurred during extrusion. 

Substantial differences were observed between CDs-PLA and non-extruded CDs/PLA 

spectra (Figure 44a’’). In detail, symmetric peaks at 1129–1083 cm−1 and a single peak 

more intense at 753 cm−1 can be noted for CDs/PLA. This evidence supported melt-

extrusion transesterification between ester bonds of PLA and hydroxyl groups of CDs, 

with the consequent formation of PLA-coated CDs, and the molecular weight reduction 

of some PLA chains. As reported for the mixture of polyesters and polyols, it is possible 

to hypothesize that the extrusion process of the CDs/PLA blend provides the required 

energy to establish covalent interactions between PLA chains and CDs, thus leading to 

the formation of PLA-coated CDs. 

 

Figure 44. FT-IR characterization: spectra of CDs, PLA, and CDs-PLA (a); focus of FT-IR 

spectra of CDs-PLA and PLA in the range 580-1550 cm-2 (a’); FT-IR spectra of CDs/PLA blend, 
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CDs-PLA, and PLA in the range 580-1550 cm-2 (a’’). Table of characteristics bands of PLA 

spectrum and relative attributions. 

SEC traces are reported in Figure 45. supported this evidence. In particular, the plain PLA 

consists of a bimodal molecular weight distribution ( = 154000 Da, PD = 1.84), while in 

the extruded material SEC profile appear three distinct and narrower peaks ascribable to 

the PLA-coated CDs, the main PLA matrix, and the cleaved PLA chains (: greater than 

500000 Da, 168,000 Da, and 87000 Da, respectively). According to the reaction scheme 

proposed in Figure 43, it is noteworthy that changes observed in the PLA molecular 

weight distribution provide clear evidence of the extrusion-induced transesterification 

process. 

 

Figure 45. SEC traces of extruded sample composed of PLA-coated CDs, PLA chains, and cut 

PLA chains from transesterification reaction. 

In order to confirm the structure of the PLA-coated CDs, CDs-PLA was purified by GPC, 

using chloroform as eluant, collecting two fractions, a colorless fraction of pure PLA and 

a brownish fraction containing fluorescent PLA-coated CDs. Then, the latter was 

analyzed by 1H-NMR spectroscopy. The 1H-NMR spectrum is reported in Figure 46. 

shows typical peaks of PLA with a doublet at 1.56–1.59 ppm relative to CH3 protons, and 

a quadruplet at 5.12–5.19 ppm attributable to the CH proton. The 1H-NMR profile of 

PLA-coated CDs conclusively confirmed the effective surface functionalization of CDs 

with PLA chains, supporting the FTIR and SEC data. 
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Figure 46. 1H-NMR spectra of PLA-coated CDs sample purified by gel permeation 

chromatography (300 MHz, CHCl3 d1). 

4.3.3. Thermal characterization by coupled DSC/TGA technique 

CDs-PLA thermoplastic behavior was evaluated by DSC/TGA analysis performed within 

a temperature range of 20–600 °C and a heating rate of 10 °C min−1. The thermal profile 

was compared to those obtained for plain PLA and CDs. As shown in Figure 47, in CDs 

thermogram no significant weight loss and thermal transitions were revealed before 160 

°C, demonstrating their remarkable thermal stability. Broad endothermal transitions were 

detected in the range of 160–400 °C, followed by a marked decomposition up to 600 °C. 

In fact, the thermogram of CDs reported in Figure 47a’ displays a weight loss of 41 % 

w/w corresponding to the thermal decomposition up to 600 °C, attributable to the 

decomposition of CDs surface functional groups. Indeed, in contrast to organic 

fluorescent probes, the excellent thermal stability of CDs makes them easily processable 

by extrusion process at high temperatures, without incurring thermo-induced degradation 

phenomena and consequent photobleaching [298]. The thermogram profile of CDs-PLA 

was similar to that of PLA but with considerable differences in terms of melting 

temperature (Tm) and decomposition temperature (Td) (Figure 47). While PLA possesses 

a sharp Tm at 170 °C and an endothermal Td at about 356 °C, CDs-PLA displayed two 

endothermal transitions at 167 °C and 176 °C (Figure 47a), attributable to the two 
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different PLA distributions detected by SEC analysis, and a higher Td at about 363 °C 

(Figure 47a’). The thermogravimetric curves (Figure 47a’) of the CDs-PLA and the plain 

PLA displayed a comparable weight loss (97.54 and 94.56 % w/w up to 378 °C, 

respectively), due to the degradation of main PLA chains and rapid decrease in molecular 

weight at this temperature condition [299]. The different thermal stability profile of the 

CDs-PLA also demonstrates the effective covalent functionalization of CDs surface with 

PLA chains (PLA-coated CDs). 

 

Figure 47. DSC coupled TGA analysis of CDs, CDs-PLA and PLA. 

4.3.4. Optical characterization 

In Figure 47a is reported the absorption spectrum of bare CDs with normalized emission 

spectra obtained under excitation at different wavelengths. The absorption spectrum 

displays a series of different electronic transitions in all the visible ranges probably 

associated with heterogeneous CDs in terms of surface states featuring high radiative 

rates. Exciting at different wavelengths in the visible range CDs show a typical tunable 

emission from the blue to the red region of the spectra. However, as well-known in the 

literature, changing the surface state of CDs by PLA-coating impinged the optical profile 

of CDs-PLA if compared with starting CDs. As shown in Figure 48b., CDs-PLA display 

similar emission tunability but with some differences. In detail, compared to bare CDs, 

under the same wavelength of excitation, CDs-PLA displayed a huge blueshift of the 

emission band accompanied by variations of the band shape (Figure 48c). 
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As reported for other CDs in the literature, the CDs fluorescence is very sensitive to 

different solvents (Figure 48d) [150,243,300]. As shown in Figure 48d, their emission 

blueshifts were more evidenced by decreasing the polarity of the solvent (from water to 

acetone). Therefore, taking into account that PLA is non-polar, the presence of PLA-

coating on CDs surface is expected to induce an emission blueshift. These changes in the 

observed emission profile supported the strong covalent interactions between CDs surface 

and PLA. Despite this modification, the emission quantum yield was not strongly affected 

and substantially remained unaltered (≅1 % in the red) in all the phases of preparation 

(bare CDs, CDs/PLA, and CDs-PLA). Then, the PLA-coated CDs preserved the optical 

profile of starting CDs, making this surface passivation strategy useful for a variety of 

preparation and applications. 

 

Figure 48. Optical characterization: UV spectrum and emission spectra under different 

excitation wavelengths (440, 500, 530, and 560 nm) of CDs (a); emission spectra under different 

excitation wavelengths (440, 480, 500, and 530 nm) of CDs-PLA (b); emission spectra under 

excitation at 440 and 530 nm of CDs-PLA and CDs (c); emission spectra of CDs under excitation 

at 440 nm in water (blue line), ethanol (light blue line), dimethyl sulfoxide (purple line) and 

acetone (pink line) (d). 
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In order to evaluate differences in the emission lifetime time-resolved nanosecond 

spectroscopic measurements were also performed. As can be observed in Figure 49, the 

surface coating of CDs with PLA chains induces an increase in the nanosecond lifetime 

from 5.5 ns to 6.2 ns, supporting the effective formation of strong covalent bonds between 

CDs and PLA chains as well as the effective formation of PLA-coated CDs. 

 

Figure 49. Fluorescence decay profiles of CDs and CDs-PLA. 

4.3.5. Conclusions 

Herein, we designed for the first time a cost-effective and industrially scalable one-pot 

surface functionalization of CDs with PLA chains by heterophase melt-extrusion 

transesterification process. Transesterification between hydroxyl groups at the CDs 

surface and PLA ester bonds by heterophase melt-extrusion demonstrated a valid strategy 

to obtain PLA-coated CDs (CDs-PLA) at mild conditions compatible with the thermal 

stability of CDs. The obtained PLA-coated CDs preserve the fluorescence properties of 

native CDs but with a moderate blue shift of the emission band due to the hydrophobic 

nature of the PLA shell. The hydrophobic CDs could be employed in the development of 

hybrid nanostructures for cancer theranostics. Overall, the proposed strategy represents a 

successful and innovative strategy for CDs surface functionalization without the use of 

activating or catalysts under extreme conditions, exploitable for the surface modification 

of CDs with a wide range of materials.  
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4.4. Production of PLGA nanoparticles incorporating N-doped carbon 

nanodots and irinotecan for image-guided chemo-photothermal therapy of 

breast cancer 

The present work aims to maximize the applicative potential of CDs by developing stable 

theranostic hybrid nanosystems obtained by encapsulating highly hydrophilic N-doped 

CDs in PLGA nanoparticles. The hybrid CDs-PLGA nanoparticles are designed for the 

delivery of irinotecan to breast cancer cells. Herein, the attention was focused on the 

formulation aspect of the nanosystem and in particular, on evaluating how the amount of 

encapsulated CDs (1–20 %) affects the features of polymeric nanoparticles, not only 

conferring their peculiar optical properties, such as photothermal and fluorescent 

properties, needed in theranostics, but also having a strategic role in the formation and 

stabilization of the nanosystem in aqueous media. The present work demonstrates how 

the increased content of CDs from 1 to 20 % (on a weight basis) positively impinge on 

the loading and release of the drug, improving drug loading (~4.5 %) and favoring a 

sustained drug release over time, obtaining more stable irinotecan-loaded nanosystems 

performing in chemo-photothermal therapy and fluorescence imaging, as demonstrated 

by in vitro studies (Figure 50). 

 

Figure 50. Graphical abstract. 
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4.4.1. Synthesis and characterization of N-doped CDs 

The N-doped CDs selected for preparing the PLGA-CDs hybrid nanoparticles were 

synthesized by solvothermal approach and widely characterized, as reported in previous 

work [158]. Carbon nanodots (CDs) were prepared from the decomposition of urea and 

citric acid in anhydrous DMF. This bottom-up synthetic approach usually conducts a 

mixture of amorphous carbonaceous materials and crystalline nanoparticles with an 

average size of 1–10 nm. As deeply investigated, this heterogeneous mixture impinges 

on the optical properties and the development of effective nanosystems for biomedical 

applications. Thus, the raw product was purified by size exclusion chromatography (SEC) 

to isolate CDs with a homogeneous size distribution, and specific surface functional 

groups and to select the most red-emitting fractions of CDs with marked NIR-triggered 

photothermal capacity. 

Size distribution obtained from the heights of the nanoparticles was studied by atomic 

force microscopy (AFM) and reported in Figure 51a-a’. AFM micrograph showed 

nanodots with an average diameter of 1.5 nm and a narrow size distribution useful for 

their potential biomedical applications. 

FTIR spectroscopy (Figure 51b) was employed to investigate surface functional groups 

of N-doped CDs. The selected CDs were characterized by hydroxyl, amine, and amide 

surface groups and a high content of carboxyl group. The IR spectra show many 

diagnostic bands such as O-H stretching (3420 cm−1), N-H stretching (3200 cm−1), 

asymmetric (1711 cm−1), and symmetric COOH stretching (1381 cm−1), and the amide I 

band (1620 cm−1). 
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Figure 51. AFM image (a) and size distribution (a') of CDs. FT-IR spectrum and relative 

attributions of CDs (b). 

The optical properties of CDs in terms of absorption and emission properties were deeply 

investigated. The selected CDs showed different peculiar absorption bands in the entire 

UV/vis spectrum. In light of the absorption bands, the emission spectrum was recorded 

under excitation at 540 nm, displaying a significant red emission band from 580 to 750 

nm with a peak at 610 nm (Figure 52). The photoluminescence profile of these CDs is of 

particular interest in theranostic applications since an emission within the biological 

transparent window (red-NIR bands) is the minimum optical requirement to obtain high-

resolution images in fluorescence imaging. Hence, the selected CDs are suitable 

excipients to produce performant PLGA nanoparticles with theranostic properties given 

imaging-guided anticancer therapies. 

 

Figure 52. Absorption (dotted line) and emission spectra (compact line) of CDs. 
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4.4.2. Preparation of PLGA-CDs hybrid nanoparticles by nanoprecipitation 

technique 

The selected red-emitting CDs were employed as a functional excipient to obtain smart 

PLGA-CDs nanoparticles with fluorescence and photothermal features and high stability 

in aqueous media. Taking into account the principle of the EPR effect, a size between 10-

200 nm increases the circulation lifetime of nanosystems in the bloodstream and their 

selective accumulation in tumor tissue and microenvironment. Therefore, the 

encapsulation of the CDs inside bioresorbable nanoparticles represents not only a strategy 

to impinge theranostic properties, but also a valid approach to avoid rapid renal clearance 

[83]. The most popular materials for the preparation of bioresorbable nanoparticles are 

represented by the use of polymers [301]. In this panorama, polyesters like polylactic acid 

(PLA), poly-ε-caprolactone (PCL), and poly-D, L-lactide-co-glycolide (PLGA) emerge 

as an effective and versatile class of biodegradable polymers to produce pharmaceutical 

formulations for drug delivery and tissue engineering applications [302–306]. In 

particular PLGA, an FDA-approved copolymer has received great attention for the 

production of drug delivery systems as in the organism, it can be hydrolyzed in 

metabolites such as lactic acid and glycolic acid, which can be successively metabolized 

in H2O and CO2 taking part to the Krebs cycle. In light of these considerations, the 

systemic toxicity associated with its use is minimal [307]. PLGA-based nanocarriers offer 

innumerable advantages allowing an optimal bioavailability of the encapsulated drugs, 

reducing the phenomena of premature degradation in the biological compartments [308], 

providing a controlled drug release by degradation kinetics and targeted delivery [309], 

and facilitating the cell internalization of the bioactive molecules thus reducing side 

effects [310]. However, literature reported opposite opinions suggesting that sometimes 

PLGA-based nanosystems show an undesired premature or initial burst drug release or 

both. Moreover, PLGA-based nanosystems also show other limitations like instability in 

the aqueous environment and in some cases a relatively low drug loading capacity. 

The rational idea was to entrap CDs inside PLGA-based nanoparticles during the process 

of production by solvent displacement method, known as nanoprecipitation. The goal is 

to modify their bulk physicochemical properties in terms of photoluminescence, 

photothermal sensitivity, and water stability. In fact, a proper amount of CDs might be 
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sufficient to impinge the surface properties of the hybrid nanoparticles, thus conferring 

suitable hydrophilicity due to the distinct polar surface groups of CDs. 

We prepared PLGA-CDs nanoparticles by nanoprecipitation by dripping an organic 

PLGA/CDs homogeneous colloidal dispersion in a large excess of “non-solvent”. The 

formation of well-dispersed nanoparticles is induced by the rapid diffusion of the organic 

solvent in water. We obtained nanoparticles with low (1 %) and high (20 %) CDs content 

to evaluate the effects of the CDs on the stability and optical properties. The size 

distribution and surface charge of all the obtained formulations were investigated by 

dynamic light scattering techniques. Unfortunately, it was observed that the PLGA-CDs 

nanoparticles containing a low content of CDs (PLGA-CDs1%) underwent aggregation 

after the lyophilization process and redispersion was not allowed. Therefore, according 

to available literature data, cryoprotectant agents were required to avoid this stability 

problem. Usually, PLGA-based nanoparticles can be stabilized using a variety of 

cryoprotectants, such as PVA, PVP, and sucrose, in a range of concentration from 2 to 5 

% w/v [311–313]. 

4.4.3. Study of cryo-stability by Dynamic Light Scattering (DLS) 

DLS measurements were performed on redispersed freeze-dried samples additive with 

common cryo-protectors at different concentrations (Figure 53), in order to understand 

which type and concentration of cryoprotectant agent ensure the best redispersion of 

PLGA-CDs1% nanoparticles. The best result, in terms of Z-average and PDI, was 

obtained with 5 % sucrose (d = 70 nm; PDI = 0.224), while, 10 % w/v 

polyvinylpyrrolidone (PVP) allows a discrete redispersion in terms of size, but with a 

polydispersity value too high (d = 116.6 nm; PDI = 0.910). 
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Figure 53. Z-average values by DLS analysis of PLGA-CDs1% nanoparticles with diverse tested 

cryoprotectant agents. 

Differently, for the PLGA-CDs nanoparticles containing a major amount of CDs (PLGA-

CDs20%) was observed a slightly higher diameter (from 54 to 74 nm) and a better 

redispersion after lyophilization, obtaining a stable colloidal dispersion using a 

significantly lower amount of cryoprotectant equal to 1% w/w PVP (Table 3). In fact, 

while the PLGA-CDs20% sample without cryoprotectant gives rise to a slight 

aggregation after the lyophilization process (d = 291 nm, data not shown), while 

comparable dimensions and polydispersity index to the starting sample (d = 93.2 nm; PDI 

= 0.181) (Table 3) were obtained adding only 1 % of PVP in the PLGA-CDs20% sample. 

The different redispersion observed between PLGA-CDs20% and PLGA-CDs1% 

nanoparticles can be ascribed to the different surface charges of the nanoparticles 

ascribable to the presence of CDs on the surface of the hybrid nanoparticles. Therefore, 

zeta-potential measurements were performed on freshly prepared samples to verify this 

hypothesis. PLGA-CDs1% nanoparticles showed a quasi-neutral charge (ζ = −5.7 ± 4.4), 

while the zeta-potential was quite negative (ζ = −30.3 ± 17.6) for PLGA-CDs20%. These 

data involve that the higher stability of the hybrid nanoparticles in aqueous media was 

suggested by carboxyl groups of CDs on the surface of PLGA-CDs20% nanoparticles. 

This difference is due to the higher surface arrangement of CDs (negatively charged) in 

the PLGA-CDs20% nanoparticles compared to that of PLGA-CDs1%, where the amount 

of CDs is too low to provide a significant surface modification. 
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Table 3. DLS analysis of Z-average and PDI of empty and drug-loaded nanoparticles pre-

lyophilization and post-lyophilization with cryoprotectant. 

a Cryoprotectant: 5 % sucrose 

b Cryoprotectant: 1 % PVP 40 kDa 

4.4.4. Dimensional evaluation of PLGA-CDs nanoparticles by Atomic Force 

Microscopy (AFM) 

AFM studies also confirmed the lower tendency of the PLGA-CDs20% nanoparticles to 

form bigger aggregates. As shown in Figure 54a, PLGA-CDs1% nanoparticles strongly 

tend to form aggregates of about 50 nm in diameter after drying the aqueous dispersion 

on mica discs. Whilst AFM micrographs of the PLGA-CDs20% sample do not highlight 

aggregates after evaporation of water, but only well-defined nanoparticles with roughly 

45–50 nm in diameter. This evidence confirms the key role of CDs in the stabilization of 

nanoparticles in aqueous media (Figure 54b). Furthermore, it is also important to notice 

that there are no observed free CDs in the AFM micrograph of the PLGA-CDs20% 

sample suggesting that hybrid nanoparticles consist of CDs embedded in a PLGA matrix 

responsible for the optical properties observed below. 

 

 

Samples 

Pre-lyophilization Post-lyophilization 

(+ cryoprotectant) 

Z-Average 

(nm) 

PDI Z-Average 

(nm) 

PDI 

PLGA-CDs1% 54.78 0.117 70 a 0.224 a 

PLGA-CDs20% 74.36 0.167 93.2 b 0.181 b 

PLGA-CDs1%@IT 157.9 0.024 181.2 a 0.067 a 

PLGA-CDs20%@IT 102.5 0.111 133.9 b 0.120 b 
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Figure 54. AFM micrographs of PLGA-CDs1% (a) a PLGA-CDs20% (b). 

4.4.5. Optical and Photothermal Characterization of the PLGA-CDs NPs 

In light of their possible application in IG-PPT, the photothermal and red fluorescence 

properties of PLGA-CDs nanoparticles were established. Therefore, the emission spectra 

recorded under excitation at 540 nm of both nanoparticles were compared with that of 

nude CDs. As evidenced in Figure 55a both PLGA-CDs nanoparticles spectra preserve 

the same characteristic emission band of the CDs UV profile in the red region. In detail, 

an increase in CDs content in nanoparticles from 1 to 20 % is associated with changes in 

the emission band trend. In detail, the shoulder at 650 nm is more pronounced in 

nanoparticles with 20 % of CDs, similar to nude CDs, in contrast to a flattening of the 

emission bands associated with a lower content of CDs (1%). This phenomenon can be 

due to dot-dot interactions in the PLGA-CDs20% sample, which reflect surface electronic 

transitions responsible for more intense red emission, useful in fluorescence imaging 

applications. The ability of both nanoparticles to convert NIR light into heat to act as 

nanoheaters in IG-PPT was evaluated by irradiating a dispersion of either a PLGA-

CDs20% or PLGA-CDs1% dispersion in water and monitoring the temperature increase 

in function of the time of laser exposure by using an optical fiber. The conditions used 

for the two samples were different due to the different content of nanoheaters in the two 

PLGA-CDs nanoparticles. In particular, photothermal kinetics time was attained using an 

810 nm laser diode source for 150 s with a power of 2.5 W cm−2 and 300 s at 7 W cm−2 

for the PLGA-CDs20% and PLGA-CDs1%NPs, respectively. As expected, a higher 

amount of CDs (20% on a weight basis) confers to the nanoparticles a sharper 

photothermal conversion capacity compared with the PLGA-CDs1% containing a lower 

amount of CDs (Figure 55b.). It might be noticed that this trend is corroborated by the 
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lower potency used for the PLGA-CDs20% sample, which was three times lower than 

that employed to obtain comparable photothermal results with PLGA-CDs1%. In detail, 

the PLGA-CDs20% sample reaches the minimum temperature of hyperthermia (42 °C) 

[314] after about 30 s of laser treatment at 2.5 W cm−2, while the second one needs twice 

the irradiation time at 7 W cm−2. Therefore, a higher amount of CDs has a multifunctional 

role to obtain good physicochemical stability in aqueous media and in preparing the 

PLGA-based nanoparticles with promising optical properties in terms of fluorescence and 

photothermal properties, needed for their application in IG-PTT. 

 

Figure 55. Emission spectra of PLGA-CDs nanoparticles and CDs (a). Kinetic of hyperthermia 

in the function of the exposure time of PLGA-CDs nanoparticles (b). 

4.4.6. Preparation and characterization of irinotecan-loaded PLGA-CDs 

nanoparticles (PLGA-CDs@IT) 

The irinotecan-loaded nanoparticles, PLGA-CDs1%@IT and PLGA-CDs20%@IT, were 

prepared using the same protocol for the empty PLGA-CDs samples. Briefly, an 

established amount of irinotecan hydrochloride was added to the PLGA/CDs colloidal 

dispersion. The drug loading of PLGA-CDs nanoparticles was evaluated by HPLC 

analysis. Results show that the percentage of CDs entrapped into nanoparticles is relevant 

in ensuring higher drug loading (DL). In fact, PLGA-CDs20% nanoparticles have an 

improved DL of 4.73 ± 0.15 % w/w compared with that of PLGA-CDs1% nanoparticles 

(DL of 3.5 ± 0.11 %). Drug-loaded nanoparticles were characterized in terms of size 

distribution, as reported in Table 3. As shown the entrapment of CDs into PLGA 

nanoparticles highly affect the drug loading and the size distribution of both samples. In 

particular, the presence of % CDs during the loading affords nanoparticles with 
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dimensions about three times higher than that obtained for the PLGA-CDs1% sample (54 

vs. 158 nm). Therefore, the loading of irinotecan hydrochloride can affect the 

arrangement of drug-loaded PLGA-CDs nanoparticles. Indeed, nanoparticles with 

hydrodynamic diameter three times bigger are formed in the presence of irinotecan for 

the PLGA-CDs1% and almost two times bigger for the PLGA-CDs20% (Table 3). This 

evidence can be ascribed to the strong interaction between cationic irinotecan and anionic 

CDs due to the opposite charge possessed under the adopted conditions. No changes were 

observed after the lyophilization process for both PLGA-CDs1%@IT and PLGA-

CDs20%@IT nanoparticles (Table 3). 

4.4.7. Irinotecan release evaluation from PLGA-CDs@IT nanoparticles 

The kinetic drug release of irinotecan from the PLGA-CDs@IT nanoparticles under 

physiological conditions (PBS pH 7.4) was evaluated using the dialysis method. As can 

be seen in Figure 56 the amount of CDs in the PLGA-CDs nanoparticles positively 

influences the release kinetics. In detail, it can be observed that PLGA-CDs1%@IT 

nanoparticles released approximately all the irinotecan payload in 10 h, comparable to 

the kinetic release of PLGA nanoparticles reported in the literature [315]. On the contrary, 

PLGA-CDs20%@IT displayed prolonged and sustained release over time, avoiding the 

burst effect and releasing only 50 % of its payload in 48 h. As widely reported in the 

literature, the NIR-triggered photothermal effect as well as the localized temperature 

increase induced by activated nanoheaters as CDs, allows a faster and more focused drug 

release [177,254]. However, the drug release kinetics of both PLGA-CDs nanoparticles 

seems not to be affected by the laser irradiation, conducing to kinetics comparable to 

those obtained from untreated nanoparticles. It is possible to hypothesize that the failed 

burst drug release induced by laser treatment is due to the inability of the nanosystem to 

disassemble in the function of a temperature increase. Therefore, considering the superior 

photothermal and photoluminescence capacity and the higher stability and sustained drug 

release profile, the PLGA-CDs20%@IT nanoparticles were selected as the most 

promising candidate for the successive study of anticancer efficacy and bioimaging. 
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Figure 56. Profile of cumulative drug release (%) in function of time of PLGA-CDs1% and 

PLGA-CDs20% with and without laser irradiation. 

4.4.8. Biological characterization of PLGA-CDs20%@IT nanoparticles 

The anticancer activity of the PLGA-CDs20%@IT nanoparticles was evaluated in vitro 

on the MDA-MB-231 cell line after 24 h and 48 h of incubation. As illustrated in Figure 

57a-a’, the cell viability decreased with the incubation time and increasing the amount of 

irinotecan, suggesting a time- and dose-dependent efficacy. In light of the demonstrated 

brilliant NIR-photothermal conversion efficiency of CDs, it was evaluated their capacity 

to induce cancer cell death by photothermal ablation [316]. Hence, the second set of 

experiments evaluated the combination of the NIR-triggered photothermal ablation of 

cancer cells and the cytotoxic effect induced by the irinotecan released in situ (Figure 

57a-a’). In detail, the treated cells with PLGA-CDs20%@IT nanoparticles for 24 h and 

48 h were successively irradiated with an 810 nm laser diode for 100 s with power fitted 

at 2.5 W cm−2. Similarly, to the previous experimental set, the efficacy of the chemo-

photothermal treatment was evaluated as a reduction of cell viability compared to the 

untreated control. As shown in Figure 57a, the photothermal treatment seems much more 

effective if compared with the free drug for all the concentration ranges considered and 

markedly different from untreated cells after 24 h of incubation. A similar trend was 

observed for the cells treated after 48 h of incubation (Figure 57a’). The effective ablation 

of cancer cells observed for the cells treated with PLGA-CDs20%@IT at concentrations 

higher than 75 µg mL−1 can be ascribed to the important high temperatures reached during 

the laser treatment. Indeed, in a parallel experiment, the temperature increase of 
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dispersions of PLGA-CDs20% nanoparticles in DMEM at the same conditions used for 

the in vitro cytotoxic studies (5–150 µg mL−1) was measured at scheduled time intervals 

to evaluate the corresponding hyperthermic effect. As shown in Figure 57b, the kinetics 

of heating appears to depend on the concentration of PLGA-CDs20% nanoparticles. In 

particular, up to a concentration of 75 µg mL−1 and after 200 s of laser exposure, the 

temperature reaches 60 °C (Figure 57b), explaining well why cells are efficiently ablated 

under these conditions (Figure 57a-a’). 

 

Figure 57. Study of cytotoxicity of PLGA-CDs20%@IT with and without laser irradiation (100 

s, 2.5 W cm-2) compared to free irinotecan on 2D model of MDA-MB-231 after 24 h (a) and 48 h 

(a’) of incubation. Kinetic of hyperthermia at biological concentrations tested in vitro (b). 

The IC50 and maximum inhibition (Imax) values reported in Table 4 highlight the higher 

potency of the PLGA-CDs20%@IT nanoparticles compared with the free drug. The IC50 

values of the NIR-treated PLGA-CDs20%@IT nanoparticles after 24 h and 48 h of 

incubation were about half of the values obtained from the untreated PLGA-CDs20%@IT 

nanoparticles and lower than that obtained from free irinotecan. The Imax values were 

about two times higher than that detected for both cells treated with the free drug and the 

PLGA-CDs20%@IT nanoparticles after 24 h of incubation, suggesting a superior 

efficacy of the photothermal treatments. 

Table 4. IC50 and Imax values extrapolated from the cytotoxic study in vitro. 

Samples IC50
24h 

(µg mL-1) 

IC50
48h 

(µg mL-1) 

Imax
24h 

(%) 

Imax
48h 

(%) 

Irinotecan 143.76 38 51.18 83.75 

PLGA-CDs20%@IT 121.12 45.10 59.80 95.79 

PLGA-CDs20%@IT + laser 43.14 22.30 88.15 99.69 
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On the whole, these data confirm the potent anticancer effect of the theranostic approach 

adopted, combining chemotherapy and photothermal therapy in a unique biodegradable 

and bio-eliminable hybrid nanoplatform like PLGA-CDs20% nanoparticles. 

4.4.9. Uptake study on cell culture in vitro 

In light of the applicative purpose of this work, the ability of PLGA-CDs20% 

nanoparticles to act as a contrast agent in FLI was evaluated by fluorescence microscopy 

(λEx = 559), tracking the nanosystem in living breast cancer cells (MDA-MB-231) after 6 

h and 24 h of incubation. As displayed in Figure 57, the PLGA-CDs20% nanoparticles 

yield an excellent contrast in red fluorescence once internalized inside cancer cells. The 

red fluorescence nanoparticles appear prevailingly localized inside MDA-MB-231 nuclei 

and/or perinuclear (Figure 58a–a”) just after 6 h from the incubation and more marked 

after 24 h (Figure 58b–b”), suggesting that cell internalization in MDA-MB-231 is time-

dependent. However, considering that the nuclear pores are about 10 nm in diameter and 

the nanoparticles have a diameter of about 100 nm, they may not be localized into cell 

nuclei. Therefore, it is possible to hypothesize that the intracellular microenvironment 

allows the disassembly of the nanoparticles and the consequent release and nuclear 

diffusion of CDs. 

 

Figure 58. Cell uptake study of PLGA-CDs20% after 6 h and 24 h of incubation. 

4.4.10. Conclusions 

Here, hybrid nanoparticles (PLGA-CDs) were developed as potential theranostic 

nanoplatforms useful in image-guided photothermal cancer therapy. The proposed 
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nanoparticles were composed of red emissive CDs embedded in a PLGA matrix in order 

to obtain a biodegradable and bio-eliminable nanoplatform able to combine drug delivery, 

photothermal, and fluorescence imaging properties. Carbon nanodots demonstrate to be 

a multifunctional excipient able to impinge theranostic properties, but also to stabilize the 

hybrid nanoparticles in physiological fluids, improve the drug loading and favor a 

sustained drug release in the function of their concentration in the PLGA matrix. In 

parallel, the encapsulation of CDs into a biodegradable polymeric matrix allows for 

increasing the average size avoiding premature renal excretion. The key role of CDs was 

demonstrated by evaluating the size distribution by DLS and AFM analysis of two hybrid 

nanoparticles with increasing content of CDs (PLGA-CDs1% and PLGA-CDs20%), 

which highlights how the highest content of CDs allows for reducing the particle size and 

avoid aggregation due to the different surface charges of the nanoparticles ascribable to 

the presence of CDs on the surface of the PLGA-CDs nanoparticles The PLGA-CDs20% 

nanoparticles demonstrated a good red fluorescence and photothermal conversion 

capacity in vitro on breast cancer cells. Moreover, the PLGA-CDs20% combinatorial 

approach of drug release and photothermal therapy demonstrated to be a valid therapeutic 

approach to induce effective cell death. The role of CDs ad multifunctional excipients 

represents a promising strategy in the formulation of nanoparticles useful in image-guided 

photothermal therapy (IG-PTT) of breast cancer.  
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4.5. Hydrophobic N-doped carbon nanodots coated with hyaluronic acid 

derivative as NIR-responsive hybrid nanosystems to deliver doxorubicin in 

cancer theranostics. 

This work proposed the strategic design of hyaluronic acid-coated red-emissive carbon 

dots (N-doped CDs), with a well-structured hydrophobic core capable of loading and 

delivering a high amount of doxorubicin (Doxo) (> 9 % w/w) and acting as fluorescent 

and NIR-responsive agent in image-guided photothermal therapy. The rational idea is to 

exploit in a unique micelle-like superstructure the brilliant NIR photothermal conversion 

and red fluorescence of CDs and the ability of hyaluronic acid (HA) shell of stabilizing 

nanomedicines in the aqueous environment and targeting cancer cells overexpressing 

CD44 membrane receptors. This strategic combination allows for a smart theranostic 

agent useful in cancer imaging and NIR-triggered chemo-phototherapy of solid tumors. 

To fulfill this goal, hydrophobic CDs, named HCDs, were used as a multifunctional 

excipient to induce the self-assembling of the amphiphilic polylactide acid-grafted 

hyaluronic acid derivatives (HA-g-PLA), yielding to theranostics and biodegradable core-

shell superstructures. Here, it was explored the potentiality of the synergistic effects of 

chemo-phototherapy combined with red fluorescence imaging in unique hybrid core-shell 

nanostructures like HA-g-PLA/HCDs (Figure 59). 
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Figure 59. Graphical abstract. 

4.5.1. Synthesis of the amphiphilic hyaluronic acid copolymer grafted with 

PLA chains (HA-g-PLA) 

Among the plethora of materials useful in the production of drug delivery systems (DDS), 

hyaluronic acid (HA), the major constituent of the extracellular matrix (ECM), emerged 

as a performant biomaterial to obtain DDS with superior water stability and targeting 

capabilities [301,317]. HA is particularly attractive in precise anticancer therapy due to 

its high specificity and affinity for CD44 receptor overexpressed in different cancer cells, 

which conduce to receptor-mediated endocytosis [318]. Furthermore, HA is susceptible 

to hydrolysis as well [319]. Consequently, HA-based nanosystems may undergo 

intracellular hydrolysis by hyaluronidase (HYAL-1 and HYAL-2), overexpressed in 

different types of cancer, giving rise to ultrasmall by-products bio-eliminable by 

macrophages or renal clearance [320,321]. However, HA consists of a linear hydrophilic 

polysaccharide formed from disaccharide units of N-acetyl-d-glucosamine and 
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glucuronic acid that alone can not spontaneously self-assemble into core-shell 

nanostructure exploitable for the delivery of hydrophobic drugs, but it requires a partial 

hydrophobization. Many side hydrophobic moieties have been investigated to obtain 

amphiphilic HA copolymers with self-assembly behavior in aqueous environments, such 

as polyesters or discrete aliphatic chains [318]. Among these polylactide acid (PLA), 

poly-ε-caprolactone (PCL), and poly-D, L-lactide-co-glycolide (PLGA) have aroused 

great scientific interest due to their physico-chemical characteristics, biodegradability, 

and biocompatibility [302]. Besides, collapsed composed matrix consisting of 

hydrophobic drugs and biodegradable polymer chains able to self-assemble would favor 

drug-controlled release [322][205]. 

Therefore, an amphiphilic copolymer of HA, consisting of HA (M̅n = 112 kDa) grafted 

with low molecular weight PLA chains (M̅n = 13 kDa), named HA-g-PLA, was 

synthesized by esterification between hydroxyl groups of HA and an end-chain activated 

N-hydroxysuccinimidyl ester of PLA and under mild basic conditions (Figure 60). 

 

Figure 60. The synthesis scheme of PLA-grafted hyaluronic acid (HA-g-PLA). 

The molecular weight of the main HA backbone was chosen to avoid reaching the specific 

gelling point of high molecular weight HA, which would negatively affect the assembling 

mechanisms, and maintain HA biological properties up to 10 mg mL-1 [323]. In parallel, 

PLA chains were selected as hydrophobic moieties to obtain self-assembling amphiphilic 

copolymers in an aqueous environment. The reaction was carried out using a PLA/HA 
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molar ratio of 0.1 to partially functionalize the starting HA chains with hydrophobic side 

chains to provide a discrete hydrophobization of the HA backbone. 

The derivatization degree (DD) of the HA was investigated by 1H-NMR and evaluated 

by comparing the integrals of HA unit protons with those of the PLA side chains. The DD 

was about 2 % on a molar basis, corresponding to about four PLA moieties per HA chain 

(Figure 61). 

 

Figure 61. 1H-NMR spectrum of HA-g-PLA (300 MHz, DMSO d6). 

According to 1H-NMR data, the SEC analysis reveals a copolymer with an average 

number molecular weight of 168 kDa. 

4.5.2. Self-assembling capacity of HA-g-PLA copolymer 

The pyrene fluorescence assay was carried out to evaluate the ability of HA-g-PLA to 

self-assemble into stable core-shell nanostructures (Figure 62). HA-g-PLA demonstrated 

able to assemble into core-shell nanostructures at a concentration higher than 43 µg mL-

1. This amphiphilic copolymer of HA was designed to spontaneously self-assemble, 

entrapping hydrophobic carbon nanodots and a high amount of anticancer drugs such as 

Doxo into the hydrophobic core. Besides, the hydrophilic HA shell was chosen to impinge 

active targeting features toward CD44 receptor cancer cells [288,324]. 
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Figure 62. Pyrene assay for the evaluation of CAC of HA-g-PLA. 

4.5.3. Synthesis of the hydrophobic carbon dots (HCDs)  

Starting crystalline red-fluorescent N-doped carbon nanodots were synthesized by a 

bottom-up method and widely characterized as reported in Section 4.4.1. [158]. The 

selected red-emissive CDs are characterized by a rich content of surface carboxyl groups, 

useful as reactive groups for further surface functionalization, but make the CDs surface 

highly hydrophilic and unable to bind anionic or hydrophobic drugs such as most elective 

anticancer drugs [325]. Besides, electrostatic repulsions between the CDs surface and the 

carboxyl groups of HA-g-PLA negatively affect the formation of theranostic 

supramolecular assembled nanosystems able to deliver hydrophobic drugs. To overcome 

these limitations the hydrophobization of CDs with discrete aliphatic chains such as 

octylamine (C8) by surface passivation of the carboxyl groups represents an incisive 

strategy to provoke spontaneous self-assembling of the amphiphilic copolymer HA-g-

PLA in the presence of hydrophobic CDs, henceforth named HCDs, into core-shell 

micellar-like nanostructure (HA-g-PLA/HCDs). These HA-g-PLA/HCDs combine the 

typical optical features of CDs with the ability of amphiphilic HA derivatives to deliver 

hydrophobic anticancer drugs, useful in theranostics chemo-photothermal cancer therapy. 

Thus red-emitting CDs were conjugated with octylamine by an amide coupling reaction 

exploiting the carboxyl surface functional groups of the bare CDs and the amine terminal 

function of octylamine (Figure 63). The activation of carboxyl groups by N,N′-

dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS) coupling gives rise 

to, after purification, carbon dots passivated on the surface with hydrophobic aliphatic 
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chains (HCDs). The adopted synthetic scheme is scalable and reproducible in terms of 

functionalization degree and high yield (60%), and allows obtaining an efficient surface 

functionalization under mild conditions. 

 

Figure 63. The synthesis scheme of hydrophobic CDs (HCDs). 

4.5.4. Chemical characterization of HCDs 

The surface wettability of HCDs was investigated by equilibrium contact angle 

measurements (Figure 64 a-a’) to evaluate how C8 moieties on CDs surface affected the 

affinity of CDs for hydrophobic compounds. As expected HCDs display a marked 

hydrophobicity in comparison with the nude CDs ( θ > 90° and θ < 90° for the HCDs and 

CDs, respectively.  

The surface passivation with hydrophobic agents was also confirmed by observing the 

different partitions of nude CDs and HCDs in an o/w biphasic system (CHCl3/H2O). As 

illustrated in Figure 64b, HCDs result much more affine to the CHCl3 phase, in contrast 

to nude CDs, demonstrating that the hydrophobization of CDs with C8 chains 

significantly impinges the partition behavior for HCDs. The hydrophobic character of 

HCDs suggests their potential incorporation into the hydrophobic core of micelle-like 

nanostructures obtained by self-assembling amphiphilic copolymers such as HA-g-PLA. 

The effective surface functionalization of CDs was also evaluated by FTIR analysis, 

confirming the presence of amide bonds and aliphatic chains, accompanied by the 

reduction of surface carboxyl groups [326]. As shown in Figure 64c, the bare CDs show 

hydroxyl (3420 cm-1 ) and carbonyl stretching vibrations (1708 cm-1 ) relative to the 

presence of several carboxyl reactive groups suitable for amide coupling. The FTIR 

spectra of HCDs confirmed the successful formation of the amide bonds, as demonstrated 
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by the reduction of the carboxyl band at 3327 cm-1 and the appearance of the I amide band 

at 1630 cm-1. Furthermore, the presence of CH vibrations (2927-2852 cm -1) confirmed 

the presence of alkyl chains on the HCDs surface. 

 

Figure 64. The contact angle of HCDs (a) and CDs (a'). Repartition of HCDs and CDs in a 

biphasic system water/chloroform (b). FT-IR spectrum of HCDs and CDs (c). 

Then, the amount of C8 chains on the HCDs surface was evaluated by 1H-NMR using 

acetone as an internal standard. As shown in Figure 65, the HCDs spectrum presents the 

characteristic peaks of octylamine at 0.89 ppm and 1.28 ppm, relative to the CH3 and CH2, 

respectively. The depletion of the characteristic peak at 2.58 ppm, related to the CH2 

bound to the amine, and the shift of this peak to higher fields suggest a successful 

conjugation via amide coupling with aliphatic chains. 
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Figure 65. The 1H-NMR spectrum of HCDs with internal standard (acetone) compared to that of 

octylamine. 

The functionalization degree of HCDs was calculated by comparing the peak relative to 

acetone (6H; δ 2.13 ppm) with that relative to octylamine (3H; δ 0.89 ppm), following 

the equation reported below: 

𝑛𝑎 :
∫ 𝐻2.13𝑝𝑝𝑚

6
= 𝑛𝑐:

∫ 𝐻0.89𝑝𝑝𝑚

3
 

where 𝑛𝐴 and 𝑛𝐶 are the moles of acetone and octylamine in the analyzed sample 

respectively. 

The functionalization degree in octylamine was found to be 30 ± 2 % w/w, corresponding 

to a functionalization of 3.8 meq g-1 of CDs. Considering that from previous titration data, 

the amount of carboxyl groups of bare CDs is equal to 5.5 meq. g-1, under the used 

experimental conditions, the functionalization degree in octylamine corresponds to 69 % 

of the available carboxyl groups [158]. 

4.5.5. Optical characterization of the hydrophobic carbon dots (HCDs) 

To understand the potentiality of HCDs to be used as fluorescence contrast agents, their 

red fluorescence properties were evaluated and compared with that of nude CDs. As 

shown in Figure 66a, the HCDs spectrum, similar to the nude CDs spectrum, displayed a 
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complex absorption spectrum characterized by different bands in the entire UV/UV-vis 

range. The emission spectrum of HCDs and nude CDs were collected in DMF under 

excitation at 540 nm. As reported in Figure 66b, HCDs, and nude CDs have shown 

comparable emission spectra. It is important to notice that although HCDs have shown a 

slightly reduced photoluminescence compared to nude CDs, no quenching phenomena 

were observed and HCDs preserve the emission profile of the starting CDs. An important 

advantage of HCDs is that unlike native hydrophobic CDs, obtained from solvothermal 

decomposition processes from hydrophobic compounds (e.g. melamine and benzoic 

acid), hydrophobic CDs obtained by post-surface functionalization with C8 moieties do 

not suffer from π-π stacking interactions or dot-dot aggregation phenomena which usually 

induce the turning off of the characteristic emission bands of CDs [327]. The emission 

spectrum of HCDs was characterized by a principal peak at about 570 nm with two 

shoulders at about 608 and 645 nm of particular interest and necessary for high-resolution 

fluorescence imaging, useful in cancer diagnosis of primary and secondary tissues 

[3][328]. 

 

Figure 66. UV spectra (a) and emission spectra under excitation at 540 nm (b) of HCDs (orange 

lines) and CDs (black lines). 

4.5.6. NIR-induced photothermal conversion study of HCDs 

The ability of HCDs to act as photothermal agents in IG-PTT was evaluated by irradiating 

a water dispersion of either bare CDs or HCDs (0.1 mg mL-1 ) with an 810 nm NIR-laser 

and measuring the temperature increase (∆T) as a function of the laser exposure. 

Temperature increases were normalized by the number of dots at equal concentrations 

and reported as the function of the exposure time, to compare the photothermic effect of 
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each other. As evidenced in Figure 67, HCDs possess a remarkable photothermal 

conversion capacity, greater than that shown by bare CDs. In detail, HCDs after about 42 

s of laser exposure reach the minimum temperature of hyperthermia (43 °C) needed to 

eradicate tumors. In contrast, for the bare CDs a laser exposure four times higher is 

required to reach the same temperature. The higher photothermal conversion observed for 

the HCDs in an aqueous environment can be ascribed to hydrophobic surface interactions, 

which restrict the surfaces’ intramolecular rotation around C8 bonds, giving rise to 

heating by vibrations which contribute to dissipation phenomena. Overall, the red 

fluorescence properties displayed by the HCDs and the efficient photothermal conversion 

capability make them a potential candidate for cancer IG-PTT applications. 

 

Figure 67. Kinetics of hyperthermia in the function of irradiation time with an 810 nm laser of 

an aqueous dispersion of HCDs and CDs. Water was used as control. 

4.5.7. Self-assembling of the hyaluronic acid-dressed HCDs (HA-g-

PLA/HCDs) 

The obtained HCDs were employed as a functional excipient to impinge theranostic 

features to the core-shell nanostructures able to be internalized through active targeting 

through the affinity of the hyaluronic acid shell for the CD44 receptor overexpressed in 

most cancer cells [329]. The HA-g-PLA/HCDs were prepared by spontaneous self-

assembling of the HA-g-PLA copolymer in a mixture of water and DMSO, considering 

an HCDs theoretical loading of 20 % on a weight basis (Figure 68), by dialysis method. 

Dialysis of the water/DMSO dispersion against water allowed the diffusion of DMSO 

and the complete self-assembling of hybrid core-shell HA-g-PLA/HCDs nanostructures 
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in water. Moreover, no precipitation of HCDs was observed and the diffusion of free 

HCDs outside the membrane was completely excluded by the absence of the typical 

absorption bands in the waste, suggesting their complete encapsulation within the 

hydrophobic PLA core of HA-g-PLA micelle-like superstructures. 

 

Figure 68. Schematic representation of self-assembling HA-g-PLA/HCDs core-shell 

nanostructures by dialysis method. 

The zeta-potential analysis confirmed the encapsulation of HCDs into the PLA core. In 

fact, no significant changes in the surface charge distribution occurred after the 

incorporation of HCDs in the micelle-like nanostructure (≈ -33 mV and ≈ -26 mV, 

respectively), suggesting that HCDs are distributed only into the hydrophobic core (Table 

5). The reason can be attributed to the higher partition coefficient and lower carboxyl 

function density at the surface observed for the HCDs compared to the nude CDs.  

The strong chain entanglements between the C8 moieties of HCDs and the PLA side 

chains of the HA-g-PLA significantly impinge positively on the self-assembling of the 

superstructures, inducing a sharp reduction of the nanosystem diameter (from 739 nm to 

330 nm). Therefore, the encapsulation of HCDs into the hydrophobic core of HA-g-PLA 
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core-shell nanostructures implies the formation of a collapsed and well-structured 

hydrophobic core (Table 5). 

Table 5. Z-average, PDI, and zeta-potential of HA-g-PLA, HA-g-PLA/HCDs, and HA-g-

PLA/HCDs@Doxo by DLS analysis. 

4.5.8. Stability study of HA-g-PLA/HCDs 

The physicochemical stability of the HA-g-PLA/HCDs was evaluated both in the 

physiological medium (PBS pH 7.4) and in the tumor microenvironment (acetate buffer 

pH 5.5) by DLS analysis (Figure 69). DLS measurements allow studying the size 

distribution as a function of the incubation time at 37 °C up to 72 h. HA-g-PLA/HCDs 

display excellent stability under physiological conditions as demonstrated by the constant 

size distribution over time of about 330 nm. In contrast, the acidic conditions highly 

affected the size distribution of HA-g-PLA/HCDs, which underwent a sharp increase at 

t0 up to about 700 nm and gradually decreased over time to 550 nm after 72 h at 37 °C. 

This behavior at acid conditions could be ascribed to a rapid cleavage of the ester bonds 

between the PLA and the HA moieties at the surface and simultaneous acid-induced 

degradation of the PLA chains. These phenomena thus provoke rapid swelling of the HA 

shell and the consequent surface destruction of the PLA core, explaining well the biphasic 

trend observed in Figure 69 at pH 5.5. 

Samples Z-Average 

(nm) 

PDI ζ-Potential 

(mV) 

HA-g-PLA 739 ± 11 0.187 ± 0.010 -33.3 ± 11.6 

HA-g-PLA/HCDs 329 ± 5 0.274 ± 0.008 -28.9 ± 10.8 

HA-g-PLA/HCDs@Doxo 390 ± 8 0.104 ± 0.001 -31 ± 6.7 
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Figure 69. Study of stability at physiological (pH_7.4) and cancer conditions (pH=5.5) of HA-g-

PLA/HCDs by DLS analysis of Z-average. 

4.5.9. Preparation and characterization of the drug-loaded hyaluronic acid-

coated HCDs (HA-g-PLA/HCDs@Doxo) 

The Doxo-loaded hyaluronic acid-coated HCDs, namely HA-g-PLA/HCDs@Doxo, were 

prepared by self-assembling the HA copolymer in the presence of both HCDs and Doxo 

(20 % w/w). The idea was to exploit the hydrophobic character of HCDs into the core to 

maximize the amount of Doxo loaded during the formation of the collapsed hydrophobic 

core of the HA-g-PLA/HCDs in aqueous dispersion. The drug loading of HA-g-

PLA/HCDs@Doxo was measured spectrophotometrically and was found to be 9.63 ± 

0.049 % (w/w), corresponding to an encapsulation efficiency of about 48 %. Compared 

to other examples reported in the literature for similar self-assembled amphiphilic 

copolymers [330], this encapsulation efficiency results very high, probably ascribed to 

the greater hydrophobic surface of HCDs in the core of the superstructures available for 

interaction with doxorubicin the presence. 

The morphological characterization of these core-shell nanostructures was investigated 

by atomic force microscopy (AFM). As reported in Figure 70 a-a’’, AFM images show 

nanoaggregates of HA-g-PLA/HCDs of about 60 nm in height in the dry state. The size 

distribution of the dried sample is much lower if compared to the same sample in water 

(about 300 nm, Table 5), due to the lack of the hydration sphere in the dried micelles-like 

structures if compared with the sample in water dispersion. This suggests that the average 

size of these nanostructures could be controlled by tuning the molecular weight of the HA 

in the function of the specific application. It is important to notice that neither free HCDs 
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nor free Doxo was observed in the AFM image, suggesting the successful encapsulation 

of both elements during the self-assembling procedure. 

 

Figure 70. AFM images (a-a') and size distribution (a'') of HA-g-PLA/HCDs@Doxo. 

As shown in Table 5, DLS data do not reveal significant differences in terms of Zeta-

potential and size distribution between the drug-loaded and empty HA-g-PLA/HCDs 

nanostructures, suggesting that Doxo do not perturb chain entanglements mechanisms 

during self-assembling. 

4.5.10. Drug release kinetics evaluation of HA-g-PLA/HCDs@Doxo with 

and without NIR-exposure 

The ability of the HA-g-PLA/HCDs@Doxo to release the doxorubicin payload was 

established in physiological conditions (PBS pH 7.4) and tumor microenvironment-TME 

conditions (acetate buffer pH 5.5) at 37 °C, with and without a NIR laser exposure at 

suitable power density. Figure 71a shows that HA-g-PLA/HCDs@Doxo displayed a slow 

and sustained drug release over time under physiological conditions, avoiding the 

undesirable burst effect. Indeed, the free Doxo rapidly diffused in 2 h, displaying a sharp 

burst effect in the first minutes after the incubation at 37 °C. In contrast, HA-g-PLA-

HCDs@Doxo retained its payload, releasing only 10 % of doxorubicin after 48 h. 

Conversely, at acid conditions of pH 5.5, HA-g-PLA-HCDs@Doxo releases the drug 

payload faster reaching about 58 % within 48 h. This behavior suggests that HA-g-PLA-

HCDs@Doxo can favorably release Doxo in the TME in a pH-dependent modality 

(Figure 71a). This trend release is following the different behavior of the nanostructures 

observed in the two media, as well as the hydrolytic phenomena of the polylactic acid 

moieties at acidic pH, which lead to swelling and consequent erosion of the nanostructure 
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(Figure 71a) thus increasing a larger surface which favors the diffusion of doxorubicin. 

The NIR-triggered photothermal effect mediated by entrapped HCDs could allow a faster 

drug release due to a thermal-induced destabilization of the hydrophobic core [254,331] 

Indeed, the HA-g-PLA-HCDs@Doxo can release an amount of Doxo two times bigger at 

pH 7.4 if compared to the not irradiated nanosystems as demonstrated by the NIR-induced 

drug release kinetic reported in Figure 71a. The NIR-triggered drug release trend at pH 

5.5 was similar, even if much more restrained, and was observed at pH 5.5 (66 % release 

vs 58 %). The possibility to locally release the drug payload in the site of action on 

demand represents a promising therapeutic strategy to minimize the side effects and avoid 

multidrug resistance due to the restricted biodistribution of the drugs. The NIR-induced 

temperature increase at the same concentration tested in the NIR-triggered drug release 

study and under an 810 nm diode laser exposure for 300 s at 5 W cm-2 was also evaluated 

(Figure 71b). HA-g-PLA-HCDs show good photothermal conversion properties, reaching 

the minimum temperature for hyperthermia (42-43 °C) after less than 200 s of irradiation. 

 

Figure 71. Profile of cumulative drug release at physiological (pH=7.4) and cancer conditions 

(pH=5.5.) of HA-g-PLA/HCDs@Doxo with and without laser exposure, compared to the profile 

of diffusion of free Doxo (a). Kinetic of hyperthermia at conditions of drug release study (b). 

4.5.11. Cytocompatibility of HA-g-PLA/HCDs and anticancer efficacy 

assay of HA-g-PLA/HCDs@Doxo 

The in vitro cytotoxic effects of the HA-g-PLA/HCDs were carried out on cultures of two 

different breast cancer cell lines, namely MDA-MB-231 and MCF-7, after 24 h of 

incubation (Figure 72). Cell viability values treated with HA-g-PLA/HCDs demonstrated 

a high cytocompatibility (100 %) within the range of concentration tested (up to 300 g 
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mL-1 ) on either MCF-7 (Figure 72a) and MDA-MB-231 (Figure 72a’). Cell viability 

assay was repeated on both cell lines, applying an 810 nm NIR laser at power fitted at 7 

W cm-2 to evaluate the NIR-triggered hyperthermia effects due to the empty 

nanostructures. Hyperthermia levels were previously established on the dispersion of HA-

g-PLA-HCDs in DMEM (30 µg mL-1 ), irradiating the sample with 810 nm diode laser 

under the same conditions and then tested in vitro, in order to establish the optimal 

experimental setting to give rise suitable hyperthermia (44 - 47 °C) during in vitro cell 

culture conditions. This power density and exposure were proven biocompatible by other 

studies published elsewhere using both cell lines [212,254,255]. Figure 72 shows a 

remarked cytotoxic effect at the highest dose (> 150 g mL-1 ) due to dose-dependent 

photothermal-induced damage that occurred for both cell lines. 

 

Figure 72. Cytocompatibility of HA-g-PLA/HCDs with and without laser irradiation (300 s, 7 W 

cm-2) on MCF-7 (a) and MDA-MB-231 (a’). 

To evaluate the cytotoxic effect of the drug-loaded HA-g-PLA/HCDs@Doxo 

nanosystem, the equivalent amount of HA-g-PLA/HCDs (i.e., from 0.271 to 0.00054 mg 

mL-1 ). As shown in Figure 73, cell viability decreased with the increase in the amount of 

HA-g-PLA/HCDs@Doxo suggesting a dose-dependent cytotoxic effect for both cell 

lines. In order to evaluate the therapeutic effect of the NIR-triggered hyperthermia 

combined with the on-demand local drug release, the second set of experiments was 

performed. In detail, after 24 h of incubation cells treated with HA-g-PLA-HCDs@Doxo 

were irradiated with an 810 nm diode laser using the selected hyperthermia condition 

(300 s, 7 W cm-2). In both cell lines, cell viability exponentially decreased following a 

dose-dependent response that resembles those observed for the unexposed samples 
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(Figure 73), even with some qualification. In particular, the chemo-photothermal therapy 

approach by HA-g-PLA-HCDs@Doxo allows a much more marked cytotoxic effect than 

the empty nanosystem, reaching almost 0 % in cell viability at a concentration of 150 g 

mL-1 (eq. Doxo dosage of 20 M). 

 

Figure 73. The cytocompatibility of HA-g-PLA/HCDs@Doxo and free Doxo with and without 

laser irradiation (300 s, 7 W cm-2). 

Besides, it is necessary to underline that the potency of the chemo-photothermal treatment 

with HA-g-PLA-HCDs@Doxo, expressed as IC50 value (Table 6), was comparable to that 

of free Doxo, even if at a lower available dose. Indeed, cytotoxic effects associated with 

the use of the free drug are usually higher because it is promptly available and freely 

diffuses throughout the cell membranes, provoking damage. The different cytotoxic 

effects of NIR-treated HA-g-PLA-HCDs@Doxo on MCF-7 and MDA-MB-231 cells 

(IC50 0.56 µM vs 0.94 µM) are ascribed to the noteworthy susceptibility of MCF-7 than 

MDA-MB-231 cells. 

Table 6. IC50 values of free Doxo, HA-g-PLA/HCDs@Doxo, and HA-g-PLA/HCDs@Doxo laser 

treated after 24 h and 48 h of incubation. 

 

Samples 

MCF-7 MDA-MB-231 

IC50
24h 

(µM) 

IC50
24h 

(µM) 

Doxorubicin 0.50 ± 0.2 0.69 ± 0.3 

HA-g-PLA/HCDs@Doxo 6.50 ± 0.1 7.67 ± 0.8 

HA-g-PLA/HCDs@Doxo + laser 0.56 ± 0.1 0.94 ± 0.2 
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Therefore, taking into account the HA-g-PLA/HCDs potential as a fluorescence imaging 

agent, on-demand NIR-triggered drug release, and chemo-photothermal efficacy, these 

nanocomposite superstructures represent promising anticancer theranostic platforms 

useful for IG-PTT applications in cancer theranostics. 

4.5.12. Gene expression analysis on treated MDA-MB-231 and MCF-7 cell 

lines in vitro 

The cytocompatibility of HA-g-PLA-HCDs was also studied at the molecular level, 

evaluating presumptive cell death mechanisms triggered by HA-g-PLA/HCDs@Doxo 

micelles upon NIR irradiation. In detail, the differential mRNA expression levels of 10 

genes (BECN1, CASP7, ATG3, CASP9, BAX, PARP1, BCL-2, RIPK1, BCL-XL, and 

TNFα), recognized to exert a functional role in cell death pathways like apoptotic, 

autophagic, and necrotic/necroptotic pathways, were assessed in MDA-MB-231 and 

MCF7 breast cancer cell lines. The mRNA expression levels were evaluated by PCR real-

time technique using a specific oligonucleotide primer for each gene considered (Table 

7).  

Table 7. Primer sequences employed in the gene analysis of cell death pathways by RT_PCR. 

Gene name Accession 

number 

Primer sequence (5’-3’) 

ATG3 autophagy related 

3 homologs (ATG3) 

NM_022488 ACTGATGCTGGCGGTGAAGATGGT

GCTCAACTGTTAAAGGCTGCC 

BCL2-associated X 

protein (BAX) 

NM_004324 TCAGGATGCGTCCACCAAGAAGTG

TGTCCACGGCGGCAATCATC 

B-cell CLL/lymphoma 2 

(BCL2) 

NM_000633 ATCGCCCTGTGGATGACTGAGTGC

CAGGAGAAATCAAACAGAGGC 

BCL2-like 1 BCL2L1 

(BCLXL) 

NM_138578 GCCACTTACCTGAATGACCACCAA

CAACCAGCGGTTGAAGCGTTCCT 

Beclin 1, autophagy 

related (BECN1) 

NM_003766 CTGGACACTCAGCTCAACGTCACT

CTAGTGCCAGCTCCTTTCGA 

Caspase 7, apoptosis 

related cysteine 

peptidase (CASP7) 

NM_001227 CGGAACAGACAAAGATGCCGAGA

GGCGGCATTTGTATGGT 
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Cells were treated using all IC50 values extrapolated from the previous cell viability assay 

(Table 6), and comparable doses were tested for empty HA-g-PLA/HCDs. No significant 

differences in gene expression were measured in HA-g-PLA/HCDs treated cells, with 

insignificant effects on the activation of a death response, comparable to the gene 

expression profile relative to unexposed MDA-MB-231. Overlapping profiles also 

occurred in NIR-treated cells and NIR-treated MDA-MB-231 after HA-g-PLA/HCDs 

incubation which remained like controls (Figure 74). This corroborates cell viability data 

highlighting the high cytocompatibility profile of the HA-g-PLA/HCDs after 24 h of 

incubation. As expected, MDA-MB-231 exposure to Doxo provided a different gene 

expression pattern than untreated cells. Among the gene set analyzed, some genes 

associated with apoptotic cell death exhibited significant differential expression (Figure 

74a). In particular, the expression of proapoptotic genes such as TNFα, BAX, and CASP7 

was increased, accompanied by a reduction of the gene expression levels of pro-survival 

factors as BCL2 (Figure 74b). These results confirm the activation of the apoptotic cell 

death pathway in response to Doxo at the IC50 values [332,333]. A concurrent 

upregulation of BECN1 and BCL-XL also emerges. It is well-known that BECN1 plays 

a pivotal role in autophagosome formation [334,335]. Therefore the cross-talk between 

Caspase 9, apoptosis-

related cysteine 

peptidase (CASP9) 

NM_001229 GTTGAGGACCTTCGACCAGCTCAA

CGTACCAGGAGCCACTCTT 

Poly(ADP-ribose) 

polymerase 1 (PARP1) 

NM_001618 CCAAGCCAGTTCAGGACCTCATGG

ATCTGCCTTTTGCTCAGCTTC 

Tumor necrosis factor 

(TNF) 

NM_000594 CTCTTCTGCCTGCTGCACTTTGATG

GGCTACAGGCTTGTCACTC 

Human receptor 

(TNFRSF)-interacting 

serine-threonine kinase 

1 (RIPK1) 

NM_003804 TATCCCAGTGCCTGAGACCAACGT

AGGCTCCAATCTGAATGCCAG 

-Actin (ACTB) NM_001101 CACCATTGGCAATGAGCGGTTCAG

GTCTTTGCGGATGTCCACGT 

Glyceraldehyde-3-

phosphadehydrogenase 

(GAPDH) 

NM_002046 ACCACCCTGTTGCTGTAGCCAAGT

CTCCTCTGACTTCAACAGCG 
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apoptosis and autophagy [336], which may transform the commitment toward a specific 

pathway, could also be active in this experimental setting. Considering the magnitude of 

the measured changes, according to cell viability data, Similar mRNA expression profiles 

were also obtained after NIR exposure to Doxo-treated cells (Figure 74). This suggests 

that the laser treatment, as carried out, does not employ additional effects on Doxo on 

MDA-MB-231 viability. The laser treatment of MDA-MB-231 cells incubated with HA-

g-PLA/HCDs@Doxo resulted in a transcriptional pattern similar to those above 

measured. However, it should be noted that the combination of NIR photothermal 

treatment and Doxo-related DNA damages reinforce the upregulation of the pro-apoptotic 

genes BAX and CASP7 and a huge downregulation of the anti-apoptotic gene BCL2, 

resulting in the activation of apoptosis programmed cell death. The transcriptional 

response of MCF-7 upon HA-g-PLA/HCDs exposure was quite different, showing that 

the mRNA levels of some genes appeared slightly increased (Figure 74a). Similar profiles 

also occurred in irradiated cells. However, these alterations do not result in the 

engagement toward a specific cell death pathway at the used dosage. However, this 

transcriptional pattern in response to HA-g-PLA/HCDs may be related to the major 

susceptibility of MCF-7. The expression profiles of NIR irradiated MCF-7 cells treated 

with HA-g-PLA/HCDs revealed the upregulation of proapoptotic members, including 

CASP7, CASP9, BAX. At the same time, the pro-survival genes were downregulated 

(BCL2) or unchanged (BCL-XL) (Figure 74). Interestingly, also genes involved in 

autophagy (BECN1) and necroptosis (TNFα) were upregulated, thus suggesting an 

overall response to laser treatment, MCF-7-specific, via different cell death pathways 

[224]. As expected, the transcriptional response of MCF-7 upon Doxo exposure with or 

without irradiation provided a different gene expression pattern. The upregulation of 

proapoptotic genes (CASP7 and BAX), and the reduction of BCL2 mRNA level (Figure 

74) [332,333] As discussed above for MDA-MB-231, the simultaneous upregulation of 

BECN1 and BCL-XL suggests different death pathways [337]. This is particularly 

remarkable in MCF-7 cell lines showing alteration of apoptotic level because of P53 and 

CASP3 status on MCF-7 [338–340]. Interestingly, this gene expression signature was 

powered upon MCF-7 exposure to HA-g-PLA/HCDs@Doxo with and without NIR-laser 

exposure. In addition to BCL2 downregulation and increased mRNA levels of CASP7 

and BAX, upregulation of TNFα and RIPK1 was also reported (Figure 74). TNFα and 
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RIPK1 are implicated in the activation of the necroptotic pathway. The possible 

concurrent activation of necroptosis mechanisms has been particularly interesting as a 

promising alternative route of cell death for overcoming apoptosis resistance. Therefore, 

it is reasonable to hypothesize that the concurrent activation of different death 

mechanisms reinforces the antitumor effect [316,341–344]. 

 

Figure 74. Cell death pathway-focused gene expression analyses in MCF-7 and MDA-MB-231. 

Heat map representation of the mean-cantered data of RT-qPCR results showing the mRNA levels 

of analyzed genes in presence of HA-g-PLA/HCDs or HA-g-PLA/HCDs@Doxo or Doxo with 

respect with or without laser irradiation (a). Gene expression values are colored from red (low) 

to green (high). Bar graph of the pathway focused on gene expression profiling in response to 

treatments. Bars represent mean value ± SD; values were considered statistically significant at p 

≤ 0.05 (b). 

4.5.13. Cell internalization study of HA-g-PLA-HCDs in vitro 

To evaluate the targeting ability of HA-g-PLA-HCDs mediated by HA shell to recognize 

CD44 receptors overexpressed in cancer cells efficiently and to be internalized by 

receptor-mediated endocytosis was investigated on both MDA-MB-231 and MFC-7 cell 

lines. Fluorescence microscopy (λ Ex = 559) was employed to track the nanosystem in 

living breast cancer cells (MDA-MB-231 and MCF-7), exploiting their capability to act 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gene-expression-profiling
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as a contrast agent in fluorescence imaging (FLI). In detail, the cell uptake was evaluated 

after 4 h and 24 h of incubation with HA-g-PLA-HCDs at a concentration of 0.1 mg mL-

1 (Figure 75a-b). The HA-g-PLA/HCDs appear well internalized in both cancer cell lines 

after 4 h, showing an excellent contrast in FLI (Figure 75a-b). Taking in mind that nuclear 

pores have a diameter of about 10 nm, smaller than that of HA-g-PLA/HCDs of about 

300 nm, the nuclear contrast displayed could be ascribed to HCDs released and efficiently 

diffused inside nuclei and through cells. Therefore, it is possible to hypothesize that the 

intracellular microenvironment induces HA-g-PLA/HCDs disassembling, releasing 

ultrasmall HCDs (d ≈ 4.5 nm), which may cross nuclear pores. Besides, the intracellular 

disassembling of the superstructures explains the remarkable anticancer effect observed. 

A similar trend was observed after 24 h of incubation (Figure 75a-b). Besides, relative 

fluorescence intensities calculated by fluorescing micrographs suggest a higher uptake 

for the MDA-MB-231 cell line (Figure 76c). To understand the role of the HA shell and 

CD44 receptors in cell internalization, the same experiment was performed under the 

same conditions on bronchial epithelial cells (16-HBE) negative to CD44 membrane 

receptors [345]. As expected, the microscope images (Figure 75c) do not show cell uptake 

in the red channel up to 24 h from the incubation. This experiment suggests that the uptake 

of these superstructures can preferentially employ the CD44 receptor. 
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Figure 75. Uptake study by fluorescence microscopy of HA-g-PLA/HCDs after 4 h and 24 h of 

incubation on CD44+-cell lines (a-b) (MCF-7 and MDA-MB-231) and CD44--cell line (c) (16-

HBE). 

To validate this hypothesis, cell internalization was evaluated by saturating CD44 

receptors with free HA, displacing HA pendants of the HA-g-PLA/HCDs. Thus, both cell 

lines were pre-incubated with a solution of free HA for 30 minutes and then treated with 

the nanosystem at the same concentration above explored. After that, the uptake was 

evaluated by fluorescence microscopy. As seen in Figure 76a-b, the CD44 receptor 

displacement with free HA completely abolished the red fluorescence intensity also after 

24 h of incubation (about 1 % if compared with untreated cells, Figure 76c), confirming 

that HA-g-PLA/HCDs internalization occurs through a mechanism of CD44 receptor-

mediated endocytosis. 
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Figure 76. Uptake study by fluorescence microscopy of HA-g-PLA/HCDs after 24 h of incubation 

on MCF-7 (a) and MDA-MB-231 (b) pre-incubated with free HA. 

4.5.14. Conclusion 

In this work, NIR-responsive hybrid nanocomposites (HA-g-PLA/HCDs) were designed 

as self-assembled nanostructured for targeted drug delivery and image-guided 

photothermal therapy. The core-shell nanostructures were composed of amphiphilic PLA-

grafted hyaluronic acid (HA-g-PLA) encapsulating hydrophobic carbon nanodots 

(HCDs) into the hydrophobic core. The coating of hyaluronic acid confers targeting 

ability to the micelle-like nanostructures versus the CD44 receptors overexpressed in 

cancer cells, favoring the selective accumulation of doxorubicin. Moreover, the 

biodegradable and biocompatible amphiphilic shell permits the stabilization HCDs in a 

physiological medium. On the other hand, HCDs allow to impinge fluorescent properties 

(fluorescent imaging) and photothermal conversion capacity (selective cell death by 
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hyperthermia) to the HA-g-PLA/HCDs nanostructures, but also to maximize the drug 

loading (DL% > 9) of doxorubicin due to the increased hydrophobic surface and provide 

a NIR-triggered drug release. The strategic combination of the HCDs and the PLA-grafted 

hyaluronic acid coating allows for obtaining in a single theranostic nanoplatform a 

multimodal tool for targeted cancer therapy and monitoring. The HCDs were synthesized 

by the surface passivation of red-emitting CDs with octylamine and then encapsulated 

into the hydrophobic core of HA-g-PLA core-shell structures. DLS analyses revealed that 

the incorporation of HCDs represents an effective strategy to induce the formation of 

collapsed nanostructures two times smaller (300 nm) than that obtained without HCDs. 

The biological characterization in vitro proved the biocompatibility and the cell 

internalization through CD44-mediated endocytosis of HA-g-PLA/HCDs, and 

demonstrated the capacity of HA-g-PLA/HCDs@Doxo to efficiently combine 

hyperthermia and NIR-triggered drug release using an 810 nm laser (300 s, 7 W cm-2). 

The effectiveness of the chemo-photothermal approaches using HA-g-

PLA/HCDs@Doxo under NIR-light exposure was also proved by gene expression 

analysis of regulated cell death (RCD) pathways that demonstrated the activation of 

necroptosis and apoptosis. Therefore, the strategic design of HA-g-PLA/HCDs@Doxo 

makes them promising candidates as non-invasive theranostic agents for precise chemo-

photothermal eradication of solid tumors, overcoming cancer apoptosis resistances.  
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4.6. β-Cyclodextrin decorated multicolor N,S-doped carbon nanodots as 

theranostic nanoplatform for the delivery of sildenafil in breast cancer 

The focus of the present work is the design of β-cyclodextrins decorated multicolor 

carbon nanodots as theranostic nanoplatforms for the delivery of sildenafil in breast 

cancer therapy. The rational idea is to exploit CD as a fluorescent contrast agent and 

cyclodextrins for their well-known capability to form host-guest complexes, in order to 

maximize the drug loading. To fulfill this goal, in a first step highly homogeneous 

crystalline N,S-doped CDs were synthesized by an innovative solvothermal synthetic 

route giving rise to high-resolution fluorescence imaging nanotools. Successively, CDs, 

surface passivated with a short alkyne end-capped PEG4 by amide coupling, were 

orthogonally functionalized with modified 6-azido-6-deoxy-β-cyclodextrins by azide-

alkyne Huisgen cycloaddition, obtaining a nanoplatform with a well-ordered architecture 

(CDs-PEG4--Cdx). Afterward, this latter was loaded with sildenafil (CDs-PEG4- -

Cdx@SD, DL=20.57 % w/w), chosen as an off-label drug for its emerging potential in 

cancer therapy as an inhibitor of phosphodiesterase 5 (PDE-5). Both CDs-PEG4- -Cdx 

and CDs-PEG4- -Cdx@SD were widely characterized in terms of physico-chemical and 

biological properties. CDs-PEG4- -Cdx@SD proved to be a potential nanoplatform in 

cancer theranostics due to the surprisingly selective anticancer effect on 16-HBE and 

MCF-7 corresponding to pharmacologically inactive concentrations of sildenafil (Figure 

77). This evidence is particularly interesting from the perspective of sildenafil 

repositioning; however, it needs further investigation in order to understand the pathways 

involved in the recorded cytotoxic effect. 
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Figure 77. Graphical abstract. 

4.6.1. Synthesis and characterization of alkyne-derivate CDs 

Carbon Nanodots (CDs) were produced by a modified solvothermal method from urea, 

citric acid, and indocyanine green (ICG) in DMF, as reported in Section 4.2. [159]. The 

strategic synthetic scheme was designed to obtain homogeneous crystalline CDs (d = 5.3 

± 0.4 nm) core- and surface-doped with nitrogen and sulfur atoms with improved red 

fluorescence (QY=4 %) and photothermal conversion capacity (≈ 32 %). Briefly, an 

equimolar amount of citric acid and urea (core nitrogen doping agent) was exploited as a 

donor of hydroxyl, carboxyl, and amide surface groups, while a non-stoichiometric 

amount of ICG (core sulfur doping agent) was used to introduce sulfonate/sulfoxide, 

surface groups. The subpopulations of CDs were isolated and purified by size exclusion 

chromatography (SEC) [158], which conducts two different fractions of CDs 

characterized by a blue/green selective emission and a multicolor emission from the blue 

to the red region, respectively. For the applicative purposes of this work, it was selected 

the second fraction for the successive steps of functionalization. The selected N, S co-

doped carbon nanodots, named N,S-CDs, were characterized by a versatile and functional 

surface, particularly rich in carboxyl groups, amenable to further functionalization 
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through the chemistry of carbodiimides. In light of this evidence, the alkyne derivate of 

CDs, named CDs-CC, was synthesized by amide coupling with a heterodifunctional 

polyethylene glycol (PEG400) bearing amine and alkyne end-groups. As reported in Figure 

78, the PEG-linker was orthogonally conjugated to the N,S-CDs surface exploiting the 

amine terminals and the surface carboxyl functions, respectively, in presence of N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) and N-hydroxysuccinimide (NHS) 

as coupling agents. 

 

Figure 78. Synthesis scheme by amide coupling of CDs-PEG4-CC. 

The effective surface functionalization was evaluated by FT-IR analysis of CDs- PEG4-

CC in comparison to nude N,S-CDs. In Figure 79, N,S-CDs spectra show diverse 

diagnostic peaks relative to the carboxyl (OH stretching 3420 cm-1 and CO stretching 

1715 cm-1) and sulfonate/sulfoxide (stretching 1391 and 1283 cm-1) groups. The derivate 

CDs- PEG4-CC spectra displayed marked peaks attributable to amide stretching (1641 

cm-1) and a reduction of OH stretching (3420 cm-1) relative to carboxyl groups, 

accompanied by the C-O-C vibrations (1088 cm-1) attributable to the chains of PEG and 

aliphatic C-H vibrations (2960-2922 cm-1), confirming that the surface PEGylation by 

amide coupling successfully occurred. 
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Figure 79. FT-IR spectra of .N,S-CDs, and CDs-PEG4-CC (a). The focus of FT-IR spectra in the 

range 450-1800 cm-2 (a’). 

4.6.2. Synthesis of 6-deoxy-6-azide-β-cyclodextrin (β-Cdx-N3) 

The 6-Monoazide-β-cyclodextrin was synthesized by primary hydroxyl mono-

substitution with an azide group through two steps of synthesis. The first step provides 

the activation of 6-OH by mono-tosylation following a protocol reported in the literature 

[346]. The 6-O-Monotosyl-β-cyclodextrin (β-Cdx-OTs) was obtained by one-step and 

reproducible reaction between β-Cdx and p-toluensulfonyl-chloride in aqueous NaOH at 

pH 11 (Figure 80). The strongly basic reaction medium allowed to solubilize the β-

cyclodextrin, avoiding the common use of organic solvents. In alternative to purification 

by crystallization or precipitation in an organic solvent, which conducts to a low yield 

and degree of purity, it was exploited the lower aqueous solubility of β-Cdx-OTs than 

that of β-Cdx and p-toluenesulfonic acid by the use of cationic exchange resin. In detail, 

the addiction of resin in the H+ form induces the rapid acidification of the reaction solution 

by exchanging the H+ with sodium cations of NaOH solution inducing the efficient 

precipitation of β-Cdx-OTs. Successively, the exchange resin was removed by filtration, 

while the non-reacted reagent and subproduct of activation were eliminated by washing 

the precipitate with water. Subsequently, β-Cdx-N3 was synthesized by treating the β-

Cdx-OTs with an excess of sodium azide in order to promote nucleophilic substitution of 

the p-toluensulfonic group with the azide group, according to reference protocol [347]. 
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Figure 80. Synthesis scheme of -Cyclodextrin-tosyl (-Cdx-Ots) and -Cyclodextrin-azide (-

Cdx-N3). 

4.6.3. Chemical characterization of β-Cdx-N3 and intermediate 

The effective mono-tosylation of β-Cdx-N3 was confirmed by 1H-NMR analysis (Figure 

81). The β-Cys-OTs spectra showed peculiar droplet peaks of aromatic protons at 7.74-

7.72 and 7.43-7.40 ppm, and a singlet peak of methyl at 2.41 ppm attributable to the p-

toluenesulfonic group, which confirms the functionalization efficiently occurred. The 

mono-substitution was verified by comparing the integral of the peak at 2.41 ppm with 

that of the anomeric proton at 4.83-4.76 ppm. The integral ratio corresponds to 7:1 

confirming the tosylation of a single D-glucopyranose residue. Furthermore, taking into 

account that the tosyl group has a deshielding effect on neighboring hydrogens, it was 

evaluated the shift to lower fields of the proton peaks of the derivatized C6I and the 

adjacent C5I to confirm the substitution of the seven primary hydroxyl group. Effectively, 

it was observed the downfield peak shift at 4.33-4.29 ppm for the two protons of C6I and 

at 4.18 ppm for the proton of C5I [347]. 
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Figure 81. 1H-NMR of -Cyclodextrin-tosyl (-Cdx-Ots) (300 MHz, DMSO-d6). 

The nucleophilic substitution was also confirmed by 1H-NMR analysis (Figure 82). The 

1H-NMR spectrum of the product does not have the characteristic peaks of the p-

toluenesulfonic group shown in Figure 81. In order to verify the actual monosubstitution 

of the p-toluenesulfonic group with the azide group, a comparison was made between the 

peak at 4.82 ppm associated with the anomeric hydrogen (H1) and the peak at 4.57 ppm 

attributed to the hydrogen of the hydroxyl in position six. It was calculated that the ratio 

of the integrals related to the hydrogen and hydroxyl peaks is 7:6, therefore, out of 7 

monomers of the cyclodextrin only six have the hydroxyl in position six. 
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Figure 82. 1H-NMR of -Cyclodextrin-azide (-Cdx-N3) (300 MHz, DMSO-d6). 

4.6.4. Synthesis of hybrid nanosystems CDs-PEG4--Cdx 

The conjugate between CDs and Cyd was obtained by Huisgen 1,3-dipolar Cu(I)-

catalyzed cycloaddition between the alkyne functions of CDs and the azide groups of the 

modified cyclodextrins. The cycloaddition reaction leads to the formation of 1, 2, 3 

triazole rings by click chemistry characterized by mild reaction conditions and high yield 

(>98 %) (Figure 83). Specifically, the copper-catalyzed cycloaddition variant was chosen 

because it is found to be regioselective and very rapid. In addition, the selective formation 

of the triazole ring between the azide at the C6 position of the Cyd and the alkyne-terminal 

extremities of the PEG-alkyne chains of the carbon nanodots was ensured by the presence 

of only one azide group available for binding to the alkyne functions. 

 



Results, Discussion and Conclusions 

 

- 139 - 
 

 

Figure 83. The synthesis scheme of CDs-PEG4--Cdx conjugate. 

This synthesis scheme resulted in an ordered structure in which each carbon-based core 

is diametrically functionalized on the surface with modified cyclodextrins. The rational 

introduction of cyclodextrins to the surface plays a dual role, stabilizing carbon nanodots 

on the surface in an aqueous environment and maximizing the amount of active ingredient 

that can be incorporated and delivered to the target site. 

4.6.5. Physico-chemical characterization of CDs-PEG4--Cdx 

In order to verify conjugate formation and evaluate its composition, differential scanning 

calorimetry coupled with thermogravimetric analysis (DSC/TGA) of both conjugate and 

precursors was performed (Figure 84). As shown in Figure 83a, the conjugate undergoing 

to different transformations than both precursors, indicating that the conjugation resulted 

in the formation of a new chemical entity through the establishment of new covalent 

bonds. In detail, cyclodextrins undergo thermal decomposition only from 230 °C, 

corresponding to the loss of 60 % of total mass (Figure 84b). This phenomenon is 
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attributable to the loss of surface functional groups. On the other hand, Pegylated CDs 

show a typical melting decomposition at 130 °C, considering that an endothermic peak 

without corresponding weight loss is observed, soon after accompanied by a sudden 

weight loss from 180 °C to 550 °C. However, the thermal curve of the conjugate shows 

a trend comparable to that of the CDs-PEG4-CC, but with some small differences. By 

comparing the DSC and TGA data, it is possible to determine the percentage by weight 

of the conjugate cyclodextrins by evaluating the weight loss recorded in the conjugate 

corresponding to the cyclodextrin endothermic degradation. This analysis shows that 

cyclodextrins constitute 55% w/w of the CDs-PEG4-Cdx sample. 

 

Figure 84. DSC coupled TGA analysis of CDs-PEG4-CC, -Cdx-N3, and CDs-PEG4--Cdx. 

The conjugate CDs-PEG4-Cdx was characterized from a dimensional point of view by 

atomic force spectroscopy (AFM) (Figure 85a-a’). The AFM images show that the 

conjugates have an average diameter of 8.15 nm. Taking into account that the carbon core 

has an average diameter of 5 nm and that the cyclodextrins have an average external 

diameter of 1.5 nm, the diameter increase of about 3 nm is compatible with the presence 

of cyclodextrins distributed on the surface of the carbon core (Figure 85b). Indeed, the 

increased average size over 5 nm is particularly desired for drug delivery systems to avoid 

premature and rapid filtration by the glomerular basement membrane (cut-off 5 nm) and 

renal excretion. Slow renal excretion of the nanocarrier allows a major half-life and an 

increased possibility to reach high concentrations in tumor tissues to prevent MDR 

phenomena. 
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Figure 85. AFM micrographs of CDs-PEG4--Cdx (a-a’). Schematic representation of CDs-

PEG4--Cdx architecture (b). 

4.6.6. Optical characterization of CDs-PEG4--Cdx and intermediates 

The CDs sample displays a complex optical absorption spectrum in the entire UV/vis 

range with several peculiar bands at 350 nm, 463 nm, and 543 nm with a shoulder at 645 

nm (Figure 86). After PEGylation (CDs-PEG4-CC) and conjugation with -Cdx-N3 

(CDs-PEG4--Cdx) the absorption spectra preserve the typical profile of native CDs, but 

with some differences. In particular, it is possible to observe a minor ratio I350nm/I463nm 

and I350nm/I543nm, due to the reduced intensity of the peak in the blue region at 350 nm 

(Figure 86a). Following the absorption spectra, as reported in Figure 86b, the 

fluorescence spectra of CDs-PEG4--Cdx and intermediates were recorded upon 

excitation at 360 nm and 540 nm. Effectively, the PEGylation leads to a moderate 

reduction of the blue emission at about 450 nm which is observed in both CDs-PEG4-CC 

and CDs-PEG4--Cdx. Indeed, it is interesting to highlight a red shift of the emission 

band under excitation at 540 nm of about 30 nm and a more pronounced shoulder at 639 

nm in the CDs-PEG4--Cdx sample. Therefore, the changed profile of the absorption 

spectra effectively reflects the emission profile of the samples. As evidenced in the 

literature [2,158,182], the emission phenomena involve the surface state of CDs, 

explaining well the different absorption and emission behaviors after PEGylation and 

successive conjugation with -Cdx. The preservation of the multicolor emission profile 

and the improved fluorescence in the red region of the final conjugate is particularly 

interesting in light of the applicative purpose of the present work. 
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Figure 86. UV spectra (a) and emission spectra under excitation at 360 and 540 nm (b) of nude 

CDs (dotted black lines), CDs-PEG4-CC (compact black lines), and CDs-PEG4--Cdx (compact 

orange lines). 

4.6.7. Preparation of Sildenafil-loaded CDs-PEG4--Cdx (CDs-PEG4--

Cdx@SD) 

-Cyclodextrin (-Cdx), a cyclic oligosaccharide consisting of seven glucose units linked 

by 1-4 glycoside bonds, is well-known for its capacity to form inclusion complexes with 

a plethora of hydrophobic drugs by including them in the hydrophobic cavity [348,349]. 

The driving forces for the formation of the complex -Cdx/drugs include the enthalpic 

contribution of the water molecules released from the cavity of the -Cdx, electrostatic, 

Van der Waals, and hydrophobic interactions, and hydrogen bonds [350]. Therefore, the 

rational conjugation of modified -Cdx on the surface of CDs-PEG4-CC was performed 

in order to improve the aqueous solubility and dissolution rate of poorly soluble drugs, 

improving the delivery of a functional amount of drug to the targeted site. 

Here, sildenafil citrate was proposed as an off-label drug, due to the increasing interest in 

the repurposing of phosphodiesterase-5 (PDE-5) inhibitors in cancer therapy [351,352]. 

The mechanism of action of sildenafil consists in the inhibition of PDE5 that mediates 

the hydrolysis of cyclic guanosine monophosphate (cGMP) to guanosine monophosphate 

(GMP), resulting in the increased cellular concentration of cGMP and consequent 

activation of GMP-dependent protein kinase (PKG) [353–355]. 

Nowadays, selective PDE-5 inhibitors like sildenafil was approved by the EMA and FDA 

in the treatment of erectile dysfunction and pulmonary arterial hypertension [352]. 
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However, there are increasing studies that demonstrate the potential use of sildenafil in 

cancer therapy firstly as chemo-adjuvants in combination with diverse conventional 

anticancer approaches (e.g. radiotherapy, chemotherapy), but also alone as an emerging 

anticancer drug [356–359]. Some works proposed the employment of sildenafil as an 

adjuvant of doxorubicin in the treatment of diverse cancer diseases (e.g. breast cancer, 

prostate cancer, colorectal cancer), demonstrating a useful strategy to improve the 

cytotoxic effect of doxorubicin [360–363]. Another study proposed the use of sildenafil 

in monotherapy for the treatment of B-cell lymphoma demonstrating that sildenafil can 

induce cell death through caspase dependent-apoptosis [364]. In ref. [358] high 

concentrations of sildenafil were tested in vivo for the treatment of colon cancer, reporting 

a moderate cytotoxic effect and a reduction of tumor size after treatment with a high 

dosage. Therefore, in this work the designed hybrid nanoparticle of CDs-PEG4--Cdx 

was employed for the delivery of sildenafil in cancer treatment. Sildenafil was loaded into 

-Cdx cavities of the CDs-PEG4--Cdx by kneading method exploiting a mixture of 

ethanol/water which evaporates during the mixture to favor the encapsulation of the drug. 

The drug loading approach and the introduction of cyclodextrins as a complexing element 

allow obtaining a high drug loading of about 20.57 % corresponding to an encapsulation 

efficiency of 87.50 % among the percentage of cyclodextrin in the final conjugate (CDs-

PEG4--Cdx@SD). 

4.6.8. Study of drug release in physiological conditions 

The drug release kinetic from CDs-PEG4--Cdx@SD was evaluated in PBS pH 7.4 

containing 1 % Tween 80 in order to improve the solubility of sildenafil citrate. The 

kinetic of drug release was obtained by plotting the amount of sildenafil citrate released 

in the function of time (Figure 87). The obtained cumulative drug release kinetic showed 

slow and controlled release over time of CDs-PEG4--Cdx@SD, reaching the plateau 

after 24 h up to 48 h corresponding to the drug release of about 48 %. On the contrary, 

after 24 h of incubation, 90 % of free sildenafil diffused through the dialysis membrane. 

It is also important to note a burst effect in the case of free sildenafil as evidenced by the 

65 % of diffusion after only 4 h of incubation corresponding to 25 % more than the drug 

release from CDs-PEG4--Cdx@SD. Therefore, the CDs-PEG4--Cdx@SD allows for 
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maximization of the sildenafil drug loading, but also to obtain a controlled and prolonged 

release over time of sildenafil. 

 

Figure 87. The cumulative drug release profile of CDs-PEG4--Cdx@SD and diffusion profile of 

free sildenafil (SD) in PBS pH 7.4 with 1 % of Tween 80. 

4.6.9. Uptake study on 2-D cell model in vitro 

The capacity of internalization and the consequent intracellular localization of CDs-

PEG4--Cdx was evaluated on MCF-7, 16-HBE, and NHDF after 24 h of incubation, by 

fluorescence microscopy in a multichannel fashion. As reported in Figure 88, a marked 

contrast in fluorescence was observed in all channels demonstrating a good 

internalization of CDs-PEG4--Cdx in all cell lines. However, some differences in terms 

of intracellular localization were observed comparing the three different cell lines. In 

particular, a nuclear localization was evidenced only in the MCF-7 cell line (Figure 88a-

aV) accompanied by a vesicular localization as particularly evidenced in the channel of 

dapi (Figure 88a). In contrast, in NHDF and 16-HBE it was highlighted a cytoplasmatic 

localization (Figure 88b-cV). However, it is possible to observe a cytoplasmic diffuse 

fluorescent signal in NHDF (Figure 88c-cV), which is not observed in 16-HBE (Figure 

88b-bV). Therefore, it is possible to hypothesize that, similarly to MCF-7, the system in 

16-HBE is mainly associated with vesicles, while in NHDF it is widely distributed in the 

cytosol. This hypothesis is also supported by the micrographs in brightfield evidencing 

numerous vesicles formation (Figure 88aIV, bIV). 
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Figure 88. Uptake study of CDs-PEG4--Cdx after 24 h of incubation. 

4.6.10. Cytocompatibility assay and cytotoxicity study of CDs-PEG4--

Cdx@SD in vitro 

The cytocompatibility of CDs-PEG4--Cdx and the cytotoxicity profile of CDs-PEG4--

Cdx@SD were evaluated on MCF-7, 16-HBE, and NHDF after 24 h and 48 h of 

incubation. As illustrated in Figure 89, some differences in terms of CDs-PEG4--Cdx 

cytocompatibility were revealed between the diverse cell lines tested. After 24 h of 

incubation on 16-HBE, the system showed good cytocompatibility in the whole range of 

concentrations tested. Conversely, a moderate reduction in cytocompatibility was evident 

at the two highest concentrations tested on MCF-7 and NHDF. This trend was also shown 

after 48 h of incubation on MCF-7 and NHDF, while on 16-HBE it is possible to observe 
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a change in the cytocompatibility profile with moderate cytotoxicity even at lower 

concentrations (Figure 89a’). 

 

Figure 89. Cytocompatibility assay of CDs-PEG4--Cdx on MCF-7 (black circle), 16-HBE (violet 

square), and NHDF (orange triangle) after 24 h and 48 h of incubation. 

According to the literature, the use of sildenafil alone in this concentration range did not 

show any cytotoxic effect in any cell line tested. Surprisingly, after 24 h and 48 h of 

incubation (Figure 90), the cells treated with the CDs-PEG4--Cdx@SD show an 

important cytotoxic effect, especially in the MCF-7 and 16-HBE cell lines. In particular, 

there is a significant difference in terms of cytotoxic effect between the cells treated with 

free sildenafil and those with CDs-PEG4--Cdx@SD at the two highest drug 

concentrations tested. 

 

Figure 90. Cytotoxicity study of CDs-PEG4--Cdx@SD (close symbols) and free SD (open 

symbols) on MCF-7 (black circle), 16-HBE (violet square), and NHDF (orange triangle) after 24 

h and 48 h of incubation. 
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This is particularly evident comparing the IC50 values extrapolated from the cytotoxicity 

profiles (Table 8). In detail, similarly to all cell lines treated with free sildenafil, the 

NHDFs treated with the CDs-PEG4--Cdx@SD never reach the IC50 value within the 

range of tested concentrations. On the contrary, in MCF-7 and 16-HBE was highlighted 

a potential antitumor effect corresponding to an IC50 value at 24 h equal to 6 and 35 m 

mL-1, respectively, and approximately halved to 3 and 19 m mL-1 after 48 h. 

Table 8. IC50 values of CDs-PEG4--Cdx, CDs-PEG4--Cdx@SD, and free sildenafil on NHDF, 

16-HBE, and MCF-7 after 24 and 48 h of incubation. 

 

In order to understand this selective cytotoxic effect observed on MCF-7 and 16-HBE, 

firstly it is important to underline the cellular profile of 16-HBE. 16-HBE, also known as 

16-HBE14o, is an SV40-immortalized human bronchial epithelial cell showing different 

cell growth, epithelial morphology, and functions than that of human normal bronchial 

epithelial cells (HNBEC). As reported in diverse studies in the literature, 16-HBE cannot 

be compared to normal cells, but rather it is proposed as an ideal model for understanding 

airway pathology and disease like cystic fibrosis [365,366]. Therefore, the cytotoxic 

effect recorded on MCF-7 and 16-HBE treated with CDs-PEG4--Cdx@SD can be 

traduced to an anticancer effect (Figure 90). As previously anticipated, sildenafil as an 

inhibitor of phosphodiesterase 5 (PDE-5) promotes cGMP/NO accumulation and the 

successive activation of cGMP-dependent protein kinase (PKG) [352,353,359]. Different 

PDE isoenzymes have been proposed as cancer therapeutic targets, but in particular high 

Cell lines Samples IC50
24h IC50

48h 

 

NHDF 

CDs-PEG4--Cdx > 250 g mL-1 > 250 g mL-1 

CDs-PEG4--Cdx@SD > 50 g mL-1 > 50 g mL-1 

Sildenafil (SD) > 50 g mL-1 > 50 g mL-1 

 

16-HBE 

CDs-PEG4--Cdx > 250 g mL-1 > 250 g mL-1 

CDs-PEG4--Cdx@SD 6 g mL-1  3 g mL-1 

Sildenafil (SD) > 50 g mL-1 > 50 g mL-1 

 

MCF-7 

CDs-PEG4--Cdx > 250 g mL-1 > 250 g mL-1 

CDs-PEG4--Cdx@SD 35 g mL-1 19 g mL-1 

Sildenafil (SD) > 50 g mL-1 > 50 g mL-1 
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levels of PDE-5 have been found in different types of cancer such as breast cancer, 

colorectal cancer, leukemia, and prostate cancer [355,367]. Moreover, diverse evidence 

indicates that the cGMP signaling pathway is aberrantly regulated in diverse cancers, 

including breast cancer, suggesting that the axes PDE-5/cGMP/PKG could be a potential 

target with anticancer outcomes. In particular, PKG activation has been recognized as an 

apoptotic effector through its interaction with -catenin whose over-activation 

diminished cell growth and induced apoptosis of cancer cells [353,359]. However, the 

use of sildenafil alone at this concentration is not correlated to a cytotoxic effect (Figure 

89) [356–358,368] In light of these considerations, it is possible to hypothesize that the 

selective cytotoxic effect on abnormal cell lines like MCF-7 and 16-HBE could be 

ascribed to a combinatorial effect of sildenafil and nanocarrier. More in detail, in previous 

work it was demonstrated that the N,S-doped CDs employed in the preparation of CDs-

PEG4--Cdx show an intrinsic anticancer effect due to its capacity to interact with 

mitochondrial membranes inducing an increased ROS generation and consequent cancer 

cell death (Section 4.2.) [159]. It is possible to assume that this activity will be preserved 

also after functionalization in CDs-PEG4--Cdx@SD. Therefore, similarly to the 

mechanism of action proposed to explain the increased anticancer effect of doxorubicin 

(able to induce ROS production) in combination with sildenafil, the selective anticancer 

effect of CDs-PEG4--Cdx@SD could be ascribed to crosstalk between the induced-high 

level of ROS and NO [359,369]. In conclusion, the anticancer effect of CDs-PEG4--

Cdx@SD on MCF-7 and 16-HBE could be ascribed to the high levels of NO and ROS 

induced by sildenafil and CDs-PEG4--Cdx, respectively, that can conduct to the 

generation of cytotoxic molecule of peroxy-nitrate [370,371]. The CDs-PEG4--Cdx 

nanosystem would therefore play a triple role, as a drug delivery system, contrast agent 

in fluorescence, and cytotoxic agent, paving the way for a new idea of combined therapy 

with sildenafil. However, this study requires further investigation in order to confirm the 

effective crosstalk between NO and ROS or to better understand the origins of selective 

cytotoxicity induced by CDs-PEG4--Cdx@SD. 

4.6.11. Conclusion 

In this work, hybrid nanosystems were developed by the surface functionalization in two 

steps of N,S-doped CDs with modified -cyclodextrin (CDs-PEG4--Cdx). The 



Results, Discussion and Conclusions 

 

- 149 - 
 

nanostructures were synthesized adopting a convergent scheme of synthesis which allows 

obtaining an ordered architecture composed of -cyclodextrin diametrically distributed 

on the CDs surface. The rational design of CDs-PEG4--Cdx efficiently combines the 

multicolor fluorescence properties of CDs with the well-known capability of -Cdx to 

form host-guest complexes with hydrophobic drugs, as demonstrated by the elevated drug 

loading (up to 20 %). Here, sildenafil was chosen as a repurposing drug in the treatment 

of breast cancer. Surprisingly, the study of cytotoxicity in vitro on three different cell 

lines (MCF-7, 16-HBE, and NHDF) highlighted an effective anticancer effect on MCF-7 

and 16-HBE at a low dosage which was not evidenced on normal cells such as NHDF. 

Moreover, the anticancer profile revealed for sildenafil-loaded CDs-PEG4--Cdx (CDs-

PEG4--Cdx@SD) was not observed in no cell lines treated with free sildenafil. These 

promising data suggest a selective anticancer effect of sildenafil delivered by CDs-PEG4-

-Cdx. Although the present work needs further investigations, it is possible to 

hypothesize that the cytotoxic effect recorded is due to the combination of the ability of 

sildenafil to induce an increment of NO and the increased production of ROS caused by 

N,S-doped CDs in cancer cells. The cross-talk between NO and ROS could explain the 

recorded selective cytotoxic effect of CDs-PEG4--Cdx@SD, but it needs deeply further 

investigation. This hypothesis could pave the way for the development of innovative 

combined therapies with sildenafil that do not involve the use of a conventional 

chemotherapy drug.
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5. Research contributions 

The design of several synthetic pathways from different combinations of reagents has 

allowed exploring the potential of nitrogen-doped and nitrogen-sulfur-codoped carbon 

nanodots with a characteristic structural, optical, and biological profile. In particular, the 

key role of operating pressure on the profiling of CDs was studied, demonstrating for the 

first time the possibility of promoting the formation of highly homogeneous, red-

fluorescent CDs with peculiar photothermal conversion properties by performing the 

synthesis at high-pressure values (P>18.5 bar). The second pre-posed goal was to 

overcome one of the biggest application limitations of CDs such as extremely low yields, 

typically < 3 % w/w. To this end, a new and efficient purification scheme was developed 

that resulted in the highest yield reported in the literature of 44.78 % w/w, offering the 

possibility of synthesizing CDs on a large scale. In a successive work, it was developed 

a novel surface functionalization strategy by transesterification, takes advantage of the 

melting-extrusion process for the first time. The extrusion-induced transesterification was 

demonstrated to be an efficient, scalable, and industrialize method useful as a strategy to 

modulate the surface and optical profile of CDs and prepare nanosystems and 

nanocomposites. Finally, through the design of hybrid nanostructures (e.g., polymeric 

nanoparticles, polymeric core-shell structures, modified cyclodextrin conjugates) for the 

delivery of different classes of drugs (e.g. irinotecan, doxorubicin, sildenafil), the 

applicative potential of CDs has been successfully expanded, demonstrating the potential 

of proposed nanoplatforms to combine fluorescence imaging and combined therapeutic 

approach (e.g., N,S-CDs-induced ROS production, photothermal therapy and/or 

chemotherapy) in the treatment of breast cancer
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6. Experimental Part 

6.1. Pressure-dependent synthesis of N-doped carbon nanodots as a tool to 

modulate their physico-chemical and optical profile 

6.1.1. Materials 

Citric acid (99.5 %), urea (99 %), N, N-dimethylformamide (DMF), Sephadex® G-25 

and G-15, ethyl acetate (Chromasolv), dialysis tubing (MWCO 2 kDa) was purchased 

from Sigma Aldrich (Milan, Italy). MDA-MB-231 cell lines were purchased from Sigma 

Aldrich (Milan, Italy) and cultured in supplemented Dulbecco’s Minimum Essential 

Medium (DMEM) (EuroClone, Milan, Italy) supplemented with 10 % fetal bovine serum 

(FBS, EuroClone, Milan, Italy) 1 % of penicillin/streptomycin (10,000 U mL−1 and 10 

mg mL−1 respectively, Euroclone, Milan, Italy) and 1 % of L-glutamine (EuroClone, 

Milan, Italy), at 37 °C in 5 % CO2 humidified atmosphere. Cell Titer 96 Aqueous One 

Solution Cell Proliferation assay (MTS solution) was purchased from Promega (Madison, 

WI, USA). 

6.1.2. Synthesis of N-doped Carbon Nanodots (CDs) 

Carbon Nanodots were prepared from urea (20 g, 99.83 mmol) and citric acid (10 g, 15.62 

mmol) in 100 mL of DMF in solvothermal conditions at 160 °C for 4 h. The synthesis 

was replicated at three different pressure conditions, 8 bar, 13 bar, and 18.5 bar, due to 

the use of an autoclave (Büchi AG, Miniclave steel type 3, Gschwaderstrasse, 

Switzerland) which allows for modulating the reaction pressure. At the different pressure 

conditions, three types of CDs were obtained, named CDs18.5bar, CDs13bar, and CDs8bar. 

The products were treated in the same way. The reaction was cooled down to room 

temperature and the product was precipitated drop by drop in 300 mL of ethyl acetate 

under stirring. The precipitate was retrieved by centrifuging at 10.000 rpm and 25 °C for 

15 min. The powder was dispersed in water by cycles of sonication (15 min × 3) and 

filtered on a 0.2 µm membrane filter by Buckner funnel. Successively, in the first step, 

the CDs18.5bar, CDs13bar were purified by gel permeation chromatography (GPC) with a 

column packed in turn with Sephadex G-25. Then, the fractions of CDs18.5bar, CDs13bar, 

and CDs8bar, showing a red fluorescence were selected and unified, respectively. In a 

second step, crude CDs8bar and the selected fractions of CDs18.5bar and CDs13bar were 
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purified by size exclusion chromatography (SEC) using a glass column (100 cm length, 

1.5 cm diameter) packed in turn with Sephadex G-25 and G-15. Fractions collected for 

each sample were combined according to the optical properties and subsequently freeze-

dried. 

6.1.3. Physico-chemical characterization of N-doped CDs 

Atomic force microscopy (AFM) was employed to evaluate the size distributions of the 

CDs18.5bar, CDs13bar, and CDs8bar. Samples were deposited on a mica substrate and then 

dried in a vacuum. The measurements were performed in air with a Bruker FAST-SCAN 

microscope working in soft tapping mode using a FAST SCAN A probe (Billerica, MA, 

USA) having a triangular shape, nominal tip radius of 5 nm and nominal spring constant 

of 17 N/m. The tip velocity on the surface and the PID gains were optimized to give a 

higher scan rate compatible with a reliable scan of the surface. The optimal tip velocity 

was found to be 20 µm s-1. The scan size was fixed at a value of 5 µm × 5 µm. To obtain 

a reliable estimation of the size distribution of the nanoparticles, a large number of them 

were obtained from the images and singly analyzed. The analysis consisted of the 

estimation of the height of the particle concerning the background plane and 

consequently, considering only well-isolated nanoparticles. In particular, the height was 

estimated by assessing the section of the AFM surface along a line throwing the highest 

point of the nanoparticle. The surface functional groups of CDs were studied by Fourier 

transform infrared (FTIR) using a PerkinElmer Spectrum Two™ IR spectrometer 

(Waltham, MA, USA). Samples were prepared as pellets of KBr and then dried in a 

vacuum for analysis. 

6.1.4. Optical characterization 

The absorption properties of each fraction of CDs18.5bar, CDs13bar, and CDs8bar were 

assessed using a double beam spectrophotometer (JASCO V-560, Tokyo, Japan), 

recording the spectra in the range of 200–700 nm. The fluorescence emission properties 

were identified by an intensified CCD camera (FLIR T1K/T1020, Wilsonville, OR, USA) 

under 600 nm laser excitation. The optical analysis was performed on diluted aqueous 

dispersions of CDs in a 1 cm cuvette. Based on the absorption and emission spectra, the 
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fraction of each synthesis with the best red emission under excitation at 600 nm was 

selected. 

The photothermal capacity of the selected fractions of CDs was evaluated by exciting an 

aqueous dispersion of CDs (0.2 mL, 0.1 mg mL−1 ) with an 810 nm diode laser (GBox 

15A/B by GIGA Laser, Wuhan, China) with power density of 5 W cm−2. The temperature 

was monitored at fixed intervals of time of laser exposure by an optic fiber detector 

(CEM®, Charlotte, NC, USA). Pure water (0.2 mL) was used as a control. 

6.1.5. ζ-Potential study by Dynamic-Light Scattering (DLS) analysis 

Dynamic light scattering (DLS) measurements were performed on the dispersion of 

CDs18.5bar, CDs13bar, and CDs8bar (0.5 mg mL−1 ) in both ultrapure water and supplemented 

DMEM at 37 °C using a Malvern Zetasizer NanoZS instrument (Malvern Panalytical ltd, 

Almelo, Netherlands) equipped with a 532 nm laser with a fixed scattering angle of 173°. 

ζ-Potential analyses were achieved at the same conditions used for the DLS measurements 

and applying the principle of laser Doppler velocity and phase analysis light scattering 

(M3-PALS technique) and analyzing the electrophoretic mobility of the particles for 2 

min at 37 °C under constant electric field. The average ζ-Potential was calculated from 

the electrophoretic mobility using the Smoluchowski relationship and assuming that K × 

a >> 1 (where K and a are the Debye-Hückel parameter and particle radius, respectively) 

[372]. Each sample was analyzed in triplicate. 

6.1.6. Biological characterization in vitro 

The cytocompatibility of the previously selected fractions of CDs was evaluated by MTS 

assay (Promega) on human breast cancer cell lines (MDA-MB-231 by Sigma Aldrich, 

Milan, Italy). Cells were seeded with a density of 1.5 × 104 cells/well (0.2 mL) on a 96-

multiwell plate and grown in supplemented Dulbecco’s Minimum Essential Medium 

(DMEM) at 37 °C and 5 % of CO2. After 24 h, the medium was replaced with 0.2 mL of 

CDs dispersion in fresh culture medium at a concentration ranging from 1 to 0.05 mg 

mL−1. After 48 h of incubation, MTS assay was performed replacing the dispersion of 

CDs in DMEM with MTS solution in DMEM composed of 0.1 mL of fresh medium and 

20 µL of MTS solution. After 2 h of incubation, the absorbance at 492 nm was measured 

using a microplate reader (Eppendorf PlateReader AF2200, Hamburg, Germany). 
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Untreated cells were used as negative control. The NIR-triggered photothermal ablation 

of MDA-MB-231 induced by CDs18.5bar, CDs13bar, and CDs8bar was evaluated in another 

experimental set. Cells were seeded with a density of 1.5 × 104 cells/well (0.2 mL) in a 

96-multiwell, as described above. Cells were incubated with the dispersions of CDs in 

DMEM (1–0.05 mg mL−1 ). After 48 h, each well was irradiated with an 810 nm laser for 

300 s with power fitted at 5 W cm−2. The hyperthermic effect was reported as a percentage 

reduction of cell viability against the control cells. All culture experiments were 

performed in triplicate. 

6.1.7. Study of cell uptake on 2-D MDA-MB-231 cell culture model 

The capacity of CDs18.5bar, CDs13bar, and CDs8bar to enter into MDA-MB-231 was 

evaluated by fluorescence microscopy in a multichannel fashion after 6 h of incubation. 

Cells were seeded in an 8-well plate at a density of 1 × 104 cells/well (0.2 mL) and growth 

in DMEM at 37 °C and 5 % of CO2. After 24 h, the medium was replaced with an equal 

volume of CDs dispersion in fresh medium (0.25 mg mL−1 ). After 6 h, nuclei were stained 

with 40, 6-diamidino-2-phenylindole (DAPI). Each well was washed twice with DPBS 

pH 7.4 (0.2 mL x 2) and DAPI solution (0.2 mL) was added. After 10 min of incubation, 

cells were washed with DPBS (0.2 mL × 2). Micrographs were recorded using an Axio 

Cam MRm fluorescence microscope (Zeiss, Oberkochen, Germany).  
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6.2. Innovative decagram-scale synthesis of multicolor N,S-doped carbon 

nanodots as photothermal nanotools with selective anticancer properties 

6.2.1. Materials 

Citric acid (99 %), urea (99.5 %), indocyanine green (ICG, 99.5 %), anhydrous N, N-

dimethylformamide (DMF), Sephadex® G15-G25 and DPBS pH 7.4 were purchased 

from Sigma Aldrich and used as received. ROS/Superoxide Detection Assay Kit (Cell-

based) was purchased from Abcam and used following the instructions provided. 

Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum (FBS), l-glutamine, 

penicillin, streptomycin, and amphotericin B were purchased from ®Euroclone (Milan, 

Italy). 4′,6-diamidino2-phenylindole (DAPI) were purchased from Life Technologies. 

CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) was purchased 

from Promega (Milan, Italy). Human breast cancer cell lines (MCF-7, MDA-MB-231, 

and SKBr-3) were obtained from “Istituto Zooprofilattico Sperimentale della Lombardia 

e dell’ Emilia Romagna”, Italy. Human dermal fibroblasts (NHDF), pre-neoplastic human 

mammary cells (MCF-10A), and human bronchial epithelial cells (16-HBE) were 

purchased from Life Technologies. Cell lines were cultured in DMEM, containing 10 % 

(v/v) FBS, 100 units per ml penicillin G, 100 μg mL−1 streptomycin, and 2 mM L-

glutamine at 37 °C in a humidified atmosphere of 5 % CO2. 

6.2.2. Synthesis of N,S-doped Carbon Nanodots 

N,S-CDs were synthesized from urea (11.56 g, 57.7 mmol), citric acid (36.95 g, 57.7 

mmol), and indocyanine green (0.1 g, 0.129 mmol) in 100 mL of anhydrous DMF. The 

reaction was kept in solvothermal condition at 170 °C for 6 h (Pmax = 25 bar, Pmin = 16 

bar) by using a still autoclave (Büchi AG, Miniclave steel type 3, Gschwaderstrasse, 

Switzerland). Successively, the organic solvent was removed by a rotary evaporator (25 

mbar, 80 °C) and the brownish solid residue was redispersed in 150 mL of ultrapure water 

by sonication (15 min x 5). The aqueous dispersion of N,S-CDs was filtered through a 

paper filter and 0.45 µm membrane filter, and then purified by size exclusion 

chromatography (SEC) using a column packed in turn with Sephadex G15-G25. 

Successively, based on their UV/FL absorption spectra collected fractions were 

preliminarily characterized and unified to give rise to two main samples, named F1 and 
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F2, used for further characterizations. Only the F2 that was shown to be the most 

fluorescence and purified fraction was selected for the deep physico-chemical and 

biological characterizations. Yields: F1, 11.693 g (24.05 %); F2, 10.076 g (20.73 %). 

6.2.3. Structural characterization of N,S-doped CDs 

Atomic force microscopy (AFM) was exploited to assess the diameter distribution of CDs 

using a Bruker FAST-SCAN microscope equipped with a closed-loop scanner (X, Y, Z 

maximum scan region: 35 µm, 35 µm, 3 µm, respectively). The diameter of N,S-CDs 

were extrapolated from AFM micrographs based on their heights. Scans were recorded in 

soft tapping mode using a FAST-SCAN-A probe with an apical radius of about 5 nm. The 

sample was prepared by depositing 15 µl of N,S-CDs aqueous solution (0.1 mg mL-1) on 

a mica substrate and dried in a vacuum before the analysis. 

HR-TEM measurements were performed to characterize the structure of CDs by an 

aberration-corrected FEI Titan3 80-300 microscope at 300 keV electron energy. The 

sample was prepared at room temperature by the deposition of a drop of the aqueous 

solution of CDs on a commercial 400 μm mesh Cu-grid (Plano 01824) covered by a holey 

amorphous carbon film (nominal thickness of 3 nm). 

6.2.4. Physico-chemical characterization 

Surface functional groups of N,S-CDs were evaluated by FT-IR using a PerkinElmer 

Spectrum Two™ IR spectrometer (Waltham, MA, USA) and recording the spectrum in 

the range of 4000-400 cm-1. Samples were prepared as KBr pellets and dried in vacuum 

before the analysis. 

XPS analyses were performed for the surface elemental analysis of N,S-CDs by a PHI 

5000 Versa Probe II (ULVAC-PHI, Inc.); source: K, 1486.6 eV; beam: 200 mm, 50 W; 

time per step: 10 ms; energy step: 0.10 eV; pass energy: 23.50 eV; analyzer mode: FAT. 

The sample was prepared by depositing an aqueous dispersion (500 L, 0.5 mg mL-1) on 

a thin aluminum plate and drying it under vacuum (0.1 mbar) for 24 h before the analysis. 

The carbon (C 1s) line at 284.8 eV was used as reference energy. 

DSC-coupled TGA analyses were performed using a DSC/TGA 131 EVO (by 

SETARAM Instruments). Measurements of N,S-CDs were carried out under nitrogen 

atmosphere (flow rate 1 mL min-1). The analysis was performed using about 5 mg of 
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sample in a closed alumina crucible. The heating rate applied was: 10 °C min-1 in the 

range of 30–600 °C. Thermogram data were normalized to the unit weight. 

6.2.5. Optical characterization of N,S-CDs 

The optical absorption measurements have been performed on a N,S-CDs aqueous 

dispersion in a quartz 1 cm cuvette by using a Star Line ULS2048CLEVO single-beam 

optical fiber spectrophotometer (Avantes, Apeldoorn, The Netherlands) equipped with a 

dual halogen-deuterium light source (spectral range of 200-1200 nm). Steady-state 

emission spectra were recorded on an intensified CCD camera, integrating the signal 

during temporal windows of 100 s starting from the excitation laser pulse. Samples were 

photoexcited by using a tunable laser (OPO – optical parametric oscillator) that provides 

5 ns pulses at 10 Hz. Time-resolved measurements were recorded in the same setup 

integrating the signal during temporal windows of 0.5 ns and varying the delay from the 

laser peak. The accuracy of the time constant of the decay is about 0.2 ns. 

6.2.6. Determination of the photothermal conversion capacity of N,S-CDs 

Photothermal kinetics were evaluated on the dispersion of N,S-CDs in ultrapure water at 

different concentrations (0.1, 0.25, and 0.5 mg mL-1) and testing diverse power densities 

(1.25, 2.5, and 5 W cm-2 ). The study was performed by irradiating a dispersion of N,S-

CDs ultrapure water (0.2 mL) using an 810 nm diode laser (GBox 15A/B by GIGA Laser, 

Wuhan, China) for 200 seconds. The kinetics of hyperthermia was obtained by reporting 

the temperature as a function of scheduled time intervals of irradiation. The increment of 

temperature was registered using an optical fiber detector (CEM®, Cologno al Serio, 

Italy). Ultrapure water (0.2 mL) treated with the same laser power was used as control. 

The photothermal conversion capacity of N,S-CDs aqueous dispersion under laser 

irradiation with power fitted ad 2.5 W cm-2 was evaluated also by using a Flir T250 

thermal imaging camera recording one photo every 30 seconds. Each experiment was 

repeated three times and values are reported as an average. 

For the evaluation of the photothermal conversion efficiency, an aqueous solution of N,S-

CDs contained in a quartz cuvette was irradiated with an 800 nm pulsed Ti: Sapphire laser 

(SOLSTICE, Spectra-Physics, 2.5 W cm-2 maximum intensity, 5 kHz maximum 

repetition rate), following the increment of temperature using a Flir T250 Infra-Red 
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infrared camera (resolution of 240 × 180 pixels, sensitivity of 80 mK NETD/0.08 °C and 

measurable temperature range of −20 / 350 °C). Experiments were repeated at different 

concentrations, and for different incoming beam intensities obtained by changing the 

repetition rate of the pulsed laser. Pure water sample treated at the same experimental 

conditions was used as control. 

6.2.7. Cytocompatibility study of N,S-CDs with and without NIR-laser 

exposure 

The cytocompatibility of N,S-CDs was studied in vitro on 2D models of breast cancer 

cell lines (MDA-MB-231, MCF-7, and SKBr-3), a pre-neoplastic breast cell line (MCF-

10-A) and normal cell lines (NHDF and 16-HBE) by MTS assay (Promega). Cells were 

seeded at a density of 1.5×104 cells/well in a 96-wells plate and grown in supplemented 

Dulbecco’s Minimum Essential Medium (DMEM) at 37 °C and 5 % CO2. After 24 h, the 

medium was replaced with N,S-CDs dispersion in DMEM at different concentrations 

(200 µL, 1-0.05 mg mL-1 ). After 48 h of incubation, the medium was removed and each 

well was washed two times with DPBS pH 7.4 (200 µL x 2). Successively, MTS solution 

in DMEM, composed of 100 µL of fresh medium and 20 µL of MTS, was incubated for 

an additional 2 h. Untreated cells were used as positive control (100 % cell viability). 

Then, absorbance at 492 nm was measured by using a microplate reader (Multiskan, 

Thermo, U.K.) and cell viability was normalized with that of the control. In a parallel 

experimental set was evaluated the NIR-triggered photothermal effects induced by N,S-

CDs using the same procedure above described. Briefly, cells incubated with N,S-CDs 

for 48 h were irradiated for 200 sec with an 810 nm diode laser (GBox 15A/B di GIGA 

Laser) with power fitted at 2.5 W cm-2. The cell viability was evaluated by MTS assay, 

as described above. All biological experiments were performed in triplicate and values 

are reported as an average. 

6.2.8. Evaluation of Cell Reactive Oxygen Species (ROS) 

For the evaluation of the total reactive oxygen species (H2O2, OH- and ROO- ), cells were 

cultured as previously reported and incubated with 5-(-6)-carboxy-2,7-

dichlorodihydrofluorescein diacetate (DCFH-DA) probe for 50 min. After this time, the 

medium was removed and cells were incubated with a dispersion of N,S-CDs in DMED 



Experimental Part 

- 159 - 
 

at different concentrations ranging from 0.1, 0.25, 0.5 to 1 mg mL-1 at 37 °C for 24 h. The 

relative amount of ROS was obtained by measuring fluorescence at 527 nm (ex = 485 

nm) using a microplate reader (AF2200 Eppendorf) and comparing results with untreated 

controls. Solutions of tert-butyl hydroperoxide (50 M) and dextran (0.1 mg mL-1) were 

used as positive and negative controls, respectively. The same experiment was repeated 

to establish the effect of NIR-laser treatment, exposing cells incubated with N,S-CDs to 

an 810 nm laser (2.5 W cm-2 ) for 200 s before measuring fluorescence at 527 nm. All 

assays were performed in at least three individual experiments, each comprising no less 

than six replicates. 

6.2.9. Cell uptake study on cell culture model in vitro 

Cell uptake study was performed on the different cell lines above described by 

fluorescence microscopy in a multichannel fashion. Cells were seeded at a density of 

5×103 cells/well in an 8-wells plate and cultured in DMEM at 37 °C and 5 % CO2. After 

24 h, the medium was replaced with a dispersion of N,S-CDs in fresh culture medium 

(200 µL, 0.25 mg mL-1 ). After 2, 6, and 24 h of incubation, the medium was removed, 

each well was washed twice with DPBS pH 7.4 (200 µL x 2) and cells were fixed with 4 

% buffered formalin. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). 

Micrographs were recorded by a fluorescence microscope using an Axio Cam MRm 

(Zeiss).  
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6.3. Advanced surface functionalization strategy of N,S-doped carbon  

nanodots via heterophase melt-extrusion transesterification with Poly (D, L-

lactide) 

6.3.1. Materials 

Urea (99 %), citric acid (99.5 %), Indocyanine green (ICG, 99.5 %), anhydrous N, N-

dimethylformamide (DMF), Sephadex® G15-G25, dialysis tubing MWCO 2 kDa, 

poly(D,L-lactide) acid terminated (Mw 14 kDa), chloroform, dichloromethane (DCM), 

phosphate buffer saline (PBS) were purchased from Sigma Aldrich (Milan, Italy). Size 

exclusion chromatography (SEC) traces were obtained using an Agilent 1260 Infinity 

equipped with Yarra™ 3 µm columns connected in series to a right angle (RA) and low 

angle (LA) light scattering (LS) detectors, and a refractive index (RI) detector. The mobile 

phase was 0.01 M LiBr in DMF (flow 0.8 mL min−1). Dulbecco’s Modified Eagle 

Medium (DMEM), fetal bovine serum (FBS), L-glutamine, penicillin, streptomycin, and 

amphotericin B were purchased from EuroClone (Milan, Italy). CellTiter 96® AQueous 

One Solution Cell Proliferation Assay (MTS) was purchased from Promega (Milan, 

Italy). 

6.3.2. Surface functionalization of N,S-CDs with PLA (PLA-coated CDs) by 

reactive-extrusion transesterification 

Multicolor carbon nanodots were synthesized as reported in Section 5.4.2. N,S-CDs (100 

mg, 2.98 mg mL−1) were dispersed in acetone/water (95:5) by sonicating. Then, the 

colloidal dispersion was added dropwise to a homogeneous solution of 20 % w/v PLA in 

chloroform (100 mL), obtaining a CDs/PLA dispersion. Then, the dark orange blend was 

kept under stirring overnight at room temperature. Successively, about 30 mL of organic 

solvent was removed by a rotary evaporator, and the obtained slurry was distributed on a 

glass crystallizer to favor the slowly remove of solvents at room temperature overnight. 

The obtained brown CDs/PLA film was cut into small chops. Successively, CDs/PLA 

chops (20 g) were introduced into the extruder at the barrel section (Noztek Pro Filament 

Extruder – UK), and extruded at 185 °C to give rise to filaments composed by PLA-

coated CDs (CDs-PLA) in a matrix of PLA. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/organic-solvent
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/organic-solvent
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/evaporators
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6.3.3. Chemical characterization of CDs-PLA and intermediate 

FTIR and ATR analysis of PLA, CDs, CDs/PLA, and CDs-PLA were performed to 

explore interactions established between PLA chains and the CDs surface before and after 

the extrusion process. FTIR and ATR measurements were carried out using a Bruker 

Alpha II spectrometer, recording the spectra in the range between 400 and 4000 cm−1. 

CDs were analyzed as a dry powder, while PLA, CDs/PLA, and CDs-PLA samples were 

prepared as films by solvent casting method from dispersion in chloroform. 

To attain the chemical composition and structural features of the CDs-PLA for successive 

analysis, the latter was purified by gel permeation chromatography (GPC) using a column 

packed with Sephadex® LH-20 resin and DCM as eluent. The sample was prepared by 

solubilizing CDs-PLA (500 mg) in DCM (10 mL), and purifying the solution by GPC 

(flow 0.2 mL min−1) to isolate only PLA-coated CDs present in the blend. Colorless 

fractions of pure PLA and brownish fractions of PLA-coated CDs were collected and 

analyzed by 1H NMR (Bruker 300 MHz) in CDCl3. 

1H NMR of CDs-PLA conjugates sample (300 MHz, [D1] CHCl3, 25 °C): δ = 1.56–1.59 

(d, 3H PLA, –O–CO–CH(CH3)–O–, PLA), 5.12–5.19 ppm (q, 1H PLA –O–CO–

CH(CH3)–, PLA). 

6.3.4. Differential Scanning Calorimetry (DSC) and ThermoGravimetric 

Analysis (TGA) analysis of CDs-PLA 

The thermal stability of the CDs-PLA and the nature of interactions taking place between 

CDs and PLA after extrusion were evaluated by differential scanning calorimetry (DSC) 

coupled with thermogravimetric analysis (TGA). Pure CDs and PLA were analyzed as 

controls. The analyses were performed using a DSC/TGA 131 EVO (by SETARAM 

Instr.) under nitrogen flow (1 mL min−1). The heating rate was: 30–600 °C, 10 °C min−1. 

6.3.5. Optical characterization of CDs-PLA 

The optical absorption measurements were performed in a 1 cm quartz cuvette by a Star 

Line ULS2048CLEVO single-beam optical fiber spectrophotometer (Avantes) equipped 

with a dual halogen-deuterium light source in a spectral range of 200–900 nm. Steady-

state emission spectra were recorded on an intensified CCD camera integrating the signal 

during temporal windows of 1 ms from the excitation laser pulse. A tunable laser (OPO 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/spectrometer
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/plasticizer
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– optical parametric oscillator) providing 5 ns pulses at 10 Hz has been employed to excite 

the samples. Time-resolved measurements were recorded in the same setup integrating 

the signal in a shorter temporal window that lasts 0.5 ns and varying the delay from the 

laser pulse. The accuracy of the time constant of the decay is about 0.2 ns. 

Quantum yield (QY) values were estimated by measuring the emission and absorption of 

the sample in an integrating sphere. The samples have been excited by laser diodes 

peaking at 405 nm and 532 nm.  
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6.4. Production of PLGA nanoparticles incorporating N-doped carbon 

nanodots for image-guided chemo-photothermal therapy of breast cancer 

6.4.1. Materials 

Urea (99 %), citric acid (99.5 %), N, N-dimethylformamide (DMF), ethanol absolute, 

Sephadex G15 and G25, dialysis tubing (MWCO 2 kDa), poly (D, L lactide-co-glycolide) 

(PLGA) (lactide/glycolide ratio 50:50 Mw 7000–14,000), irinotecan hydrochloride, 

dimethyl sulfoxide (DMSO), phosphate buffer saline (PBS) were purchased from Sigma 

Aldrich (Milan, Italy). Supplemented Dulbecco’s Minimum Essential Medium (DMEM) 

supplemented with 10 % fetal bovine serum (FBS, Euroclone, Milan, Italy), 1 % of 

penicillin/streptomycin (10,000 U mL−1 and 10 mg mL−1, respectively), 1 % of L-

glutamine were purchased from Euroclone, Milan, Italy). Cell Titer 96 Aqueous One 

Solution Cell Proliferation assay (MTS solution) was purchased from Promega (Milan, 

Italy). Human breast cancer cell lines (MDA-MB-231) were obtained from “Istituto 

Zooprofilattico Sperimentale della Lombardia e dell’ Emilia Romagna”, Italy. Cell lines 

were cultured in DMEM, containing 10 % (v/v) FBS, 100 units per ml penicillin G, 100 

μg mL−1 streptomycin, and 2 mM L-glutamine at 37 °C in a humidified atmosphere of 5 

% CO2. 

6.4.2. Synthesis and characterization of N-doped Carbon Nanodots 

CDs were synthesized as mentioned in our previous work [3,158,224]. Briefly, carbon 

nanodots were prepared by dissolving citric acid (3 g) and urea (6 g) in anhydrous DMF 

(30 mL). The reaction was conducted in solvothermal conditions at 160 °C for 4 h in a 

mini autoclave. The crude product was precipitated dropwise in ethanol and the 

precipitate was collected by centrifuging at 10.000 rpm for 10 min. Then, the pellets were 

dispersed in ultrapure water by sonicating. The water dispersion of CDs with different 

sizes was purified by size exclusion chromatography (SEC) using a column packed in 

turn with three types of Sephadex in series (G25, G15, G10). Subsequently, only the 

fractions with good fluorescence emission in the red region and NIR-sensitive 

photothermal properties were selected and deeply characterized. Atomic force 

microscopy (AFM, Bruker FAST-SCAN) (Milan, Italy) was performed to evaluate the 

size distribution of CDs. The analyses were achieved in soft tapping mode. The sample 
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was prepared by depositing a CDs aqueous dispersion (0.1 mg L−1, 10 µL) on a mica 

substrate and dried in a vacuum (10 mbar). The surface functional groups of CDs were 

evaluated by FT-IR spectroscopy (Bruker Alpha II spectrometer) (Milan, Italy). The 

sample was prepared as pellets of KBr. 

6.4.3. Preparation of PLGA-CDs nanoparticles by nanoprecipitation 

technique 

To prepare PLGA-CDs1% nanoparticles, PLGA (99 mg) and CDs (1 mg) were dispersed 

in 10 mL of DMSO. The organic mixture was put in a burette and added drop by drop to 

100 mL of distilled water under continuous stirring and it was left under stirring for 1 h. 

Then, the aqueous dispersion was filtered on a paper filter and dialyzed against water 

overnight (Visking Dialysis Tubing 18/32”, 2000 molecular weight cut-offs). 

Subsequently, the content of dialysis was aliquoted to test the influence of different types 

and amounts of cryoprotectant agents (e.g. sucrose 1 %, sucrose 2 %, sucrose 5 %, 

trehalose 2 %, PVP 10 %, lactose 1 %, lactose 2 %, lactose 5 %) on nanoparticles 

aggregation pre- and post-freeze-drying. In the same way, PLGA-CDs20% nanoparticles 

were prepared by dissolving 80 mg of PLGA and 20 mg of CDs in DMSO. Drug-loaded 

nanoparticles (PLGA-CDs1%@IT and PLGA-CDs20%@IT) were also prepared, adding 

25 mg of irinotecan hydrochloride to the solutions described above. 

6.4.4. Dynamic Light Scattering Measurements (DLS) 

Size distribution and stability after freezing were evaluated by DLS measurements 

performed on 1 mL of fresh sample, prepared as described above, and also on lyophilized 

samples at 25 °C using a Malvern Zetasizer NanoZS instrument (Rome, Italy) equipped 

with a 532 nm laser with a fixed scattering angle of 173°, and the Dispersion Technology 

Software 7.02 software (Malvern Panalytical ltd, Almelo, The Netherlands). Zeta-

potential measurements were performed by aqueous electrophoresis measurements, 

recorded at 25 °C using the same apparatus for the DLS measurement. The Zeta-potential 

values (mV) were calculated from electrophoretic mobility using the Smoluchowski 

relationship. All analyses were performed in triplicate. 
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6.4.5. Atomic Force Microscopy analysis of PLGA-CDs nanoparticles 

Atomic Force Microscopy (AFM, Bruker FAST-SCAN) (Milan, Italy) was employed to 

evaluate the size distribution and morphology of the dried PLGA-CDs nanoparticles. The 

measurements were performed in a soft tapping mode and using a triangular tip with an 

apical radius of about 5 nm. Each micrograph was obtained with a resolution comparable 

to the tip radius. The sample was prepared by depositing a dilute aqueous dispersion of 

the samples on a mica substrate and dried under vacuum (10 mBar) before the 

observation. 

6.4.6. Optical characterization 

The optical absorption properties of CDs and the hybrid PLGA-CDs nanoparticles were 

carried out by a double beam spectrophotometer (Shimadzu UV-2401PC) (Milan, Italy) 

in a 1 cm quartz cuvette, recording the spectra in the range of 200-700nm. The emission 

spectra were recorded under excitation at 540 nm by using a spectrofluorometer 

(Shimadzu RF-5301PC) (Milan, Italy). The optical measurements were performed on 

diluted aqueous dispersions.  

The photothermic effect was evaluated by irradiating an aqueous dispersion of either 

PLGA-CDs1% or PLGA-CDs20% (0.2 mL, 0.1 mg mL−1) with an 810 nm diode laser 

(GBox 15A/B by GIGA Laser, Wuhan, China) with a power density of 7 and 2.5 W cm−2, 

respectively, for 300 s. At fixed intervals, the increment of the temperature of the 

dispersion at set intervals of exposure time was recorded using an optical fiber detector 

(CEM®, Cologno al Serio, Italy). An equal volume of water (0.2 mL) was used as control. 

6.4.7. Drug-loading of PLGA-CDs nanoparticles (PLGA-CDs1%@IT and 

PLGA-CDs20%@IT) 

The drug payload was evaluated by dissolving a known amount of PLGA-CDs@IT 

nanoparticles (~5 mg) in acetonitrile (400 µL) under magnetic stirring for 2 h. Then, the 

sample was filtered through a syringe filter of 0.45 nm and HPLC mobile phase was 

obtained by adding methanol (400 µL) and PBS pH 3.5 (1.2 mL). The amount of 

irinotecan loaded inside the PLGA-CDs@IT nanoparticles was determined by HPLC 

analysis. Analyses were performed with a mobile phase constituted by a mixture of 0.03 

N PBS pH 3.5/CH3CN/MeOH 60:20:20 and a flow rate of 1 mL min−1. The column used 
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was C6 phenyl by Phenomenex® (Castel Maggiore, Italy) with the temperature settled at 

25 °C, and the detection wavelength at 366 nm. The obtained peak area of the 

chromatogram was compared with a calibration curve obtained by plotting areas versus 

standard solution concentrations of IT in the range of 0.001 – 0.0001 mg/mL (y = 

106872x, R2 = 0.9999). The drug loading obtained was 3.15 and 4.73 % (w/w) for PLGA-

CDs1%@ITandPLGA-CDs20%@IT nanoparticles, respectively. The encapsulation 

efficiency was 16 and 24 %, respectively. 

6.4.8. Cumulative drug-release of PLGA-CDs1%@IT and PLGA-

CDs20%@IT nanoparticles 

For drug release kinetic studies, an amount of PLGA-CDs1%@IT nanoparticles and 

PLGA-CDs20%@IT nanoparticles equivalent to a drug concentration of 0.2 mg mL−1 

was dispersed in PBS pH 7.4 (1 mL) and placed into a dialysis tubing (MWCO 2 kDa) 

against 9 mL of PBS at 37 °C under orbital stirring (100 rpm). At defined set times, 200 

L of the external medium was withdrawn and replaced with an equal volume of fresh 

medium up to 48 h. The photothermal triggered drug release was evaluated by irradiating 

(before the dialysis process) the dispersion of either PLGA-CDs1%@IT nanoparticles or 

PLGA-CDs20%@IT NPs in PBS pH 7.4 (0.2 mg mL−1) by 810 nm diode laser (GBox 

15A/B by GIGA Laser, Wuhan, China) for 200 s with power fitted at 7 Wcm−2 and 100 s 

with power fitted at 2.5 W cm−2, respectively. The amount of IT released was calculated 

by HPLC analysis as described for drug loading determination. 

6.4.9. In Vitro Anticancer Activity of PLGA-CDs20%@IT nanoparticles 

The anticancer activity of the IT-loaded PLGA-CDs20% nanoparticles (PLGA-

CDs20%@IT) was evaluated in vitro on the MDA-MB-231 breast cancer cell line. Cells 

were seeded at a density of 2 × 104 cells/well in a 96-wells plate and grown in DMEM. 

After 24 h, the medium was replaced with 0.2 mL of PLGA-CDs20%@IT dispersion in 

fresh culture medium at different concentrations corresponding to equivalent 

concentrations of irinotecan ranging from 5 to 150 µg mL−1. After 24 and 48 h of 

incubation, cell viability was assessed by the MTS assay. In detail, samples were removed 

and each well was washed twice with DPBS pH 7.4 (0.2 mL x 2), and 120 µL of MTS 

solution in DMEM (DMEM/MTS 6:1) was added to each well. Then, cells were incubated 
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for an additional 2 h at 37 °C before reading the absorbance at 492 nm by using a 

microplate reader (Multiskan, Thermo, U.K.). A solution of irinotecan hydrochloride at 

the same concentration was used as positive control, while the used cryoprotectant (PVP) 

at the corresponding concentrations was used as negative control. 

In another experimental set, the NIR-triggered photothermal ablation of cells was 

evaluated by irradiating the cells treated with PLGA-CDs20%@IT using an 810 nm laser 

diode for 100 s with a power density of 2.5 W cm−2. Cells were seeded in a 96-well plate 

at a density of 2 × 104 cells/well (200 µL) and grown in DMEM. After 24 h, cells were 

incubated with PLGA-CDs20%@IT (5–150 µg mL−1) for 24 or 48 h and then irradiated 

with the laser before performing MTS assay as above described. The increase in 

temperature inside each well owing to the photothermal effect was previously evaluated 

at the same experimental conditions tested in vitro by irradiating the dispersions of the 

nanosystem in DMEM. The temperature inside the wells was monitored by using a fiber 

optic and reported as function of exposure time. 

6.4.10. Study of cell internalization on 2-D cell culture in vitro 

Cell uptake of PLGA-CDs1% and PLGA-CDs20% nanoparticles (0.5 mg mL−1) was 

evaluated by fluorescence microscopy on MDA-MB-231. Cells were seeded at a density 

of 1 × 104 cells/well (200 µL) in an 8-well plate and growth in DMEM. After 24 h, the 

medium was replaced with an equal volume of sample dispersion in fresh medium (0.5 

mg mL−1). After different incubation times (4, 6, and 24 h), nuclei were stained with 4,6-

diamidino-2-phenylindole (DAPI) after washing twice cells with DPBS pH 7.4 (200 µL 

x 2), adding the DAPI solution (100 µL) and incubating cells for 10 min. Cells were then 

washed up with fresh DPBS (200 µL x 3) and images were recorded by a fluorescence 

microscope using a Zeiss Axio Cam MRm MRm (Zeiss AG, Oberkochen, Germany). 

Micrographs were recorded in a multichannel fashion.  
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6.5. Hydrophobic N-doped carbon nanodots coated with hyaluronic acid as 

NIR-responsive hybrid nanosystems useful in cancer theranostics 

6.5.1. Materials 

Urea (99 %), citric acid (99.5 %), N, N-dimethylformamide (DMF), ethanol absolute, 

dialysis tubing (MWCO 14 kDa), Sephadex G15 and G25, poly(D, L-lactide) acid 

terminated (PLA; Mw 13.000), doxorubicin hydrochloride, diethylamine (DEA, 99.5 %), 

trimethylamine (TEA; 99.5 %) dimethyl sulfoxide (DMSO), N, N'-

dicyclohexylcarbodiimide (DCC; 99 %), N-hydroxysuccinimide (NHS; 99.5%) 

phosphate buffer saline (PBS), triethylamine and octylamine, were purchased from Sigma 

Aldrich (Milan, Italy). Hyaluronic acid (HA) having a low weight-average molecular 

weight was prepared by acidic degradation of biotechnological HA sodium salt (MW 

1500 kDa) which has been a generous gift from Novagenit s.r.l. (Italy). The Molecular 

weight distribution of the HA and its derivative were determined by size exclusion 

chromatography (SEC) apparatus equipped with a pump system, a Universal column 

(particle size 5 μm), and a 410-differential refractometer (DRI) as a concentration 

detector, all from Waters (USA). The molecular weight (221 kDa, Mw/Mn=1.85) was 

evaluated by using HA standards (range 100– 800 kDa) from Hyalose (USA), 200 mM 

phosphate buffer pH 6.5/MeOH 90:10 (v/v) as a mobile phase, 36±0.1 °C, and flow rate 

0.6 mL min-1. 1H-NMR spectra were recorded using a Bruker Avance II 300 spectrometer 

operating at 300.12 MHz. Dulbecco's Modified Eagle Medium (DMEM), fetal bovine 

serum (FBS), l-glutamine, penicillin, streptomycin, and amphotericin B were purchased 

from ®Euroclone (Milan, Italy). 4′,6-diamidino2-phenylindole (DAPI) were purchased 

from Life Technologies. CellTiter 96® AQueous One Solution Cell Proliferation Assay 

(MTS) was purchased from Promega (Milan, Italy). Human breast cancer cell lines 

(MCF-7 and MDA-MB-231) were obtained from “Istituto Zooprofilattico Sperimentale 

della Lombardia e dell’ Emilia Romagna”, Italy. Human bronchial epithelial cells (16-

HBE) were purchased from Life Technologies. Cell lines were cultured in DMEM, 

containing 10 % (v/v) FBS, 100 units per ml penicillin G, 100 μg mL−1 streptomycin, and 

2 mM L-glutamine at 37 °C in a humidified atmosphere of 5 % CO2. 
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6.5.2. Synthesis of hyaluronic acid grafted poly(D,L-lactide) copolymer 

(HA-g-PLA) 

The N-hydroxysuccinimide (NHS) derivative of PLA, namely PLA-NHS, was obtained 

as previously reported [373]. Separately, a tetrabutylammonium (TBA, 1 eq.) salified HA 

(M̅n = 112 kDa, PD = 1.64), named HA-TBA (600 mg), was solubilized in DMSO (48 

mL) and DEA (576 μL) used as a catalyst. Then, PLA-NHS (50 mg) was dissolved in 

anhydrous DMSO (6 mL) and added to the HA-TBA solution drop by drop for about 1 h 

under magnetic stirring. The reaction was kept under argon atmosphere at 40 °C for 48 h, 

and, subsequently, the TBA was removed by ion exchange with sodium cations by 

transient the organic solution in a cationic exchange resin (Dowex 50W×8-200). Then, 

the solution was precipitated in acetone and washed up in the same solvent five times. 

Finally, HA-g-PLA was dispersed in water and dialyzed against a sodium chloride 

aqueous solution (5 % w/v) for 3 days and water for 2 days by using dialysis tubing 

(MWCO 14.000 Da). The product was recovered as a white powder after freeze-drying. 

Yield: 71 % w/w.  

1H-NMR (300 MHz, D2O/THF, 25 °C): δ 1.57 and δ 1.68 (2d, 3H PLA, –O–CO–

CH(CH3)–O– of PLA), δ 2.12 (s, 3H HA, –NH–CO–CH3), δ 5.40 ppm (m, 1H PLA –O–

CO–CH(CH3)– of PLA).  

SEC: M̅n = 168 kDa : M̅ w = 225 kDa; PD = 1.34 

6.5.3. Evaluation of the critical aggregation concentration (CAC) of graft 

copolymer HA-g-PLA 

The critical aggregation concentration was estimated spectrofluorimetrically by pyrene 

assay based on the use of pyrene as a hydrophobic fluorescent probe. Briefly, 5 µl of 

pyrene solution in acetone (6×10−5 M) was deposited in a tube test and left up to complete 

evaporation of acetone. Then, 500 µl of water dispersion of HA-g-PLA copolymers with 

a concentration within 9×10−4 - 0.25 mg mL-1 was added and left overnight before the 

analysis. Then, the emission spectra were recorded under excitation at 333 nm. The I1/I3 

ratio of the intensities of the first and third peaks of the fluorescence spectrum of pyrene 

was used to detect the formation of polymeric micelles. 
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6.5.4. Synthesis and chemical characterization of hydrophobic carbon 

nanodots (HCDs) 

Carbon nanodots (CDs) were prepared as reported in Section 5.4.2. Only fractions of CDs 

with homogeneous dimensions, good red fluorescence, and NIR-sensitive photothermal 

property were selected for the synthesis of hydrophobic CDs (HCDs). HCDs were 

synthesized by solubilizing CDs (20 mg) in DMF (5 mL) and adding octylamine (C8) (26 

µl, 0.157 mmol), N, N'-dicyclohexylcarbodiimide (DCC) (32.38 mg, 0.157 mmol) and 

N-Hydroxysuccinimide (NHS) (18.07 mg, 0.157 mmol) at once under vigorous stirring. 

The reaction was kept under stirring (40 rpm) at room temperature for 24 h. Then, the 

product was filtered on a paper filter and purified by dialysis (1 kDa) against water pH 5 

for 3 days. Finally, the product was retrieved by centrifuging at 13.000 rpm for 15 min. 

The pellet was freeze-dried to get a dark powder of HCDs. 

FT-IR spectroscopy (Bruker Alpha II spectrometer) was employed to investigate the 

surface functional groups of both starting CDs and HCDs used as KBr pellets. Spectra 

were recorded within the range 400- 4000 cm-1 (scan times: 24; resolution: 4 cm–1). 

Additionally, the degree of surface functionalization with C8 moieties of HCDs was 

studied by 1H-NMR using an exact amount of acetone (5 µL) used as internal standard. 

Samples were prepared in DMF-d6. 

6.5.5. Contact angle measurements 

Surface wettability was evaluated by contact angle measurements performed using a 

DSA25 by Kruss Germany. In order to assess the equilibrium time, the contact angle was 

measured after 5 min from the deposition of the water drop. 

6.5.6. Optical characterization of HCDs 

The optical absorption properties of CDs and HCDs were carried out using a double-beam 

spectrophotometer (Shimadzu UV-2401PC). The measurements were performed on CDs 

and HCDs dispersion in DMF recording the spectra in the range of 200-800 nm. The 

fluorescence properties were evaluated using a spectrofluorometer (Shimadzu RF-

5301PC) under excitation at 540 nm and a resolution of 2 nm. 

The photothermal conversion properties of CDs (≈4.289×1014 nanoparticles) and HCDs 

(≈3.002×1014 nanoparticles) were investigated by irradiating aqueous dispersions (0.1 mg 
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mL-1, 0.2 mL) with an 810 nm diode laser (GBox 15A/B by GIGA Laser) with power 

fitted at 5 W cm-2 for 300 s. The hyperthermia kinetics were recorded by monitoring the 

temperature at scheduled exposure time intervals by using a fiber optic detector (CEM®, 

Cologno al Serio, Italy). 

6.5.7. Preparation of hyaluronic acid-coated HCDs (HA-g-PLA/HCDs) by 

self-assembling 

To prepare the hyaluronic acid-coated hydrophobic carbon nanodots, HCDs were 

dispersed in DMSO (2 mg mL-1, 2 mL), and added dropwise to an aqueous dispersion of 

HA-g-PLA (2 mg mL-1, 10 mL). The mixture was left under stirring at 4 °C overnight, 

then purified by exhaustive dialysis (MWCO 12-14 kDa) and retrieved as brownish 

sponge powder after freeze-drying. 

6.5.8. Dynamic light scattering (DLS) measurements of zeta-average and 

zeta-potential 

DLS measurements were performed to evaluate the size distribution of HA-g-PLA/HCDs 

nanoparticles by using a Malvern Zetasizer NanoZS instrument equipped with a 632 nm 

laser with a fixed scattering angle of 173 °. The analyses were carried out on 1 mL of 

HA-g-PLA/HCDs dispersion in PBS pH 7.4 (0.2 mg mL-1). Z-average and PDI were 

extrapolated from the analysis of the correlogram. Zeta-potential analyses were 

performed by aqueous electrophoresis measurements at 25 °C on HA-g-PLA/HCDs 

dispersion in 0.01 mM KCl (0.2 mg mL-1), using the same apparatus for the DLS 

measurements. The Zeta-potential values (mV) were calculated from electrophoretic 

mobility using the Smoluchowski relationship. 

6.5.9. Stability determination of HA-g-PLA/HCDs in aqueous dispersion 

The HA-g-PLA/HCDs stability was evaluated under physiological (PBS pH 7.4) and 

tumor microenvironment conditions (acetate buffer pH 5.5) at 37 °C up to 72 h of 

incubation. The size distribution of samples was measured at established time intervals 

by DLS as above described and reported as a function of the incubation time. 
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6.5.10. Preparation of Doxo-loaded hyaluronic acid-coated HCDs (HA-g-

PLA/HCDs@Doxo) by self-assembling 

The HA-g-PLA/HCDs@Doxo were prepared as above described, but adding Doxo (6.25 

mg) and TEA (7.5 µl) to the dispersion of HCDs in DMSO before self-assembling. The 

mixture was left under stirring at 4 °C overnight, then purified by exhaustive dialysis 

(MWCO 12-14 kDa) and retrieved as red sponge powder after freeze-drying. 

Furthermore, the powder was redispersed in ultrapure water (1.5 mL) and the free drug 

eventually present was removed by gel permeation chromatography (GPC) using a 

column packed in turn with Sephadex G-25 as the stationary phase and ultrapure water 

as eluent. A reddish sponge was obtained after freeze-drying. Yield: 67 %. 

6.5.11. Drug-loading and drug-release determination of HA-g-

PLA/HCDs@Doxo 

The drug loading of HA-g-PLA/HCDs@Doxo was calculated spectrophotometrically 

measuring the absorbance at 481 nm and comparing data with those of a calibration curve 

obtained with free Doxo standards (R2 =0.998; 0.1-0.025 mg mL-1). Samples were 

prepared by dispersing a known amount of HA-g-PLA/HCDs@Doxo in DMSO/H2O/0.1 

N HCl (1:0.9:0.1) by sonication before the analysis. The same amount of empty micelles 

was used to subtract the absorbance owing to scattering phenomena and CDs absorption. 

For the drug release kinetic experiments, either an amount of HA-g-PLA/HCDs@Doxo 

corresponding to a drug concentration of 0.115 mg mL-1 or free Doxo was dispersed either 

in PBS pH 7.4 (2.5 mL) or acetate buffer pH 5.5 (2.5 mL) and placed into a dialysis tubing 

(MWCO 2 kDa) against 20 mL of the same medium. At scheduled time intervals, 0.5 mL 

of the external medium was withdrawn and replaced with an equal volume of fresh 

medium. The cumulative drug release was obtained by calculating the amount of Doxo 

released spectrophotometrically as function of time using the same procedure above 

reported. The photothermal-triggered drug release kinetics were evaluated by irradiating 

the dispersion of HA-g-PLA/HCDs@Doxo at pH 7.4 or 5.5 (eq. Doxo = 0.115 mg mL-1) 

before the dialysis process, using a NIR diode laser with a power density of 5 W cm-2 for 

300 s. The heating kinetic was previously evaluated at the same condition used in the drug 

release study. 
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6.5.12. Cytocompatibility study of the HA-g-PLA/HCDs nanoparticles 

The cytocompatibility of the HA-g-PLA/HCDs was evaluated in vitro on two different 

human breast cancer cell lines (MDA-MB-231 and MCF-7) by MTS assay. Cells were 

seeded at a density of 1.5×104 cells/well (200 µl) in a 96-wells plate and grown in 

supplemented Dulbecco’s Minimum Essential Medium (DMEM). After 24 h, the medium 

was replaced with a dispersion of HA-g-PLA/HCDs in fresh culture medium (200 µl) at 

a concentration ranging from 0.271 - 0.00054 mg mL-1. After 24 and 48 h, samples were 

removed and each well was washed twice with DPBS pH 7.4 (100 µl x 2) and then 100 

µl of fresh DMEM and 20 µl of MTS assay solution were added. Then, cells were 

incubated for an additional 2 h at 37 °C and 5 % CO2 before reading the absorbance at 

492 nm using a Microplate Reader (Multiskan Ex, Thermo Labsystems, Finland). Cell 

viability was expressed as a percentage of living cells compared to the untreated cells 

used as control (taken as 100 %). 

6.5.13. Anticancer activity determination of the HA-g-PLA/HCDs@Doxo 

with and without NIR-laser treatment 

The anticancer activity of the HA-g-PLA/HCDs@Doxo was assessed as above described 

by MTS assay, testing different concentrations of micelles corresponding to an equivalent 

concentration of free Doxo ranging from 50 to 0.1 µM. The anticancer effect was reported 

as cell viability reduction of two breast cancer cell lines (MDA-MB-231 and MCF-7), 

against untreated control cells, after 24 and 48 h of treatment. In another experimental 

set, the combined effect of NIR-triggered hyperthermia and Doxo local release was 

studied by irradiating both cancer cell lines incubated with an increasing amount of HA-

g-PLA/HCDs@Doxo to an 810 nm diode laser with power fitted at 7 W cm-2 for 300 s. 

In particular, cells were seeded at a density of 1.5×104 cells/well (200 µl) in a 96-wells 

plate and grown in DMEM. After 24 h, the medium was replaced with a dispersion of 

either HA-g-PLA/HCDs@Doxo (50 to 0.1 µM) or an equivalent amount of the bare HA-

g-PLA/HCDs (0.271 - 0.00054 mg mL-1 ) in fresh DMEM and incubated for 24 or 48 h. 

After this time, each well was irradiated and washed twice with DPBS pH 7.4 (200 µl x 

2) before performing the MTS assay as described above. The temperature increment as a 

function of the laser exposure time was previously evaluated at the intermediate 

concentration tested in vitro (30 µg mL-1). The anticancer activity of the compound was 
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compared with those of free Doxo at the same concentrations considered, treated, and 

untreated with NIR laser. All experimental biological set was performed in triplicate. 

6.5.14. Procedure RNA extraction and first-strand cDNA synthesis 

For the evaluation of gene expression, cells were seeded in a 96-wells plate at a density 

of 104 cells/well (200 µl) and after 24 h, the medium was replaced with a dispersion of 

either HA-g-PLA/HCDs, HA-g-PLA/HCDs@Doxo or free Doxo in DMEM (200 µl), at 

a concentration suitable to reduce cell viability of 50 % (IC50). After 24 h of incubation, 

each well was irradiated with a diode laser with power fitted at 7 W cm-2 for 300 s. In 

parallel, the same experiment was performed without laser irradiation. Total RNA was 

purified from control and treated cells using Trizol Reagent (Invitrogen Corporation, 

Carlsbad, USA) and following the manufacturer's instructions. RNA concentrations and 

purity (Abs260, Abs260/280, and Abs260/230) were spectrophotometrically tested using 

Eppendorf 6131 BioPhotometer (Eppendorf AG, Hamburg, Germany). RNA integrity 

was checked on 1.5 % agarose denaturing gel and RNAs were stored at -80 °C for future 

use. Purified RNA was treated with Deoxyribonuclease I, Amplification Grade (Sigma-

Aldrich) to remove any residual genomic DNA contamination, and DNAseI was 

inactivated by adding 50 mM EDTA. First-strand cDNA was synthesized from DNAseI-

treated RNA samples (about 100 ng) using the High-Capacity cDNA Reverse 

Transcription Kit (Thermo Fischer Scientific) following the manufacturer's instructions. 

All the cDNAs were tested by PCR using GAPDH, and ACTB primers and were diluted 

1:10 before use in Real-Time qPCR experiments. 

6.5.15. Evaluation of gene expression by real-time quantitative polymerase 

chain reaction (qPCR) 

The qPCRs were carried out using the BIO-RAD CFX96 system with BrightGreen 5X 

qPCR MasterMix (Applied Biological Materials Inc, Richmond, Canada) as detection 

chemistry. The ACTB and GAPDH were selected as control genes due to their expression 

stability in all the tested conditions. A normalization factor was calculated based on 

geometric averaging of the expression level of these reference genes and used to quantify 

the expression levels of the target genes [224]. Quantitative real-time PCRs were 

performed according to the manufacturer's recommended procedures, and each reaction 
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was performed in triplicate. The amplification conditions were the following: initial 

denaturation at 95 °C for 10 min and 40 cycles of 95 °C for 30 s and 60 °C for 50 s, 

followed by a melting curve from 60 to 95 °C. In order to confirm the amplification of 

the specific gene, amplicons were detected by agarose gel analysis after each PCR. 

Experiments were performed in triplicate. Gene expression results presented as heat maps 

were obtained via Heatmapper (available at http://heatmapper.ca/expression/). The 

mRNA levels are represented as mean centered. Gene expression results are reported in 

bar charts and expressed as a mean value ± SD. Significant differences between values of 

different treated groups and the reference control groups were determined by t-test using 

Statistica 6.0 (StatSoft, Tulsa, OK, USA). The p-values less than 0.05 were considered 

statistically significant. 

6.5.16. Cell uptake study of HA-g-PLA/HCDs on cell culture model in vitro 

The cell uptake of HA-g-PLA/HCDs o was evaluated on MDA-MB-231, MCF-7, and 16-

HBE using an Axio Cam MRm (Zeiss) fluorescence microscope in a multichannel 

fashion. Cells were seeded at a density of 1×104 cells/well (200 µl) in an 8-wells plate 

and grown in DMEM. After 24 h, the medium was replaced with a dispersion of the 

sample in fresh DMEM (25 g mL-1 ) and incubated for 4 h and 24 h. Successively, the 

dispersion was removed, cells were washed twice with DPBS pH 7.4 (200 µl x 2) and 

nuclei were stained with 4′,6- diamidino-2-phenylindole (DAPI) by adding 100 µl of 

DAPI solution and incubating for 5 minutes. For the MCF-7 and MDA-MB-231 cell lines, 

uptake studies were repeated by pre-incubating with a HA solution (150 L, 10 g mL-1) for 

30 minutes before adding HA-g-PLA/CDs (125 µl, 50 µg mL-1). After 4 h and 24 h, the 

medium was removed, cells were washed with fresh PBS pH 7.4 (200 µL x 2) and nuclei 

were stained by adding 100 µL of DAPI solution for 5 minutes. Before acquiring the 

uptake images, each well was washed with DPBS pH 7.4 (200 µL x 3). Cells self-

fluorescence was removed by setting up the microscope using untreated cells. 
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6.6. β-Cyclodextrin decorated multicolor N,S-doped carbon nanodots as 

theranostic nanoplatform for the delivery of sildenafil in breast cancer 

6.6.1. Materials 

Urea (99 %), citric acid (99.5 %), amino-PEG4-alkyne, p-toluenesulfonyl chloride, 1-

Ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC), N-Hydroxysuccinimide (NHS, 

99.5 %), L-ascorbic acid (99 %), copper (II) sulfate, 1,1,2,2-tetrachloroethane, sildenafil 

citrate (pharmaceutical secondary standard), SpectraPor® Float-A-Lyzer®G2 (MWCO 

100-500 Da), SpectraPor® Pre-wetted RC Tubing (MWCO 1kDa), Cation exchange resin 

Dowex® (50 W x 8 100-200 mesh), Phosphate Buffered Saline (PBS) and Dulbecco’s 

phosphate-buffered saline (DPBS) were purchased from Sigma Aldrich (Milan, Italy). β-

cyclodextrin (99 %) and sodium azide (NaN3 99.5 %) were purchased from Fisher 

Scientific (Milan, Italy). Dulbecco's Minimum Essential Medium (DMEM), fetal bovine 

serum (FBS), L-glutamine, penicillin, streptomycin, and amphotericin B were purchased 

from EuroClone (Milan, Italy). CellTiter 96® AQueous One Solution Cell Proliferation 

Assay (MTS) was purchased from Promega (Milan, Italy). 

6.6.2. Synthesis and physico-chemical characterization of Alkyne-Carbon 

Dots (CDs-PEG4-CC) 

Carbon dots (20 mg, 2.86 mg mL-1) were dispersed in phosphate saline buffer (PBS) pH 

6.4, and amino-PEG4-alkyne (25 mg) were added. The pH was adjusted to 6.4 and 1-

Ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) (24.92 mg, 0.13 mmol) and N-

Hydroxysuccinimide (NHS) (14.96 mg, 0.13 mmol) were added under stirring. The 

reaction was performed at pH 6.4 for 24 h and purified by SpectraPor® Float-A-Lyzer®G2 

(MWCO 100-500 Da) for 36 h. The product was freeze-dried to get the CDs-PEG4-CC 

(yield: 77.3 %). 

The surface functional groups of crude CDs and CDs-PEG4-CC were investigated by 

Fourier-transform infrared spectroscopy (FT-IR) in the range of 4000-400 cm-1. Samples 

were prepared as KBr pellets and dried in vacuum. Measurements were performed using 

a PerkinElmer Spectrum Two™ IR spectrometer (Waltham, MA, USA). 
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6.6.3. Synthesis and characterization of 6-O-Monotosyl-β-cyclodextrin (β-

Cdx-OTs) 

β-Cyclodextrin (β-Cdx) (10 g, 8.8 mmol) was dispersed in 90 mL of water and 35.2 mL 

(88 mmol) of 2.5 N NaOH was slowly added under magnetic stirring. After complete 

dispersion of β-Cdx, p-toluenesulfonyl chloride (2.52 mg, 13.22 mmol) was added in five 

portions and the suspension was stirred for 1 h at room temperature. The product was 

filtered through a folded paper filter and washed with 10 mL of ultrapure water. The 

filtered solution was added to 91 mL of pre-swollen cation exchange resin (Dowex®, 50 

W x 8 100-200 mesh) and kept under stirring for 20 minutes. Then, the exchange resin 

was removed by vacuum filtration through a Büchner funnel with glass wool and washed 

with water. The white precipitate was filtered through a paper filter on a Büchner funnel 

and washed with acetone. The white powder (β-Cdx-OTs) was dried under vacuum 

(yield: 31 %). 

1H-NMR was used to evaluate the degree of functionalization (% w/w). Sample of β-Cdx-

OTs was prepared in DMSO d6. 

1H NMR (300 MHz): δ 7.74-7.72 (2H, H8 Ph), δ 7.43-7.40 (2H, H7 Ph), δ5.75 (14H, OH-

2/OH-3), δ 4.83-4.76 (7H, H1 Cdx),  δ 4.33-4.29 (2H, H’6 Cdx, overlap with water), δ 

4.18 (1H, H’5 Cdx, overlap with water), δ 3.31 (14H, H2/H4 Cdx, overlap with water), δ 

2.14 (3H, Ph-CH3) ppm. 

6.6.4. Synthesis and characterization of 6-Monoazide-β-cyclodextrin (β-

Cdx-N3) 

β-Cdx-OTs (2.5 mg, 1.95 mmol) was dispersed in water (250 mL) and sodium azide (2.5 

mg, 38.45 mmol) was added under magnetic stirring into a round-bottomed flask 

equipped with a condenser. After turning on the water for the condenser, the reaction was 

heated at 100 °C with an oil bath and kept refluxing overnight under stirring (500 rpm). 

The reaction was cooled down to room temperature and the mixture was filtered through 

a paper filter. The filtrate was concentrated to about 15 mL under reduced pressure and 

1,1,2,2-tetrachloroethane (3 mL) was added dropwise to the concentrated filtrate. The 

resulting emulsion was kept stirring for 30 minutes and the aqueous phase was removed 

by centrifugation (3000 rpm, 5 min.). The organic solvent was distilled under reduced 
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pressure, leaving a solid residue. The residue was recrystallized using hot water and the 

precipitate obtained at a low temperature was retrieved by centrifuging (3000 rpm, 5 

min.). This step was executed twice. The white solid (β-Cdx-N3) was dried under vacuum 

overnight. Samples of β-Cdx-N3 for 1H NMR analysis were prepared in DMSO d6.  

1H NMR (300 MHz): δ 6.90 (C2H2Cl4 trace), δ 5.78-5.65 (14H, OH-2/OH-3 Cdx), δ 4.82 

(7H, H1 Cdx), δ 4.57 (6H, OH-6 Cdx), δ 3.33-3.30 (14H, H2/H4 Cdx, overlap with water). 

6.6.5. Cycloaddition of alkyne-CDs and azide-β-Cdx (CDs-PEG4-β-Cys) 

CDs-PEG4-β-Cys were obtained by dispersion of CDs-PEG4-CC (10 mg) and N3- β-Cdx 

(20 mg) in 6 mL of water. Copper (II) sulfate (4 mg- 10 % cat.) and ascorbic acid (15 mg- 

10 % cat.) were dispersed in 0.5 mL of water and added to the reaction mixture as catalyst. 

The reaction was kept under nitrogen atmosphere and magnetic stirring overnight. Cation 

exchange resin (Dowex®, 50 W x 8 100-200 mesh) was added to the mixture and after 10 

minutes of stirring, the resin was eliminated by filtration through a Büchner funnel with 

glass wool. The filtrate product was purified by gel permeation chromatography using a 

Sephadex G15. The fractions obtained were freeze-dried obtaining a violet powder (CDs-

PEG4-β-Cdx).  

6.6.6. Physico-chemical characterization of CDs-PEG4-β-Cdx and 

precursors 

The size distribution of CDs-PEG4-β-Cdx was evaluated based on their height from the 

atomic force microscopy (AFM) images. The sample was prepared by depositing 10 µL 

of aqueous dispersion of CDs-PEG4-β-Cdx (0.1 mg mL-1) on a mica substrate and then 

dried in vacuum. AFM measurements were carried out in air using a Bruker FAST-SCAN 

microscope equipped with a closed-loop scanner (X, Y, Z maximum scan region: 35 µm, 

35 µm, 3 µm, respectively). Scans were obtained in soft tapping mode using a FAST-

SCAN-A probe with an apical radius of about 5 nm and each image was obtained with a 

resolution comparable to the tip radius. 

The conjugation ratio between CDs-PEG4-CC and β-Cdx-N3 was assessed by DSC and 

TGA analysis, using a DSC/TGA 131 EVO (by SETARAM Instr.). The analyses were 

performed using about 4 mg of dried powder of either CDs-PEG4-CC, β-Cdx-N3, or CDs-
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PEG4-β-Cdx and were placed into an aluminum crucible under nitrogen flow (1 mL min-

1).  

6.6.7. Optical characterization of CDs-PEG4-β-Cdx and precursors 

The optical absorption and emission properties of CDs, CDs-PEG4-CC, and CDs-PEG4-

β-Cdx were evaluated on aqueous dispersions of CDs and CDs-PEG4-CC (0.25 mg mL-

1). The absorption spectra were carried out by using a double-beam spectrophotometer 

(Shimadzu UV-2401PC) recording the spectra in the range of 200-800 nm. The emission 

spectra under excitation at 360 and 540 nm were recorded by a spectrofluorometer (Jasco 

FP-8500). The photothermal conversion capacity of CDs, CDs-PEG4-CC, and CDs-

PEG4-β-Cdx was assessed by irradiating a dispersion of each sample (0.1 mg mL-1) with 

an 810 nm diode laser (GBox 15A/B di GIGA Laser)  at 5 W cm-2 for 300 s. At the 

scheduled intervals of time (∆t=50 s) the temperature was measured by an optical fiber 

(CEM®). Water was used as control. 

6.6.8. Preparation of Sildenafil-loaded CDs-PEG4-β-Cdx nanosystems 

(CDs-PEG4-β-Cdx@SD) 

CDs-PEG4-β-Cdx@SD were prepared via the kneading method. In particular, dried 

powders of CDs-PEG4-β-Cdx (20 mg) and sildenafil citrate (SD, 5 mg) were pounded in 

a mortar until a homogeneous mixture was obtained. The powders were then kneaded 

adding several aliquots of a mixture of ethanol/water (ratio 2:1, Vtot 3 mL) which has been 

let evaporate during the process, obtaining a thin film that was thereafter suspended in 

ultrapure water (4 mL). The suspension was stirred for 1 h and subsequently dialyzed for 

1h against water, using a SpectraPor® Float-A-Lyzer®G2 (MWCO 100-500 Da). The 

product was retrieved as brown powder via freeze-drying.  

6.6.9. Drug-loading and drug-release determination of CDs-PEG4-β-

Cdx@SD 

The SC content of loaded CDs-PEG4-β-Cdx was determined via HPLC analysis as 

reported in the literature [374], with some modifications. CDs-PEG4-β-Cdx@SC were 

dissolved in a mixture of acetonitrile/water (pH=4) 35:65, which represents the eluent 

solution for HPLC analysis, and stirred via sonication (2 h). The analysis of the sample 
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was performed using an Agilent 1260 infinity HPLC System and a C6-Phenyl column 

(Phenomenex®) in isocratic conditions, with the mobile phase previously described (flow 

rate 0,8 mL min-1, temperature 25 °C). The UV absorption of SD was detected at 291 nm. 

The retention time was 4,8 min. The sample’s peak area was compared with a calibration 

curve obtained plotting peak areas versus concentration of SD standard solutions ranging 

from 0,1 to 0,005 mg mL-1 (y=28705x, R2=0,999). 

For the evaluation of drug release kinetic, either free SC or CDs-PEG4-β-Cdx@SD, in 

such quantity as to obtain an equivalent drug concentration (0,19 mg mL-1), were 

dissolved in a PBS solution (pH=7.4) containing 1 % Tween 80 and placed into a dialysis 

tubing of 1 kDa MWCO against 10 mL of the same medium. At scheduled time intervals 

(1, 2, 4, 6, 8, 24, and 48 h), 0,5 mL of the extern medium was withdrawn and replaced 

with fresh medium. The amount of SD in each sampling was determined by HPLC, using 

the method previously described for the drug loading determination. The samples’ peak 

areas were compared with a calibration curve obtained plotting peak areas versus 

concentration of SC standards solutions in Phosphate Buffered Saline (PBS) (pH=7.4) 

containing 1 % Tween 80, at concentration ranging from 0,019 to 0,001 mg mL-1 

(y=89220x, R2=1). The obtained data were used to calculate the drug’s cumulative release 

over time. 

6.6.10. Cytocompatibility study of CDs-PEG4-β-Cdx and CDs-PEG4-β-

Cdx@SD 

The cytocompatibility of conjugate CDs-PEG4-β-Cdx was evaluated in vitro on normal 

cell line (human bronchial epithelial cell, 16-HBE, and normal human dermal fibroblast, 

NHDF) and cancer cell line (breast cancer cell, MCF-7). Each cell line was seeded on a 

96 wells-plate with a cell density of 1.5×104 for well and cultured in Dulbecco’s Minimum 

Essential Medium (DMEM) at 37 °C and 5 % CO2. After 24 h of incubation, the culture 

medium was replaced with a dispersion of CDs-PEG4-β-Cdx in fresh medium (200 µL) 

at different concentrations (0.6-0.01 mg mL-1). After 24 h the dispersion was removed 

and each well was washed three times with Dulbecco’s phosphate-buffered saline (DPBS) 

at pH 7.4. Then, cell viability was evaluated by MTS assay, treating each well with 100 

µL of fresh DMEM and 20 µL of MTS solution. After 2 h of incubation, the absorbance 

at 492 nm was measured by using a microplate reader (Multiskan, Thermo, U.K.). 
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Untreated cells were used as control. The data of absorbance were reported in terms of 

cell viability against control (viability 100 %) in the function of compound concentration. 

Cytotoxicity of both free SC and CDs-PEG4-β-Cdx@SD was evaluated by MTS assay as 

above described, using different concentrations corresponding to equivalent 

concentrations of free drug ranging from 5×10-2 to 5×10-5 mg mL-1. 

All biological experiments were performed in triplicate. 

6.6.11. Cell uptake of CDs-PEG4-β-Cdx on 2-D cell culture model in vitro 

The capacity of cell internalization of CDs-PEG4-β-Cdx was performed in vitro on 16-

HBE, NHDF, and MCF-7 cell models. In detail, cells were seeded on an 8 wells-plate at 

a cell density of 5×103 per well and cultured in DMEM for 24 h. Successively, the 

medium was replaced with 200 µL of CDs-PEG4-β-Cdx dispersion in DMEM (0.15 mg 

mL-1). After 24 h of incubation, the medium was removed and each well was washed 

three times with DPBS and fixed with a 4 % solution of buffered formaldehyde. Cell 

uptake images were recorded with a fluorescence microscope Axio Cam MRm (Zeiss). 
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