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Abstract 

 

Cancer is considered the leading cause of death and estimates assess that the new 

tumour cases will rise to 20.3 million per year with 13.2 deaths by 2030. 

For improving drug delivery, pharmaco-kinetics, bio-distribution and real-time tracking, 

the past decade research has been focusing into the development of new theranostic 

systems able to combine a therapeutic compound with an imaging probe in the same 

vehicle, able to selectively target cancer cells. 

In this work we developed microcapsules, combining the bioimaging properties of 

excitation-dependent fluorescent graphene quantum dots (GQDs) with therapeutics-

loaded microparticles functionalized by electrostatic Layer by Layer (LbL), using 

calcium carbonate (CaCO3) core as template. This approach is suitable for drug 

encapsulation in the core as well as incorporation of biomolecules in the coating as an 

attractive multi-modal strategy able to be tracked in vivo and real time. LbL technology 

has been widely studied and used in many different fields such as optics, electronic, 

biology and medicine thanks to its simplicity and versatility. Moreover, semiconductor 

Quantum Dots (QDs) have emerged as an interesting tool for bioimaging purposes but 

they presented biocompatibility lack. Recently carbon-based quantum dots have been 

discovered and applied as imaging probes to replace semiconductor QDs, thanks to 

their strong fluorescence, water and photo-stability and, mainly, high 

cytocompatibility. Therefore, in this work GQDs produced from green route, were 

adopted. Their morphology, physico-chemical and optical properties have been 

analysed via Transmission Electron Microscopy (TEM), Zeta-potential, Fourier 

Transform Infrared Spectroscopy (FTIR-ATR), X-ray Photoelectron Spectroscopy (XPS) 

and UV-Visible (UV-Vis), showing round-shaped structure, negative surface charge and 

excitation-dependent emission. Moreover, it was assessed their cytocompatibility via 

Live/Dead and Presto Blue assays, with high fibroblast viability up to 500 µg/mL 

concentration and cells ability to internalize the nanoparticles even at low 

concentration (50 µg/mL). Then, CaCO3 microparticles have been synthetized starting 

from calcium chloride (CaCL2) and sodium carbonate (NaCO3) reagents, optimizing the 

process in order to stabilize the CaCO3 vaterite form, to avoid the transformation into 
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calcite (more stable water suspension). To tackle this challenge 1 mg/mL of 

poly(styrenesulfonate) (PSS) was added to the reagents .Then, the manufactured 

particles were used as sacrificial template for the deposition of two biocompatible 

polyelectrolytes, Poly(allylamine hydrochloride) (PAH) (positively charged) and PSS 

(negatively charged), via LbL technique to create a nanocoating (shell) surrounding the 

inner CaCO3  particle (core). 

Subsequently, the GQDs were incorporated within the nanocoating after dissolution in 

PSS. The morphology and final size were investigated via Scanning Electron Microscopy 

(SEM) as well as the optical properties by using the Confocal Microscope. Following the 

LbL coating step, the CaCO3 core was dissolved in EDTA solution leaving the 

polyelectrolyte shell to obtain a hollow microcapsule interesting for further 

investigations regarding drug loading and delivery tests. 

Furthermore, as proof of concept, during the last period of the project we reduced the 

particles size, in order to reach the nanoscale. By dissolving the reagents in Glycerol 

(83.3% V/V) an average diameter of 700 nm was achieved. 
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Chapter 1. Introduction 

_____________________________________________________________________________ 

 

1.1 Cancer 

1.1.1 Cancer general features 

Cancer is a term used to indicate a group of diseases, characterized by abnormal cell 

growth and the ability to invade other tissues. The latter is the main difference with 

what is considered a benign tumour. Normally, cells divide, form new cells and replace 

those which have died. In a malignant tumour this process breaks down: cells tend to 

survive when they should die but at the same time their proliferation goes on, forming 

a tissue of damaged and old cells continuously growing (Golub et al. 1999) 

Cancers can invade other tissues: this may happen in the area surrounding the mass, 

or some diseased cells may enter the blood circulation or lymphatic system and start a 

new tumour in a completely different part of the body, far from the origin. This 

process is known as Metastasis and the new mass is called metastatic cancer (Figure 

1.1). This mechanism is considered the main cause of mortality, so an early detection is 

necessary to reduce the risks of death of the patient (Choi et al. 2012).   

An important difference between normal and cancer cells is that the latter are less 

specialized and do not have a distinct and specific function compared to the former, in 

Figure1.1 Metastasis formation: cancer cells spread through blood  
vessels or lymphatic system, reaching different areas of the body. 
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fact these do not mature into a specialized tissue.  

The main cause of cancer formation is of genetic origin; alterations in the DNA can be 

inherited from parents but also it can arise during a person lifetime. 

These changes affect genes regulating cells’ growth and division, as well as the 

suppression of abnormal proliferation and those genes able to fix DNA damages 

(Futreal et al. 2004).   

 

1.1.2 Cancer Hallmarks 

During tumour development, the cells tend to evolve and progressively acquire 

biological capabilities, enabling growth and metastatic cancer, called Hallmarks, that 

are the actual requirement for a mass to be considered a malignant tumour (Hanahan 

and Weinberg 2011) .  

These are: Sustaining proliferative signaling, Evading growth suppressor, Resisting cell 

death, Enabling replicative immortality, Inducing Angiogenesis, Activating invasion and 

metastasis (Figure 1.2). 

The first two are bound together as the first describes how cancer cells sustain a 

continuous proliferation and the second describes how cancer cells grow in such 

abnormal way, without stopping and without incurring in those signals supposed to 

interrupt the cell division.  

Moreover, as mentioned before, tumour cells with respect to healthy ones do not tend 

Figure 1.2 The six cancer hallmarks (Hanahan and Weinberg 2011) 
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to go through apoptosis, because they activate different strategies to avoid 

programmed death.  Healthy cells have a finite number of divisions beyond which 

chromosomes start to get damaged, so they go through a process that will kill them; 

tumour cells activate a sort of immortal status, allowing themselves to divide 

constantly.  

The growth of the mass is highly dependent on the surrounding vasculature, so 

upregulation of angiogenic growth factors and downregulation of inhibitors create an 

abnormal and disorganized system of vessels surrounding the tumour.  In fact, some 

may lack endothelial cells or basement membranes, and they have fenestrations of 

higher diameter with respect to a healthy vasculature (Dai et al. 2017). 

Finally, as a malignant tumour main feature is the ability to spread, the metastatic 

process activates initially the invasion of nearby tissues, then through vasculature 

development cancer cells start moving around the body and settle to form a 

metastatic cancer.  

The new cancer treatments where the research is moving aim to inhibit one of these 

hallmarks, in order to limit cancer growth and spreading, destroying one of the many 

pathway that leads to the formation and strengthening of the pathologic tissue 

(Hanahan and Weinberg 2000). 

 

1.1.3 Cancer statistics 

Based on demographic and economic data, it’s been estimated that by 2030 globally 

there will be 20.3 million of new cancer cases, compared to 12.7 million in 2008. 

Moreover the predicted death rate will rise from 7.6 million in 2008 to 13.2 million by 

2030 (Bray et al. 2012).   

In UK in 2016 almost 400,000 new cancer cases where registered with a survival rate of 

more than 10 years of 50% (Figure 1.3). (www.cancerreasearchuk.org) 

Given these alarming data, it is very important to find a way to detect cancer at an 

early stage, before metastasis occurs. So far the technology is not selective enough, 

having a poor rate of success, although when lung cancer, for instance, is found early 

the survival rate is 53%, but if this does not happen the percentage decreases to 4% 

(Choi et al. 2012). 
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1.2 State of the art: New advanced approaches for cancer 

treatment  

1.2.1 Theranostic approach 

Concept and strategies 

Nowadays, the research is focusing on the investigations of different strategies to 

integrate in a single nanometer-sized platform a therapeutic compound and an 

imaging agent, in order to obtain a specific and more personalised cancer therapy (Y. 

Ma et al. 2016). The interest is rapidly growing, as demonstrated by the constant 

increase in publications (Figure 1.4). 

 

Figure 1.3 UK Cancer statistics 
(www.Cancerresearchuk.org) 

Figure 1.4 Growing number of publications regarding theranostic 
systems between 2010 and 2015 (Y. Ma et al. 2016) 
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Most conventional anticancer drugs do not possess the necessary sensitivity and 

selectivity, fundamental to achieve the desired effect: chemotherapeutics,  poorly bio-

distributed throughout the body, can affect indistinctly sick and healthy tissue cells, 

moreover the biggest part is quickly cleared and expelled from the organism, causing 

the task to not be completely fulfilled. The assumption dose is consequently very low, 

allowing a small therapeutic window and a low rate of success. (Cui and Wang 2016, 

Choi et al. 2012, Masood 2016).   

The development of nanotechnology in the medicine field allowed the creation of new 

theranostic platforms which aim to overcome these problems, so to achieve a better 

selectivity and bio-distribution. Improvements in pharmaco-kinetics are accomplished, 

managing to overcome drug resistance mechanisms that cancer cells activate in 

response to chemotherapeutics and conventional therapies (Figure 1.5) (Masood 

2016). 

 

Many researchers have studied the different properties of drug carriers, particularly 

they investigated several materials and their ability to load a drug and respond to 

various external stimuli, such as pH change, temperature and light (X. Q. Liu and Picart 

2016a).   

Polymer nanoparticles, lipid-based systems, metallic, colloidal, amphiphilic are all 

carriers adopted in nanomedicine. These systems can act as drug carrier on their own, 

Figure 1.5 Advantages of Theranostic platforms. Improvements in 
drug delivery and bio-distribution are achieved; it’s possible to track 
the system and to combine various therapeutics in the same vehicle.   
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with a necessary functionalization step in order to impart targeting abilities to them. In 

other cases, they can be incorporated in bigger vehicles, which cargo will be released 

in situ (Choi et al. 2012). 

For example, amphiphilic self-assembled micelles are widely used as drug delivery 

system, thanks to their hydrophilic and hydrophobic domains; moreover, their 

nanometer size allow a long circulation and extravasation in tumour tissue. The 

hydrophobic core is perfect for loading hydrophobic drugs, such as paclitaxel, and the 

external shell allows blood circulation and potentially targeted delivery.  

Natural polymers such as hyaluronic acid, chitosan and chondroitin sulphate are used 

for manufacturing nano-sized micelles (Sabra et al. 2018). 

The theranostic approach brought improvements in all the phases of a therapy: drug 

delivery and distribution, drug release and clearance; the therapeutic window is larger 

compared to the conventional therapies, and cancer prevention is better. 

Furthermore, the potential to be stimuli-responsive gives the drug carrier the ability to 

control where and when to release the cargo, or to activate other treatment therapies. 

Chiu et al (Chiu et al. 2016) loaded doxorubicin onto Carbon Dots functionalized with 

Folic Acid to actively target cells (Figure 1.6). The loading efficiency was 80%, and the 

drug release profile was pH dependent: the group investigated the system behaviour 

at pH 7.4 and 5 in PBS buffer, determining a 62 % release at acidic pH after 72h 

compared to 25% at physiological conditions. 

Figure 1.6 Illustration of the pH-responsive drug releasing mechanism of the Folic Acid functionalized theranostic 
system: when reaching the cancer environment the ligand-receptor interaction allows the internalization of the 
drug carrier, which releases the cargo thanks to the acidic pH in the cytoplasm (Chiu et al. 2016) 
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As previously mentioned, a theranostic system includes a therapeutic compound in 

combination with an imaging probe. In fact, a major challenge is tracking the 

distribution of the drug carriers in the body: this strategy allows a non-invasive imaging 

thus to visualize the devices, the body distribution and the mechanism of cellular 

uptake as well as of drug release (Melancon, Stafford, and Li 2012). 

Fluorescent organic dyes have been largely used to follow them, although they do not 

possess a strong and stable fluorescence and they do not allow a specific and precise 

tracking having a broad light emission range. 

Given these drawbacks, semiconductor quantum dots have attracted a lot of attention 

as imaging agents, thanks to their tuneable and narrow wavelength light range 

emission in relation to the radius, their photostability and strong fluorescence 

(Goryacheva et al. 2015a).  

Han et al (Han et al. 2017) fabricated a gemcitabine drug-carrier for pancreatic cancer 

therapy, functionalizing the surface of CdSE/ZnS core-shell quantum dots, so to track 

their circulation in real-time.  

This is an example of how QDs can be used directly as drug delivery vectors, by 

engineering their surface with various coating strategies; in other studies the QDs are 

incorporated into the core of a vehicle (Q. Ma et al. 2007)or bound to the nanoparticle 

surface (AbdElhamid et al. 2018). 

Also Magnetic Resonance Imaging (MRI) contrast agents and Positron Emission 

Tomography (PET) imaging agents have been adopted for applications in theranostic 

systems. 

The theranostic strategy using nanostructures allows also a multi-modal approach, 

with the purpose to achieve a better result, a more precise selectivity, a better 

therapeutic window, and an in vivo tracking ability (Silva et al. 2019).  

The synergistic action of multiple therapeutics and various clinical approaches helps to 

overcome the drug resistance mechanisms that cancer cells develop; conventional 

therapies do not assure the arrival of different compounds in the same site, at the 

same moment and at a good dose to result effective.  

Abdelhamid et al (AbdElhamid et al. 2018) combined the effects of two hydrophobic 

drugs, celecoxib and rapamycin, inside the oily core of a nano-capsule. Their synergistic 

work would inhibit the exponential proliferation of breast cancer cells, enhancing the 
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cytotoxicity of the single drugs.  

Moreover, the surface of the carrier was functionalized with gelatin conjugated with 

CdTe QDs as diagnostic agent. A similar principle was adopted by Mattu et al (Mattu et 

al. 2018) where polyurethane nanoparticles were manufactured and, by exploiting 

hydrophilic and hydrophobic domains, they co-encapsulated Doxorubicin 

Hydrochloride (hydrophilic) and Docetaxel (hydrophobic). The results showed a higher 

accumulation of both the molecules in the cancer environment with respect to the 

drugs injected without carrier. In this case the imaging properties relied on Iron Oxide 

nanoparticles for MRI imaging.   

When talking about multi-modal strategy, it’s important to consider also those 

platforms that include a therapeutic agent and a clinical approach like hyperthermia or 

photothermal therapy. 

Some theranostic systems have incorporated magnetic particles, which can be 

targeted following a magnetic field and can also be used for hyperthermia treatment 

and imaging. For example, Zhang et al used Superparamagnetic Iron Oxide 

Nanoparticles (SPIONs), that possess targeting abilities, and that can also be used for 

hyperthermia and even allow a triggered drug release (Ming Zhang et al. 2016).  

In the same device, Gold nanoparticles were embedded so to achieve photothermal 

therapy that significantly enhanced the drug final effect, inducing apoptosis via 

temperature, as well as targeted delivery and imaging in the Near infrared region. 

In vivo studies showed an accumulation of the carriers in the diseased area, thanks to 

the particle size and the active targeting abilities. Bwatanglang et al (Bwatanglang et al. 

2016) compared the therapeutic effect of free drug and Folic acid functionalized drug 

carrier, noticing that in the latter the tumour mass decreased more than if treated with 

bare drug.  

This finding confirmed previous research proposed by Dreaden et al (Dreaden et al. 

2014) who managed to specifically target the cancer by exploiting the hypoxic 

environment and the Hyaluronan-CD44 ligand-receptor interaction. In fact, both in 

vitro and in vivo results show a high localization of the nanoplatforms in the tumoral 

environment, as well as a good cellular uptake thanks to the active targeting approach.  
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Table 1.1 Different theranostic platforms and their strategy in cancer treatment 

DRUG THERAPY VEHICLE IMAGING AGENT REFERENCE 

Gemcitabine / CdSe/ZnS QDs CdSe/ZnS QDs (Han et al. 2017) 

Doxorubicine/Docetaxel Synergistic action Polyurethan 

Nanocapsule 

SPIONs for MRI 

Photoacoustic 

Imaging 

(Mattu et al. 

2018) 

Celecoxyb/Rapamycin Synergistic action Polymeric 

Nanocapsule 

CdTe QDs (AbdElhamid et 

al. 2018) 

DOX / PEG-ZnO QDs ZnO QDs (Cai et al. 2016) 

Paclitaxel / Lipid carrier CdTe/CdS/ZnS  

QDs 

(Olerile et al. 

2017) 

DOX PhotoThermia, 

Photodynamic 

therapy 

Nanoparticle Photosensitizer 

(MRI & NIRFI) 

(Xue et al. 2018) 

DOX / Carbon Dots Carbon Dots & 

MRI 

(Chiu et al. 2016) 

5-Fluorouracil / Chitosan-Mn-ZnS 

QDs 

Mn-ZnS QDs (Mohammad et 

al. 2016) 

Paclitaxel Hyperthermia PEO-b-PCL 

nanocapsule 

SPIONs/ Gold NPs (Ming Zhang et 

al. 2016) 

Paclitaxel / SiO2 

nanocapsules 

ZnSe:Mn/ZnS 

QDs 

(T. Zhao et al. 

2017) 

 

 

Passive and Active targeting  

The main aim of the theranostic approach is a better selectivity, in order to achieve an 

improved and efficient delivery, avoiding side-effects, as well as to accomplish a better 

therapeutic result. 

The drug carrier requires some features to be actually considered “targeted”: to reach 

the interested area these systems need to circulate in the vasculature for an extended 
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period of time; also they have to be able to extravasate and accumulate in the cancer 

tissue and, finally, be able to release the drug in a controlled period of time, without 

incurring in burst release (Bae and Park 2011a). 

Nanocarriers can reach the interested area in two ways, passively and/or actively, and 

consequently the drug can be released in the outside cell environment or inside the 

living cell, after being internalize.  

Passive targeting is based on the leaky vasculature typical of a tumour, compared to 

the one of a healthy tissue (Figure 1.7).  

 

The latter has in fact a very compact endothelial tissue, slightly porous, which does not 

allow particles to pass through, while cancer tissue blood vessels are more porous, 

with interstitial spaces ranging from 100 nm to 800 nm, permitting the accumulation of 

nanocarriers in the tumoral environment. Moreover, a very slow and weak clearance 

helps the retention of the drug carrier. It has been proved that smaller particles (50 ÷ 

300 nm range) tend to avoid more easily the clearance (Bae and Park 2011a), 

compared to bigger ones.  

This concept is called Enhanced Permeation and Retention (EPR) Effect. 

For instance Feng et al (Feng et al. 2016) fabricated a carbon dots (CDs) – based drug 

delivery system coated with negatively charged PEG that allows a longer circulation 

time, avoiding clearance by the immune system and, at the same time, preventing a 

premature cell internalization. The CDs manufactured have an average diameter of 

Figure 1.7 Illustration of the EPR effect: the nanoparticles manage to extravasate and enter the tumor 
environment thanks to the leaky vasculature, typical of the cancer vessels. A healthy vessel has a 
compact endothelial wall, prohibiting the particles’ passage. 



11 
 

7nm. This platform is able to convert its surface charge in response to the more acidic 

pH in tumour extracellular environment. In fact, it’s been proven that the external 

charge plays an important role in order to enhance the cellular uptake of the nano-

carriers, being the cell membrane highly negative (around -70mv): studies have indeed 

focused to impart a positive charge to the particles (Poon et al. 2011). 

PEG has been widely used as antifouling agent, allowing a longer blood circulation 

time, without getting eliminated by the immune system. 

Moreover it’s cleavable at acidic pH and good for further functionalization thanks to its 

surface chemical groups (Xue et al. 2018).  

The second approach to enhance the selectivity of carriers is the Active Targeting 

which uses active ligands, bound on the surface of the nano-vehicles, in order to 

precisely target the diseased cells with more specificity (Figure 1.8). The particles are in 

this way able to enter the cells and release the cargo directly into the cytoplasm or the 

nucleus.  

It has been demonstrated that a ligand-conjugated nanoparticle is facilitated to reach 

the tumour extracellular environment and, successively, enter the cell with respect to 

a carrier not functionalized (Cai et al. 2016). 

From a general point of view, cells express on their membrane different receptors, 

proteins, antibodies, peptides; this expression varies according to the type of cell and, 

specifically, cancer cells over-express specific receptors: these peculiar features can be 

exploited, so to avoid non-specific binding (Masood 2016). 

Ligands can be peptides (Han et al. 2017), antibodies (Melancon, Stafford, and Li 

Figure 1.8 active targeted nanoparticle. The surface can be functionalized with peptides, antibodies, nucleic acids, 
polymers and ligands. Therapeutic compounds and imaging agents can be loaded into the carrier or deposited on the 
external surface. 
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2012), polysaccharides (AbdElhamid et al. 2018), Folic acid (T. Zhao et al. 2017) and 

other biological molecules.  

These surface functionalization strategies enhance the cellular uptake of the drug 

carrier. As example, Bwatanglang et al (Mohammad et al. 2016) noted that cell viability 

decreased when the membrane expressed Folate receptor (FR), ligand good for 

binding with Folic acid (FA), which they functionalized nanoparticles with. They 

suggested that the superior cellular uptake of breast cancer cells expressing FR was 

causing the cell viability to decrease with respect to normal cells not expressing FR. 

Furthermore, common use in research is the interaction exploitation between 

Hyaluronic Acid (HA) and CD44; at this regard Al-Nahain et al (Abdullah-Al-Nahain et al. 

2013) delivered Doxorubicin by conjugating it onto Graphene QDs, functionalized with 

Hyaluronan, able to bind to overexpressed CD44 receptor of cancer cell lines.  

Another widely used targeting ligand is biotin, able to recognize biotin receptors over-

expressed by cancer cells (Iannazzo et al. 2017). The functionalisation resulted in an 

enhanced cellular internalization, with consequent drug release inside the cell.  

Finally, the combination of both passive and active targeting would improve the drug 

delivery, imparting different properties to the vehicle. For instance Han et al (Han et al. 

2017) have coated nanoparticles with an external PEG layer, allowing long circulation 

but, when tumour tissue is reached, Matrix Metalloprotenases (MMPs) would shield 

the PEG layer so to expose the Arginine-Glycine-Aspartate (RGD) peptide, used as 

active targeting ligand. 
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1.2.2 Quantum dots 

Quantum Dots (QDs) are defined as semiconductor nanostructures, discovered in 1981 

but used for the first time in biomedical imaging in 1998. 

These devices have very peculiar optical and electronic properties, which allow them 

to be used for solar cells, computing and as imaging probes like LEDs, photodetectors 

and in bioimaging (Matea et al. 2017).  

Semiconductor materials are described by the band theory: they have a Valence Band, 

a Conduction Band and a Band Gap (Figure 1.9) (Jasieniak, Califano, and Watkins 2011). 

When a photon hits the quantum dot, the energy gain will cause the electron to jump 

from the valence band to the conduction band, leaving a hole where it initially was and 

generating an electron-hole pair. When the hole and the electron recombine, a photon 

is emitted, at a wavelength proportional to the size of the band gap (Freeman and 

Willner 2012). 

The small size of the particle allows the energy band levels to be quantized, giving 

them atom-like properties, which makes the tuning of the optical properties possible 

in relation to the diameter of the quantum dot (Matea et al. 2017).  

This is known as Quantum Confinement Effect.  

The higher is the diameter, the smaller is the band gap, so the energy (light) emitted is 

less or at higher wavelength and there is a shift towards the red of the spectrum. On 

Figure 1.9 Band Theory of semiconductor materials, Quantum 
Confinement Effect and light emission mechanism. As the QD diameter 
decreases the Band Gap Increases, emitting more energetic photons. 



14 
 

the other hand, the smaller is the diameter, the wider is the band gap so the energy 

required to the electron to jump in the conduction band is higher, and consequently 

more energetic, or at a lower wavelength, will be the photon emitted (shift towards 

the blue of the spectrum) (Jasieniak, Califano, and Watkins 2011). 

The main semiconductors used to produce Quantum dots are Cadmium, Selenium, 

Tellurium and they can have a single core structure or a core-shell structure. The 

former is easier and quicker to synthetize, although there might be surface defects 

that can cause energy ‘leaks’ (Cao et al. 2013) affecting the quality of the light 

emission; the latter provides some advantages, such as a higher quantum yield, solving 

the problem previously described, superior photoluminescence and protection against 

the environment. 

Another solution to enhance the semiconductor QDs properties is doping them with 

metallic ions such as Manganese (Mn2+ )or Cadmium (Cd2+) that would improve the 

nanoparticles fluorescence abilities as well as avoid self-quenching effect (Mohammad 

et al. 2016). 

Derfus et al (Derfus, Chan, and Bhatia 2004) showed that by capping CdSe 

semiconductor quantum dots, highly toxic if subjected to oxidation, with ZnS shell, the 

cell viability increased, without affecting the fluorescence properties. The 

functionalisation acts as a protection against the oxidative environment, but it does 

not eliminate completely the toxic effect under UV-light.  

On one side, semiconductor quantum dots have very attractive optical and electrical 

properties, on the other hand they have an inherent toxicity, due to their heavy metal 

composition.  

This drawback limits their application in the biomedical field as imaging probes. In fact, 

these materials tend to release free radicals that causes cell death, hence their 

cytotoxicity (Chiu et al. 2016).  
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Cadmium is a heavy metal commonly used to fabricate semiconductor quantum dots, 

in conjugation with Tellurium or Selenium (CdSe, CdTe) or other metals. As mentioned 

previously, these nanocrystals are not biocompatible, as Cd2+ Ions tend indeed to 

accumulate in the liver. Moreover, if illuminated by UV light the cell viability decreases 

as function of both QDs concentration and UV exposure time (Figure 1.10) (Derfus, 

Chan, and Bhatia 2004). 

 

Currently bioimaging is mainly performed via organic dyes, that bind to a specific 

biological molecule, so to color it.  

These fluorophores show a broad wavelength emission range and an instable 

fluorescence: consequently, the emission spectra of these staining tend to overlap, 

limiting the number of different fluorophores present in the same sample. Organic 

dyes also suffer of photobleaching and the self-fluorescence of some tissue may 

interfere with the detection (Sharma et al. 2006).  

With their size-tuneable emission, semiconductor QDs have improved this aspect 

showing a broad absorption wavelength range, so nanoparticles with different sizes 

can be excited by the same light, but would emit at different wavelengths (Nair et al. 

2017). 

The simultaneous detection of various analytes is an important target that research is 

trying to accomplish since organic fluorophores (FITC, GFP and others) do not allow 

this application.  

Figure 1.10 Cell viability comparison between bare CdSe and ZnS-capped CdSe: when coated the QDs' 
cytotoxic effects decrease. The UV exposure increases the ROS production, decreasing the cell viability 
(Derfus, Chan, and Bhatia 2004). 
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Through LbL assembly Qiang Ma et al (Q. Ma et al. 2007)  created multicolor 

microspheres, functionalized with different antigens, able to recognize specific 

antibodies: two types of CdTe QDs emitting at different wavelength, 600nm (orange) 

and 650nm (red), are incorporated onto the surface of polystyrene microparticles for 

immunoassays. The strength of this device is the ability to emit at the same time three 

different wavelengths at 520 nm (FITC), 600 nm and 650 nm (QDs), when excited with 

the same light at 488 nm.  

Semiconductor QDs have also been embedded in a single system with the purpose to 

improve their fluorescence and increase the emission intensity  

(Constantine et al. 2003); they have also been largely used in studies concerning drug 

delivery system, as carrier themselves or as imaging probes belonging to a bigger 

platform (Bwatanglang et al. 2016; Cai et al. 2016).  

 

Carbon-based nanostructures 

The drawbacks of Semiconductor QDs, such as their cytotoxic effect, have pushed the 

research to look for new and biocompatible systems for imaging living organisms.  

Recently, nanoscale configurations of carbon have gained a lot more attention, thanks 

to their biocompatibility and their luminescent properties comparable, if not better, to 

those of semiconductor quantum dots (Lim, Shen, and Gao 2015; Ding, Zhu, and Tian 

2014). 

The latter have been, and still are, a huge topic of research given their wide 

applicability and versatility, but particularly their tuneable optical properties, good for 

biosensing and bioimaging. Unfortunately, their metallic core induces cytotoxic effects, 

damaging tissues and prohibiting clinical applications.   

To tackle this fundamental problem, but obviously to maintain the same qualities, 

carbon-based nanostructures have been widely investigated. These materials exist in 

various morphologies and they are fullerenes, nanotubes, nanohorns, nanodiamond, 

nanodots and graphene derivatives (Figure 1.11). 
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Being carbon-based, these materials requires a functionalization or passivation step in 

order to impart them hydrophilic moieties, so being accepted by the whole organism, 

and enhance their fluorescence qualities (Ding, Zhu, and Tian 2014a). Carbon 

nanotubes are intrinsically able to emit light because of the presence of energy 

bandgaps dependent on their diameter (Cao et al. 2013), this is why their fluorescence 

abilities have been largely used in Biomedicine and cancer detection, compared to the 

fullerenes which most used imaging method is the MRI (D. Chen et al. 2015). 

Moreover, they can be used in photothermal therapy (PTT) of cancer, given their 

absorption in the infrared or near Infrared. 

These different structures are also a great tool for delivery a cargo, especially a drug, 

to a specific destination, creating a biocompatible theranostic system, thanks to their 

large surface area and surface functional chemical groups good for embedding 

biomolecules and for covalent bindings.  

 

Carbon and Graphene Quantum Dots 

Graphene quantum dots (GQDs) and Carbon Dots (CDs) are zero-dimensional carbon 

structures with fluorescent properties, as well as water solubility and photostability 

(Lim, Shen, and Gao 2015) and like semiconductor QDs, their optical properties are 

related to quantum confinement effects.  

Figure 1.11 Different Carbon-based nanomaterials and the potential applications 
 (Chen et al. 2015) 
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Their light emission has been widely studied by many researchers, who suggested two 

different emission mechanisms: bandgap transitions between conjugated π-domains 

and surface and edge defects on the particles (Lim, Shen, and Gao 2015; Zheng et al. 

2015; Cao et al. 2013). 

The former is based on the creation or induction of isolated sp2
 islands in order to 

exploit bandgap transitions between π-electrons. To this regard, a single graphene 

sheet is not photoluminescent because connections between π-domains in sp2
 islands 

tend to quench any emission; if it gets cut in smaller nano-sized pieces, the quantum 

confinement and the features above mentioned would make them fluorescent (Cao et 

al. 2013; Z. Wang et al. 2016). 

The latter relies on non-perfect sp2 and sp3 domains that act as energy traps able to 

absorb and release light. Together these two mechanisms make carbon-based QDs 

useful as imaging tools in various applications.  

However, the quantum confinement has not been completely defined for this class of 

material. What is clear, is that the final product is often very heterogeneous for what 

concerns the size, consequently GQDs and CDs properties are highly influenced from 

the fabrication procedure (Zheng et al. 2015). 

Both nanoparticles have surface functional groups and defects that depend on the 

synthetic procedure, which can consequently affect their morphology and 

physicochemical properties (Figure 1.12) (Zheng et al. 2015; Cao et al. 2013). 

An important feature that makes them attractive for application in biomedicine is the 

ability to emit in the Near Infrared (NIR) region which is the wavelengths range where 

the light has its maximum depth of penetration in tissues (Sharma et al. 2006).  

Another interesting aspect of both nanoparticles is their excitation-wavelength 

Figure 1.12 Carbon Quantum Dot, sphere-shaped with surface passivation 
to enhance fluorescence. Graphene Quantum Dots with the peculiar 
honeycomb structure like graphite. 
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dependent emission spectra: compared to semiconductor QDs, that emit different 

colors in relation to their radius, carbon-based materials change emission in response 

to the exciting light (Figure 1.13 a).  

However, uniform sized GQDs have been synthesized and they do not possess 

excitation wavelength dependent photoluminescence (Mo Zhang et al. 2012;Chiu et al. 

2016).  

Also, Iannazzo et al (Iannazzo et al. 2017) achieved a similar result, suggesting that the 

like semiconductor QDs, the uniform size would limit the emission wavelength range.  

In fact, when exciting with light ranging from 340 nm to 410 nm, the emission 

remained unshifted (Figure 1.13 b).  

 

In literature is possible to find red (Zifei Wang et al. 2017), blue (Pan et al. 2010), 

yellow (Mo Zhang et al. 2012), green (Lei Wang et al. 2014) emitting carbon-based 

QDs; although the same quantum dot is able to emit at different wavelength, even 

when phagocyted by a cell (S. Zhao et al. 2015) (Figure 1.14).  

CDs and GQDs possess similarities, especially chemically, but they are structurally 

dissimilar, being the first quasi spherical particles, while the second are quite similar to 

graphene sheet, although they can have more than one layer (Zheng et al. 2015). 

 

Figure 1.13 Photoluminescence spectra of carbon-based QDs. a) excitation-dependent emission (Nair et 
al. 2017) b) excitation independent emission (Chiu et al. 2016) 
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The synthetic routs to obtain Carbon Dots and GQDs are basically two: Top down and 

Bottom up (Figure 1.15).  

The first one consists into cutting large carbon domains into smaller particles, starting 

from graphene sheets (Pan et al. 2010), graphene oxide (Nair et al. 2017a), carbon 

fibres (Abdullah-Al-Nahain et al. 2013), carbon nanotubes (MWCNT) (Iannazzo et al. 

2017) and other precursors.  

The Bottom Up route is conducted by pyrolysis or carbonization of organic molecules, 

such as citric acid (Pierrat et al. 2015a) or glycerol (C. Liu et al. 2012).  

However, these methods do not allow a large-scale production and cannot assure a 

narrow size distribution; moreover, these cannot guarantee the quality of the 

produced particles regarding edge and surface defects, which influence the final 

optical and electronic properties of the QDs (Liang Wang et al. 2016a).  

Furthermore, bare CDs possess a relatively weak light emission, compared to 

semiconductor QDs and GQDs, but through a surface passivation step, usually 

conducted after the nanoparticle synthesis, their fluorescence is sensibly enhanced 

(Cao et al. 2013). 

Many researchers in order to improve the optical properties and at the same time 

optimizing the synthesis of CDs, have proposed a single step synthetic approach, which 

saves time imparting different moieties to the nanoparticles during the fabrication 

process. For instance, Liu et al (C. Liu et al. 2012) manufactured CDs passivated with 

Polyethylenimine (PEI) through microwave assisted pyrolysis of Glycerol in the 

Figure 1.14 CDs internalized by cells and excited at different wavelengths. a) 
brightfield image b) 330-385 nm c) 450-480 nm d) 510-550 nm. Scale bar: 50 
µm  (S. Zhao et al. 2015) 
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presence of PEI. In this way time was saved, the produced nanoparticles are already 

passivated and possess bright and excitation-dependent fluorescence, good for 

biolabeling. 

 

 

Different agents have been consequently used to functionalize these particles, 

PEG1500N (Anilkumar et al. 2013), polyallylamine (PAA) and PropionylEthyleneImine-co-

EthyleneImine (PPEI-EI) (Y. Wang et al. 2011). 

Wang et al (Zonghua Wang et al. 2013) have passivated green-emitting GQDs with 

PEG, in order to enhance their PhotoLuminescence (PL), obtaining a final quantum 

yield of 18.8%.  They also demonstrated that by binding PEG, the surface area 

increases, which would make the nano-particles able to load high amount of drug. 

Moreover, PEG improved their solubility and without it, the emission peaks did not 

move but decreased in intensity. Other studies demonstrate the high internalization of 

these systems, but the PEI and PPEI-EI passivation increase the cytotoxic effect (Y. 

Wang et al. 2011). 

A new wave of synthetic routes, so called “Green Routes”, consists in a combination of 

the two approaches, bottom up and top down, while starting from food waste such as 

rice husk, garlic or coffee. The basic idea is to create sp2
 carbon sheets via bottom up 

Figure 1.15 Schematic illustration of Top Down and Bottom Up methods. The former uses a large carbon 
source that gets cut in small nanostructures. The latter begins from an organic precursor, irradiated with 
energy that leads to nucleation and synthesis of QDs. 



22 
 

method and subsequently cut them into GQDs via top down (Zhaofeng Wang et al. 

2016).  

This procedure avoids the use of toxic reagents, thus being completely 

environmentally friendly.  

As said before, the synthetic process applied to fabricate carbon quantum dots 

influences the final properties of the product: electrochemical, sonochemical, 

hydrothermal approaches have been applied in the production (Table 2). 

The properties that these different methods influence are especially the surface 

functional groups of the particles, which can make them water soluble or more or less 

good for further functionalization. 

 

Table 1.2 Various carbon-based QDs source and the respective manufacturing methodology. 

PRECURSORS METHODS REFERENCE 

Citric Acid Thermal Pyrolisis (Feng et al. 2016) 

Citric Acid & bPEI25k Microwave pyrolisis (Pierrat et al. 2015a) 

Glycerol & bPEI25k Microwave Pyrolisis (C. Liu et al. 2012) 

MWCNT Acid Exfoliation (Iannazzo et al. 2017) 

Graphite Electrochemical (Mo Zhang et al. 2012) 

Coffee Hydrothermal (Liang Wang et al. 2016a) 

Garlic Hydrothermal (S. Zhao et al. 2015) 

Rice husk Hydrothermal (Zhaofeng Wang et al. 2016) 

Graphene Oxide (GO) Photo-Fenton reaction 

Sonochemical 

(Wu et al. 2013a); (Nair et al. 

2017a) 

 

 

For instance, via hydrothermal method, GQDs were synthesized from rice waste and 

thanks to the introduction of oxygen containing groups, like epoxide, these carbon 

dots show very good aqueous stability long term: it has been proven that there is no 

sign of precipitation after 3 months of water dispersion. The PL properties are also 

largely affected by reagents and temperatures: quantum yield and the color emission 
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depends on it (Lei Wang et al. 2014).  

Zhang et al (Mo Zhang et al. 2012) fabricated GQDs of 5 to 10 nm average size, 

adopting an electrochemical method. Starting from graphite electrolysis first and then 

treating the product with hydrazine hydrate at room temperature, they produced 

uniform sized, water soluble and yellow fluorescent nanoparticles: these properties 

have been associated with the creation of hydrazide groups on the surface, as 

consequence of the reduction of oxygen-containing groups. The hydrazide groups act 

as light absorbers and do not allow an excitation-dependent emission, alongside the 

uniform size, but allow a stable and strong photoluminescence.   

GQDs, given to their extraordinary properties, have an enormous potential in the 

biomedical field as imaging probes alone or in a theranostic system in anticancer 

therapies.  

These carbonaceous materials are perfectly suited for application in nanomedicine, in 

combination with therapeutic compounds: their high surface-area, mechanical 

strength, photoluminescence and possibility to be chemically modified attract lot of 

interest (D. Chen et al. 2015). 

GQDs can enter the cell, accumulate in the ER and eventually getting inside the 

nucleus, given the fact that the ER is a contiguous with the nuclear membrane. It’s 

been also proven that the main pathway that GQDs take to pass through the cell 

membrane is via caveolae-mediated endocytosis, finally also entering the nucleus (Wu 

et al. 2013a). Furthermore, it was assessed the cytotoxicity of GQD, comparing them 

with graphene oxides sheets, via flow cytometry and MTT assay: the former is less 

toxic, due to a lower introduction in the cells of Reactive Oxygen Species (ROS), 

compared to the latter (Wu et al. 2013a).  

Surface functionalization of CDs and GQDs is an attractive strategy to impart targeting 

moieties to the nanocarriers, and surface-active groups make this approach 

particularly suitable. Nahain et al (Abdullah-Al-Nahain et al. 2013) functionalized GQDs 

by conjugating them with HA, so to actively target cancer cells via CD-44 ligand-

receptor interaction. The HA was previously conjugated with Dopamine so to improve 

the anchoring between the nanoparticles and the Glycosaminoglycan (GAG): by 

analysing confocal microscope images, the group assessed that the functionalization 

improves dramatically the cellular uptake of the GQDs, particularly for cancer cell lines.  
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Drugs like Doxorubicin (DOX) have been loaded onto the particles, conjugating through 

electrostatic and hydrophobic interactions (Chiu et al. 2016). Cell viability assays were 

conducted to understand the cytotoxicity of bare GQDs, functionalized GQDs and drug 

loaded: concentration dependent toxicity was demonstrated as well as the efficacy of 

DOX loading and release. 
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1.2.3 Layer by layer technology 

General features and different LbL-based technologies  

Surface chemical modification is a very important step in order to improve a substrate 

optical, electrical and mechanical properties, as well as biomaterials and medical 

devices interaction with the surrounding environment and consequently their 

performance, without affecting other tissues (Joseph J. Richardson et al. 2016).  

A procedure that has received a lot of interest in the past few decades is the Layer by 

Layer (LbL) assembly, a process based on the alternative deposition of polyelectrolytes 

(Pes), oppositely charged, creating on a substrate surface nanofilms of controlled 

thickness (Figure 1.16). These materials have indeed an electrolyte group that, 

following its dissociation in water, imparts them a charge, positive or negative. 

 

In a general LbL process, a pre-charged substrate is immersed in the oppositely 

charged PE which is adsorbed on its surface in small quantity. This is followed by a 

washing step in water, to remove any unbound polymer and to avoid cross-

contamination between the solutions. Subsequently the material is dipped in the 

solution of the second PE, creating the first bilayer and then again in water. This 

procedure is repeated as many times as number of bilayers are required (Figure 1.17).  
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Figure 1.16 Alternative deposition of oppositely charged polyelectrolytes on a pre-charged substrate 
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The simplicity and versatility of this procedure is what makes it particularly attractive, 

confirmed also by the numerous fields in which it is utilized: catalysis, optics, energy, 

membranes and biomedicine (J. J. Richardson, Bjornmalm, and Caruso 2015). The 

layers deposited have a controlled thickness in the nanoscale, which ensure the 

efficacy of the functionalization without sensibly affecting the substrate size. 

The kinds of substrate that can be coated by electrostatic LbL are different: planar and 

curved ones, micro and nanoparticles and fibers as well.  

For instance, Xiankai Li et al (X. Li et al. 2018) engineered spider silk fibers by 

alternating deposition of positive Bovine Serum Albumin (BSA) and negative Graphene 

sheats, in order to create a motion and humidity sensor, sensitive to the smallest 

vibrations, able to translate those mechanical stimuli in electrical signals.  

In another work Gai et al (Gai et al. 2018) used a Polystyrene substrate, moulded on a 

PDMS master, as a sacrificial template on which oppositely charged materials are 

deposited to generate a free-standing self-assembly structure.  

There are different factors influencing the final output of the LbL deposition and the 

multilayer growth. For example Chai et al  (Chai et al. 2017a)coated PLGA 

nanoparticles with multilayers of Chitosan and Alginate, deposited by dissolving the 

sphere in solutions of the PEs, and washing through various centrifugation cycles.  

They assessed the amount of bound PE in relation with the adsorption time, 

determining that after 20 minutes the remaining alginate in the supernatant is the less. 

They have also studied the coating weight changing PE concentrations, NaCl molarity 

and temperature, reporting that multilayer growth increases with polyelectrolyte 

concentration as well as NaCl concentration and that at physiological temperature the 

Figure 1.17 Illustration of the immersive Layer by Layer 
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deposition achieves better results than lower temperature. The solutions’ pH is an 

important parameter that would influence the layer thickness, and an increase or a 

reduction in pH depending on the polyelectrolyte charge density would change the 

ionization state of the polymers (Saqib and Aljundi 2016).  

The versatility is also extended to the kind of materials deposited, with respect to the 

application: polymers, proteins, lipids, nucleic acids, nanoparticles can all be used as 

surface coatings. 

 

Table 1.3 Different polyelectrolytes deposited on various substrates through LbL electrostatic assembly 

POSITIVE NEGATIVE SUBSTRATE REFERENCE 

BSA Graphene sheats Silk fibers (X. Li et al. 2018) 

Chitosan Alginate PLGA NPs (Chai et al. 2017a) 

PEI, Chitosan, PLA siRNA Polystirene NPs (Z. J. Deng et al. 2013) 

PLL Hyaluronan (HA) Polystirene NPs (Dreaden et al. 2014) 

PAH PSS CaCO
3 

MPs (Volodkin et al. 2004) 

PLL/Chitosan HA/Dextran Sulfate/PAA Polymeric NPs (Morton et al. 2013) 

PAH PSS & CdTe QDs Polystirene NPs (Q. Ma et al. 2007) 

PEI/Chitosan CdTe/oligodeoxyynucleotide MWCNT (Jia et al. 2007) 

PLL CdSe/PSS Polyacrolein MPs (Generalova et al. 2011) 

 

 

Deng et al (Z. J. Deng et al. 2013) engineered polystyrene nanoparticles for cancer 

treatment by alternating the deposition of negatively charged siRNA and a polycation 

(Figure 1.18). The group studied different combination, in order to exploit the gene 

and drug delivery: Polyethyleneimine (PEI), Chitosan, poly-β-amino ester and poly-

arginine were all investigated, finding in the last one the best siRNA loading. 

Also, different works exploited the charge of nanoparticles, depositing them on 

different substrate for various applications like biomedicine and chemistry (Ghosh and 

Bürgi 2013; Constantine et al. 2003). 
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The big drawback of this methodology is the fact that is very time-consuming and 

operator dependent: scaling up the process and advancing to automated systems is 

being an important research topic in this decade (J. J. Richardson, Bjornmalm, and 

Caruso 2015). 

These limitations pushed the research groups to find new tools that aim to 

manufacture multilayer nanofilms on different-shaped surfaces, but in a quicker and 

more reproducible process. These methods can be summarized in 4 categories: Spray, 

Spin, Electromagnetic and Microfluidic Layer by Layer.  

A new strategy to deposit oppositely charged PEs on substrate is spraying the 

materials directly on the surface, alternating each step with a washing one spraying 

deionized water (Figure 1.19).  

This technique is much faster than the dip coating method, allowing the deposition for 

just few seconds compared to the minutes of the other approach. (Dierendonck et al. 

2014; J. J. Richardson, Bjornmalm, and Caruso 2015) 

The results are very similar to those obtained with the more used immersive LbL, 

covering the surface homogeneously and almost instantly, and it has demonstrated 

that even without washing is possible to obtain well organized and regular multilayers, 

although the rinsing step makes them thicker, probably due to a sort of rearrangement 

of the polymer chains (Dierendonck et al. 2014; J. J. Richardson, Bjornmalm, and 

Caruso 2015). 

Figure 1.18 A) Scheme of the drug-loaded nanoparticle coated through LbL, using siRNA as 
polyanion and various materials as polycation. B) TEM images clearly showing the core-shell 
structure. (Deng et al. 2013) 
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Morton and coworkers (Morton et al. 2013), for example, used the spray technique to 

coat PLGA nanoparticles stored on a planar polyester support film, depositing 

Hyaluronan and PLL. Each deposition step took only 3 seconds, with 3 seconds of 

washing. The film deposition was confirmed by Atomic Force Microscopy (AFM) and 

Dynamic Light Scattering (DLS), that showed the maintenance of particle shapes with 

an increase in height of    ̴5 nm.  Moreover, they observed that a conformal coating 

surrounding was achieved around the entire NP, even if a side of the particles was not 

accessible.  

Spray technique can also be used in combination with the dip-coating method (Gai et 

al. 2018), but as already demonstrated by many different researches, the advantage of 

the latter is the quick polyelectrolyte deposition and rinsing (seconds) compared to the 

other method (minutes).  

The Spin LbL is an innovative approach consisting into using a spin coater to rapidly 

rotate the substrate on which the polyelectrolyte sequence is injected. This allows a 

very quick film deposition, in the order of seconds (J. J. Richardson, Bjornmalm, and 

Caruso 2015; Vozar et al. 2009; Saqib and Aljundi 2016). 

The structure that the spin LbL allows to achieve are highly organized in comparison 

with the traditional dip coating process and the spray technique (Figure 1.20).  

Figure 1.19 Scheme of the Spray LbL technique (Saqib and Aljundi 2016) . Steps 1 and 3 
illustrate the polyelectrolytes deposition, while steps 2 and 4 the rinse passages. 
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This is explained by analyzing the different forces governing the deposition, from 

centrifugal and viscous forces and electrostatic attractions [LbL_review2016]. In fact, 

the quick removal of water from the polyelectrolyte solutions allows a better 

organization of the chains and a smoother substrate. Furthermore, the high speed 

allows a control over the thickness and the final surface morphology.  

Electromagnetic and fluidic LbL are two very attractive approaches regarding the 

applications, allowing new methods of assembly; unfortunately, the equipment is 

difficult to possess, and the expertise are needed. 

The coating mechanism adopted by the former is based on the application of an 

electric or magnetic field in an electrolytic cell; the force produced would move the 

charged polymer that deposits on the oppositely charged electrode. This is known as 

electrodeposition (Xiao et al. 2016) (Figure 1.21 a). Like immersive LbL, the electrodes 

are subsequently washed and introduced in the other polyelectrolyte solution. 

Also magnetic particles may be used as building blocks (Joseph J. Richardson et al. 

2016).  

The fluidic LbL assembly (Figure 1.21 b), like the electromagnetic technology, is an 

attractive method to coat different substrates with nano-sized layers and high-

throughput, but the equipment is expensive and hard to fabricate.  

Figure 1.20 Comparison between the layer deposition in the immersive and Spin LbL. The 
former creates a disorganized structure in which the polyelectrolytes mix together. The 
latter instead creates a well organized architecture with the final film well stratified (J. J. 
Richardson, Bjornmalm, and Caruso 2015). 
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Vacuum or pressure are the two main methods to move fluids in tubes or microfluidic 

devices, often manufactured “on chip”; capillary forces are also used to move the 

solutions, easy to implement given the absence of active devices like pumps, but it 

doesn’t allow a dynamic control over the deposition. It’s an interesting methodology 

that can coat surfaces placed inside fluidic channels or even deposit multilayers on the 

capillary walls (J. J. Richardson, Bjornmalm, and Caruso 2015; Xiao et al. 2016). 

Beside the applications just mentioned, microfluidic assembly has also been used in 

the fabrication of artificial-cells, coating droplets containing biomolecules with lipids 

which would constitute the membrane (Elani 2016). 

 

 

 

LbL application in Nanomedicine 

LbL has been widely studied in the biomedical field, but only recently this technique 

has been applied in nanomedicine, improving nano-materials stability and interaction 

with the living organism at the nanoscale.  

This technology is also a great tool for giving active targeting abilities to nanoparticles, 

as well as allowing these to release a cargo like a specific drug in a controlled way 

(Poon et al. 2011). These nanoplatforms and implants need to be hidden from the 

immune system, which would recognize them as foreign bodies and consequently 

rejected.  

Applications in the theranostic field are very attractive: Dreaden et al (Dreaden et al. 

2014) deposited poly-L-lysine (PLL) and Hyaluronic Acid (HA) on polystyrene 

Figure 1.21 Representation of the electrodeposition and 
microfluidic LbL. (XIAO et al. 2016) 
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nanoparticles, conferring to them targeting abilities; in fact, hyaluronan, and other 

GAGs, selectively bind to cell-surface receptor CD44 overexpressed by cancer cells.  

By controlling the number of layers deposited, it’s possible to control the amount of 

drug loaded as well as the consequent release. 

Investigations are focusing on creating controlled drug release systems, which allow a 

more specific therapeutic effect avoiding premature drug release which can damage 

healthy tissue and, obviously, will decrease the amount of agent reaching the tumour 

and the final efficacy (X. Q. Liu and Picart 2016a).  

Some works used LbL assembly to incorporate in scaffold proteins, like grow factors 

such as Bone Morphogenetic Protein 2 (BMP-2) with the duty to direct progenitor cells 

to create bone (Macdonald et al. 2011). In fact, the LbL allows a higher amount of 

biomolecules to be entrapped, so to prolong the effect with a sustained release and 

improve the efficacy.  

Vascular prosthesis is a class of devices that requires a careful surface engineering, in 

order to avoid thrombogenicity and infections, and it must resist to numerous 

mechanical stresses. The LbL imparts all these different requirements to the implant, 

by combining different materials and their properties (Rinckenbach et al. 2008).  

Thanks to the versatility of the LbL technology, the substrates have different shapes, 

different material and may be coated with various polyelectrolytes and building blocks.  

Jia et al (Jia et al. 2007) functionalized multi walled carbon nanotubes (MWCNT) via 

electrostatic LbL, with antisense oligodeoxynucleotides, in order to down regulate the 

expression of some genes, and CdTe QDs for tracking the distribution of the platform 

real time. The system cell internalization was examined via confocal microscope: the 

device was found in the cytoplasm (without the nucleic acid) and in the nucleus (with 

the nucleic acid). This demonstrated the suitability of the LbL to delivery biomolecules 

for gene therapy, in order to inhibit protein expression. 

LbL allows the creation of a shell sensitive to different stimuli: chemical, such as PH, 

solvents and electrochemistry and physical, such as temperature, light and others. 

Indeed, it’s well known that the tumour environment has a slightly acidic pH (6.5) 

(Dreaden et al. 2014) compared to the rest of the body (7.4), so it’s possible to exploit 

this variation by giving to drug delivery systems the ability to degrade when pH gets 

lower.  
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Poon et al (Poon et al. 2011) deposited PLL and poly(ethylene glycol) (PEG) on a 

negative charged nanoparticle, via electrostatic assembly, exploiting the neutravidin-

iminobiotin bond. This linkage would decompose at acidic pH, allowing a charge-based 

cellular internalization between the positive PLL and the negative cell membrane.  

The deposition of nano-films over a sacrificial template is an interesting application of 

the electrostatic LbL: after the coating deposition the template is dissolved leaving a 

shell of alternatively charged polyelectrolytes (Figure 1.22).  

 

This strategy has been largely applied on particles, in order to obtain micro and 

nanocapsules, with controlled size, composition, porosity and stability (Johnston et al. 

2006). 

Cadmium carbonate, manganese carbonate (Antipov et al. 2003), calcium carbonate 

(Volodkin et al. 2004; Won et al. 2010) and other colloidal particles were used as the 

sacrificial template that, after being covered by a multilayer film, is selectively 

removed when suspended in a peculiar solution of EDTA or other acids. 

This approach creates a sort of environment separated from the rest, so the cargo can 

be protected from any kind of degradation, giving more time the vehicle to reach the 

target, improving the solubility in water environment and potentially impart the ability 

to be tracked (Volodkin, Larionova, and Sukhorukov 2004; Kittitheeranun et al. 2015). 

The microcapsules can be loaded with different compounds and agents. In fact, some 

studies have incorporated in the core QDs for bioimaging (Liao et al. 2016) or drugs like 

Figure 1.22 Coating process of a particle that in the last step is dissolved, leaving a 
hollow capsule (Johnston et al. 2006) 
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Curcumin (Kittitheeranun et al. 2015) and, thanks to hydrophobic interactions, 

diffusion and a large surface area. Interesting is the use of biomolecules as 

polyelectrolytes, so to potentially use a multi-modal strategy by incorporating also a 

drug inside the capsule. 

Different polyelectrolytes have been investigated: PAH/PSS bilayers are definitely the 

most used, Poly(diallyldimethylammonium chloride) PDMAC as polycation 

(Kittitheeranun et al. 2015)and also DNA strands (Liao et al. 2016) able to degrade at 

acidic pH and allowing the exit of the cargo.  

 

  



35 
 

1.3 Aim and Objectives of the work 

The main aim of this project is to use the immersive LbL technology in order to coat 

CaCO3  microparticles in combination with GQDs, as imaging probes and drug release 

systems for the development of a suitable theranostic platform. 

The work is overall based on exploiting the efficacy of the LbL technique, in order to 

create a core-shell structure in which the core is finally dissolved through EDTA, 

creating a hollow capsule (Figure 1.23).  

Finally, we aimed to optimize the synthesis protocol of the CaCO3 particle in order to 

obtain stable nanometer-sized spheres, good for a potential passive targeting effect.  

OBJ1: Assessing the chemical, physical and optical properties of GQDs. Elements and 

surface functional group were investigated by FTIR-ATR and XPS as well their 

fluorescence and absorbance. The morphology and size were analysed via TEM. 

OBJ2: GQDs cytocompatibility assessment to make sure that the imaging probes did 

not cause any cytotoxic effect. Live/Dead cell viability assay and Presto Blue Viability 

assay were performed at different time points with different GQDs concentrations 

seeded with Y201 Immortalised Mesenchymal Stem Cells (MSCs) and Fibroblasts. 

OBJ3: Optimisation of the CaCO3 microparticles synthesis process, in order to create 

stable sphere-shaped structures. The creation of nanoparticles has also been 

conducted, in order to prove the suitability of this strategy for a potential drug delivery 

system with passive targeting abilities. 

OBJ4: LbL assembly as a coating strategy for micro & nanoparticles functionalisation, 

with the purpose to create a strong shell that would protect the inner cargo when the 

core is finally dissolved and to impart tracking abilities to the particles with the GQDs.  

 

Figure 1.23 Schematic illustrations of the CaCO3 functionalisation with PAH and PSS, the incorporation within the layers of the GQDs and 
the final inner core dissolution 
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Chapter 2: Manufacturing protocols and characterisation 
_____________________________________________________________________________ 

 

2.1 Materials 

All the regents, if not differently stated, were purchased from Sigma Aldrich (UK). 

Calcium Carbonate (CaCO3) has been synthesised from Sodium Carbonate (NaCO3), 

Calcium Chloride (CaCl2). One of the synthesis process was conducted in Glycerol. 

For the multilayer deposition, the polycation poly(allylamine hydrochloride) (PAH, Mw 

120,000 Da),  the polyanion poly(sodium 4-styrenesulfonate) (PSS Mw 70,000 Da), 

Sodium Chloride (NaCl) , Chloridric Acid (HCl), Sodium Hydroxide (NaOH), 

(Ethylenedinitrilo)tetraacetic acid (EDTA) have been used. Graphene Quantum Dots 

(Pr. Number 900708) have been purchased as comparison with the in-house GQDs.  

For cells culture, Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% 

fetal bovine serum (FBS), 5000 U/mL penicillin/streptomycin and 1% Glutamine (Lonza, 

UK) and Dulbecco’s phosphate-buffered saline (PBS). 

 

 

2.2 Manufacturing Methods 

2.2.1 CaCO3 microparticles synthesis 

Following a previous protocol reported in literature (Volodkin et al. 2004), Calcium 

Carbonate microparticles have been fabricated using CaCl2 and Na2CO3 as precursors 

at the same molarity, 0.33 M, and with same volume. The reagents were initially 

solubilized in deionised water (dH2O) separately and the solution of Na2CO3 was 

rapidly poured into the CaCl2 solution under constant and intense mixing, over a 

magnetic hot plate at room temperature (RT).  

This reaction was conducted for three different time points: 2, 5 and 10 minutes. 

When the process was concluded, the product was left to rest for 60 seconds, poured 

into a falcon tube and centrifuged three times in dH2O in order to separate the CaCO3 

from the supernatant and to clean it from any unreacted residuals. Subsequently the 

final product was left to dry at RT or in incubator at 37°C.  
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In another synthesis procedure, PSS (1mg/mL) (Imai et al. 2012) was dissolved into the 

Na2CO3 before the reaction. Different temperatures have been also investigated (RT 

and 35°C).  

In this optimised protocol the stirring was carried out for 100 seconds without resting 

phase, but immediately centrifuging and washing the product in dH2O.  

 

2.2.2 Nanoparticles synthesis 

As a proof of concept, the fabrication of particles with a smaller size range, potentially 

nanoparticles, has been conducted. The same reaction explained in the par 2.2.1 has 

been carried out and the precursors solution were prepared at higher molarity (1M).  

In order to obtain particles with a nanometric size, we investigated as well the 

influence of glycerol as reported in literature (Trushina, Bukreeva, and Antipina 2016). 

The salt concentration adopted was 0.1M, with 83.3% v/v of the polyol and two 

different stirring times (2 and 50 minutes). One synthesis was carried out with the 

addition of PSS (dissolved in Na2CO3) at 1 mg/mL concentration for 50 minutes.  

The first centrifugation was conducted for 5 minutes at 4000 rpm, while the 3 

subsequent in dH2O for 2.5 minutes at 900 rpm. The final product was dried in 

incubator at 37°C.  

 

2.2.3 Polyelectrolyte deposition 

Aqueous solutions of both polyelectrolytes (PSS and PAH) were prepared in 0.5M NaCl. 

The washing steps were carried out in 0.05 M NaCl water solution and the pH of all the 

solutions was titrated at 6.5 with the addition of NaOH and HCl (0.1M and 0.5M). 

The LbL-assembly procedure (shown in Figure 2.1) was conducted changing different 

parameters: polyelectrolytes concentrations (2 mg/mL and 5 mg/mL); time and 

method of deposition; amount of material (25mg, 50mg, 100mg); number of 

centrifugation steps and the respective durations and rpm.  

The CaCO3 microparticles were dissolved in the polyelectrolyte solutions (10 mL every 

100 mg of CaCO3 powder), starting with the polycation (PAH) for 15 minutes of 

immersion; then a first centrifuge of 2 minutes at 1200 rpm was carried out to remove 
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the excess polyelectrolyte followed by two washing steps (2.5 minutes at 1200 rpm) in 

dH2O.   

Before the last centrifugation step a small amount of functionalized powders was 

removed in order to measure the corresponding Zeta potential.  

After the LbL procedure the obtained product was dried at 37°C and then kept in the 

fridge for further tests. 

 

2.2.4 Graphene-based QDs synthesis 

GQDs were synthesised as described in previous work (Roy et al. 2014). Briefly 250 mg 

of tea waste and 10 ml of ultrapure water were boiled in water at 80°C for 1 hour, 

followed by centrifugation at 12 000g for 10 min to remove any remaining solid 

residues. Subsequently the supernatant was filtered through a 0.22 mm membrane 

and then stirred and sonicated for 30 min at room temperature (25°C). This solution 

was then reacted in an autoclave at a temperature of 250°C for 8 h. The precipitate 

was carefully discarded after being cooled down to RT and then centrifuged at RCF  

25 000g for 20 min, and the supernatant was collected and washed twice. Dialysis was 

then performed (cutoff 3.5 kDa) for a duration of 3 h and the product was dried 

overnight at 60°C in an oven, to obtain pure GQDs.  

The product was then dissolved in water and freeze dried for further evaluations. 

 

2.2.5 Combining the CaCO3 microparticles and the GQDs via LbL assembly 

The GQDs were dissolved in PSS at a concentration of 0.33 mg/mL. The first 9 layers 

were deposited as previously described (par. 2.2.3). The 10th,12th and 14th layers were 

deposited using the solution of GQDs, in order to incorporate the nanoparticles onto 

the calcium carbonate within the layers (Figure 2.2).  

Figure 2.1 Schematic illustration of the LbL functionalization. A total of 7.5 cycles were conducted 
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The parameters for the QDs deposition were the same and the obtained product was 

dried at 37°C and then kept in the fridge for further tests. 

  

2.2.6 Microcapsules fabrication 

The obtained microparticles, after the LbL film was deposited, was suspended into an 

EDTA solution, at 0.1M, to selectively dissolve the inner core of the spheres. The 

solution pH was adjusted at 7, by adding NaOH (5M).  

The suspension was vigorously magnetically stirred for 30 minutes, at RT, and then 

poured in various Eppendorf for centrifuging (3 total centrifuges in EDTA for 5 min at 

5000 rpm) thus to discard the calcium carbonate and other residuals. Other 3 

centrifuging steps were carried out in dH2O.  

The final product was suspended in dH2O and stored at 4°C or dried in incubator for 

further tests.  

 

2.3 Characterisation methods 

2.3.1 GQDs characterisation 

2.3.1.1 Physico-chemical analysis 

2.3.1.1.1 Fourier Transformed Infrared spectroscopy (FTIR-ATR) 

To assess the surface functional groups of the GQDs FTIR-ATR analysis was conducted. 

Measurements were obtained with a Spectrum Two PE instrument equipped with a 

horizontal attenuated total reflectance (ATR) crystal (ZnSe) (PerkinElmer Inc., USA). 

Data are collected in Absorbance mode, with wavenumber values ranging from 4000 

cm-1 to 550 cm-1. Each spectrum was the result of the average of 16 scans with 4 cm−1 

Figure 2.22 LbL process with the addition of GQDs from the 10th layer 
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resolution. After each scan a baseline correction is performed.  

All the samples examined were in the form of powder. 

2.3.1.1.2 X-ray photoelectron spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy is an exceptionally sensitive tool to investigate the 

chemical elements constituting the outermost layer of a surface approximately up to 

200Å. Thus, the samples were examined by a scanning microprobe Kratos Axis Ultra-

DLD XPS spectrometer (EPSRC Harwell XPS Service Cardiff, UK), equipped with a 

monochromatised AlKα X-ray radiation source. The base pressure in analysis chamber 

was 10−9 mbar. Samples were analysed in High Power mode with an X-ray take-off 

angle of 45° (scanned size∼1400 × 200 μm). For each specimen, survey scans (Fixed 

Analyser Transmission mode, binding energy (BE) range 0–1200 eV, pass energy 117.4 

eV) and high-resolution spectra (FAT mode, pass energy 29.35 eV) were acquired of 

C1s. Atomic concentration (At.%) on the survey scan was performed using the built-in 

CasaXPS software package and in order to detect the Binding Energy (BE) representing 

the chemical binding states of the each elements within the films, the XPS spectra for 

the chemical elements detected from the films were subjected to peak deconvolution 

using the same software. 

 

2.3.1.1.3 Zeta Potential 

To measure the surface charge of GQDs a Zetasizer Nano ZS Instrument (Malvern 

Panalytical Ltd) was used. The samples were diluted in dH2O to reach a concentration 

of 25 µg/ml. 

The final value is calculated as average of three measurements, each obtained after a 

maximum of 100 runs. 
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2.3.1.1.4 Absorbance  

The absorbance pattern of GQDs was investigated through UV-Visible (UV-Vis). The 

colloidal aqueous solution was excited on a whole wavelength range. Where the light 

was absorbed the pattern would slightly change, showing a hump on the specific 

wavelength. A double-beam UV-Vis spectrophotometer (Cintra 10e, GBC) was used to 

this purpose.  

2.3.1.1.5 Fluorescence 

Fluorescence spectra of GQDs were recorded through Cary Eclipse PL 

spectrophotometer (Varian CA, USA). The water suspension of the nanoparticles was 

excited at a wavelength range from 300 nm to 400 nm. The emission was then 

analysed and plotted on a range from 300 nm to 600 nm.  

 

2.3.1.2 Morphological analysis 

2.3.1.2.1 Transmission Electron Microscopy (TEM) 

Transmission Electron microscopy has been performed on a Philips CM 100 

Compustage FEI, HV = 100.0 kV, and digital images were collected using an AMT CCD 

camera (Deben) with a range of magnification up to 130,000x, with the purpose to 

analyse the morphology and size of the GQDs.  

A small drop of GQD solution was deposited on a copper grid (Agar Scientific) and 

waited for the water to evaporate; the pictures were taken after few minutes and 

again after few hours. 

 

2.3.1.3 Cytotoxicity Evaluation 

In order to assess the biocompatibility of GQDs produced from tea leaves  we followed 

the international standard ISO 10993 (Goode 2016) (A. Deng et al. 2017). A comparison 

with industrial GQDs was carried out following the same protocols. 

Human TERT immortalised bone marrow stromal cell line were supplied by Prof P. 

Genever (York University) (Y201) at passage 84 and cultured as already described 

(James et al. 2015). Fibroblasts were adopted as well and cultured with the same 

protocol. Briefly, cells were grown at 37°C, 5% CO2, in Dulbecco’s Modified Eagle 



42 
 

Medium (DMEM, Sigma) with low glucose content, supplemented with 10% fetal 

bovine serum, 2mM L-glutamine and a 1% penicillin-streptomycin mixture (100U/mL).   

Cells were seeded in a 96- well plate at a density of 5000 cells/well (figure 2.3 b) and in 

a 24-well plate (on 13 mm diameter coverslips) at a density of 120000 cells/well 

(Figure 2.3 a) and incubated for 24h in culture medium. Then, the culture medium was 

removed and replaced with GQDs solution at different concentrations 

(50,200,500,1000 µg/mL). Cytocompatibility has been evaluated after 24 h and 48 h 

through live/dead assay on 24-well plate seeded coverslip and after 48 h through 

PrestoBlue on 96-well plate seeded cells. 

The results were then compared with control wells, where cells were cultured with 

normal media. 

 

 

2.3.1.3.1 Live/dead  

Live/Dead assay (LIVE/DEAD® Cell Imaging Kit, Life Technologies, Thermo Fisher 

Scientific, UK) was used according to the manufacturer’s instructions. This 

fluorescence-based kit combines calcein AM and ethidium bromide to yield two-color 

discrimination of the population of live cells (green) from the dead cells (red) one. Each 

cell culture condition was washed twice with PBS before incubation with stainings. 

Briefly, 4 μM ethidium homodimer-1 and 10 μM calcein dilute in PBS, were incubated 

Figure 2.3 Image displaying the well-plates used for the 
cytocompatibility tests. a) 24 well-plate for Live/Dead, cell cultured with 
various GQDs-based medium concentrations. b) 96 well-plate for Presto 
Blue, solution already poured and ready for scanning 
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in the dark with the cell-seeded and the cells encapsulated samples for 30 min at 37 °C 

(Montalbano et al. 2018). For the Live/Dead images, a fluorescence microscope (Nikon 

A1R inverted confocal microscope) was used. 

 

2.3.1.3.2 PrestoBlue  

The PrestoBlue assay was exploited to test the metabolic activity of cells seeded in the 

96-well plate at 48h of culture. Culture medium was removed and samples were washed 

with pre-warmed PBS at 37 °C. PrestoBlue™ reagent (Thermo Scientific, USA) was 

warmed up and diluted in DMEM (1:10) protected from light; 250µL of solution was 

added to each well with the gel and incubated for 2.30 hours at 37°C, 5% CO2. Then, 

100µL of each well solution (in duplicate) was transferred to a white bottom 96-well 

plate and a LS-50B Luminescence Spectrometer (Perkin Elmer, Waltham, MA) was used 

to measure the fluorescence (560 nm excitation and 590 nm emission).  

The obtained values were corrected subtracting the average fluorescence of control 

wells with only PrestoBlue solution. 

 

 

2.3.2 CaCO3 Characterisation 

2.3.2.1 Physico-chemical analysis 

CaCO3 microparticles and microcapsules were characterised via FTIR-ATR, XPS and Zeta 

potential using the same protocols described previously (paragraph 2.3.1.1). 

2.3.2.1.1 Quartz Crystal Microbalance (QCM)  

QCM is a versatile and sensitive tool to investigate the deposition of thin films over a 

piezoelectric quartz sensor. These microgravimetric measurements were carried out 

via QCM with dissipation monitoring Q-Sense (QCM-D, Biolin Scientific) equipped with 

a piezoelectric Au/quartz crystal electrode, with 5MHz fundamental resonance 

frequency and static module.  The shifts in frequency and dissipation were recorded 

continuously at 25°C, for all the 7 harmonics, in particular the 5th was considered for 

the following analysis. Briefly, 300 µL of PE solution were poured and left for 15 

minutes, alternating every deposition with 4 minutes in LbL washing solution. We 

examined the LbL assembly with and without the incorporation of GQDs. The data 
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were then processed and the mass deposited was calculated applying the Sauerbrey 

model:  

∆𝑀 = 𝐶
∆𝑓

𝑛
 

C=17.8 ng/cm2/Hz is a constant of the equipment; n is the overtone (number of the 

harmonic considered). The multilayer thickness was measured using the Qsense Dfind 

software. 

 

2.3.2.2 Morphological analysis 

2.3.2.2.1 Scanning Electron Microscopy (SEM) 

SEM analysis were performed with a JEOL JSM-5600LV Scanning Electron Microscope 

model. The Calcium Carbonate sample in powder was deposited on the metallic 

support, sputtered with gold to make it conductive and subsequently analysed at a 

working distance of 6mm, an operation voltage of 10 EkV and at different 

magnifications. The pictures were analysed through the software ImageJ. 

 

2.3.2.3 Cellular uptake analysis 

Y201 MSCs were cultured as previously described (par. 2.3.2.3). After the expansion, 

they were used between passage 86 and 90 and seeded at a concentration of 50000 

cells are seeded into a 24 well-plate over 13mm glass coverslips and incubated for 24h 

in Medium and incubated at 37°C, 5% CO2.  

Then, the Medium was taken out from the wells and replaced with a solution made of 

Media and GQDs at different concentrations and incubated for 24 h. We assessed the 

cytotoxicity of the QDs when the concentration is equal or above to 500 µg/mL, so we 

decided to check the bioimaging properties at 50 and 200 µg/mL. 

After 24h of culture in the QDs-based solution, this solution was removed, the wells 

washed with PBS, and the cells fixed with 4% w/v paraformaldehyde (PFA). 

When assessing the bioimaging abilities of the GQDs-functionalized CaCO3 

microparticles, the cells (1x105) were seeded in 24 well plate and after 24 h of 

incubation, the particles before and after the core dissolution were added at 
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concentrations of 200 µg/mL and 500 µg/mL.  

The cells are then stained in Phalloidin so to dye the cytoskeleton: cells were 

permeabilised using 0.1% v/v Tween20® (Sigma, Life Science) in PBS for three washes. 

Phalloidin was prepared using 1:100 dilutions of phalloidin-tetramethylrhodamine B 

isothiocyanate (Sigma) in 0.1% PBS/Tween20® for 20 min at room temperature, 

covered from light. Residue of phalloidin-rhodamine was removed by washing samples 

with 0.1% PBS/Tween20® solution three times. The samples were imaged using a 

Nikon A1R inverted confocal microscope at 20x magnification 

 

2.3.3 Statistical analysis 

Tests were performed at least in triplicate for each sample. The results were represented 

as mean ± standard deviation. Differences between groups were determined using One-

way analysis of variance (ANOVA) with Tukey’s multiple comparison test using levels of 

statistical significance of p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). 
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Chapter 3. Results 
_____________________________________________________________________________ 

 

3.1 Graphene Quantum Dots 

3.1.1 Morphological characterisation 

The morphological characterisation of GQDs at nanoscale was performed via TEM. The 

shape of the nanoparticles looked round and the diameter ranges from 4.5 nm to 100 

nm (Figure 3.1 A-D). The pictures showed the variety of the structure size, without 

modifying the shape; moreover, when left for few hours on the grid before being seen 

at the microscope, the GQDs showed a tendency to agglomerate (Figure 3.1 E&F). 

 

 

 

Figure 3.1 TEM pictures of GQDs, with a wide size distribution, ranging from 4.5 nm to 100 nm. 
Pictures E & F) show the tendency of the structures to agglomerate in water.  
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3.1.2 Physico-chemical characterization 

The FTIR-ATR spectrum (Figure 3.2) identified the functional groups present on the 

GQDs surface; indeed, a broad band with peaks centered at 3230 cm-1 and 3355 cm-1 

was characteristic of the stretching vibrations of O-H and N-H.  

The narrow band with a peak at 2988 cm-1 was assigned to the stretching vibrations of 

C-H. The peak at 1619 cm-1 was considered to be characteristic of the vibration of C=C 

bond in the benzene ring (S. Zhao et al. 2015; Nair et al. 2017). The small peak at 1394 

cm-1 indicate the existence of the carboxyl group on the GQDs surface (Liang Wang et 

al. 2016). 

The most intense peak, centered at  1052 cm-1, was attributed to the vibration 

absorption of the epoxy group C-O-C (Pan et al. 2010). Table 3.1 schematically recaps  

the functional groups and the respective wavenumbers.  

  

The XPS analysis was conducted to study the elements and the bonds constituting the 

GQDs surface. The analysis was conducted on the whole survey and high resolution of 

Carbon (C1s) with the deconvoluted spectrum displayed in Figure 3.3. As expected, 

there was a high content of Carbon (70.7%) and Oxygen (22.3%), which indicated the 

presence of hydroxyl and carboxyl groups. The detection of Nitrogen (4.8%) revealed 

the existence of amines on the GQDs surface, consistently with the FTIR results. A very 

low amount of Silicon was found (2.2%).  

Wn (cm
-1

) Functional group 

1052 C-O-C (epoxy) 

1394 C-O (carboxy) 

1619 C=C (benzene 
ring) 

2988 C-H 

3230 NH 

3355 OH 

Figure 3.2 FTIR-ATR spectrum of GQDs and their highlighted surface functional groups.  

Table 3.1 scheme of the chemical bonds 
and the respective wavenumber 
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The high resolution XPS examined the bonds of C1s, revealing the already cited groups: 

284.7 eV the C-C bond, 285.3 eV attributed to the C-N binding energy, 286.3 eV of C-O 

characteristic of epoxides and 288.6 eV of C=O carbonyl bond. The C-C bond was 

clearly the most intense, and its content was calculated to be the 56.1% of the C1s 

element. The other bonds were present at a similar percentage, as the C-O and C=O 

bonds were recorded to be, respectively, 13.6% and 14.1%. Interesting was the high 

presence of the C-N bond (16.2%), which was indicative of the abundance of amine 

groups in the GQDs.    

 

The GQDs Zeta potential was measured in order to understand the surface charge, 

with the purpose to exploit it for the subsequent LbL assembly.  Table 3.2 reports the 

results obtained from different tests, conducted changing the pH of the GQDs-solution. 

GQDs possessed a highly negative surface charge, suitable to be used as polyanion and 

the change in pH did not influence the value.  

                                        

   Table 3.2 Zeta potential values of the GQDs at different pH. 

pH Zeta potential (mV) 

5.1 -16.6 ± 1.4 

7 -13.4 ± 0.8 

10.1 -16.9 ± 1.2 

 

Figure 3.3 A) XPS survey spectrum of the GQDs; B) High resolution spectrum of the C1s element in GQDs 
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3.1.3 Optical properties 

The optical properties of the QDs were investigated through UV-Vis and Fluorescence 

(FL) tests. The former was conducted in order to understand the absorbance abilities 

of the GQDs, the latter, instead, to study their emission behaviour, in response to 

different excitation wavelength. An initial test was to excite the cuvette containing the 

GQDs with UV light: in these conditions the solution turned into bright blue, starting 

from a normal yellowish color demonstrating qualitatively that the GQDs possessed 

optical properties (Figure 3.4).  

 

 

As the pictures display (Figure 3.5), the FL properties were investigated by exciting the 

structures from 300 nm to 400 nm.  

There were two strong peaks centered at 380/400 nm, consequence of the 320 nm 

and 330 nm excitations. When the wavelengths increased, the emission intensity got 

lower and shifted towards the red of the spectrum, showing excitation-dependent 

emission. The GQDs absorbance trend decreased for most of the wavelengths, but 

there were two pronounced edges around 280 and 320 nm, in the UV range, which 

indicated a stronger ability of the nanoparticles to absorb energy at those 

wavelengths. These results were consistent with the information deduced from the FL 

spectra. 

Figure 3.4 color shift of GQD water-based 
solution under exposure to UV light 
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3.1.4 Cytocompatibility assessment 

Cytocompatibility studies were conducted to assess if the presence of GQDs in cell 

culture would induce their apoptosis.  

Figure 3.6 shows the results of the Live/Dead viability assay at two time points (Day 1 

and Day 2): green stained cells indicated the live cells while the red stained the dead 

cells. The analysis was based only from a qualitative assessment. Regardless of the cell 

line, of the quality of the GQDs and the time point, cells were alive and confluent, with 

an elongated structure, for concentration below or equal to 200 µg/mL. Red stained 

cells were very few compared to the total amount.  At 500 µg/mL of GQDs 

concentration it was possible to notice the difference between the manufacturers: in 

fact, the GQDs produced from tea waste did not induce death, while the commercial of 

QDs showed cytotoxic effects.  

The Y201 MSCs cultured with 500 µg/mL of industrial GQDs showed a different 

behaviour after 24h of incubation, as they were live and confluent.  

At 1000 µg/mL the cells were clearly dead, even after 24h of incubation: the shape of 

the cells was indeed round and at a very low density.  

Figure 3.5 a)Fluorescence and b) absorbance patterns of the GQDs. The former shows a typical excitation 
dependent behavior; the latter displays two shoulders centered at 280nm and 320 nm.  
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Figure 3.6 Live/Dead fluorescent microscope pictures. a) Neo-Fibroblasts and Y201 MSCs incubated with 5 different 
concentrations of green-route GQDs, ad examined after 24h and 48h. b) Neo-Fibroblasts and Y201 MSCs incubated 
with 5 different concentrations of industrial GQDs, ad examined after 24h and 48h. Cells stained green are viable; red 
ones are dead. Scale bar: 50 µm. 
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The cells metabolic activity was evaluated via Presto Blue assay at 48 h; the cells were 

cultured in the same conditions and with the same GQDs concentrations that were 

used in the previously described test.  

The graphs confirmed what already was found in the previous analysis. In fact, at the 

highest concentration (1000 µg/mL) the cells, regardless of the line, were not active, 

and there was a clear decreasing trend when the concentration reached 500 µg/mL for 

both the GQDs kinds, although the cells cultured with the green QDs looked more 

metabolic active than those cultured with the industrial nanoparticles. This behaviour 

was consistent with the Live/Dead findings.  Significant differences were registered 

between both cell lines incubated with the green GQDs (Figure 3.7) at the highest 

concentration and the rest (p<0.001). The metabolic activity of the cells (both Y201 

and Fibroblasts) results completely different at 500 µg/mL and 1000 µg/mL compared 

with every other concentration (p<0.0001) (Figure 3.7). 

 

 

Figure 3.7 Metabolic activity of Fibroblasts incubated 48h with (a) green GQDs and (b) industrial GQDs. 
Metabolic activity of Y201 MSCs incubated 48h with (c) green GQDs and (d) industrial GQDs. Statistical 
analysis is represented: p<0.0001 ****; p<0.001 ***; p<0.05 * 
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As Figure 3.8 displays, the nanoparticles regardless of the cell line and of the seeded 

amount, managed to be internalized and, when excited with UV, were able to emit 

blue light (408 nm). Moreover, it was possible to assess that their negative charge did 

not affect the internalization.  

It also seemed that the intensity of the emission depended on the quantity of GQDs 

entering the cytoplasm, as some cells in figure 3.8 B looked brighter than others.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Confocal microscope images taken after 24 h of incubation of cells and GQDs. A) Fibroblast cultured with 0.2 
mg/mL GQDs concentration B) Y201 seeded with 0.05 mg/mL GQDs concentration 
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3.2 CaCO3 synthesis and functionalisation 

3.2.1 Morphological characterisation  

SEM analysis was conducted to analyse the morphology of the produced particles, at 

each step of the synthesis including the LbL polyelectrolytes deposition and the 

microcapsules obtainment after the core dissolution.  

The final product of the CaCO3 microparticle synthesis showed an increasing quantity 

of cubic-shaped crystals as the mixing time increases from 2 to 10 minutes in both 

stirring conditions. 

Furthermore, it was also also noticible that after drying at room temperature the 

presence of crystals resulting from the transformation of the microcores, as some of 

the particles were not completely turned into the new morphology, but showed a 

combination of both (Figure 3.9 A-C).  

However, when the powders were dried a 37°C, the presence of round-shaped 

particles was higher in all the batches at different mixing times (Figure 3.9 D-F). 

 

       

The PSS addition led to the obtainment of microspheres only, without the presence of 

rombohedral crystals; moreover a higher reaction temperature (35°C) allowed a 

mophological change of the microparticles, in a cauliflower-like shape as showed in 

Figure 3.9 SEM pictures of the CaCO3 microparticles synthesised after 2,5,10 min of precursor mixing and 
after drying at RT and 37°C. Scale bar Figure A = 5µm; Scale Bar B-F = 10 µm 
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figure 3.10. 

The average size of the particles was 3.49 ± 1.09 µm with a highly porous surface. 

 

 

The subsequent analysis aimed to understand if the immersion in an aqueous solution 

would affect the morphological aspect of the prepared microparticles. The synthesis 

conducted with the addition of PSS and the increase of reagent solutions’ temperature 

allowed the maintenance of the microparticles shape (Figure 3.11 B-D). Figure 3.11 A 

displays the product obtained after 30 minutes of immersion in water without the 

initial addition of PSS in the precursors solution: in this scenario the sphere-shaped 

microparticles transformed into smooth and clustered cubes. 

Figure 3.10 SEM pictures of CaCO3 particles with PSS at RT and with and without PSS at 35°C. The temperature 
changes the morphology of the particles, while the only addition of PSS generates a product with only spheres 
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All the subsequent synthesis were performed with PSS and at RT and for 100 seconds.  

 

3.2.1.1 LbL-Functionalisation of CaCO3 Microparticles 

The next step was the functionalisation of the manufactured particles alternating the 

deposition of two polyelectrolytes, PAH (positive) and PSS (negative) through LbL 

assembly. After three layers, the particles’ surface looked very rough and porous and 

the particles’ shape remained circular (Figure 3.12 A & B). When the process was 

concluded and 15 layers were deposited (Figure 3.12 C & D), more homogeneous and 

smoother surface were found compared to a lower number of layers.  

Figure 3.11 SEM pictures showing the microparticles morphology after immersion in water without A) and with PSS 
addition in the precursors solution B). C & D) synthesis temperature set at 35°C without and with PSS respectively. 
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Through the software ImageJ was possible to calculate the average diameter of the 

CaCO3 microparticles and to compare the bare ones with those obtained after being 

coated: the particles increased from an average diameter of 3.49 ± 1.09 µm to an 

average diameter of 3.77 ± 0.81 µm, after 15 adsorbed layers (Figure 3.13 a).  

 

The image displays the internal structure of a microparticle, which presented a 

channel-like architecture moving towards the center of the sphere (Figure 3.14 A).  

The nanocoating, after the deposition of 15 layers, resulted in a disorganized film, with 

Figure 3.12 SEM pictures A and B show the coated particles after 3 layers deposited. C and D show the 
particles after 15 layers deposited. 

Figure 3.13 Average particles' diameters are represented. a) comparison between the 
microparticles with and without outer shell. b) comparison between coated particles with and 
without GQDs 
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an average thickness of 0.45 ± 0.11 µm (Figure 3.14 B). The red arrow indicates the 

external PEs-multilayer film of a broken particle. 

 

 

The incorporation of the GQDs (Figure 3.15) did not compromise the homogeneity and 

the smoothness of the nanocoating compared with the microparticles functionalised 

without their addition. It was noticed statistical significant increase in the size up to 

6.1 ± 1.32 µm compared to those ones functionalized without GQDs within the layers 

(p<0.0001) (Figure 3.13 b).  

The final effect on the particles was the removal of the CaCO3 which constituted the 

core, leaving the polyelectrolyte film outside, thus manufacturing a hollow 

microcapsule. The surface morphology of the newly fabricated microdevices presented 

holes and folds, confirming the absence of the inner particle and the efficacy of the 

EDTA immersion. This effect was visible for both the films deposited (Figure 3.16 A, B). 

The multilayer composed by PEs and GQDs, looked thicker and smoother. 

Figure 3.15 SEM picture of the CaCO3 particles after the LbL process incorporating GQDs onto the surface 

Figure 3.14 A) the internal structure of a microparticle; B) microparticle after the LbL assembly, with the 
external PEs shell highlighted 
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3.2.1.2 CaCO3 Nanoparticles synthesis 

Due to the increase in the molarity of the precursor solutions (1M), the particles 

showed a trend of size reduction with a homogeneous spherical shape (Figure 3.17 A). 

It was possible to notice at higher magnification the porous structure of the colloids 

and their small diameter (Figure 3.17B). This procedure enabled the reduction of the 

initial size, achieving an average diameter of 1.7 ± 0.4 µm. 

 

The use of glycerol (83.3% v/v) was investigated with two process durations (2 and 50 

minutes), with and without PSS. When the synthesis was carried out without it,  

cubic-shaped crystals appeared in the sample and no spherical particles were found 

(Figure 3.18 a).  

Figure 3.16 Particles morphology after EDTA core dissolution procedure. A) Microcapsule without GQDs B) 
with GQDs. 

Figure 3.17 SEM pictures displaying microparticles, with circular shape and an average size of 1.7 µm.  
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The addition of PSS resulted in the formation and stabilization of the spherical particles 

with an average diameter of 720 ± 18 nm. The smallest particles found had a diameter 

reaching 320 nm (Figure 3.18 b). The red arrows in Figure 3.18 b show the nano-sized 

diameters achieved with the use of glycerol. 

 

Figure 3.19 shows the size-decreasing pattern obtained from raising the reagents 

concentration to 1 M (from the initial 0.33M) and then the use of glycerol-based 

solutions, in order to achieve the nanoscale. Comparison was conducted via statistical 

analysis: the results are statistically different (p<0.0001), confirming that the size 

reduction was effectively accomplished. 

Figure 3.18 SEM picture showing the product of the tests aiming to reduce the particles' size. a) 2 and 50 
min. reaction conducted in 83% of glycerol without PSS. b) 50 min. reaction in 83% of glycerol with the 
addition of PSS. Red arrows are indicative of particles with diameters of 320 nm up to 810nm 

Figure 3.19 Graph representing the average diameters of the 
microparticles obtained with three different reactions. There is a 
decreasing trend, confirmed by the statistical analysis. 
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3.2.2 Physico-chemical characterisation    

3.2.2.1 Quartz crystal microbalance 

Figure 3.20 displays the frequency and energy dissipation shifts consequently the 

deposition of the two PEs with and without the GQDs adsorption. For what concerned 

the frequency, no significant difference was evident, with a total shift of almost 

3000Hz obtained after the deposition of 15 layers. At each injection, almost 

immediately a sudden change in resonance frequency was recorded. The washing step 

had the effect of shifting the frequency in the opposite direction. The energy 

dissipation instead showed some differences from the 10th layer for the two tests: in 

fact, the slope increased in response to the addition of the GQD into the PSS solution; 

interestingly the first layer constituted by PSS and GQDs did not show any energy 

dissipation. From then on it grew quicker than when only PEs were injected.  

 

By applying the Sauerbrey model it was possible to calculate the total mass deposited 

and the multilayer thickness and no difference could be noticed. The mass calculated 

reached almost 10 µg for either the tests (Figure 3.21); the thicknesses went over 100 

nm for both the deposition, with an average thickness of 7nm per layer (Figure 3.22).  

 

Figure 3.20 Frequency (below) and energy dissipation (above) shifts resulted from the deposition of PEs (Grey) and PEs with 
GQDs (Orange). 
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Figure 3.21 Mass change in response to the adsorption of the layers. 

Figure 3.22 multilayer thickness obtained after 15 layers of a) only PEs) and b) PEs with GQDs. 
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3.2.2.2 FTIR-ATR and XPS analysis  

Figure 3.23 shows the three spectra obtained from the synthesis conducted in the 

same conditions (reagents in aqueous solution at the same molarity and the same 

volume) but different duration. 

Calcium Carbonate was characterized by 2 main peaks, at 1404 cm-1 and at 875 cm-1 

attributed to the ν3-asymmetric stretching vibrations and the Ca-O stretching 

vibrations of the CO3
2-. More precisely band at 1404 cm-1 was related to the presence 

of Amorphous Calcium Carbonate (ACC) (X. Wang et al. 2009). 

The peaks at 744 cm-1 and at 711 cm-1 were characteristic of the vibrations of the CO3
2- 

of vaterite and calcite respectively. The latter was clearly more intense than the 

former, with the highest value resulting after 10 minutes process duration.  

 

 

Similarly the spectra of the particles manufactured by changing the synthesis protocol 

showed common peaks but with some important differences (Figure 3.24). The 

addition of PSS was confirmed by the peaks at 2987 cm-1 and 2902 cm-1; moreover, a 

band centered at 1100 cm-1 appeared, highlighting the presence of the polyanion, 

especially when combined with higher temperature (purple and green spectra). As 

expected, these bands were not present in the samples without PSS (black spectrum).  

Figure 3.23 FITR spectra of the CaCO3 obtained after the same reaction conducted for different durations (2,5,10 min). 
The peaks highlighted indicate the presence of vaterite and calcite. The enlargement shows the intensity of the cited 
peaks.  
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Peaks at 1404 cm-1 and at 875 cm-1 were presented well intense, highlighting the ACC 

and the general CaCO3 presence. 

The peak at 744 cm-1 was higher than 711 cm-1 peak, due to the fact that the presence 

of vaterite form was higher than the calcite one. This trend was visible in the zoomed 

image, for all three samples. 

 

Figure 3.25 shows the spectra of the CaCO3 when left for 4h in water (a) and when 3 

layers were deposited (b). The calcite peak seemed to increase in intensity (compared 

to Figure 3.24), although the vaterite peak at 744 cm-1 was still present. The main 

CaCO3 peaks previously mentioned, at 1404 cm-1 and 874 cm-1 were not influenced by 

the immersion in aqueous environment. 

Figure 3.25 FTIR spectra of a) particles after being dissolved 4h in water; b) particles after 3 layers deposited.  

Figure 3.24 Spectra of the synthesis conducted with the addition of PSS or changing the reaction 
temperature. The peaks highlighted are characteristic of vaterite and calcite phases. 
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Table 3.3 shows the ratio between the intensities of vaterite (Iv) and calcite (Ic), 

obtained from the tests previously described. Higher values were indicative of higher 

content of vaterite with respect to the calcite. Regardless of the reaction protocol, the 

ratios decreased when the particles were immersed in water environment and during 

LbL coating assembly.  

 

 

 

The spectra of the particles coated by of 15 layers showed peaks of both 

polyelectrolytes as well those typical of the CaCO3. The peaks of ACC and CO3
2- group 

were both present and highlighted. In particular the peak at 1404 cm-1  shifted of few 

wavenumbers settling at 1407 cm-1, broadened and presented small shoulders, due to 

PAH adsorption on the microparticles surface, in particular the peak at 1501 cm-1, 

assigned to the N-H bending vibration of the polycation (Paltrinieri et al. 2017).   

The adsorption of PSS was clearly visible with various peaks belonging to a wide band 

between 1000 cm-1 and 1200 cm-1.  Particularly the peak at 1035 cm-1 and 1183 cm-1 

were the symmetric stretching vibration of the SO3
-
 group; while the peak at 1602 cm-1 

was related to the asymmetric stretching vibration of the SO3
-
 group (Kittitheeranun et 

al. 2015). 

Table 3.3 Ratio between the intensities of vaterite and calcite peaks, obtained after 
the synthesis, after being immersed  4 h in water and after the adsorption of 3 layers. 
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The vaterite resulted still more intense with respect to the calcite, although the latter 

had an increase in intensity (Figure 3.26).  

 

 

A final comparison between the surface chemical groups was performed between the 

spectra obtained after the nanocoating deposition and after the fabrication of the 

microcapsule (Figure 3.27).  

The two main peaks of CaCO3 completely disappeared, confirming the dissolution of 

the inner particle. The peaks described before, typical of the polyelectrolytes did not 

show any transformation or shift. 

Figure 3.26 FTIR spectra of PAH (green), PSS (yellow) and functionalized particles after the 
adsorption of 15 layers. The zoomed picture highlights the vaterite and calcite peaks. 
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The surface chemical composition of the microparticles before and after the LbL 

procedure and subsequently the core dissolution, was investigated through XPS 

analysis as well.  

The bare microparticles with and without PSS in the structure were compared, and the 

appearance of the Sulfur (S2p) peak ensured the addition of the polyanion (CaCO3 no 

PSS and CaCO3/PSS). The formation of the CaCO3 is evident thanks to the presence of 

Carbon (C1s), Oxygen (O1s) and Calcium (Ca2p) peaks. The first two constituted the 

majority of the element content of the microparticles, having an atomic percentage of 

46.3% and 40.5% respectively; the synthesis carried out with PSS increased the amount 

of C1s which reached 52.4%.  

The PEs adsorption was examined in two conditions: after three layers (3L) and at the 

end of the functionalization (15L). Figure 3.28 shows that the C1s and O1s peaks were 

more intense compared to the other components, while the calcium was hardly 

detected as the layer deposition proceeded. At the same time Nitrogen (N1s) was 

measured and highlighted in the spectrum, due to the adsorption of the PAH; the 

sulfur increased its intensity, since the layers of PSS were building up.  

 

Figure 3.27 FTIR spectra before the core dissolution (green) and after the core dissolution (blue).  
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The CaCO3 inner core was selectively removed leaving the polyelectrolyte outer shell. 

The calcium peak is absent, while still present are those of C1s, O1s, N1s and S (especially 

S2p) as expected. Being mainly constituted of carbon, the GQDs’ signal overlapped with 

the C1s peak of the microparticles and the polyelectrolytes themselves, which rendered 

very difficult their detection. The Si2p peak disappeared. 

 

 

 

 

 

 

 

Figure 3.28 XPS survey spectra of the microparticles and microcapsules. 
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This trend was summarised in table 3.4 that reports the content percentage of each 

element. Initially S2p was absent, but the addition of PSS brought it at 0.8%. 

Subsequently there was an increase in the percentage values of both S2p and N1s, 

which rise from 3.0% and 5% after 3 layers (L3) respectively, to 5.8% and 7.5% with the 

process conclusion (L15). At the same time the Ca ranged from 10.8% to 0.3%, before 

completely disappearing after the EDTA step.  

The other elements remained present, but both S2p and N1s decreased to 2.9% and 

5.5% respectively.  The content of O1s showed a decreasing pattern along with an 

increasing trend of the C1s. 

 

Table 3.4 Percentage content of the element constituting the microparticles obtained through different routes and 

after the functionalization and when the inner core was removed. 

 

 

The Zeta Potential was recorded to determine the surface charge of the bare CaCO3 

microparticles as well as to examine the alternation of PEs deposition during the LbL 

coating process. The colloidal particles showed a constant negative surface charge, 

regardless of the pH, with values of -18.9 ± 1.42 mV and -21.3 ± 0.4 mV; the addition of 

PSS did not significantly change the zeta potential value, given its negative charge: in 

this case the value measurement indicated a charge of  -18.2 ± 0.75 mV. 

 

 

SAMPLE C1S (%) O1S (%) Ca2P (%) S2P (%) N1S (%) 

CaCO3 no PSS 46.3 40.5 13.2 / / 

CaCO3 /PSS 52.4 35.9 10.8 0.8 / 

L3 65.08 23.2 3.7 3.02 5 

L15 70.6 15.4 0.3 5.8 7.5 

L15 + EDTA 72.8 18.8 / 2.9 5.5 
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Table 3.5 Zeta potential of naked CaCO3 microparticles at different pH. The results show a high negative charge        

regardless of the reaction and the pH 

 

 

 

 

 

 

Initially the amount of powder to be coated and introduced in the solution of PAH, at a 

concentration of 2 mg/mL was 25 mg: the zeta potential went from negative to a 

positive value of 13 ± 1.49 mV and, following the PSS (2 mg/mL) deposition, it returned 

to -30.5 ± 2.57 mV, showing the expected alternate trend.  

The amount of microparticles was subsequently raised to 50 and 100 mg for further 

tests, and the results are displayed in figure 3.29: the zeta potentials showed no 

positive value when 100 mg were used, although the interaction between the surface 

and the polymers was occurring, given the increased (less negative) value of zeta 

potential after depositing the polycation. When the LbL was conducted with 50 mg of 

CaCO3 the zeta potential slightly went above the neutral value, reaching 1.5 ± 1.1 mV. 

 

 

Figure 3.30 illustrates the zeta potential patterns obtained after 5 layers, after an 

increase in PEs concentration (5 mg/mL) and in deposition duration (15 minutes): both 

showed a positive charge after the first PAH film, but the third layer showed a negative 

CaCO
3 

sample pH Zeta Potential (mV) 

2 minutes 6.5 - 18.9 ± 1.4 

2 minutes 8.5 -21.3 ± 0.4 

5 minutes 8.5 -13.6 ± 2.5 

PSS addition 8.1 -18.2 ± 0.8 

Figure 3.29 Zeta potential trend during LbL assembly. a) 100 mg of microparticles b) 50 mg of microparticles. 
Polyelectrolyte concentration was kept at 2 mg/mL in a total of 10 mL and the duration of each coating step was set 
at 10 min. 
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zeta potential, inconsistently with the results previously reported. The weight of the 

powder coated was 50 mg each. For these experiments, stabilized vaterite 

microparticles were used and the results showed no significant change between the 

tests carried out previously. 

 

 

The trends displayed in Figure 3.31 showed a LbL assembly conducted for a higher 

number of steps; the zeta potential reached the positive value of 9.7 ± 2.1 mV only at 

the 9th layer. The next test was conducted for 15 layers (Figure 3.20 b), as the quantity 

of powder was raised to 300 mg (so 30 mL of PAH/PSS solutions were used). The 

multilayer formation took place as depicted in the graph, and the surface charge 

showed an up and down trend just since the 11th layer, before that the zeta potential 

was not positive.  

 

 

 

Figure 3.30 PEs concentration was set at 5mg/mL. a)deposition time of 10 minutes. B) deposition time of 
15 mintues. 
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The GQDs deposition was qualitatively confirmed comparing the powder obtained 

subsequently to the PEs adsorption in the two assembly: in fact, as Figure 3.21 b 

shows, the color was brownish, with respect to the white (Figure 3.21 a) of the 

particles without the imaging probes incorporated. Same behaviour was displayed in 

the Figure 3.21 c, taken after the core dissolution and the manufacture of 

microcapsules.    

 

 

 

Figure 3.32 Picture a) & b) showing the particles after LbL without and with GQDs 
respectively. Picture c) showing the product after core dissolution 

Figure 3.31 Zeta potential trends illustrating the deposition of the PEs. a) 100 mg of CaCO3 
b) 300 mg of CaCO3.  
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3.2.3 Cellular uptake studies 
 

The Figure 3.33 highlights the ability of the stem cells to internalize the particles 

without breaking the membrane, regardless of the number of spheres and their size.   

 

 

The emission of surface-functionalized microparticles and microcapsules at specific 

concentration was examined at the confocal microscope. Figure 3.34 confirms the 

incorporation of the GQDs within the layers and their excitation-dependent emission, 

given the blue and green color, both at concentration of 0.2 mg/mL and 0.5 mg/mL 

after 24h of incubation with Y201 MSCs. The cytoskeleton of the cells was stained with 

Phalloidin (labelled in red) to identify them.  

The cells looked highly viable in all the conditions analysed. The pictures confirmed 

what was stated previously from the optical microscope images analysis, as the 

particles were found inside the cells, at both concentrations.  

It was possible to notice the tendency of the spheres and capsules to agglomerate at 

higher concentration, enhancing their fluorescent properties.  

 

 

 

Figure 3.33 Optical microscope images showing that Y201 MSCs internalize the GQDs- functionalized CaCO3 
microparticles, without showing sign of death, being 70/80% confluent,24h after the seeding. 
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Figure 3.34 Confocal microscope pictures. The two groups of pictures show cell cultured with microparticle and 
microcapsules, functionalized with GQDs, at different concentrations (0.2 mg/mL and 0.5 mg/mL). Red indicates 
cytoskeleton; green and blue indicate the fluorescent devices, with excitation-dependent emission. Bar: 40 µm 
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Chapter 4. Discussion 
_____________________________________________________________________________ 

The combination of a therapeutic compound and an imaging probe in a single nano-

sized platform would improve the chemotherapeutic effect of the drug, releasing it 

selectively and in controlled way, and it allows the real time tracking of the device in 

the body. The nano-size of the device is necessary to exploit the EPR effect and to 

maximize the final result of the treatment. A theranostic strategy is the encapsulation 

of a cargo inside an external nano-shell, that shields it from the action of the organism, 

which recognises it as foreign, and vice versa, so preventing a premature diffusion of 

the drug which would cause side-effects. The LbL allows to engineer the properties of 

the shell, its size and composition, allowing the incorporation of biomolecules, 

targeting ligands and even the imaging probes themselves.   

4.1 Graphene Quantum Dots  

Semiconductor QDs were widely investigated in the biomedical field as imaging probes 

in theranostic platforms, in order to track real time drug carriers injected throughout 

the human body. Indeed, their inherent fluorescent properties due to quantum 

confinement effects, narrow emission spectra and photostability made them an 

attractive tool for bioimaging and biolabeling in cancer treatment (Matea et al. 2017).  

Being mainly constituted by heavy metals, such as cadmium and tellurium, they had 

the tendency to induce cell death, hence new carbon-based nanomaterials were 

investigated, thanks to their biocompatibility and comparable fluorescence (Lim, Shen, 

and Gao 2015). In fact, literature reports on GQDs synthesized from rice, coffee, garlic 

and other food-waste precursors (L. Wang et al. 2016; Zhao et al. 2015). 

In this project GQDs obtained from tea waste through a hydrothermal green process 

were used.   

Their morphology was examined via TEM, noticing a circular shape along a wide size 

distribution, ranging from 4 nm to 100 nm, as analysed in par. 3.1.1 (Figure 3.1).  These 

findings were attributed to the imperfect synthesis procedure, in fact numerous 

protocols, characterized by different precursors and methods, were investigated and 

reported in literature, in order to produce size-controlled GQDs (L. Wang et al. 2016). 

At the same time, these had the tendency to agglomerate in aqueous solutions, in 
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order to reduce their inherent high surface energy, hence before each test a sonication 

step was conducted.  

Chemical analysis of GQDs was conducted via XPS and FTIR-ATR, and the results 

demonstrated the presence of hydroxyl, carboxyl and carbonyl groups on their surface 

which explained their several properties; detection of nitrogen was also recorded 

indicating the presence of amino groups on the GQDs surface.  

Furthermore, these nanostructures showed very good solubility in water, an important 

and attractive feature: many studies focused on imparting hydrophilic moieties to the 

particles, to make them suitable for potential injection in the body as imaging probes 

in a theranostic platform (Zhu et al., n.d.; Generalova et al. 2011). This hydrophilic 

nature was imparted by numerous oxygenated groups on the surface, such as 

carboxyls, carbonyls and hydroxyls (Iannazzo et al. 2017). Moreover, this property 

makes them a perfect candidate for being used as building blocks during the LbL 

electrostatic assembly. Zeta potential measurement revealed a negative surface 

charge of the GQDs without being influenced by different pH.  

The optical properties were investigated via fluorescence analysis and UV-Vis 

absorbance. The latter showed two absorption bands centered at 300 nm, which were 

attributed to π – π* transitions of aromatic ring, confirming the presence detected via 

FTIR-ATR test (Roy et al. 2014). The absorption abilities were in accordance with what 

was found examining the fluorescence properties: in fact, the spectra showed peak 

centered on 380/400nm, consequence of excitations in the UV range (Figure 3.5). The 

energy bandgaps, related to the quantum confinement effect, were suggested to be 

one of the main cause of the emission of GQDs (Zheng et al. 2015); another 

mechanism was related to the chemical and structural surface and edge defects of the 

carbon-based nanoparticles: as Zhu et al (Zhu et al. 2017) explained, the presence of 

functional groups on the GQDs imparted photoluminescent properties to them, 

particularly carboxyl and amide groups were associated to green emission, while 

hydroxyl to blue emission. Ritter et al (Ritter and Lyding 2009) speculated that zig-zag, 

armchair and others edge shapes imparted different electronic properties to the 

nanodots, hence GQDs with different architecture could absorb and emit different 

wavelengths.  The tea waste GQDs presented indeed an excitation-dependent 

emission (Figure 3.5), which was suggested to be induced from size distribution of the 
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nanoparticles (Yuan et al. 2014), as well as the surface and edge defects just 

highlighted.  

Since the main aim of the project was the creation of a theranostic platform, one of 

the most important requirements was the cytocompatibility, depending largely on the 

cytotoxic effects that GQDs could induce to the organism. Furthermore, a comparison 

with industrial GQDs with similar optical properties was carried out in order to 

understand the importance of a green route to manufacture the devices. Live/Dead 

assay showed for both cell lines high viability at each time point. The Lowest viability 

was recorded for high concentrations, 500 µg/mL for the industrial GQDs and 1000 

µg/mL for both GQDs type (Figure 3.6).  

Similar results were obtained via Presto Blue assay, which examined the metabolic 

activity of the cells after 48h of culture. The behaviour of both the cell lines incubated 

with the green route-manufactured GQDs was consistent with Live/Dead results, so a 

decreasing cellular activity at high concentrations was detected, being completely 

absent at 1 mg/mL. The metabolic activity of the cells incubated with the industrial 

GQDs was inexistent at 500 µg/mL and 1 mg/mL. This concentration-dependent 

behavior was consistent with several investigations reported in literature (Sui et al. 

2016).  

The different behaviours at high concentrations may be attributed to the 

manufacturing procedures, since the tea waste-derived GQDs were synthesized 

without strong acids, which induced cytotoxic effects. Graphene-based structures, 

such as GQDs or Graphene Oxide (GO), induce oxidative stress, due to the production 

of ROS which are considered the main cause of apoptosis (Chong et al. 2014).  

Moreover, the size of GO, greater than GQDs’, was considered a cause of cell death 

(Wu et al. 2013); we consequently speculated that their tendency to aggregate may 

prevented the  internalization of the nanoparticles and, as higher quantity of 

nanostructures comprehensively would produce bigger clusters, it affected the cell 

viability.  
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4.2 Bioimaging analysis 

The GQDs’ imaging properties were analysed without further functionalisation, which 

would have imparted ligand-receptor abilities and enhanced the cellular 

internalization; for instance Biotin was used as targeting moiety as well as Hyaluronic 

Acid (Abdullah-Al-Nahain et al. 2013) or folic Acid (Chiu et al. 2016): the cellular uptake 

was significantly higher than the unfunctionalised nanoparticles.  

We wanted to assess if the fluorescence could be concentration-dependent, 

consequently we chose two concentrations that needed to be low enough not to 

induce death to the cells: we cultured Y201 MSCs with 200 and 50 µg/mL, in 

accordance with the results obtained from the biocompatibility tests.  

The excitation-dependent emission of the GQDs was difficult to assess, probably due 

to the lower amount entering the membrane. In fact, the aggregation of CDs would 

enhance their fluorescent properties, proportionally to the amount of nanoparticles  

(Anilkumar et al. 2013), thus, as the green emission intensity was demonstrated to be 

weaker than the blue one, the quantity of nanodots was critical to obtain longer 

wavelength emission. The nanoparticles were fluorescent when internalized by the 

cells and, when exposed to UV excitation, these exhibited bright blue emission, 

consistently with the optical analysis previously assessed. The GQDs were found inside 

the membrane: it was demonstrated and reported in literature that caveolae-

mediated endocytosis was the main mechanism of GQDs internalization, although 

other pathways were investigated (Wu et al. 2013).  

 

4.3 CaCO3 microparticles synthesis and protocol optimization 

Layer by Layer was widely studied in numerous fields thanks to its simplicity and 

versatility. The alternative deposition of two oppositely charged PEs allows the use of 

various building blocks, exploiting their charge and manufacturing nano-sized 

multilayers, with controlled thickness and specific properties (Xiao et al. 2016).  

An attractive application is the creation of a multilayer surrounding a sacrificial inner 

core (micro or nano-sized), with the final purpose to manufacture a capsule able to 

carry a cargo inside or within the layers and able to be stimuli-responsive  (Johnston et 

al. 2006). 
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In this work we manufactured and optimized the synthesis protocol of colloidal 

microparticles made out of CaCO3, the deposition of a multilayer film and the 

incorporation of GQDs as imaging probes via LbL assembly, in order to eventually 

fabricate a theranostic system. 

The procedure was conducted at three different time points, in order to understand 

the influence of time on the size of the microparticles, speculating that longer period 

would have resulted in bigger particles. When the reagent solutions were mixed 

together, the crystallization of the inorganic salt occurred almost instantly as an 

immediate reaction took place and the initial transient amorphous calcium carbonate 

(ACC) was formed (Addadi, Raz, and Weiner 2003).  

As highlighted before (par. 3.2.1), regardless of the length of the procedure, the 

powders obtained drying at RT were characterized by the presence of cubic-shaped 

crystals that were associated with calcite, one of the phases of the CaCO3. In fact, 

CaCO3 is a polymorph, so it exists in nature under various forms with the same 

chemical structure, but different crystal form which influences the mechanical and 

physical properties of the material (Tai and Chen 1998).  

Vaterite, aragonite and calcite are the three phases of calcium carbonate with 

respectively growing thermodynamic stability in water. Vaterite is metastable and has 

the highest solubility, and as demonstrated, tends to turn into the more stable calcite 

as soon as it’s immersed in water (Trushina et al. 2014). This was confirmed by the 

chemical and morphological tests performed, since  the amount of crystals in the 

product was strongly reduced when the solvent evaporation was carried out at 37°C: 

indeed, the microspheres were the majority of the content in the sample synthesized 

for 2 and 5 min, while a opposite behaviour could be noticed when the reaction was 

conducted for 10 min (Figure 3.9).  

The recrystallization process may take place during the mixing of the reagents and 

consequently, an important part of this work focused on the stabilization of the 

vaterite polymorph, in order to avoid the transformation into calcite during the 

synthesis and, more importantly, during the LbL assembly.  

It has been proved that the first product of the reaction were nano-granules, of 10 ÷ 70 

nm diameter of ACC and their coalescence would finally create porous sphere-shaped 

microcrystals and the pores range from 20 nm to 60 nm (Won et al. 2010). 
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Previous researches used additives, organic or inorganic, to prevent this 

transformation to happen. For instance carboxyl-functionalised carbon nanotubes 

(CNTs) stabilized the vaterite phase, acting as nucleation sit and coating the particles’ 

surface; when no CNTs were introduced in the reaction, the product transformed in 

the more stable calcite after 30 minutes (Li and Gao 2007). In fact, FTIR-ATR spectra of 

the samples showed the calcite peak at 711 cm-1 increasing its magnitude along with 

the duration of the reaction. This was indicative of the unstable nature of the vaterite 

in water: it was determined that the complete transformation of vaterite to calcite 

takes around 5 h (X. Wang et al. 2009). 

In this work we introduced PSS (1mg/mL), into the Na2CO3 solution and the synthesis 

was carried out for 100 seconds and dried in incubator. We obtained vaterite 

microparticles at those conditions, without obtaining calcite residuals. Furthermore, it 

was also demonstrated that the metastable phase of CaCO3 was particularly present at 

a temperature range of 20°C and 40 °C (J. Chen and Xiang 2009). Thus, the influence of 

temperature was also tested at 35°C with and without PSS.  

XPS and FTIR analysis confirmed the presence of the polyanion in the structure with 

the appearance of peaks characteristic of the polymer, while the temperature rise did 

not influence the spectra (Figure 3.24). The former detected sulfur at the atomic 

percentage of 0.8% (Figure 3.28), while the latter showed peaks attributed to 

symmetric stretching vibration of the SO3
-, which could only be attributed to the 

binding of PSS with calcium and carbonate ions though hydrogen bonds and 

electrostatic forces (Kittitheeranun et al. 2015).  

Previous works explained that organic polymers tend to coat the vaterite nanoparticles 

which tend, as the reaction proceeds, to aggregate and to form a bigger microparticle 

(Imai et al. 2012). Moreover, the negative charge of the polyanion created an 

electrostatic interaction with the bivalent calcium anions (Ca2+), strengthening the 

overall molecular structure, preventing the recrystallization in a more stable form (X. 

Wang et al. 2009). These concepts were confirmed by the tests conducted to examine 

the morphology and the chemical composition of the product. FTIR-ATR analysis 

demonstrated that all three reactions favored the presence of the vaterite with 

respect to the calcite phase, and a strong presence of ACC was detected. SEM pictures, 

at the same time, proved the absence of rhombohedral crystals in accordance with the 
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previous assessment (Figure 3.10).  

However, the temperature had the effect of changing the morphology of the product 

since the manufactured particles possessed a cauliflower-like shape: the temperature 

favoured the nucleation but it caused the nuclei to collide and when the coalescence 

occurred, the round particles adhered on the surface, anisotropically growing and 

conferring the unwanted shape (Trushina, Bukreeva, and Antipina 2016; Tai and Chen 

1998).  

As on one side, with the use of PSS, we managed to obtain perfect circular and porous 

microparticles with an average diameter of 3.49 ± 1.09 µm, we needed also to ensure 

their stability, in order to prevent the recrystallization process.  The PSS managed to 

stabilize the vaterite through different chemical and physical means, previously cited, 

and there was no transformation consequently to the immersion of the powder in 

water for 4h. SEM pictures (Figure 3.11) showed no sign of morphology shift of either 

the products, and the FTIR spectra confirmed these findings, as the peak at 744 cm-1 
, 

typical of vaterite, was clearly more intense than the 711 cm-1 (calcite). 

The same was determined for the samples synthesized at 35°C: the temperature rise 

prevented the morphological transformation.  

These findings suggested that RT was the better one in order to obtain spherical 

particles, suitable to be used as sacrificial template aiming to fabricate a 

polyelectrolyte microcapsule as theranostic platform.  

 

 

4.4 LbL functionalisation 

The functionalisation was conducted changing numerous variables, that could 

influence the PEs adsorption, hence the final shell and its properties.  

The particles’ surface charge resulted to be highly negative, with the highest value of  

-21.3 ± 0.4 mV; the measurements were performed with the product fabricated with 

and without PSS, noticing no significant change in the results, which meant that the 

addition of the organic polymer did not lead to a change in zeta potential: the amount 

used to stabilize the vaterite was sufficient to accomplish this objective without 

affecting any physical property. The negative charge was due to the presence of CO3
2- 
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on the surface at a higher density compared to the Ca2+ ions; the balance between 

anions and cations in the structure determined the charge, but clearly the addition of 

the polyanion doesn’t affect the magnitude of the zeta potential, being at such a lower 

concentration with respect to the total powder of CaCO3 (Volodkin, Larionova, and 

Sukhorukov 2004; Nagaraja, Pradhan, and McShane 2014). 

The first tests were conducted changing the amount of particles coated, using 25 ,50 

and 100 mg of CaCO3 with the PEs solutions’ concentrations set at 2 mg/mL and the 

deposition time at 10 min. Except for the lowest quantity, which zeta potential 

reversed with the adsorption of PAH and PSS, reaching 13 mV, the surface charge did 

not change polarity, although the interaction between the PAH and the CaCO3 was 

detected, as the charge increased (less negative) after each deposition: both polymers 

were adsorbed via electrostatic interaction but did not saturate the CaCO3 

microparticles surface (Figure 3.29). These findings related the zeta potential recorded 

with the amount of microparticles used, hence the ability of the PEs to saturate the 

external surface. Moreover, since the vaterite stabilization was yet to be optimized, 

the smooth surface of the rhombohedral calcite crystals may have prevented a 

sufficient adsorption of the PEs (Cölfen and Antonietti 1998). The successive 

stabilization of the vaterite phase would avoid the shape transformation and helped to 

improve the interaction between the polyelectrolytes and the particles.  

After the stabilization of the spherical shape of the vaterite, the porosity of the 

microparticles had to be taken into account. We suggested that the first few layers 

were not able to completely saturate the surface because the polyelectrolyte 

molecules entered the pores and tended to overlap without creating a stratified 

multilayer and after 3 layers the microparticles had a very rough and porous surface 

(Figure 3.12). The zeta sizer was therefore not able to measure a positive charge, 

because the negativity of the particles was overcoming the positivity of the PAH. In 

fact, Yashchenok et al (Yashchenok et al. 2013) found FITC-dextran molecules, 

polyelectrolyte,  inside the core through confocal imaging, confirming the porosity of 

the structure, while they could not be seen inside the calcite crystals.  

It was also proposed that the entrapment of the PEs molecules in the pores would 

prevent the recrystallization of the CaCO3 (Volodkin, Larionova, and Sukhorukov 2004), 

alongside with the addition polyanion during the synthesis. 
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XPS detected N1s signal after 3 layers adsorption, which increased in its content after 

15 layers deposition, demonstrating that an interaction between the positively-

charged PAH and the material was occurring as zeta potential analysis showed.  

One of the variables not yet mentioned was the centrifugation steps between each PEs 

deposition. Indeed, the recollection of the powders and the removal of any unbound 

polymer’s molecule were necessary, however, this passage could cause some 

polyelectrolyte molecules to detach (high speed and long durations) and there was 

also the risk to lose an important part of the content within the supernatant (low 

speed and short durations) (Goryacheva et al. 2015). Furthermore, previous works 

highlighted the influence of the centrifuge on the colloids aggregation, which had to be 

avoided (Richardson, Bjornmalm, and Caruso 2015). Some researches proposed the 

use of the sonicator to prevent the agglomeration of microparticles (Biswas, Nagaraja, 

and McShane 2014). However, since the microspheres are the result of CaCO3 

nanoparticles coalescence, we speculated the possibility that the sonication may break 

the structure, therefor we did not consider the use of the mentioned protocol. 

Several LbL assembly were carried out in order to find the better tradeoff between the 

wasted material and the precipitated one: 3 total centrifugations of 2.5 minutes at a 

speed of 1200 rpm were finally established. These parameters would have ensured the 

precipitation of the majority of the colloidal microparticles and their washing, without 

risking to damage the nanocoating or the structures themselves. SEM pictures in fact, 

displayed that the microspheres shape was maintained and a thick shell was built 

(Figure 3.12).  

At the same time, the results obtained from the zeta potential measurements, forced 

an additional change in the protocol, as both the PEs concentration and the time of 

deposition were raised, respectively, to 5 mg/mL and 15 minutes.  

Various researches assessed that the weight of the PEs adsorbed increases along with 

the concentration, and is directly proportional to the duration of the deposition (Chai 

et al. 2017; Xiao et al. 2016).  

As soon as the particle pores and the gaps were completely saturated, the surface 

became smoother and homogeneous and the zeta potential values alternated in 

response to the LbL deposition. The analysis of the zeta potential trend determined 

that the surface saturation started not before the 9th layer or 11th layer (Figure 3.31). 
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The difference was again attributed to the amount of the particles coated in the tests, 

100mg and 300 mg respectively. Comprehensively, the former begun to show an 

alternative pattern two layers earlier than the latter. 

For further confirmation of the PEs adsorption QCM-D analysis was performed, first 

with the only PEs solutions and after with the inclusion of the GQDs (Figure 3.21).  

As expected, a decrease in resonance frequency was recorded as the layers deposited; 

when the washing step was conducted another shift of frequency was detected, this 

time with a reversed slope, which indicated a change in mass; by applying the 

Sauerbrey equation, the mass shift was modelled in accordance with the Δf, due to the 

detachment of weakly bound polymers. At the same time the energy dissipation was 

measured: this value was related to the viscoelastic properties and lower variations 

were associated with a more rigid film (Tonda-Turo, Carmagnola, and Ciardelli 2018). 

The results obtained demonstrated the rigidity of the nanocoating composed by the 

alternation of PAH and PSS, and the low amount of water in between the PEs.  

Subsequent measures via SEM analysis revealed that the external PE film after 15 

layers was 0.45 ± 0.11 µm thick, which indicated an average single layer thickness of 

around 30 nm, which was 3 times bigger than reported in literature (Volodkin et al. 

2004). We supposed that after few layers, the concentration of the PEs and their 

molecule conformation, along with the time of deposition, would create a layer that as 

the adsorption went on, would increase in thickness achieving higher magnitudes than 

those reported in literature. The thickness measured was in contradiction with the 

QCM-D results as displayed in par. 3.2.2.1 and the different substrates were 

considered to be the main cause of inconsistency: the flat gold sensor substrate was 

eventually saturated more easily, and the molecules structurally organized more 

ordered and with different conformation compared to the spherical and porous CaCO3 

surface.   

The immersion in an EDTA solution had the expected effect to dissolve the CaCO3 

microparticles solid core, without visibly affecting the PE shell. The EDTA has a strong 

affinity with Ca2+  ions (Liu and Picart 2016), so to create complexes and destroying the 

bonds with carbonate ions. Via diffusion, the various elements and complexes escaped 

through the porous PE matrix causing the consequent CaCO3 core dissolution 

(Volodkin, Larionova, and Sukhorukov 2004).  
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The XPS analysis showed a decrease in content of sulfur and nitrogen consequently the 

EDTA core dissolution, which could be attributed to the possibility of the external wall 

degradation due to the immersion in the solution and the continuous stirring, along 

with the centrifugation leading to the detachment of PEs’ molecules. Moreover, it 

could be attributed to the process described above, regarding the interaction between 

calcium and EDTA. Calcium ions bind with PSS and with carbonate ions which, at the 

same time, bind with PAH via electrostatic interactions. The removal of the inner core 

will subsequently remove PEs molecules, hence the reduction in the elements content.  

Calcium had a similar trend showed in the XPS analysis: its content slowly decreased 

until finally disappearing after the EDTA immersion. XPS equipment detects signal of 

few nanometers, so the layering of PSS and PAH would probably hid the signal. When 

the inner core was removed, calcium was dissolved, although we could speculate that 

some was still present and bound to the PSS, but too weak to be detected.  

FTIR analysis confirmed this result, given the disappearance of the main peaks 

associated to the ACC and to the CO3
2- bond.  

Via LbL adsorption the GQDs were embedded on the surface of the microparticles 

following the protocol previously optimized. The deposition of the nanostructures was 

assessed first via SEM picture analysis: comparison between the average diameters of 

particles coated with and without GQDs was carried out, showing significant difference 

(Figure 3.15). This was attributed to the size of the GQDs that were clearly 

incorporated within the layers. QCM-D analysis instead did not show this behavior, as 

the thickness measured was comparable to the bare PEs deposition: the low GQDs 

concentration, along with a different substrate probably prevented a large deposition 

of the nanostructures. Their adsorption was detected by the energy dissipation factor 

as it showed different behavior from the introduction of the GQDs: in fact, since the 

dissipation is indicative of how soft the layer is, the results obtained suggested a 

change within the layers and probably the small structures were able to retain water in 

between their lattices (Q. Chen et al. 2010).   

Regarding the fluorescent abilities, as Generalova et al reported (Generalova et al. 

2011), this methodology resulted perfectly suitable to create a imaging probe, whose 

fluorescence properties were enhanced proportionally with the adsorption of the 
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layers. Moreover, they demonstrated that the last layer could improve the emission 

intensity of the QDs, creating a sort of passivation layer, which many reports assessed 

that increases the Quantum Yield of the nanodots (Ding, Zhu, and Tian 2014); in this 

project, the last layer deposited was PAH, to impart a positive charge to the 

microparticles and eventually enhance their internalization.  

Subsequently to the LbL assembly of the nanocoating, CaCO3 microparticles and 

microcapsules were introduced at concentrations of 0.2 mg/mL and 0.5 mg/mL in Y201 

MSCs culture, in order to assess the actual suitability of this system to be used as 

theranostic platform. Previous work (Zhang et al. 2012) demonstrated the ability of 

stem cells to internalize theranostic devices, without interfering with their 

functionalities. 

The results were very promising given the high viability of the cells and their ability to 

uptake the drug carriers without dying. The confocal images taken demonstrated the 

excitation-dependent emission of the GQDs, confirming what was already assessed 

from the fluorescence test (Figure 3.34). The LbL assembly increased sensibly the 

number of nanodots on the microparticle, which allowed the bioimaging through 

different colors, blue, green and red.    

 

4.5 Nanoparticles synthesis 

As proof of concept, the last objective was the creation of nano-sized CaCO3 particles, 

in order to exploit the EPR effect. Theranostic platforms have indeed the requirement 

to be targeted, to selectively reach a desired site, especially cancer environment, and 

being able to release the therapeutic compound in situ, without risking side effects. 

The passive targeting is based on the mentioned EPR effect, so nanoparticles could 

extravasate through the fenestrations in between the endothelial cells of cancer 

vessels (Bae and Park 2011).  

The structures manufactured had in fact an average diameter of 4 µm, while the 

creation of the multilayer film with the incorporation of GQDs pushed the size up to 6 

µm. This numbers required a necessary reduction in size, maintaining the stability 

previously achieved, as well as the shape and porosity.  

Initially supersaturated reagent solutions were used: the supersaturation favors the 
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nucleation with respect to the growth of microparticles, which means that the speed 

of nuclei formation is faster the their size growth (Flaten, Seiersten, and Andreassen 

2009).This process managed to decrease the diameter to 1.6 µm without losing in 

porosity and morphology (Figure 3.17). However, the nanoscale wasn’t reached yet. 

The idea was to find a way to prevent the diameters to rise after the initial 

nanoparticles agglomeration. 

Consequently a second procedure was tested; previous studies investigated the effects 

of polyols in the creations of CaCO3, particularly the presence of hydroxyl groups 

created a network of molecules bound via hydrogen bindings to calcium ions acting as 

site of nuclei formation (Trushina, Bukreeva, and Antipina 2016). Indeed, we dissolved 

the reagents in a glycerol-based solvent (83.3% v/v) which possesses 3 alcohol 

functional groups, examining the powders obtained via 3 different reactions.  

Two synthesis were carried out changing the duration (2 and 50 minutes), and the 

effects were analysed via SEM: there was no difference between the batches since 

both presented rhombohedral crystals, which we supposed made of calcite.  

We concluded that the glycerol did not stabilize the vaterite form, thus the third 

reaction was conducted with the addition of PSS and the outcome was reversed as the 

sample was constituted by nano-sized particles, with an average diameter of 720 nm, 

characterized by a spherical morphology and high porosity (Figure 3.18).  

The coupling between hydroxyl groups and Ca2+ ions, as described above, favored a 

high rate of nucleation preventing the growth of the particle; the presence of a 

supersaturated solution would have resulted in a faster nucleation, but when the 

glycerol functional groups were all occupied the remaining free calcium and carbonate 

ions would have participated to the growth pf the particles size: for this reason a 

smaller salt precursors concentration was used, specifically 0.1M, so to limit as much 

as possible the increase in diameters (Trushina, Bukreeva, and Antipina 2016).  

The use of PSS we suggested had the same effect it had with the microparticles, so it 

strengthened the bindings that formed the CaCO3, but it was impossible to assess its  

influence on the particles size. 
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Chapter 5. Conclusion and future perspectives 
_____________________________________________________________________________ 

 

The theranostic approach is an attractive strategy to improve drawbacks of the 

conventional cancer therapies, such as poor selectivity and biodistribution, low doses 

and side-effects.  

In this work we developed polyelectrolyte microcapsules starting from calcium 

carbonate microparticles used sacrificial template and functionalised via LbL 

electrostatic assembly, with the incorporation of Graphene Quantum Dots within the 

nanocoating.  

GQDs were manufactured via an environmentally-friendly green-route starting from 

tea waste as precursor. This process ensured their biocompatibility which was 

demonstrated to be concentration-dependent up to 500 µg/mL.  

CaCO3 microparticles were fabricated and the vaterite polymorph stabilization was 

effectively accomplished via the introduction of 1 mg/mL of PSS in the reaction, 

preventing the transformation into the more thermodynamically stable calcite. The 

EDTA immersion was able to dissolve the inner CaCO3 core, after the LbL 

functionalisation, manufacturing a microcapsule without affecting the bioimaging 

properties. In fact, the LbL assembly was perfectly suitable to create a strong and 

stable shell, incorporating within the nanolayers the negatively charged GQDs.  

These devices were indeed able to be internalized by the cells and to be fluorescent, 

showing an excitation-dependent emission. This last feature will be a major topic of 

research, since the GQDs need to have a narrow wavelength emission, in order to be 

used in theranostic system in combination with other labels.  

The potentiality of this approach to be used as passively-targeted nanotheranostic 

device was demonstrated, as a reduction in diameter down to 320 nm was 

accomplished, although a smaller size distribution has to be achieved in future works. 

The micro and nanoparticles can potentially be loaded with one or more drugs, 

exploiting the diffusion through the pores and accomplishing the therapeutic effect in 

a controlled way, avoiding burst release. Furthermore, the LbL can also be used to 

impart active targeting moieties to the theranostic platforms, via deposition of 

biomolecules with ligand-receptor interaction abilities.  



89 
 

In conclusion, future researches should focus on the investigation of the different 

parameters that influences the outcome of the reactions, which include the reagent 

solutions concentrations and the use of additives such as polyols, so to manufacture 

targeted theranostic nano-sized capsule as new cancer treatment. 
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