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Motivation and Outline 

In an age defined by the imperative for progress, the field of nanotechnology emerges as a 

guiding light of potential and transformation, particularly in the quest for affordable, efficient, and 

effective care. Situated at the crossroads of science, engineering, and innovation, nanotechnology 

embodies unparalleled capacity to confront prevailing global predicaments while addressing the 

pressing need for accessible healthcare solutions. Operating on the nanoscale – a realm where 

atoms and molecules collaborate, giving rise to inventive materials and systems – reveals the 

potential to overhaul industries, from healthcare to energy, from electronics to environmental 

sustainability. The journey into nanotechnology extends a serious call to stand at the vanguard of 

change, to channel collective brilliance toward solutions once deemed unattainable. Within a world 

clamoring for breakthroughs that enrich lives, shield the planet, and provide comprehensive 

healthcare for all, adopting nanotechnology emerges not solely as a preference, but as an obligation 

to steer a future harmonized by human resourcefulness, benevolence, and accessible medical 

advancements. 

At the heart of this transformative journey lie noble metal nanoparticles and nanoclusters, 

exquisite examples of nanotechnology's prowess. These small yet potent structures possess 

attributes that challenge conventional materials, showcasing extraordinary skill in catalytic 

reactions, optical phenomena, and antimicrobial behaviors. With the profound potential to redefine 

medical imaging, sensing technologies, and combatting microbial threats, these little wonders are 

on their way to reshape the landscape of healthcare applications. Envision precise disease detection 

mechanisms, sensor systems with unparalleled sensitivity, and novel antimicrobial approaches that 

mitigate risks – all within reach through the strategic utilization of noble metal nanoparticles and 

nanoclusters.  

The key parameter which defines the properties of this nanomaterials (nanoclusters and 

nanoparticles) is their size. The effects of size on noble metal nanomaterials’ geometric and 

electronic structure represents one of the most intensively studied matter in this field. It all started 

from single-atom metal-species with an electronic structure strongly dependent on the surrounding 

environment (solvent and ligand), whose electronic structure is well defined due to theoretical 

simulations. However, when it comes to small (nanoclusters) and large (nanoparticles) metal 

species, their electronic structure becomes a lot more complex. As an example (Scheme 1) for gold 
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(Au) species, the band gap between highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) is highly dependent on the size of Au-species [1]. 

Specifically, as the size of the nanomaterials increases, the bandgap between HOMO and LUMO 

decreases until, in the case of nanomaterials with a size surpassing 5 nm, the two orbitals overlap 

and a continuous energy band form. Due to this size effects, the optical properties of nanomaterials 

will vary drastically with their size.  

 

Scheme 1. Geometric and electronic structure of nanomaterials’ dependency on their size. Figure 

reproduced from [1]. 

Therefore, the aim of this work was to deepen the investigation of the physico-chemical 

properties of both nanoclusters and nanoparticles and to exploit their properties to develop, as a 

proof-of-concept, new contrast agents, sensing platforms and antimicrobial platforms in order to 

meet the needs of today's society.  
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Chapter 1. Overview on noble metal nanoclusters and nanoparticles 

1.1. Introduction in nanotechnology 

A key parameter which defines the optical properties of NPs is their size, classifying them 

in (i) plasmonic NPs (above 5 nm) and nanoclusters (NCs - below 5 nm), each of them empowered 

with different optical properties. When the size of NPs exceeds 5 nm, the NPs present an unique 

optical phenomenon called localized surface plasmon resonance (LSPR), a collective oscillation 

of the free electrons from the conduction band after the interaction of the NP with an 

electromagnetic field (light) [2]. However, if the size decreases below 5 nm, they no longer have 

the LSPR phenomenon, instead NCs exhibit a tunable intrinsic photoluminescence with excellent 

photostability and high Stokes shift [3]. Both types of nanoobjects are of high interest nowadays 

therefore in the following subsections of this chapter, more details about their synthesis, properties 

and applications are presented. 

 

1.2.  Noble metal nanoclusters 

1.2.1. Synthesis methods 

In the past decade, many new syntheses of NCs were reported, exploiting both the bottom-

up and top-down approaches in the search to attain the simplest and the fastest way to achieve NCs 

with high purity and reproducibility. Among them, the most used is the direct synthesis method 

also called the one-step synthesis method. Using this approach, the noble metal salt is reduced in 

the presence of a reducing agent and stabilized by a thiol-based ligand present in abundance in the 

synthesis solution, resulting in the formation of NCs. However, there are ligands that play both the 

role of the reducing agent and the stabilizing agent during the synthesis procedure such as proteins 

[3], peptides [4], amino acids [5], etc, strategy which is also known as template assisted synthesis. 

The main problem of this procedure is that they are time consuming, taking sometimes even days 

to obtain NCs, which was the case of bovine serum albumin encapsulated NCs synthesized also in 

this work. 

 The microwave-assisted approach can considerably reduce the synthesis time to even 

minutes. This approach comes with many other advantages such as uniform heating, a low energy 

consumption resulting in excellent cost effectiveness, while being eco-friendly [6,7]. Moreover, 
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the procedure exhibits a high control on the dispersity of the synthesized nanocrystals. This 

strategy was used in the work presented in this thesis to successfully synthesize NCs stabilized by 

glutathione and histidine. 

 

1.2.2. Properties of nanoclusters 

The property of NCs which attracted extensive attention is their intrinsic 

photoluminescence. The emission of NCs can be affected by various factors from the structure of 

the NCs to the solution pH or temperature [8].  Up until now, the emission mechanism is unknown 

to the research community. Yet, the quantum confinement effect is accepted. Specifically, bulk 

materials present a continuous energy band, however, when the size of the nanomaterial becomes 

comparable to the Fermi wavelength (~ 2 nm), the continuous energy band splits into discrete 

energy levels [9], empowering NCs with molecular-like properties such as photoluminescence.  

 

1.2.3. Applications of nanoclusters 

Due to their unique physicochemical properties such as biocompatibility, excellent bio-

permeability and easy-to-modify surface, NCs are extensively being exploited in various 

applications. Among them, NCs are exploited the most as sensing platforms as their 

photoluminescence is highly sensitive. After the interaction with the desired analyte, usually, the 

intensity of photoluminescence varies in two possible ways: (i) quenching and (ii) emission 

enhancing Cell and tissue imaging is another application in which NCs are extremely exploited. 

Due to their small size (1-5 nm), NCs can easily penetrate the cell membrane, while exhibiting 

high chemical- and photo- stability, high biocompatibility given by the stabilizing agent making 

them excellent candidates as fluorescent contrast agents for bioimaging applications. Even though 

the aforementioned applications are the most exploited, great works were reported with NCs even 

in other fields. In the work which will be presented in this thesis, the synthesized NCs will be 

exploited in their two main applications: sensing and imaging. 
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1.3.  Noble metal nanoparticles 

1.3.1. Synthesis methods 

The synthesis of NPs as the one of NCs can be achieved following one of the two main 

strategies: the bottom-up approach and the top-down one. The top-down approaches imply 

breaking the bulk material into small NPs via a physical or chemical method. For this approach, 

there are multiple strategies reported in the literature such as pyrolysis, thermolysis, 

nanolithography and radiation-induced approaches. However, most of the top-down strategies 

result in the formation of NPs with surface imperfections affecting their both physical and chemical 

properties. The NPs produced by bottom-up strategies are in general considered of higher quality 

due to the possibility to control their composition, size and shape. The bottom-up approaches are 

usually aqueous-chemical synthesis such as chemical, sonochemical, electrochemical and green 

approaches. The reduction of metal ions in solution represents the most exploited bottom-up 

strategy and implies the reduction of noble metal ions from their corresponding salts using different 

chemical compounds as reducing agents in the presence of suitable stabilizing agent [10]. 

Moreover, the green strategies involve the use of microorganism, biopolymers and plant extracts 

to be used as stabilizing agents and sometimes even reducing agents [11]. In this work, the green 

synthesis strategy was the only one exploited to synthesize NPs.  

 

1.3.2. Properties of nanoparticles 

In order to understand the physical meaning of surface plasmons, metallic NPs should be 

approximated as a network of positive ions inside which electron from the conduction band are 

freely moving [2]. After the interaction of NPs with light, the electromagnetic field exerts a force 

on the freely moving electrons which push them towards the surface of the NPs. The movement 

of the conduction electrons will result into a charge separation which will create an electric dipole. 

At this point, the electric dipole will generate and opposite electric field which will compel the 

electrons to return at their equilibrium point. Therefore, the conductive electrons will start 

oscillating around their equilibrium point with a frequency also known as the plasmonic frequency. 

The oscillation of electrons from the conductive band after their excitation with light bears the 

name of surface plasmons [12]. Moreover, if the frequency of the electromagnetic field matches 

the plasmonic frequency, the conduction electrons will oscillate at maximum amplitude resulting 
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in the most important phenomenon of NPs, surface plasmon resonance. In addition, if the NPs are 

made out of metal, surface plasmon resonance is localized on the surface of the NPs which 

represents the phenomenon known as LSPR.  

 

1.3.3. Applications of nanoparticles 

Due to their unique physical and chemical properties, noble metal NPs were exploited in 

various applications. Among all, NPs were extensively used in sensing to selectively detect the 

desired analyte. Most of the reported sensing strategies involving NPs are based on their 

aggregation after interacting with the target molecule, resulting in a change in color of their 

colloidal solution, called colorimetric detection. Imaging is another application in which noble 

metal NPs perform well. Even though NPs can play the role of contrast agents by themselves for 

dark-field imaging [13], however this technique implies high-intensity light to excite the NPs-

treated cells or tissue which can cause damage to them. Therefore, NPs are functionalized with a 

Raman reporter molecule or a fluorophore to play the role of contrast agents for surface enhanced 

Raman scattering (SERS) imaging [14] or fluorescence imaging [15], respectively. In the work 

presented in this thesis, the synthesized NPs were exploited as colorimetric sensing platforms, 

SERS contrast agents and antimicrobial agents.  

 Taking in consideration the different optical properties between NCs and NPs, in the 

following, the thesis will be split into two parts (I) “Contributions on the synthesis of new gold 

nanoclusters and their applications in bioimaging and sensing” focusing on the synthesis, 

characterization and imaging and sensing applications of NCs and (II) “Contributions on the 

synthesis of new noble metal nanoparticles for applications as SERS contrast agents, 

nanoantibiotics and sensing platforms “ focusing on the synthesis, characterization and imaging 

and sensing applications of NPs.  
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Chapter 2. Bovine serum albumin stabilized gold nanoclusters for 

fluorescence lifetime imaging applications 

2.1. Introduction 

In the past decades, fluorescence imaging has been proven to be a powerful technique for 

the early diagnosis and treatment guidance of diseases, but also crucial in mechanism studies of 

different biological, immunological and neurological processes [16–21]. Therefore, the 

development of adequate fluorescent contrast agents has become a priority for the research 

community [22,23]. Usually, a fluorescent contrast agent is composed of a visible or near-infrared 

(NIR) emitting fluorophore functionalized with a biomarker that exhibits high affinity for a 

receptor from the cell or tissue of interest. However, common organic fluorophores present 

multiple disadvantages like overlapped emission with the biological autofluorescence, fast 

fluorescence lifetimes, low photostability, a small Stokes shift, but can also be highly toxic for the 

biological environments [24,25]. Therefore, it is crucial to fabricate fluorescent contrast agents 

that are able to overcome the aforementioned drawbacks.  

 

2.2. Synthesis of BSA-AuNCs 

 BSA-AuNCs were synthesized using an adapted and optimized two-step procedure, that 

was previously reported [3]. In an Erlenmeyer flask, 5 mL solution of BSA (40 mg/mL) were 

mixed with 5 mL of HAuCl4 (10-2 M) under magnetic stirring at 37 ℃. Forward, 20 µL of ascorbic 

acid (10-3 M) and 0.5 mL of NaOH (1 M) were dropped at a rate of 4 µL/min and 0.1 mL/min, 

respectively. After 24 h, 0.5 mL of NaOH (1 M) were added to adjust the pH of the solution to a 

very alkaline one and the solution was magnetically stirred for another 24 h at 37 ℃.  

 

2.3. Characterization of BSA-AuNCs 

 Following the synthesis, the colloidal solution of BSA-AuNCs exhibits a dark-brown color 

under ambiental light (inset - Figure 2.1.A) which turns red when exposed to ultraviolet light, 

indicating that the synthesized particles possess intrinsic photoluminescence. Moreover, the 

colloidal solution of BSA-AuNCs presents a strong absorption that exponentially decreases from 

UV to visible (Figure 2.1.A), while the absence of a localized surface plasmon resonance band 

(LSPR) demonstrates the absence of large nanoparticles.  
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Figure 2.1. (A) The absorption and (B) the photoluminescence spectra of BSA-AuNCs (black line) and 

BSA (red line). The inset represents the colloidal solution of BSA-AuNCs exposed to ambiental light and 

UV light. Figure adapted from [26]. 

 

 From the emission point of view, the colloidal solution of BSA-AuNCs exhibits a far-red 

photoluminescence localized at 670 nm under 530 nm excitation (Figure 2.1. B). It is worth 

mentioning that no emission was observed from an equivalent solution of BSA under the same 

excitation wavelength. From the morphological point of view, the DLS measurements (Figure 

2.3.A) present that the average size of the BSA-AuNCs is 25 ± 12 nm. Taking in consideration that 

a single BSA protein possesses dimensions of 4 nm x 4 nm x 14 nm, the reported hydrodynamic 

size of BSA-AuNCs indicates the polymerization of multiple BSA chains. This theory was 

confirmed by low magnifications TEM images that are presented in Figure 2.3.B. Furthermore, 

the HRTEM images of an BSA-AuNCs complex (Figure 2.3.C) demonstrate the presence of 2 to 

3 nm spherical nanostructures inside the BSA complex, while the EDX elemental analysis clearly 

confirms the nanostructures are made out of gold. Therefore, the DLS and TEM measurements 

proves the successful synthesis of AuNCs wrapped inside a BSA corona.  

 

2.3. Folic acid functionalization of BSA-AuNCs 

The ovarian adenocarcinoma cells overexpress the folate receptor alpha (FRα), while the 

receptor is barely found in normal healthy cells and, therefore, the functionalization with FA would 
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empower BSA-AuNCs with targetability towards ovarian cancer cells. After performing the 

procedure detailed in subsection 2.2.3, the functionalization with FA of BSA-AuNCs was first 

evaluated using the FT-IR spectroscopy and a new C-N covalent was observed between the 

carboxyl group of FA and the amine group of BSA. The hydrodynamic size of BSA-AuNCs 

increases by 3 nm after the FA-functionalization, while an increase in value by 10 mV of the zeta 

potential post-functionalization was observed. Furthermore, the photoluminescence of BSA-

AuNCs before and after the FA-functionalization was investigated under 530 nm excitation and  

the BSA-specific emission band presented a 12 nm blue shift and a slight decrease in intensity 

post-functionalization with FA. All the aforementioned results prove that the BSA-AuNCs were 

successfully functionalized with FA. 

 

 

2.4. Cell viability of BSA-AuNCs 

In order to develop AuNCs for biomedical applications, the key property they should 

possess is biocompatibility. Therefore, the viability of ovarian adenocarcinoma NIH:OVCAR-3 

cells, a cell line with overexpressed FRα on their surface, was tested in the presence of BSA-

AuNCs and FA-BSA-AuNCs. Both samples don’t exhibit any toxic effects on the viability of the 

NIH:OVCAR-3 cell line at any tested concentration, demonstrating their high biocompatibility.  

 

2.5. Performance of BSA-AuNCs as fluorescence contrast agents  

2.5.1. Inside cells 

We evaluated the potential of BSA-AuNCs as photoluminescent contrast agents for the 

targeted visualization of ovarian adenocarcinoma NIH-OVCAR-3 cells using a fluorescene 

lifetime imaging microscopy (FLIM - Figure 2.2.) under 520 nm excitation. The 

photoluminescence lifetime maps of the untreated and AuNCs-treated NIH:OVCAR-3 cells 

demonstrates the enhanced cellular uptake of FA-BSA-AuNCs compared to BSA-AuNCs, uptake-

superiority which is mediated by FA. The AuNCs are preferably located around the nucleus, 

highlighting the cellular cytoplasm, while no signal was depicted from the untreated cells under 

the same 520 nm excitation. Moreover, the high-contrast FLIM images acquired on the FA-BSA-

AuNCs treated NIH-OVCAR-3 cells at different z-depths confirm the uniform distribution of the 

AuNCs inside the whole cell (Figure 2.17.z1-5). 
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Figure 2.2. High-contrast confocal FLIM images of untreated ovarian adenocarcinoma 

NIH:OVCAR-3 cells, (B) treated with BSA-AuNCs and (C) with FA-BSA-AuNCs. (z1-5) FLIM images of 

the same FA-BSA-AuNCS-treated NIH:OVCAR-3 cell recorded at different z-depths. All images were 

acquired under 520 pulsed one-photon excitation. Figure reproduced from [26]. 

 

Therefore, the aforementioned results demonstrate the excellent cellular-staining effect of 

FA-BSA-AuNCs together with their uniform internalization and, in consequence, their capacity to 

be used as cancer-specific photoluminescent contrast agents for intracellular bioimaging.  

 

2.5.2. Inside tissue-mimicking phantoms 

 Unfortunately, most imaging studies stop at the cellular levels, however, further studies 

need to be performed on more complex biological environments in order to assess the feasibility 

of a nanomaterial to be used as a contrast agent. Therefore, BSA-AuNCs at different concentrations 

were internalized in agarose-phantoms (BSA-AuNCs@phantom) and their efficiency as 

photoluminescent contrast agents was evaluated under NIR TPE. The acquired TPE FLIM images 

are presented in Figure 2.3. The FLIM images of the agarose-phantoms treated with 20-50% BSA-

AuNCs (20-50%BSA-AuNCs@agarose-phantom) recorded under 820 nm TPE exhibit a 

homogeneous photoluminescence, while no signal was detected from the untreated agarose-

phantom (control). Specifically, the precise delimitation of the phantom regions that were treated 

with BSA-AuNCs from the untreated ones demonstrates their ability to stain tissue mimicking 

agarose-phantoms under non-invasive NIR TPE. 
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Figure 2.19. FLIM images of agarose-phantoms treated with different concentrations of BSA-AuNCs (20, 

30 and 50%) acquired under 820 nm TPE. The FLIM maps are represented in the same lifetime (0-12 ns) 

and intensity scale (0-2500 counts). Image reproduced from [27]. 

 

Furthermore, even though the photoluminescence intensity increases with the 

concentration of BSA-AuNCs, inside the agarose-phantom treated with 50% BSA-AuNCs high-

aggregation regions were found. These regions can be depicted as the light-blue spots due to a 

lower photoluminescence lifetime value. Taking in consideration that aggregated NCs and proteins 

present high toxicity to any cell or tissue, the agarose-phantom treated with 30% BSA-AuNCs was 

chosen to be used in the following experiments.  

High depth penetration, reduced phototoxicity, highly localized excitation represent just 

some of the advantages of TPE over OPE. While for OPE, a linear dependency can be observed 

between the emission intensity and the power of the excitation, for TPE a non-linear dependency 

should be observed. Therefore, the photoluminescence spectrum from the AuNCs-treated phantom 

was extracted for different between 5 and 20 mW. First, the optical information of the 30%BSA-

AuNCs@agarose-phantom’s photoluminescence matches the one of BSA-AuNCs in solution and 

solid-state with a maximum localized at 670 nm, proving that their emission properties are 

maintained inside the agarose-phantom. Secondly, the photoluminescence intensity quadratically 

depends on the used excitation power, demonstrating without a doubt that the emission is the result 

of a TPE process. Therefore, BSA-AuNCs represent excellent candidates as reliable 

photoluminescent contrast agents for future non-invasive in vivo TPE-FLIM imaging applications.  
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2.6. Conclusions 

In this chapter, BSA-stabilized AuNCs showed an excellent performance as 

photoluminescent contrast agents for both intracellular-targeted imaging and simulated ex vivo 

imaging inside tissue mimicking agarose-phantom via FLIM under one-photon and two-photon, 

respectively, excitation. After the two-step synthesis, the colloidal solution of BSA-AuNCs 

exhibited a bright red emission localized at 670 nm under 530 nm excitation that is stable in time, 

in different states of matter and also under continuous irradiation. Furthermore, the BSA-AuNCs 

were successfully functionalized with FA and their excellent biocompatibility was proved by MTT 

assays performed on ovarian adenocarcinoma NIH:OVCAR-3 cells. Next as a proof of concept, in 

vitro fluorescence microscopy imaging demonstrated the excellent intracellular-staining ability of 

BSA-AuNCs, but also that the FA-functionalization significantly improved their internalization 

inside ovarian adenocarcinoma NIH:OVCAR-3 cells. Finally, the BSA-AuNCs were internalized 

inside tissue mimicking agarose-phantoms, as a bioethical step before in vivo, in order to evaluate 

their bioimaging abilities in a simulated ex vivo environment.  An outstanding signal was obtained 

in the case of the 30%BSA-AuNCs@agarose-phantom under 820 nm TPE, while the quadratic 

dependency of the signal on the excitation power confirmed that the photoluminescence originates 

from a TPE process. Therefore, BSA-AuNCs represent promising candidates for future targeted 

non-invasive in vivo imaging.  
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Chapter 3.  Glutathione-capped gold nanoclusters as near-infrared-

light emitters for confocal fluorescence imaging 

3.1. Introduction 

 NIR-emitting contrast agents represent a class of biocompatible and fluorescent 

nanomaterials that were proven to be excellent tools for non-invasive deep-tissue imaging. 

Exhibiting both excitation and emission maximum wavelengths in the first biological window, 

NIR-emitting contrast agents can be tracked inside tissue up to a depth of 1 cm, making them 

excellent candidates for in vivo imaging applications [28]. Up to today, some NIR-emitting FDA-

approved fluorophores were already exploited for live fluorescence-based surgical guidance 

[29,30], however, they present significant drawbacks like low temporal stability, low Stokes shift 

and a fluorescence lifetime that overlaps with the one of tissue’s autofluorescence. Therefore, the 

development of new NIR-emitting biocompatible contrast agents to overcome the aforementioned 

drawbacks is necessary and critical for the evolution of fluorescence-based image-guided surgery.  

   

3.2. Synthesis of GSH-AuNCs 

 Multiple types of GSH-AuNCs were synthesized via a new microwave-assisted procedure 

which is presented in Scheme 3.1.  

 

Scheme 3.1. Schematic representations of the microwave-assisted synthesis of GSH-AuNCs 

 

 In a G10 microwave-reactor’s vessel, a solution of GSH (3 mL, 5 mM) was added over 

volumes ranging between 1.0 and 1.3 mL of HAuCl4 (10 mM). Afterwards, the vessels were 

irradiated by 850 W microwaves for 20 min at 90 ℃.  

3.3. Characterization of GSH-AuNCs 
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 First of all, multiple batches of GSH-AuNCs were synthesized using the procedure 

presented in Scheme 3.1 by ranging the HAuCl4 between from 1.0 to 1.3 mL. Compared to other 

reported procedures, the novelty of the approach presented in this chapter consists of the use of 

microwave irradiation for the controlled reduction of gold ions, synthesis times which are 

considerably faster (20 min) and the high control of their optical properties by changing the 

GSH:HAuCl4 molar ratio, resulting in a green, fast and simple procedure. All the batches of GSH-

AuNCs present two fluorescence emissions bands under 405 nm excitation: a photoluminescence 

localized at 610 nm (red-PL) and one located at 800 nm (NIR-PL). The dual photoluminescence 

of GSH-AuNCs is due to the two different conformations that GSH exist on the AuNCs’ surface 

together with a different surface-coverage degree that GSH ensures [31] 

 

Figure 3.1. The photoluminescence spectra of all the batches of GSH-AuNCs synthesized by ranging the 

volume of HAuCl4 from 1.0 to 1.3 mL under 405 nm excitation. (B) The dependence of the 

photoluminescence intensity ratio (I800/I610) along with the emission intensity of the 800 nm 

photoluminescence on the used volume of HAuCl4. Figure reproduced from [32]. 

 

Taking in consideration that this chapter is focused on the synthesis of NIR-emitting 

photoluminescent contrast agents, after a careful analysis of the intensity ration between the red 

and NIR emissions correlated with the NIR-PL intensity (Figure 3.1.B), the GSH-AuNCs 

synthesized with 1.2 mL of HAuCl4 were chosen for further investigations.  

 The selected GSH-AuNCs exhibit an absorption behavior typical to NCs with a high 

absorption in the UV region that rapidly decreases towards the visible region. The GSH-AuNCs 

colloidal solution presents a green-yellowish color which turns red under UV exposure, a visual 

confirmation of their intrinsic photoluminescence. The excitation spectrum highlights the wide 

range of wavelengths at which the NIR-PL can be obtained. The QY of the NIR-PL of GSH-
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AuNCs was calculated relatively to indocyanine green and is found to be 9.9%. Moreover, the 

fluorescence lifetime of the red-PL was measured to be 407 ns, while the one of the NIR-PL was 

obtained to be 1821 ns, both exhibiting values above the one the biological autoflorescence, 

proving their feasibility to be used as photoluminescent contrast agents.  

 

3.4. Performance of GSH-AuNCs as near-infrared contrast agents inside 

tissue-mimicking phantoms 

 Taking in consideration that the high biocompatibility of GSH-AuNCs was previously 

reported in multiple studies, the microwaved-synthesized GSH-AuNCs were internalized inside 

tissue mimicking agarose-phantoms in order to evaluate their efficiency as NIR-emitting contrast 

agents using complementary re-scan confocal fluorescence microscopy (RCM) and FLIM 

techniques under 640 nm excitation. The FLIM images of the GSH-AuNCS@agarose-phantom 

exhibits large spots of high intensity photoluminescent-signal under excitation at 640 nm (Figure 

3.2), while no signal was depicted from the untreated agarose-phantom (control), demonstrating 

the recorded signal originates from the photoluminescent NIR-emitting GSH-AuNCs that were 

embedded inside the agarose-phantom. Moreover, the photoluminescence spectrum acquired from 

the GSH-AuNCs@agarose-phantom under 640 nm exhibit a 25 nm blue-shift compared to the one 

in solution and in solid-state. This shift was most probably caused by the agglomeration of the 

NCs that takes place after internalizing GSH-AuNCs inside the tissue mimicking agarose-

phantom. Last but not the least, the 3D-RCM images of the GSH-AuNCs@agarose-phantom, 

obtained after the reconstruction of multiple confocal 2D images from different z-depths, confirm 

the distribution of GSH-AuNCs inside the whole mass of the tissue mimicking agarose-phantom, 

which are in direct agreement with the aforementioned FLIM images. Considering that most of 

the photoluminescent contrast agents are tested only on cells, in this chapter, it was demonstrated 

that NIR-emitting long-lived GSH-AuNCs are able to perform as bright and reliable 

photoluminescent contrast agents inside tissue mimicking agarose-phantoms and, therefore, 

demonstrating their potential to be used in future ex vivo  and even in vivo bioimaging applications 

via both confocal steady-state fluorescence microscopy and fluorescence lifetime imaging 

microscopy.  



23 
 

 

Figure 3.2. FLIM images of the tissue mimicking agarose-phantom treated with GSH-AuNCs recorded at 

different z-depts (Z1-Z3) under 640 nm excitation with 647LP emission filter. (B) and (C) RCM images of 

tissue mimicking agarose-phantom treated with GSH-AuNCs acquired under 640 nm excitation. (D) The 

photoluminescence spectra of GSH-AuNCs in solid state compared to the one recorded inside the tissue 

mimicking agarose-phantom. Figure reproduced from [32]. 

 

3.5. Conclusions 

 In this chapter, dual-emissive GSH-AuNCs were synthesized using a novel procedure and 

was proved to have the capacity to perform as NIR-emitting contrast agents inside tissue 

mimicking agarose-phantoms using confocal steady-stated fluorescence and lifetime imaging 

microscopies. In particular, photoluminescent and photostable GSH-AuNCs were synthesized 

through a microwave assisted approach. The as prepared NCs exhibit two emissions: the red-PL 

located at 610 nm and the NIR-PL localized at 800 nm with an QY of 9.9%. The fluorescence 

lifetime of GSH-AuNCs’ two emissions were found to be 407 ns for the red-PL and 1821 for the 

NIR-PL. Furthermore, GSH-AuNCs were proved to exhibit a photostable, bright and uniform NIR-

PL under an excitation of 640 nm making them suitable for bioimaging applications. Therefore, 

complementary RCM and FLIM assays were executed on agarose-phantoms treated with GSH-

AuNCs and the obtained images demonstrated the excellent staining capacity of the novel material 

proposed in this chapter inside tissue-like environment.   
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Chapter 4. Paper-based portable platforms using as synthesized gold 

nanoclusters for efficient heavy metal ions detection  

4.1. Introduction 

In past decades, heavy metal ion pollution has been found to be a major source of concern 

for the environment and human health because of its high toxicity and non-biodegradable 

properties [33–35]. For example, high concentration of copper ions (Cu2+) can cause liver or 

kidney failure [36], but can be also deadly for the subaquatic life [37], while Fe ion can induce 

disorders such as Parkinson, Alzheimer or even low blood pressure [38]. Nowadays, multiple ways 

are used to determine the concentration of heavy metal ions from water samples such as atomic 

absorption spectroscopy [39], surface enhanced Raman spectroscopy [40], chromatography [41], 

electrochemical methods [42] and even inductively coupled plasma mass spectroscopy [43]. 

However, the aforementioned sensing techniques have the same drawback: expensive and time-

consuming as the samples need to be sent to specialized laboratories or institutions where trained 

personnel perform the analysis using heavy and expensive equipment. Therefore, there is a big call 

to develop new, faster and more accessible methods to sensitively and selectively detect the desired 

heavy metal ion.   

 

4.2. Bovine serum albumin stabilized gold nanoclusters for selective and 

sensitive Cu ions detection 

4.2.1. Synthesis of BSA-AuNCs    

 The BSA-AuNCs were synthesized using a similar procedure described in subsection 2.2.2. 

In detail, the temperature of the synthesis was increased to 50 ℃, which improved the time of the 

procedure by 24 h. Moreover, the addition of NaOH (0.5 ml, 1 M) for the second time was not 

necessary anymore, as the synthesis was completed after only 24 h.     

 

4.2.2. Characterization of BSA-AuNCs 

 After, the synthesis of BSA-AuNCs,, the NCs were characterized both spectroscopically 

and morphologically. The UV-Vis spectrum presents a typical NCs absorption, while no localized 

surface plasmon resonance band could be depicted in the visible region. Moreover, the emission 

of the BSA-AuNCs was evaluated using a portable spectrofluorometer equipped with LED-based 
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excitation. The photoluminescence of BSA-AuNCs display a peak located at 670 nm under 502 

nm excitation, the most suitable LED in order to maximize the photo luminesce emission. 

Furthermore, the HR-TEM images, acquired using a Hitachi microscope, expose the AuNCs with 

an average size of 3 nm which are embedded inside a BSA-corona. Both spectroscopical and 

morphological characterization demonstrate the successful formation of BSA-AuNCs.  

 

4.2.3. Performance of BSA-AuNCs-based colloidal sensor 

The sensitivity and selectivity assays were performed using a light-weight, portable and 

cheap set-up that can be taken directly to the prelevation site and quantify the desired analyte. After 

the interaction of BSA-AuNCs with different common metal ions, a 53% quenching of their 

photoluminescence was observed after interaction with Cu ions, proving their selectivity towards 

the detection of Cu ions.  Next, the colloidal sensor’ sensitivity towards the detection of Cu ions 

was evaluated in solution. Therefore, the colloidal solution of BSA-AuNCs was incubated with 

Cu2+ solutions, and an increasing quenching was obtained with the increase of the tested Cu 

concentration (Figure 4.1.A) 

 

Figure 4.1. (A) The photoluminescence spectra of BSA-AuNCs under 502 nm excitation in the presence of 

Cu2+ concentrations (B) The sensitivity assay presented as the photoluminescence of BSA-AuNCs’ 

intensity ratio (I/I0) dependence on the Cu2+ concentration. Figure adapted from [44]. 

 

After linear fitting operations performed on the plot of I/I0 against the Cu2+ concentration 

(Figure 4.1.B), two linear dynamic ranges were observed: one for a lower concentration range (0-

17 µM) and one for higher concentration range (17-1724 μM). Furthermore, the limit of detection 

of the colloidal sensor was calculated to be 0.83 μM, a value that is far below the accepted limit in 
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drinking water of 20 μM set by the USA’s Environmental Protection Agency, proving the 

feasibility of the proposed sensor towards the quantification of harmful concentrations of Cu ions.  

 

4.2.4. Cu ions sensing using BSA-AuNCs-paper-based platform 

   4.2.4.1. In laboratory conditions 

 Nowadays, the development of new, cheap and easy-to-use detection methods that can 

overcome the drawbacks of complicated and time-consuming approaches represent the number 

one goal of the sensing-niche. Therefore, as a proof of concept, the excellent properties of filter 

paper were combined with the sensing capacity of BSA-AuNCs in order to develop a cheap, 

portable, qualitative and semi-quantitative sensor for the specific detection of Cu ions. In 

particular, concentration ranging from 0 to 250 μM of Cu ions were dropped over the round-shaped 

BSA-AuNCs-embedded paper spots and the photoluminescence’s quenching effect was evaluated 

(Figure 4.2).  

 

Figure 4.2. Photographic images of the BSA-AuNCs@paper-based sensor acquired under UV light, 1 h 

after the incubation with Cu ions at concentrations ranging from 0 to 250 μM. The BSA-AuNCs-

embedded paper spots were priorly left to dry for different periods of time ranging from 1 h to 14 days. 

Figure reproduced from [45].  

 

 Compared to the control-spots incubated with only ultrapure water (the left column of 

Figure 4.2), color alterations were depicted in the middle of the detection spots which were 

incubated with a Cu2+-containing solution. This phenomenon occurs due to the quenching effect 

of the BSA-AuNCs’ photoluminescence activated by their interaction with Cu ions inside the filter 
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paper. The different behavior of the paper-based sensor over two concentration ranges (from 5 to 

20 μM and over 50 μM) is consistent with the two linear dynamic ranges obtained in the case of 

the colloidal sensor. The limit of detection of the BSA-AuNCs@paper-based sensor was found to 

be 5 μM.  

 

   4.2.4.2. From real water samples 

 The next step was to evaluate the BSA-AuNCs@paper-based sensor capacity to detect Cu 

ions from real water samples. The real water samples exhibited no detectable levels of Cu ions. 

Therefore, the samples were spiked with 5, 10, 20, 157 and 188 µM, respectively, and assays were 

carried on. The visual examination of the photos demonstrates that the BSA-AuNCs@paper-based 

sensing platform is capable to detect concentration as low as 5 µM from real water samples. Even 

though this concentration is harmless for the human body, it can kill fish after exposure for just a 

few hours [46].  

   

 

4.2.5. Conclusions 

 In conclusion. the BSA-AuNCs@paper-based sensing platform can be successfully used 

in one of two ways: (1) when exploited for drinking water assays, the quenching produced by a 5 

µL drop of water indicates that it contains concentrations exceeding 50 µM of Cu ions and (2) 

when exploited for the subaquatic environment, the visual detection of Cu after two 5 µL drops 

confirm that the water sample is deadly for the fish and any other subaquatic life. Therefore, the 

BSA-AuNCs@paper-based sensor presents great promise for the easy, fast and cheap detection of 

Cu2+ from real waters samples.  

 

4.3. Histidine-capped gold nanoclusters for selective and sensitive Fe ions 

detection 

4.3.1. Synthesis of His-AuNCs    

 In this work, we developed a new procedure to synthesize His-AuNCs via a microwave 

assisted-approach. In a G10 microwave vessel, 3 mL of His (0.1 M) was added over 1.5 mL of 

HAuCl4 (10 mM) and the mixture was introduced in the microwave reactor. Afterwards, it was 

irradiated with microwaves at 850 W for 30 min at 90℃ and 1200 rpm.  
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4.3.2. Characterization of His-AuNCs 

 The colloidal solution of the His-AuNCs obtained via a microwave assisted approach is 

presented in the inset of Figure 4.6. The color of the solution was pale-green under ambiental light 

excitation, which turned blue under UV excitation, proving that His-AuNCs are empowered with 

intrinsic photoluminescence. The colloidal solution of His-AuNCs exhibit an excitation peak 

located at 380 nm and a corresponding bright-blue photoluminescence localized at 471 nm. 

Furthermore, compared to the photoluminescence of His-AuNCs prepared using a procedure from 

literature [33], the proposed microwave-assisted synthesis resulted in the preparation His-AuNCs 

that present am enhanced photoluminescence by four times under the same 380 nm excitation. The 

photoluminescence of His-AuNCs has maintained over 91% of its initial intensity under 

continuous irradiation at 380 nm for 15 min, demonstrating its high photostability.  

  

4.3.3. Performance of His-AuNCs-based colloidal sensor 

 After the selectivity assays, in the presence of different common metal ions, a quenching 

effect of the His-AuNCs photoluminescence was observed after their interaction with Fe ions. The 

mechanism explaining the photoluminescence quenching effect might be related to Fe-induced 

aggregation of the NCs. The aggregation can take place due to a coordination together with a cross-

linking of the carboxyl and amino groups powered by Fe ions [47,48]. Further, the sensitivity of 

the colloidal sensor towards the Fe ions detection was investigated by incubating them with 

increasing concentrations of Fe ions from 0 to 44 mM. The linear fit exposed the linear dynamic 

range of the His-AuNCs-based sensor ranging from 0.022 to 4.4 mM and the limit of detection 

was calculated to be 0.2 µM. Taking in consideration that the maximum accepted concentration of 

Fe ions in water according to World Health Organization  is 35 µM [49], the His-AuNCs colloidal-

sensor is suitable to prevent dangerous intakes of Fe ions from drinking water. 

 

4.3.4. Fe ions sensing using His-AuNCs-paper-based platform 

   4.3.4.1. In laboratory conditions 

 As it was demonstrated, the performance of His-AuNCs as a sensing platform for the 

detection of Fe ions is outstanding. However, this approach presents some drawbacks such as low 

accessibility, low portability, time-consuming and is mandatory to be performed by trained 
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personnel. Therefore, the His-AuNCs were integrated on Whatman filter paper in order to develop 

a cheap, fast and portable sensing platform for the selective identification and quantification of Fe 

ions from water, as briefly presented in Scheme 4.1. 

 

 

Scheme 4.1. Schematic representation of the His-AuNCs@paper-based sensor’s fabrication together with 

the viasual detection of Fe ions. Scheme reproduce from [44]. 

 

Specifically, the colloidal solution of His-AuNCs was drop-casted on Whatman filter paper 

and was left to dry for 24 h in order to fabricate the His-AuNCs@paper-based sensing platform. 

Next, 5 µL drops of Fe ions solutions with concentrations ranging from 0 to 123 µM were dropped 

over the active detection spots of the His-AuNCs@paper-based sensor. The photoluminescence 

quenching of impregnated-His-AuNCs was visually evaluated after 15 minutes under UV light and 

photos were acquired using the camera of a smartphone (Figure 4.3) 

 

Figure 4.3. Photos of the His-AuNCs@paper-based sensing platform recorded under UV light, 15 min 

after the sensors’ incubation with Fe ions at concentrations ranging from 0 to 123 μM. The detection 

spots were previously dried for 1 day. Figure adapted from [44].       

 

 The control detection spot, treated only with ultrapure water, exhibited no changes in 

intensity or color (first detection spot in Figure 4.3). However, the detection spots that were 

contaminated with rising concentration of Fe ions present a visually detectable change in color in 

the middle induced by the interaction between the Fe ions and the impregnated-His-AuNCs. 
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Explicitly, the color in the middle of the detection spot changes from bright blue to gray-blackish, 

as the sensing platform interacts with higher concentrations of Fe ions, demonstrating that the His-

AuNCs@paper-based sensor is capable to detect Fe ions. Moreover, the dark spot increases in 

diameter as the concentrations of Fe ions increases, proving that the sensor is also sensitive, not 

only qualitative, towards the detection of Fe ions from water. Therefore, the blue intensity of the 

Fe-contaminated detection spots was extracted using ImageJ software and were plotted compared 

to the blue intensity of the control (I/I0) against the concentration of Fe ions from 0 to 123 μM. 

After fitting operations, the average blue intensity plot against the concentration of Fe ions exposed 

a linear dynamic range from 9 to 97 μM and a limit of detection of 3.2 μM, demonstrating that the 

His-AuNCs-impregnated paper-based sensor is relevant for the detection of harmful levels of Fe 

ions. 

   4.3.4.2. From real water samples 

 Once the ability of the His-AuNCs-impregnated paper-based sensing platform to 

selectively and sensitively detect Fe ions in laboratory conditions was demonstrated, the next step 

was to evaluate its capacity to detect and quantify Fe ions from real water samples. For these 

experiments, the water samples were collected from local sources like spring, river and tap water 

and 5 μL were dropped over the active detection spot of the paper-based sensor. For the local tested 

river, spring and tap waters, no traces of Fe ions were depicted by the His-AuNCs@paper-based 

sensor, therefore, the samples were spiked with 35 μM of Fe ions and the assays were further 

performed. After a visual investigation, a dark photoluminescence quenching of the impregnated-

His-AuNCs was observed, similar to the one obtained with the same concentration but in 

laboratory conditions. Furthermore, the average blue intensity were extracted using the ImageJ 

software and the concentration of Fe ions detected by the His-AuNCs@paper-based sensing 

platform was calculated and recoveries ranged between 102.0 and 105.4% were obtained, which 

demonstrates the excellent accuracy of the sensor even when tested on real water samples.  

 

4.3.5. Conclusions 

 To conclude, a novel, fast and cheap His-AuNCs-impregnated paper-based sensing 

platform was developed for the selective detection and quantification of dangerous concentrations 

of Fe ions from real water samples. The His-AuNCs were synthesized via a novel microwave-

assisted approach with a blue intrinsic photoluminescence located at 471 nm under excitation at 
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380 nm. Further, the selectivity of the His-AuNCs colloidal solution towards the detection of Fe 

ions was proved, while the sensitivity assays exposed a linear dynamic range from 0.022 to 4.4 

mM together with a limit of detection as low as 0.2 µM. Next, the His-AuNCs were impregnated 

on Whatman filter paper in order to fabricate an accessible, easy-to-use and portable sensing device 

for the accurate detection and quantification of Fe ion from low-volume water samples. To achieve 

a quantification of the Fe ions, photos of the active detection spots were acquired using a 

smartphone camera and the average blue intensity was extracted and plotted against the 

concentration of Fe ions. After fitting operations, a linear dynamic range from 9 to 97 µM was 

obtained and a limit of detection of 3.2 µM was calculated. Moreover, the selectivity and 

competitivity assays proved the high specificity and accuracy of the paper-based sensor. Finally, 

the His-AuNCs-impregnated paper-based sensor was validated using spiked real water samples, 

returning recoveries ranging from 102.0% to 105.4%. In view of future applications, photos of the 

His-AuNCs@paper-based sensor after interaction with the water sample can be acquired using a 

smartphone camera and afterwards sent to an accredited environmental monitoring institution to 

perform the analysis. Therefore, the His-AuNCs@paper-based sensor represents a promising 

candidate as an accurate lab-on-a-chip device for the fast and cheap detection of harmful 

concentrations of Fe ions from real water environments.  
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Part II. Contributions on the synthesis of new noble 

metal nanoparticles for applications as SERS contrast 

agents, nanoantibiotics and sensing platforms  
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Chapter 5. Polymeric cyclodextrin bimetallic core-shell nanoparticles as 

nanoantibiotics and SERS contrast agents 

5.1. Introduction 

 Bimetallic nanoparticles (BMNPs) represent a new class of nanoobjects that merge the 

properties of two different metals in one empowered NP. In the past decade, they generated huge 

interest due to their ability to be used in multiple applications such as nanomedicine, biosensing, 

surface enhanced Raman scattering (SERS), imaging and catalysis [14,50–54]. However, their 

physico-chemical properties together with their biological properties weren’t fully explored yet 

[55]. By combining two metals, an alteration in their electron density is induced, therefore, due to 

their unique optical electronic, thermal and catalytic features, BMNPs were reported to be superior 

to monometallic NPs [56,57]. Moreover, metal ratio, time and temperature are the parameters that 

can influence the internal distribution of the BMNPs and structures such as homogeneous alloys, 

core-shell or something in-between can be obtained. However, the timing of the reduction is the 

key parameter in controlling the internal structure of BMNPs as if both metal ions are reduced 

simultaneously an alloy will be obtained, while if they are reduced in two different steps, a core-

shell structure will be obtained [58].  

 

5.2. Syntesis of PolyCD-Au@AgNPs  

 PolyCD-Au@AgNPs were synthesized using a two-step procedure: (1) the gold-core 

synthesis – by mixing 1.5 mL of HAuCl4 (10-3 M) with 9 mL of PolyCD (aqueous solution - 2 

mg/mL) under magnetic stirring at 70 ℃, obtaining PolyCD stabilized gold NPs (PolyCD-

AuNPs); and (2) the silver-shell deposition – to 5 mL of PolyCD-AuNPs were added 30 µL of 

ascorbic acid (0.1 M) and 10 µL of AgNO3 (0.1 M) under magnetic stirring for 1h and the addition 

was repeated for two more times, resulting in an orange colloidal solution containing PolyCD-

Au@AgNPs. The as-prepared NPs were purified by centrifugation at 6000 rpm for 10 min and 

were redispersed in water. The colloidal solution was kept at 4℃ until further use 

 

5.3. Characterization of PolyCD-Au-AgNPs 

 The core-shell Au-Ag NPs stabilized by PolyCD were synthesized via a two-step 

procedure. First, AuNPs were prepared according to the procedure presented in subsection 5.2.2 
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after which the color of the colloidal solution turned purple (inset – Figure 5.1) and a LSPR band 

localized at 527 nm was depicted in the UV-Vis spectrum (black line – Figure 5.1), which is typical 

to AuNPs. 

 

Figure 5.1. The UV-Vis spectra of PolyCD-AuNPs (nanoG) and PolyCD-Au-AgNPs (nanoGS) after each 

addition of AgNO3 aliquots (inset - photo of the colloidal solutions of PolyCD-AuNPs and PolyCD-Au-

AgNPs). Figure adapted from [59]. 

  

Next, three successive additions of AgNO3 aliquots were performed and the color of the 

colloidal solution turned orange-brownish, while the UV-Vis spectrum broadened and increased 

its intensity. Moreover, the LSPR band shifted to 403 nm, which was previously observed for core-

shell Au@AgNPs and is due to the new type of plasmon resonance which occurs for the electrons 

oscillating at the interface of the of the Au-core and the Ag-shell [14]. Furthermore, the 

morphology of the novel Au and Au@Ag nanostructures was evaluated using the TEM technique. 

The PolyCD-AuNPs present a spherical shape with an average size of 8 ± 3 nm, calculated after 

measuring more than 300 NPs. Moreover, after the final addition of AgNO3, the formation of an 

Ag-shell was observed from the recorded TEM images. Specifically, the dark Au-core can be easily 

distinguished from the brighter Ag-shell which was uniformly formed around the core. The 

difference in black-shade of the Au-core and the Ag-shell is due to the electron density differences 

between the two elements. The average size of the PolyCD-Au@AgNPs was calculated to be 11 

± 3 nm, proving that the average thickness of the Ag-shell is around 1.5 nm.  

 

 

 



35 
 

5.4. Linezolid-conjugated PolyCD-Au@AgNPs as an efficient nanoantibiotic 

Zone inhibition assay was performed to investigate the antibacterial activity of PolyCD-

Au@AgNPs against different bacterial strains such as S. aureus, E. coli, P. aeruginosa different 

inhibition areas were found against all the tested bacteria strains, while no antibacterial activity 

was found for PolyCD and PolyCD-AuNPs alone. Taking in consideration that core-shell NPs 

were found to possess good antibacterial activity against E. coli, the PolyCD-Au@AgNPs were 

conjugated with Lz, an antibiotic that is approved for the treatment against Gram-positive bacterial 

infections [60].  The new Lz-conjugated PolyCD-Au@AgNPs (nanoGS-Lz) were prepared by the 

hydration of a Lz organic film with colloidal solution of PolyCD-Au@AgNPs at a molar ratio 

between cyclodextrin and Lz of 1:1, 1:0,5 and 1:0,25. Next, the antibacterial activity profile of 

nanoGS-Lz was evaluated against Gram-negative strains such as E. coli and P. aeruginosa together 

with Gram-positive strains like S. aureus together with its methicillin resistant form (MRSA). Lz 

and PolyCD-Au@AgNPs were used as controls in these experiments. The MIC and MBC were 

investigated via the broth microdilution approach. The Lz antibiotic exhibited bacteriostatic 

activity, as expected, against the Gram-positive strains (S. aureus and the MRSA strain of S. 

aureus) with a MIC calculated at 0.97 µg/mL and 1.95 µg/mL, respectively. The new nanoGS-Lz 

complexes presented a broader antibacterial activity compare to PolyCD-Au@AgNPs alone, while 

the Lz1 and Lz2 complexes turned out to be most efficient. The last-mentioned ones exhibited an 

excellent antibacterial activity against all the tested Gram-positive and Gram-negative strains. In 

particular, all nanoGS-Lz complexes were bactericidal against the Gram-negative strains (E. coli 

and P. aeruginosa), while against the Gram-positive strains (S. Aureus together with the MRSA 

form) bactericidal activity was observed only for the complexes with a higher Lz/Ag molar ratio 

(nanoGS-Lz1 and nanoGS-Lz2). Their efficiency against the S. aureus and the MRSA strains 

strictly depends on the Lz concentration, as the MIC didn’t decrease with the increase of Ag 

concentration. Moreover, the complexation of Lz with PolyCD-Au@AgNPs resulted in a MIC 

increase against S.aureus and the MRSA strains compared to Lz alone due to the most probably 

slower release of the Lz which is included in the cyclodextrin cavity. Overall, the antibacterial 

assays proved the crucial role of positively charged cyclodextrin in the antibacterial activity of 

PolyCD-Au@AgNPs. Specifically, PolyCD improves the adsorption of the NPs on the bacterial 

wall by electrostatic attraction with the negatively-charged teichoic acids of Gram-positive 

bacteria and the lipopolysaccharides of Gram-negative bacteria. Additionally, the silver ions 
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released by the PolyCD-Au@AgNPs produced a malfunction of the Gram-negative bacteria’s wall 

killing it eventually, while the complexation of Lz with PolyCD-Au@AgNPs was crucial for 

killing the Gram-positive bacteria.  

  

5.5. PolyCD-Au-AgNPs as SERS contrast agents  

In order to get better understanding on where do the proposed NPs accumulate inside cells, 

the PolyCD-Au@AgNPs were functionalized with a Raman reporter molecule (SERS-nanoTag) 

in order to be tracked via a confocal Raman microscope. After proving their biocompatibility, the 

next step was to investigate the cellular uptake, distribution and localization of the newly-prepared 

SERS-nanoTags inside living ovarian adenocarcinoma cells (NIH:OVCAR-3) using confocal 

scanning Raman microscopy under excitation at 532 nm and the acquired Raman images together 

with the corresponding bright-field image of the cell are presented in Figure 5.2. 

 

Figure 5.2. (A) The bright field image of the ovarian adenocarcinoma NIH:OVCAR-3 cell incubated with 

the prepared SERS-nanoTag. The Raman maps of the same cell which was generated by plotting the 

intensity of the (B) 1574 cm-1 and (C) 2800-3100 cm-1 peaks acquired under 532 nm excitation. (D) An 

overlay image of the Raman maps from image (B) and (C). (E) The Raman spectra extracted from an area 

of the cell containing SERS-nanoTags (red line) and free of SERS-nanoTags (blue line) compared to the 



37 
 

SERS spectrum of the SERS-nanoTags in colloidal solution under 532 nm excitation. Figure reproduced 

from [59]. 

 

 The structure of the cell was imaged by plotting the intensity of the 2800-3100 cm-1 peak 

attributed to the lipids C-H stretching vibrations (Figure 5.2.C), while the SERS-nanoTag’s 

distribution and localization in the same NIH:OVCAR-3 cell was obtained by plotting the intensity 

of the 1574 cm-1 peak, the brightest peak of the SERS-nanoTags fingerprint signal (Figure 5.2.B). 

By overlaying the two generated Raman maps (Figure 5.2.D), a high intracellular internalization 

of the SERS-nanoTags (red area) was observed inside the scanned NIH:OVCAR-3 cell (blue area). 

The PolyCD-Au@AgNPs are well distributed inside the cell’s cytoplasm, mostly around the 

nucleus, but not penetrating its membrane. Next, a Raman spectrum was extracted from the are 

free of SERS-nanoTags which presents the typical signal of the intracellular components. In 

particular, the 1445 cm-1 band was assigned to C-H deformation vibrations, while the ones at 1654 

and 2932 cm-1 were attributed to C=C stretching vibrations from the lipids and the symmetric CH3 

stretching vibrations from the proteins, respectively. Furthermore, the SERS spectrum extracted 

from the area of the cell with SERS-nanoTAgs (red area) depicts both the cell’s typical Raman 

signal and the SERS fingerprint of MPBA. Specifically, the most intense peaks at 1000, 1068 and 

1574 cm-1 represent specific bands of the MPBA which were depicted in the measurements 

performed in colloidal solution, while the peaks at 1445, 1654 and 2932 cm-1 are specific 

vibrational model of the lipids and proteins inside the cell. Overall, the aforementioned results 

prove that MPBA-functionalized PolyCD-Au@AgNps are promising candidates as bright and 

reliable SERS contrast agents for intracellular imaging applications. 

 

5.6. Conclusions 

 In this chapter, PolyCD-stabilized core@silver Au@Ag NPs were synthesized using a two-

step approach by exploiting the unique features of the cationic cyclodextrin polymer. Specifically, 

the UV-Vis spectroscopy measurements performed on PolyCD-AuNPs depicted one LSPR band 

located at 527 nm, while after the addition of AgNO3, a LSPR band localized at 408 nm was 

depicted, indicating the formation of PolyCD-Au@AgNPs. The spherical core-shell structure of 

the prepared NPs was confirmed using TEM, while the size histogram revealed an 8 nm Au-core 

and a 1.5 nm Ag-shell. Moreover, the PolyCD-Au@AgNPs present high stability in time and under 
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UV irradiation, which is mostly due to the multiple functionalities of the stabilizing cyclodextrin 

polymer such as epichlorohydrin chains and the functional charged-groups on each cyclodextrin 

unit. Furthermore, nanoantibiotics were prepared by the complexation of Lz with PolyCD-

Au@AgNPs exhibiting excellent antibacterial activity against all the tested Gram-positive and 

Gram-negative strains including the MRSA. The new Lz-based nanoantibiotic shower improved 

activity compare to PolyCD-Au@AgNPs and Lz alone. In addition, the PolyCD-Au@AgNPs 

present excellent biocompatibility against ovarian adenocarcinoma NIH:OVCAR-3 cells, 

therefore, they were functionalized with a Raman reporter molecule, MPBA. The ability of the 

newly prepared SERS-nanoTags to perform as bright contrast agents with accurate localization 

inside a single-cell level was proved by the cell imaging assays under confocal scanning Raman 

microscopy.  
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Chapter 6. Aptamer-functionalized gold nanoparticles for the colorimetric 

detection of C-reactive protein 

6.1. Introduction 

As morbidity and mortality caused by a local organ infection have, unfortunately, increased 

in the past decades, therefore, the early diagnosis is crucial in order to prevent inflammation or to 

manage diseases caused by inflammatory infections. Lately, the prognosis, diagnosis and even the 

treatment of inflammatory infections or inflammation are corelated to biomarkers from biological 

samples that are measurable. Human C-reactive protein (CRP) is considered an early clinical 

marker which indicates the presence of inflammatory or infectious conditions corelated to different 

kinds of diseases or pathological conditions like viral and bacterial infections, sepsis, 

cardiovascular diseases, etc [61]. Therefore, humans with blood serum containing CRP levels 

lower than 10 µg/mL are inflammation free, if the human has a viral infection the CRP levels 

increase between 10 to 40 µg/mL, for a bacterial infection the levels are between 40 and 200 

µg/mL, while in the unfortunate case of sepsis CRP spikes above 200 µg/mL [62]. Moreover, 

humans which exhibit chronically low levels of CRP (below 5 µg/mL) present high risks to 

develop coronary hearth diseases, acute myocardial infarction and even ischemic stroke, therefore, 

CRP analysis plays a crucial role in preventing these diseases [63]. However, the current methods 

for the accurate detection of CRP like ELISA, chemiluminescent assay or immunoturbidimetric 

assay are complex, time-consuming, extremely expensive, needs highly-trained personnel making 

them not suitable for point-of-care clinical diagnosis. Therefore, there is a high necessity to 

develop newer, faster and cheaper methods to detect CRP from human serum. 

 

6.2. Synthesis of Cit-AuNPs 

 The gold nanoparticles were synthesized using the Turkevich-Frens approach based on the 

reduction of Au3+ by the sodium citrate. Briefly, 100 mL of HAuCl4 (10-3 M) was brought to boiling 

under magnetic stirring, moment at which 12 mL of sodium citrate (38.8 x 10-3 M) was added and 

left 15 minutes to stir with the heat on and 15 minutes with the heat off.   
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6.3. Characterization of Cit-AuNPs 

 Citrate-stabilized AuNPs (Cit-AuNPs) were synthesized using the Turkevich-Frens 

procedure. The Cit-AuNPs exhibit a narrow LSPR band located at 520 nm, a typical optical 

response of spherical AuNPs. Afterwards, the morphological properties of the Cit-AuNPs were 

investigated using TEM and the Cit-AuNPs present a spherical shape with an average size of 15 ± 

1 nm, demonstrating that the Cit-AuNPs are highly monodisperse.  

 

6.4. Functionalization of Cit-AuNPs with CRP specific aptamer 

 The aptamer with a high affinity towards CRP is in fact an oligonucleotide with the 

following sequence 5′‐CGA AGG GGA TTC GAG GGG TGA TTG CGT GCT CCA TTT GGT 

G‐3′. In the absence of the target protein, the aptamer, a single stranded DNA sequence, interacts 

with the citrate from the surface of the AuNPs. Therefore, in order to obtain a sensing platform 

with high affinity towards the CRP, the Cit-AuNPs were incubated with aptamer at 20 ℃ in an 

orbital vortex. After 10 min of incubation with aptamer, no change in the Cit-AuNPs’ LSPR 

response was observed, proving that their stability was preserved after the interaction with the 

aptamer. Moreover, the absorbance band specific to the aptamer localized at 260 nm appeared after 

the incubation. Finally, to validate the functionalization of Cit-AuNPs with the aptamer specific to 

CRP, a stability test in the presence of PBS and NaCl of the colloidal solution was performed. In 

the case of the Cit-AuNPs that were not incubated with the aptamer, a significant aggregation was 

observed in the UV-Vis spectrum by the rising absorption of the colloidal solution in the 600-900 

nm wavelength range. However, the apta-Cit-AuNPs exhibit no significant changes in their LSPR 

response in the presence of PBS and NaCl, proving their high stability and, therefore, the 

successful functionalization of Cit-AuNPs with an aptamer with high affinity towards CRP protein.  

 

6.5. Performance of aptamer-functionalized Cit-AuNPs towards CRP 

detection 

 The aptamer, a single stranded DNA, exhibits high affinity to the CRP protein. Thus, when 

CRP is added in the colloidal solution of Cit-AuNPs in the presence of a saline solution, the 
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aptamer desorbs from the surface of the NPs and interacts preferentially with the CRP protein, 

leaving the NPs exposed to salt (Scheme 6.1).  

 

Scheme 6.1. Schematic representation of the colorimetric detection mechanism of CRP using the apta-

Cit-AuNPs. 

A salty environment disrupts the repulsion effects between the aptamer-free Cit-AuNPs 

and promotes their aggregation which is accompanied by a change in color of the colloidal 

solution. Following the aforementioned strategy, upon the colloidal solution of apta-Cit-AuNPs, 

different concentration of CRP ranging between 1 and 100 µg/mL were added in the presence of a 

high concentration of NaCl and were left to incubate for 10 min. First, as the incubated 

concentration of CRP increased, a gradual change in color of the colloidal solution was observed 

from burgundy red to light purple (Figure 6.1.A), proving the ability of the apta-Cit-AuNPs to 

perform as a colorimetric sensor towards the detection of CRP.  

 

Figure 6.1. (A) Photographic images and (B) the corresponding extinction spectra of the colloidal 

solutions of apta-Cit-AuNPs incubated with different concentration of CRP (0-100 µg/mL) in the presence 
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of NaCl. (C) The absorption ratio between the LSPR band at 590 nm (aggregated NPs) and 520 nm 

(individual NPs) as a function of CRP concentration together with the corresponding linear fit which 

reveal the linear dynamic range between 1 and 100 µg/mL. 

The control sample represents the apta-Cit-AuNPs incubated with the equivalent volume 

of PBS only, instead of the CRP-PBS solution and exposed to the same amount of NaCl solution. 

The colloidal solutions of CRP-incubated apta-Cit-AuNPs were analyzed using UV-Vis 

spectroscopy. The addition of increasing concentration of CRP in the colloidal solution of apta-

Cit-AuNPs in the presence of NaCl resulted into a gradual broadening of the LSPR band together 

with an increased-extinction in the 650-800 nm wavelength region, confirming the aggregation 

strategy proposed above. Next, the absorption ratio between the LSPR band located at 590 nm 

(attributed to aggregated NPs) and the one localized at 520 nm (specific to individual NPs) was 

plotted against the corresponding CRP concentration and the results are presented in Figure 6.3.C. 

The performed fitting operations revealed a linear dynamic range between 1 and 100 µg/mL and a 

limit of detection of 2.64 µg/mL. It is worth mentioning that the detection time is only 10 min, 

while a normal laboratory CRP analysis could take even days, while the price is significantly 

higher. Moreover, the apta-Cit-AuNPs-based procedure is capable to detect both low and high 

concentrations of CRP integrating both the standard CRP analysis and the high sensitivity CRP 

analysis in a single sensing procedure. 

Taking in consideration that the human serum contains various substances such as protein, 

electrolytes, antibodies, antigens, hormones but also exogenous substances such as 

microorganisms and drugs which could possibly interact or even deteriorate the accuracy of the 

proposed sensor, a selectivity assay was performed. Thus, the colloidal solution of apta-Cit-AuNPs 

was incubated with various substances that can be found in the human serum like HSA, AA, urea, 

myoglobin, L-glutamine, CRP but also substances that simulate the human serum such as PBS and 

SBF-HSA. The colloidal solutions of apta-Cit-AuNPs incubated with PBS (CTR), HSA, SBF, AA, 

urea, L-glutamine (glu) and myoglobin (myog) in the presence of NaCl exhibit no significant 

changes in their color compared to the ones incubated with CRP which turns from red burgundy 

to dark red, demonstrating the high selectivity of the proposed sensor towards the detection of 

CRP.  
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6.6. Conclusions 

In this chapter, a simple, fast and cheap colorimetric procedure for the selective detection 

and quantification of CRP was developed based on salt-induced aggregation effects of aptamer-

functionalized Cit-AuNPs. The Cit-AuNPs synthesized using the Turkevitch-Frenc method with 

narrow LSPR band at 520 nm were functionalized with a CRP specific aptamer for the fast (10 

min) and selective detection of CRP on a broad range of concentrations using relatively cheap 

equipment (UV-Vis spectrometer). The quantification of CRP was obtained by plotting and fitting 

the intensity ration between the LSPR bands of aggregated (590 nm) and individual NPs (520 nm) 

against the corresponding CRP concentrations, revealing a linear dynamic range between 1 and 

100 µg/mL and a limit of detection as low as 2.64 µg/mL. Beside the faster times and cheaper 

analysis, this approach managed to detect both low and high concentration of CRP, integrating 

both the standard CRP analysis and the high sensitivity CRP analysis in a single sensing procedure. 

Therefore, the Cit-AuNPs functionalized with a CRP specific aptamer represent a promising 

sensing platform that is suitable for fast point-of-care clinical diagnosis.  
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Chapter 7. Final Conclusions and Perspective 

 The aim of this work was to investigate the feasibility of noble metal NCs and NPs to be 

successfully integrated in the development of contrast agents and sensing platforms and their 

potential implementation in various medical and environmental applications. To achieve the 

proposed objectives, each nanomaterial presented in this thesis was in detail investigated from 

their novel or adapted synthesis, to their in-depth characterization and in the end their proof-of-

concept implementation as contrast agents in fluorescence or SERS in vitro and even simulated ex 

vivo imaging (tissue mimicking phantoms) and as sensing platforms for the detection of heavy 

metal ions (Cu and Fe ions) or C-reactive protein was demonstrated.  

 

Final Conclusions 

The final conclusions of this work are the following: 

1) AuNCs embedded inside a bovine serum albumin corona with an average size of 3 

nm and an intense red intrinsic photoluminescence were synthesized using an adapted procedure. 

The thorough fluorescence investigations via the steady-state and time-resolved fluorescence 

techniques revealed their two emission processes: prompt fluorescence and temperature-activated 

delayed fluorescence. Afterwards, their functionalization with folic acid, increased their 

biocompatibility as viability assays proved, while empowering them with the ability to target FRα-

overexpressed cells as demonstrated by both conventional and fluorescence lifetime imaging 

microscopy under one-photon excitation. Finally, the ability of BSA-AuNCs to perform as 

fluorescent contrast agents inside tissue-mimicking agarose-phantoms, a bioethical step before in 

vivo experiments, was demonstrated via near-infrared two-photon excitation FLIM.  

 

2) Glutathione-stabilized AuNCs were successfully synthesized using a novel 

microwave-assisted procedure. The steady-state spectroscopy revealed a dual emission: a red 

photoluminescence at 610 nm and a NIR one at 800 nm under 405 nm excitation. The 

photoluminescence of GSH-AuNCs was thoroughly investigated using the FLIM technique, which 

revealed beside the long lifetime of each of the emission, even an energy transfer between the two 

emissions. Moreover, GSH-AuNCs were proven to be photostable and intensively emissive under 

a wide range of wavelengths including 640 nm, which is in the first biological window, making 
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them suitable for imaging applications. Finally, the FLIM assays performed on GSH-AuNCs 

embedded in tissue mimicking agarose-phantoms proved that GSH-AuNCs are promising 

candidates as NIR-emitting contrast agents in future ex vivo and in vivo imaging applications. 

 

3) AuNCs impregnated in Whatman filter paper were proven to be excellent in the 

cheap, fast and selective detection of heavy metal ions such as Cu and Fe ions from real water 

samples. First, the photoluminescence of colloidal BSA-AuNCs was proven to quench selectively 

in the presence of Cu ions. Afterwards, the colloidal sensor was transferred on filter Whatman 

paper and was exposed to different concentrations of Cu ions, revealing the capacity of the novel 

BSA-AuNCs@paper-based platform to perform as a semi-quantitative sensor for the detection of 

Cu ions by the naked-eye. Secondly, histidine-stabilized AuNCs were impregnated on filter paper 

and, after 1 day of drying, the detection spots were exposed to common heavy metal ions, revealing 

the selective quenching in the presence of Fe ions. Moreover, by analyzing using the ImageJ 

software the photographic images of the His-AuNCs@paper sensor exposed to different 

concentration of Fe ions, an accurate quantification in the 9-97 µM range was achieved. 

Furthermore, the accuracy of both sensing platforms was confirmed using real water samples. 

Therefore, the NCs-paper platforms represent efficient lab-on-a-chip devices for on-site 

monitoring of dangerous levels of heavy-metal ions in real water samples.    

4)   Polymeric cyclodextrin core-shell Au@AgNPs were proven to be efficient 

nanoantibiotics and reliable SERS contrast agents. The NPs were successfully synthesized via a 

two-step procedure obtaining a 8 nm Au-core surrounded by a 1.5 nm Ag-shell, as proven by TEM. 

Their stabilization with PolyCD empowered them with the capacity to incapsulate, in their 

cyclodextrin cavity, drugs or antibiotics such as Linezolid. The complexation of Lz to PolyCD-

Au@AgNPs resulted in the broadening of their antimicrobial activity against both Gram-positive 

and Gram-negative strains including the methicillin-resistant Staphylococcus aureus. Moreover, 

by functionalization with 4-mercaptophenylboronic acid, the biocompatible PolyCD-Au@AgNPs 

were easily tracked inside live ovarian adenocarcinoma cells via confocal Raman microscopy and 

therefore, proved the capacity to perform as bright and reliable SERS contrast agents.  

5) The colorimetric detection of C-reactive protein, a cardiovascular and inflammation 

marker, was achieved using citrate-stabilized AuNPs functionalized with a CRP specific aptamer. 

First, the Cit-AuNPs were functionalized with a single strained DNA-based aptamer, which 
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empowered them with high stability against high concentration of NaCl. However, after the 

addition of CRP, the aptamer preferentially interacted with CRP, detaching from the NPs. The salt-

exposed aptamer-free NPs aggregated which resulted a change in color of their colloidal solution. 

Exposing the apta-Cit-AuNPs to higher concentration of CRP, resulted into a higher-level of 

agglomeration. Therefore, by analyzing the colloidal solution’s aggregation-level via UV-Vis 

spectroscopy, it revealed a wide linear detection range between 1 and 100 µg/mL. Therefore, the 

apta-Cit-AuNPs were proved to be a fast, cheap and efficient sensing platform for the selective 

detection and quantification of C reactive protein 

 

Perspectives 

Taking in consideration the work performed in this thesis, in the near future I would like 

to: 

o investigate the potential of both BSA-AuNCs and GSH-AuNCs as 

photoluminescent contrast agents for in vivo imaging applications (e.g. image-assisted surgery); 

o develop a fast, cheap and accurate NCs@paper-based sensor for the selective 

detection and quantification of pesticides from fruits and vegetables; 

o investigate the NCs potential as antimicrobial agents; 

o study the interaction between NCs and NPs towards metal-enhanced fluorescence 

emission; 

o test the CRP-detection accuracy of the apta-Cit-AuNPs’ sensor from real human 

samples; 
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