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ABSTRACT 
 
In this work, an innovative type of hybrid organic-metal HSA modified 
nanoparticles (MelaSil_Ag-HSA NPs) is presented. MelaSil_Ag NPs are 
constituted by an external shell of silicon and a melanin-like compound (5,6-
dihydroxyindole-2-carboxylic acid, DHICA), and an internal core of metallic 
silver. Silicon has been selected for its biological compatibility, low costs and 
physical properties, while DHICA has been chosen for its photoacoustic (PA) 
properties and very high biocompatibility. Metallic silver core improves the 
photoacoustic signal produced by DHICA, working like an amplifier antenna. 
Preliminary biological assessments were performed using two pancreas cancer cell 
lines (BxPC-3 and PANC-1), to evaluate cytotoxicity and internalization of 
MelaSil_Ag NPs. Results have shown good NPs internalization and 
cytocompatibility in both cell lines up to 50 µg/mL for 72 h, while a high level of 
cytotoxicity was observed when a concentration of 100 µg/mL was tested. In 
addition, to evaluate the effects of MelaSil_Ag on blood, NPs were tested in 
hemotoxicity assays, assessing the %-lysed Red Blood Cells (RBCs). Data showed 
100% cytotoxicity already at 1 h of incubation at 50 µg/ml. The photoacoustic 
signal (PAS) of MelaSil_Ag NPs was tested into polyethylene (PE) tubes and in 
ex vivo experiments, results showed very high increase of PAS of MelaSil_Ag 
compared to MelaSil NPs (NPs without silver core). The conjugation of 
recombinant human serum albumin (rHSA), by EDC/NHS chemistry strategy, on 
MelaSil_Ag NPs surface totally removed the hemotoxicity previously observed. 
Furthermore, viability increase was observed in breast cancer cells (HS578T) and 
normal breast cells (MCF10a) incubated with MelaSil_Ag-HSA NPs compared to 
bare NPs, up to 100 µg/mL for 72h of incubation. This data confirms the increase 
of NPs biocompatibility due to HSA surface functionalization. Further studies 
were performed to verify the interaction of MelaSil_Ag NPs with corona proteins. 
Data showed high diminution of interacting proteins in HSA conjugated NPs 
compared to bare NPs. HSA was farther exploited to perform selective uptake of 
MelaSil_Ag-HSA through the interaction with SPARC. This protein, highly 
expressed in tumor cells (like HS578T), can bind HSA and to promote NPs 
internalization in cancer cells. The binding of SPARC to HSA was confirmed by 
Co-IP and Dot-blot assays. Furthermore, uptake experiments with MelaSil_Ag-
HSA NPS in HS578T (SPARC positive cells) and MCF10a (SPARC negative 
cells) were performed. Results showed very high levels of MelaSil_Ag-HSA 
uptake only by HS578T cells. The involvement of SPARC in the internalization of 
the MelaSil_Ag-HSA NPs was evaluated by using a clathrin inhibitor. Finally, the 
MelaSil_Ag-HSA NPs showed very low decrease of PAS (about 10% compared 
to bare NPs) after HSA bioconjugation, but the signal stability in continuous 
irradiation, showed a very strong increase. In conclusion, this innovative hybrid 
NP showed high biocompatibility and hemocompatibility level, good stability and 
PA properties and selective internalization into cancer cells by SPARC protein.  
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1. INTRODUCTION 
 

1.1. Cancer diagnosis  
Cancer is one of the biggest health problems in the world and its incidence is 
increasing year by year. Several studies were been performed to predict the 
increase in cancer incidence in the future. Data suggest that cancer cases will 
continue to increase up to the incredible levels of cancer-related deaths in 2030 
(Rahib et al. 2014). This prevision is directly related to genetic and 
environmental factors, especially the constant increase of risk factors in 
developed countries (Momenimovahed and Salehiniya 2019). In recent 
statistical studies, it's expected that at the end of 2019 only in the United States 
(the country most exposed to risk factors) about 1,700,000 new cases of cancer 
and about 600,000 deaths directly linked to cancer diseases will be recorded 

(Siegel, Miller, and Jemal 2019). Also in Europe the scenario is similar, in fact, 
around 1,400,000 cancer related deaths are forecasted for 2019 (Malvezzi et al. 
2019). As well known, there are currently no conclusive treatments available for 
some type of cancer, especially in the advanced stages, because of the 
consequences due to the illness, to the side effects of therapy and to the high 
possibility of relapse (Mariotto et al. 2017). Therefore, early cancer detection 
could represent the key to successfully treat this disease (Schiffman, Fisher, and 
Gibbs 2015). This is one of the most important reasons to increase diagnosis 
studies and researches. Indeed, rapid detection of cancer cells (before symptoms 
occur) can give to the patient a very high increase in survival rates (Hiom 2015), 
as well as improving their quality of life. Furthermore, most chemotherapeutic 
drugs can be more effective in the early stages of cancer (Huang et al. 2017). As 
already discussed, one of the main problems of cancer disease is the high 
possibility of relapses. In fact, even after perfectly successful removal 
procedures, the possibility of reforming the tumor masses is always present 
(Belkacemi 2018). An early diagnosis can both prevent the disease from 
reaching levels for which the possibility of relapse is greater and allow the post-
surgery localization of any small recurrent tumor masses (Schneble et al. 2014). 
Furthermore, considering that metastatic cancer cells represent one of the main 
causes of cancer related death (breast cancer is one of best representative 
example) (Fouad et al. 2015) the detection of these invasive cells by new 
imaging techniques is a very important goal in cancer medicine (Bayer, Joshi, 
and Emelianov 2013). For all these reasons, the development of a new 
technological system capable to perform very early diagnoses in cancer diseases 
is a very important goal to decrease the prevalence of this disease (e.g. prostate 
cancer) (Taitt 2018). 
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1.2. Imaging techniques in cancer diagnosis 
The field of cancer-related diagnostics is very broad and consists of alternative 
and complementary techniques that include molecular diagnostic tests and 
imaging techniques. Molecular diagnostic methods are based on specific 
molecules whose expression levels change in the presence of tumor masses 
(tumor markers) (Holdenrieder et al. 2016). These techniques are complemented 
by imaging techniques, which can provide spatial and/or functional information 
on tumor site by reconstructing images of the tumor mass and its surroundings. 
Nowadays, the most common widely used imaging techniques in the diagnosis 
of cancer are mainly four:  

• Positron Emission Tomography/Computed Tomography (PET / CT) 
• Single Photon Emission Computed Tomography (SPECT) 
• Magnetic Resonance Imaging (MRI) 
• Computed Tomography (CT) 

The first two techniques, both based on the use of radioisotopes, are relatively 
recent if compared to the other two. PET / CT has been widely used in the 
medical field since the late 1990s, while SPECT is a relatively newer method 
(Jones and Townsend 2017). These two techniques can provide functional 
information on tumor metabolism and physiology. The procedures involve the 
injection of radio-modified molecules that have specific biological 
effect/function in the body. The others two techniques (MRI and CT) can give 
information about cancer morphology, size, localization and development stage 
by 3D reconstruction of patient’s body. Despite "classical" imaging techniques 
are still very useful, a transition towards innovative imaging techniques that are 
more sensitive, safe and simple is needed, especially in order to diagnose cancer 
in early stages. 

 
1.3. Nanotechnology for high precision imaging in cancer 
Over the past 20 years, new technologies for human cancer imaging have 
evolved very rapidly, as observed in the growing number of scientific articles 
published since 2000 (https://www.ncbi.nlm.nih.gov/pubmed). Most of these 
methodologies combine medicine and nanotechnology by using innovative or 
old contrast agents (CAs) combined to nanoparticles (NPs) used as carrier to 
perform a specific, selective and highly sensitive imaging approach (Ma et al. 
2017). In recent years, material science and medicine have developed several 
innovative technologies, creating a new medicine-related field called "Nano-
medicine". In particular, nano-medicine applications have given a very strong 
impulse to the development of various types of drug / contrast agents-loaded 
nanocarriers with size usually ranging from 5 to 1000 nm (Muhamad, 
Plengsuriyakarn, and Na-Bangchang 2018) (Smith and Gambhir 2017) 
composed by different organic or inorganic materials (Jeevanandam et al. 2018) 
such as:  

• Carbon-based nanomaterials: (NMs) like fullerenes, carbon nanofibers 
(CNFs), carbon nanotubes (CNTs), carbon black and graphene.  
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• Inorganic based nanomaterials (metal and metal oxide): these 
nanomaterials can be synthesized into metals such as Au or Ag NPs, 
metal oxides such as TiO2 and ZnO NPs, and semiconductors such as 
silicon and ceramics. 

• Organic-based nanomaterials: mostly composed by organic materials 
such as dendrimers, micelles, liposomes and polymeric NPs.  

• Hybrid based nanomaterials: these systems are constituted by inorganic 
and organic components that interact each other to form an homogeneous 
material, such as metal- organic frameworks. 

Therefore, on the base of the different types of available materials, a very wide 
variety of nanocarriers, suitable for different applications, was been developed. 
Nano-systems were produced for drug delivery, for imaging and for theranostic 
application (a combination of imaging and therapy) (Zavaleta, Ho, and Chung 
2018). NPs loaded with contrast agents allow imaging at cellular and molecular 
levels (Molecular imaging, MI). The main characteristic of the MI is based on 
the NPs bioaccumulation in the tumor site, that increases the effectiveness of the 
contrast agents (Ma et al. 2017). In fact, the same imaging techniques, such as 
PET / CT, SPECT, CT, MRI or US, when performed in combination with NPs 
show an increase in their sensitivity (Ma et al. 2017) (Daryoush et al. 2019). 
Furthermore, it is possible to use new CAs that exploit optical imaging like 
fluorescence, luminescence, Raman effect or photoacoustic, which cannot be 
used with old CAs (Daryoush et al. 2019). These innovative imaging procedures 
have the advantage to not expose the patient to ionizing radiations. In fact, all 
these techniques use harmless radiation, such as visible, low ultraviolet and 
infrared light. The general principle of the optical imaging involves the 
excitation of CAs electrons, without damage of the surrounding tissues 
(Daryoush et al. 2019). Furthermore, by using these CAs, is possible to perform 
very sensitive in vivo analysis to study cell functions and tumor 
microenvironment (Imamura, Saitou, and Kawakami 2018).  

 
1.4. Photoacoustic Imaging (PAI) and 5,6-dihydroxyindole-2-carboxylic acid 

(DHICA) 
One of the most interesting optical imaging techniques is the photoacoustic. 
Photoacoustic Imaging (PAI) is a procedure based on the detection of ultrasound 
signals produced by the thermoelastic expansion of the contrast agent, as a 
consequence of the absorption of optical energy (Fig. 1.1). After the absorption 
of the pulsed light radiation, the CA undergoes to a process of thermal expansion 
and relaxation, which leads to the generation of acoustic waves in the tissues. 
This phenomenon can be described in three steps: 

1) nanosecond pulsed light hits the sample and it is absorbed by the PA 
material 

2) the energy adsorbed is released and produce an increase in temperature 
(ΔT)  

3) the temperature increase causes a pressure increase (pF) due to thermal 
expansion  
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(pF = β·ΔT/κ, where β is a thermal expansion coefficient, and κ is the 
isothermal compressibility) (Lemaster and Jokerst 2017).  

 
Figure 1.1 Photoacoustic Imaging set-up scheme  

Most of the electromagnetic waves used in photoacoustic imaging have a 
wavelength between 680 and 1100 nm (near infrared region, NIR) (Homan et al. 
2011). At these wavelengths, there is a greatest depth of light penetration as a 
direct consequence of the low absorption of hemoglobin and water tissues 
scattering (Vats et al. 2017) (Cho et al. 2010). In the last years, several materials 
with photoacoustic properties were used to realize nanoparticles for medical 
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imaging applications. Among these, it is possible to distinguish between metallic 
and non-metallic materials. 

• Metal PA nano-materials: the first inorganic material used in PA 
applications was gold. This material has an excellent PA signal due to its 
high light absorption capacity. Furthermore, gold is a very tunable 
material in size (between 20 and 150 nm) and shape, indeed it can be 
used to realize different types of formulations such as spheres, rods, 
shells and others. However, gold NPs show the disadvantage to change 
morphology during irradiation, compromising the PA signal (Lemaster 
and Jokerst 2017). Silver can also be used in hyperthermia therapy and 
photoacoustic imaging thanks to its plasmon resonance surface property. 
The silver nanoparticles absorption spectrum shows a peak at about 400 
nm, wavelength not useful for biomedical applications due to high tissue 
absorption and light scattering (Aldosari, M. Azzeer, and M. Hassib 
2018).  For this reason, despite silver has PA properties, its use in in vivo 
applications requires very high NPs concentration to balance low 
absorption in NIR. Furthermore, bare silver show high toxicity both in 
vitro and in vivo (Stensberg et al. 2012). The main problem in the use of 
metallic NPs, despite their high PAS, is the renal, spleen accumulation, 
biodegradation and toxicity (Li and Lane 2019) (Haute and Berlin 2017). 
There are also other materials used in PAI, like NaYF4 doped with 
ytterbium (Yb3+), erbium (Er3+), and terbium (Tb3+). These metals can 
give a good PA signal at about 980 nm, but their use can result in toxicity 
related to their exogenous elements (Lemaster and Jokerst 2017). 	

• Non-metallic PA nano-materials: organic materials offer very good 
biocompatibility and very low side effects in in vivo applications and 
most of them were approved by FDA (Lemaster and Jokerst 2017). The 
first material used for PA purpose was porphyrin (Cheng 2012), but 
several other materials were tested to develop NPs carriers to perform 
PAI. In fact, ‘green’ synthesis of nanoparticles by using natural materials 
as source of contrast agents is a growing research field. There are many 
NPs synthesized with these materials, such as honey (Wu et al. 2013), 
cotton cellulose (Lemaster and Jokerst 2017) and others. In the last years, 
one of the most interesting biomaterials to develop NPs with PA 
properties is eumelanin and its derivates. Eumelanin is a polymer 
consisting of many crosslinked 5,6-dihydroxyindole (DHI) and 5,6-
dihydroxyindole-2-carboxylic acid (DHICA), which derives from the 
oxidative polymerization of dopamine (Fig. 1.2). Thanks to its origin, 
DHICA is a totally no toxic material and can perform good PA signal in 
a wavelength range of about 700-800 nm (Hemmer et al. 2016).	
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Figure 1.2 Eumelanin production pathway  

Photoacoustic imaging (PAI) is based on the wavelength-dependent absorption 
selectivity in optical excitation and acoustic resolution of ultrasound detection 
(Erfanzadeh and Zhu 2019). Furthermore, PAI is able to overcome the light 
diffusion limit through the conversion of photons incident to ultrasonic waves. 
Therefore, PAI combines the great contrast of optical imaging with the high 
resolution and deep penetration of US imaging (Liu, Nie, and Chen 2016). In 
photoacoustic imaging, the wavelengths often used fall within the visible and 
near-infrared (NIR) spectrum (between 550 and 1100 nm). This range offers the 
maximum penetration depth that extends for several centimeters. It is possible 
to associate PAI with the use of contrast agents loaded NPs combining the 
accumulation properties of NPs in tumor tissues with safety and precision of the 
PAI techniques. Nanoparticles loaded with contrast agents are very useful tools 
in PAI since they generate an intense and stable signal in specific biological 
districts. (Lemaster and Jokerst 2017).  
	
1.5. NPs delivery 
NPs can be delivered to cancer cells in two main ways: passive and active 
targeting. In the passive targeting, NPs accumulate into the tumor site as a result 
of the altered permeability of tumor blood vessels. This phenomenon, known as 
the EPR effect (Enhanced Permeability Retention effect), allows the passive 
accumulation of NPs to solid tumors and/or metastatic sites, simply by their 
particular physical properties (size, shape and charge) (Maeda 2015). The active 
targeting exploits the biofunctionalization of NPs surface with molecules that 
have a strong affinity and specificity for highly expressed receptors on the tumor 
cells (Yoo et al. 2019) (Bertrand et al. 2014). Active and passive targeting are 
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phenomena that often occur simultaneously, and one does not preclude the other. 
The EPR effect is an event linked only to the physical property of the NPs while 
the active targeting is based to the functionalization chemistry of the NP surface. 
It is in fact possible to exploit the altered expression of membrane receptors on 
tumor cells in order to direct NPs towards primary solid tumors and metastatic 
sites (Fig. 1.3) (Muhamad, Plengsuriyakarn, and Na-Bangchang 2018).  
 

 
 

Figure 1.3 Active and Passive NPs delivery scheme.   
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1.6. SPARC, gp60 and albumin in NPs active delivery 
There are several molecules overexpressed by tumor cells that can be used for 
active targeting of NPs. Usually, for NPs delivery applications membrane 
receptors are used (Large et al. 2019). In the recent years, two proteins have 
aroused the interest of the scientific community: osteonectin, also known as 
SPARC (Secreted Protein Acidic And Cysteine Rich), and albondin (known as 
gp60). SPARC is a 34.6 kDa secreted protein composed of a single polypeptide 
chain organized in 3 functional domains (Tai and Tang 2008). This protein 
performs several important functions into the extracellular matrix. It is involved 
in a wide variety of processes, both in physiological and pathological conditions 
(Said and Theodorescu 2013). SPARC is able to regulate the assembly, 
organization and remodeling of the extracellular matrix, because it is directly 
related to collagen deposition, and to control the fibrillogenesis in order to keep 
tissue homeostasis (Said and Theodorescu 2013).  
Furthermore, SPARC, interacting with the components of the matrix and 
facilitating the transport of several molecules from the extracellular space to the 
intracellular space, acts as an extracellular chaperone (Chlenski et al. 2016). The 
proposed mechanism for this function involves the integrin ɑ5β1 complex (Nie 
et al. 2008). For its role in extracellular matrix remodeling, SPARC can bind 
several extracellular proteins, like collagen (Bradshaw 2009) and albumin 
(Chlenski et al. 2016). In particular, the high affinity of SPARC for albumin (Kd 
= 18.9 ± 2.3 µM) (Chlenski et al. 2016) (Fig. 1.4) is very interesting for medical 
application because it is a protein overexpressed in the extracellular matrix and 
in various tumour cells (Fig. 1.5) and associated with tissue growth and cell 
proliferation (breast cancer, melanoma, glioblastoma, pancreatic cancer) (Tai 
and Tang 2008).  

 
Figure 1.4 HSA and SPARC-collagene complex 3D structures from PDB  
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Figure 1.5 SPARC overexpression in cancer cells stroma 

SPARC overexpression can enhance cellular internalization of nanoparticles 
modified whit albumin. It has been supposed that the tumour increase uptake of 
nab-paclitaxel (Abraxane) occurs by SPARC mediated pathway (Batran et al. 
2014) (Yardley 2013) (Vaz et al. 2015). 
gp60 protein is also interesting for NPs delivery. This 60 kDa glycoprotein is 
expressed in blood vessel endothelium and allows albumin transcytosis from 
blood vessels to extracellular matrix (Schnitzer and Oh 1994) (Vogel et al. 
2001). The interest in these two proteins is due to the possibility to use human 
serum albumin (HSA) as a molecule capable to address biomodified NPs in 
tumor sites (Bairagi, Mittal, and Mishra 2015) (Parodi et al. 2019). There are 
many advantages by using HSA as a vector for NPs delivery to the tumor site: 
a) during the cellular stress, as in the growing tumor tissue, albumin is absorbed 
by the cells as source of amino acids and energy. This phenomenon can increase 
delivery of HSA functionalized NPs to tumor sites (Frei 2011). b) the 
functionalization of the NP surface with HSA can increase biocompatibility, 
stability and NPs blood half-life (Hoonjan et al. 2018) c) HSA can protect and 
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prolong drug release loaded into NPs, can reduce aggregation, opsonization, can 
preserve the structure of the CAs, can reduce non-specific proteins interactions 
with NPs and can prevent the immune response (Parodi et al. 2019) (An and 
Zhang 2017). 
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2. AIM 
In the era of biomedical technologies, one of the most important and focused 
goals in the fight against cancer is a early and high precise diagnosis (Schiffman, 
Fisher, and Gibbs 2015). PAI in combination with NPs can give rise to a highly 
sensitive, precise and stable system to perform timely diagnosis in cancer. The 
most of NPs with PA properties is composed by metallic materials (Lemaster 
and Jokerst 2017), which have a good photoacoustic signal intensity but, on the 
other hand, can produce several well-known sides effects (Venkatesh 2018). For 
this reason, is necessary to develop a biocompatible system to perform 
photoacoustic imaging (PAI), without incurring side effects. The aim of this 
work is to realize an innovative and high biocompatible nano-imaging system 
to perform PA imaging in cancer disease. This objective has been pursued 
exploiting DHICA PA properties and biocompatibility in association with 
metallic silver PA boosting properties. In this way is possible to use very low 
amount of silver to reduce its side effects and, at the same time, to obtain a good 
PA signal intensity. The imaging system developed is a hybrid nanoparticle 
composed by three interconnected elements: silicon, DHICA and metallic 
silver. Silicon was chosen as structural element because it’s cheap, tunable, easy 
to functionalize and biocompatible (Jeelani et al. 2019). DHICA, thanks to its 
chemical structure, is the photoacoustic contrast agent and, being a precursor of 
melanin, is very biocompatible (Pezzella et al. 2013). The last component of the 
nanoparticle is metallic silver. It is located in the core of NP and it is able to 
amplify the PA signal produced by DHICA. The advantage to use DHICA as 
PA signal emitter and metallic silver as boosting gives the possibility to use a 
very low percentage of silver to enhance the PA signal due to DHICA, reducing 
silver side effects.  These hybrid NPs, namely MelaSil_Ag, were developed to 
perform diagnosis in cancer disease by PAI. MelaSil_Ag NPs were chemically 
functionalized with human serum albumin (HSA) to enhance NPs 
biocompatibility and to perform active targeting delivery in cancer cells, 
through the interaction of HSA with the tumor stromal overexpressed protein 
SPARC (Said and Theodorescu 2013). In fact, SPARC can bind HSA with high 
affinity (Chlenski et al. 2016) and this binding can be employed to perform 
precise and efficient delivery of MelaSil_Ag NPs preferentially into cancer cells 
stroma.  
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3. MATERIALS AND METHODS 
 
3.1 Reagents 
N-(3-dimethylaminopropyl)-N′-ethyl-carbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), 3-(aminopropyl)triethoxysilane (APTES), Ethanol 
(absolute, ≥99.8%), Rhodamine B isothiocyanate (RBITC), Methanol (absolute, 
≥99.8%), Fluorescamine, 2-(N-morpholino) ethanesulfonic acid (MES), Sodium 
Chloride (NaCl), recombinant Human Serum Albumin (rHSA),  
Chlorpromazine hydrochloride, Genistein Syntethic and Propidium iodide (PI) 
were purchased from Sigma-Aldrich (St Louis, MO, USA). Phosphate-buffered 
saline (PBS) was purchased from Gibco (Grand Island, NY, USA). Live Cell 
Labeling Kit CytoPainter was purchased from ABCAM (Cambridge, UK). 
CellTiter-Glo® Luminescent Cell Viability Assay was purchased from Promega 
(Madison, WI, USA). Rabbit Anti-SPARC monoclonal antibody was purchased 
from ABCAM (Cambridge, UK). Mouse Anti-HSA monoclonal antibody was 
purchased from Fitzgerald Industries International (North Acton, MA, USA). 
 
3.2 Synthesis of eumelanin-SiO2 nanoparticles and eumelanin‑silver-SiO2 
nanoparticles 
Bare eumelanin-SiO2 hybrid nanoparticles (MelaSil NPs) were produced 
following a previously described in situ sol-gel route. Briefly, first APTES-
DHICA hybrid precursor was synthesized coupling DHICA carboxyl groups to 
amino groups of APTES molecules, through EDC/NHS chemistry. Reaction was 
allowed to proceed under stirring for 15 min at 4° C in an ice bath.  Then, the 
solution was removed from ice bath, more DHICA  was added and synthesis of 
hybrid nanoparticles was started at room temperature using a modified Stöber 
method (Stöber, Fink, and Bohn 1968). Finally, the MelaSil NPs were recovered 
by centrifugation and washed 5 times with distilled water). A similar process 
was used for the synthesis of Eumelanin-SiO2 Ag nanoparticles (MelaSil_Ag 
NPs) (Silvestri et al. 2017). 
 
3.3 Transmission Electron Microscopy (TEM) 
TEM analysis was carried out with about 10 μl of solution containing NPs (5 μg) 
spread on a copper grid (200 mesh with carbon membrane). TEM images were 
obtained using a TECNAI 20 G2: FEI Company with a camera Eagle 2HS. The 
images were acquired at 200 kV; camera exposure time: 1 s; size 2048 × 2048. 
 
3.4 Scanning Electron Microscopy (SEM)  
SEM was performed through a Zeiss EVO 60 microscope. A small drop of 
solution containing MelaSil-NPs was spread onto the surface of an aluminum 
stub covered by a carbon tape or a glass plate. The sample was then sputter-
coated with a thin Pt/Pd (3 nm) in a Cressing sputter coater 208HR. The 
aluminum stub containing the Pt/Pd sample was then placed in a field emission 
gun-scanning electron microscope (FEG-SEM) and imaged using 20 kV 
accelerating voltage. 
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3.5 Dynamic light scattering (DLS) and ζ-potential characterization 
Size distribution and ζ-potential were measured by a Zetasizer (Nanoseries, 
Malvern) using the laser dynamic scattering (λ = 632.8 nm) and the particle 
electrophoresis techniques, respectively. All the samples were diluted up to a 
droplet concentration of approximately 0.025% w/v by using Milli-Q water. A 
detecting angle of 173° and 5 runs for each measurement (1 run lasting 100 s) 
were used in the calculations of the particle size distribution. ζ-potential analyses 
were carried out by setting 50 runs for each measurement. 
 
3.6 PA signal of nanoparticles in PE tubes and tissue ex vivo 
For all PA tests, the VevoLAZR 2100 multi-modality imaging platform 
(FUJIFILM VisualSonics Inc.) was used. PA spectral analysis was performed 
from 680 nm to 970 nm, and under continuous laser illumination in test-object 
and ex-vivo phantoms to study the photostability (PHSt) during time. LZ250 PA 
probe (FUJIFILM VisualSonics Inc.), working between 13 and 24 MHz, was 
used for the acquisitions. The PA generation was stimulated at 20 Hz laser 
frequency by a Nd:YAG laser with Optical parametric oscillator (OPO) with a 
maximum deliverable energy of the order of 26 mJ, with laser pulses in the range 
of 6–8 ns.  
As test object for in vitro PA experiments, a box in polypropylene (PP) with a 
series of coplanar polyethylene (PE) tubes (internal diameter ~ 580 μm) was 
used (Armanetti et al. 2018). Around 40–50μl of nanoparticles were loaded in 
the PE tubes. The PA signal of MillQ water was chosen as background. Then 
the setup was maintained at physiological temperature by the heated worktable 
provided with the commercial PA system used.  
The ex-vivo tests were performed by using a sample of chicken breast, which 
was injected with about 100 μl of NPs. The samples were embedded in agarose 
matrix (~1%) to keep the anatomical geometry fixed, then maintained at 
physiological temperature for the whole duration of PA acquisitions. 
 
3.7 Cell culture 
Human pancreas adenocarcinoma cell line (BxPC3) and human pancreas 
epithelioid carcinoma cell line (PANC-1), obtained from the American Type 
Tissue Collection (Rockville, MD, USA), were grown in RPMI 1640 (GIBCO) 
and DMEM (GIBCO), respectively, supplemented with 10% heat inactivated 
FBS (GIBCO), 100 U/ml penicillin, 100 mg/ml streptomycin, and 1% L-
glutamine. Human breast carcinoma cell line (HS578T) and mammary breast 
fibrocystic disease cell line (MCF10a), obtained from the American Type Tissue 
Collection (Rockville, MD, USA), were grown in DMEM (GIBCO) and MEGM 
(Lonza), respectively. DMEM was supplemented with 10% heat inactivated FBS 
(GIBCO), 100 U/ml penicillin, 100 mg/ml streptomycin, and 1% L-glutamine. 
MEGM was supplemented with Mammary Epithelial Cell Growth Medium 
Bullet Kit (Lonza),100 nM cholera toxin (Sigma Aldrich) and 5% heat 
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inactivated FHS (Lonza). All cell lines were grown at 37 °C in a 5% CO2 
atmosphere. 
 
3.8 HSA MelaSil_Ag NPs conjugation 
MelaSil_Ag nanoparticles were collected by centrifugation, washed 3 times with 
absolute ethanol and aminosilanized by incubation with a 5% (v/v) APTES 
solution in absolute ethanol at room temperature (RT) for 1 h, to form a thin 
silane film on their surface. The amino groups of silanized NPs were covalently 
conjugated to the carboxyl groups of rHSA via NHS/EDC chemistry. Briefly, 
MelaSil_Ag-NPs (2.0 mg) were incubated with 2 mg of rHSA in the presence of 
EDC (20 mM)/NHS (30 mM) in 0,1 M MES/0.5 M NaCl buffer pH 6.0, to 
promote the reaction (ON at RT, under stirring). After the reaction, NPs 
suspension was centrifuged, and the pellet was collected and washed twice with 
the reaction buffer and then with PBS 1x. To test the efficiency of the chemical 
modifications, fluorescamine assay was used. This reagent reacts with primary 
amines to form highly fluorescent products. To this aim, APTES and rHSA 
modified NPs were incubated with fluorescamine 0.5 mM in phosphate buffer 
20 mM pH 7 for 30 min, under stirring in the dark. After two washing, 
fluorescence intensity was measured with a spectrofluorometer (Ex 366 nm/ Em 
488 nm). 
 
3.9 MelaSil_Ag-HSA NPs Dot blot analysis 
20 µg of MelaSil_Ag and MelaSil_Ag-HSA NPs were spotted on the 
nitrocellulose membrane. Next, the membrane was incubated with anti-HSA 
primary antibody for 18 h, developed using enhanced chemiluminescence 
detection reagents and exposed to X-ray film. This analysis was also used to 
evaluate the stability of the rHSA bond to NPs surface. To this aim, MelaSil_Ag-
HSA NPs were incubated in cell culture medium at 100 µg/ml for different times 
(1, 6, 24, 48, 72 and 96h) at 37°C. NPs (20 µg) were collected, washed 3 times 
with PBS 1x and spotted on nitrocellulose membrane. Next, the membrane was 
incubated with anti-HSA primary antibody for 18 h, developed using enhanced 
chemiluminescence detection reagents and exposed to X-ray film. 
 
3.10 Cell viability assays 
For Cell-Titer GLO assay, cells were seeded into 96-well microtiter plates (BD 
Falcon, USA) at the density of 10 × 103 cells/well, whereas for the CytoPainter 
Live Cell and propidium iodide (PI) assays, cells were seeded into 24-well 
microtiter plates at the density of 40 × 103 cells/well. After 24 h the cells were 
incubated with MelaSil NPs, MelaSil_Ag NPs and MelaSil_Ag-HSA NPs at 
increasing concentrations (25 µg/ml, 50 µg/ml and 100 µg/ml) in triplicate. The 
assays were performed after 24 h, 48 h and 72 h of incubation, according to the 
manufacturer’s instructions. For Cell-Titer GLO, 100 μl of reagent was added to 
100 μl of medium containing cells and incubated at room temperature for 10 
minutes to stabilize luminescent signal. Luminescence was recorded for 0.25 
seconds per well by Multilabel Reader (PerkinElmer, MA, USA). For 
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CytoPainter Live Cell, 100 μl labeling dye working solution, containing 
calceinacetoxymethyl ester (calcein AM), were added to cells and incubated in 
a 37 °C, 5% CO2 incubator for 1 hour. After incubation, the cells were observed 
by fluorescence microscopy and, then, washed twice with 1x PBS and analyzed 
with a Becton Dickinson FACScan flow-cytometer. For PI analysis, cells were 
washed in PBS and resuspended in 200 µl of a solution containing 0.1% sodium 
citrate, 0.1% Triton X-100 and 50 µg/ml propidium iodide. Following 
incubation at 4 °C for 30 min in the dark, the cell DNA content was analyzed 
with a Becton Dickinson FACScan flow-cytometer using the Lysis I program 
and the percentage of the cells in the hypodiploid region was calculated. All 
measurements were carried out in triplicate, in three independent experiments. 
For light microscopy analysis, cell lines (10 × 103 /coverslip) were plated on 10 
mm glass coverslips placed on the bottom of 24-well plate, allowed to attach for 
24 h, and then incubated with MelaSil_Ag NPs at concentrations of 50 µg/ml 
and 100 µg/ml for 24 h, 48 h and 72 h at 37 °C. Cells were washed with PBS 1x, 
fixed in 2% formaldehyde for 10 min at room temperature (RT), washed 3 times 
with PBS 1x and analyzed with an inverted and motorized microscope (Leica 
DMI4000B). Images were acquired at 20x magnification. 
 
3.11 Confocal microscopy 
Cells (10 × 103 or 5 x 103/coverslip) were plated on 10 mm glass coverslips 
placed on the bottom of 24-well plate, allowed to attach for 24 h under normal 
cell culture conditions and then incubated with MelaSil_Ag* NPs or 
MelaSil_Ag*-HSA NPs at concentrations of 50 or 100 μg/ml for 18 h at 37 °C. 
Cells were washed with PBS, fixed in 2% formaldehyde for 10 min, washed 3 
times with PBS, and stained with membrane stain WGA-Alexa Fluor 488 
Conjugate (Invitrogen, Carlslab, CA) according to the manufacturer's 
instructions. Cell nuclei were then stained with Hoechst 33342 (Invitrogen, 
Carlslab, CA). Cells were then spotted on microscope slides and analyzed. 
Experiments were carried out on an inverted and motorized microscope (Axio 
Observer Z.1) equipped with a 63×/1.4 Plan-Apochromat objective. The 
attached laser-scanning unit (LSM 700 4× pigtailed laser 405–488–555-639; 
Zeiss, Jena, Germany) enabled confocal imaging. For excitation, 405, 488, and 
555 nm lasers were used. Fluorescence emission was revealed by Main Dichroic 
Beam Splitter and Variable Secondary Dichroic Beam Splitter. Triple staining 
fluorescence images were acquired separately using ZEN 2012 software in the 
red, green and blue channels at a sampling of 512×512 pixels, with the confocal 
pinhole set to one Airy unit and then saved in TIFF format. 
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3.12 Hemotoxicity assay 
Heparin-stabilized fresh human blood sample was obtained from anonymous 
donors and used within 1 h. After dilution with PBS 1×, red blood cells (RBCs) 
were isolated from serum by centrifugation (2,000 × g, 6 min). After five 
washing with PBS1×, RBCs were diluted 1:20 to obtain 5% hematocrit. 
Subsequently, RBCs suspension was mixed with increasing concentration (25, 
50 and 100 µg/ml) of bare or rHSA functionalized NPs. The mixtures were then 
vortexed and then let to rest for 1, 4, 8, 24 and 72 h at room temperature at static 
conditions. After these times, the samples were gently vortexed and centrifuged 
(9,000 × g, 3 min). PBS and water were used as negative and positive controls, 
respectively. The obtained supernatants were evaluated by naked eye and 
spectrophotometric analysis at 577 nm.  
 
3.13 Corona proteins analysis 
 To study corona proteins bonded to HSA functionalized and bare NPs surface, 
both types of nanoparticles (100 µg) were incubated in DMEM with FBS 10% 
(v/v) at 37°C for 0.5, 1, 6, 24, 48 and 72 h. After 3 washes in PBS 1×, NPs were 
resuspended in Leammli Buffer 1× (4% SDS w/v, 20 % glycerol v/v, 1.43 M 2-
mercaptoethanol, 0.004 % bromophenol blue w/v, UREA 2M in 0.125 M TRIS-
HCl pH 6.8) incubated for 18h at RT and analyzed by 12% polyacrylamide SDS-
PAGE.  
 
3.14 Cytosolic extracts and Western blot analysis  
HS578T and MCF10a cells were scraped, washed twice in 1× PBS and 
resuspended in 20 - 40 μl of lysis buffer (50 mM Tris–HCl pH 7.4, 1% NP40 
v/v, 0,25% sodium deoxycholate w/v, 150 mM NaCl, 1 μg/ml aprotinin, 
leupeptin, pepstatin, 1 mM Na3VO4, 1 mM NaF) for 30 min on ice, centrifuged 
at 14,000 × g for 30 min at 4°C and supernatant, containing proteins, was 
recovered. For cell culture medium analysis, cells were plated in 96 multiwell 
plate and let grow for 24h. The culture medium was collected and centrifugated 
at 3000 rpm for 10 minutes to remove cells and debris. Protein concentration 
was determined by Bradford method, using the Bio-Rad protein assay and 
compared with BSA standard curve. For the western blot evaluation, 20 µg of 
proteins from cell culture medium and cytosolic extracts were used. Proteins 
were separated by 12% SDS-PAGE, electro-transferred to PVDF membrane and 
reacted with the different antibodies. Blots were then developed using enhanced 
chemiluminescence detection reagents (Western Bright ECL, Advansta) and 
exposed to X-ray film. 
 
3.15 Immunoprecipitation  
10 and 50 µg of rHSA were added to HS578T cytosolic extracts (500 µg). Then, 
the samples were immunoprecipitated with 4 µg of anti-SPARC antibody, for 16 
h at 4 °C. Immune complexes were collected with 20 µl of protein G-agarose for 
2 h at 4 °C. The protein G-agarose/immune complex was washed four times with 
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cold PBS 1×, resuspended in 30 µl of loading buffer, heated to 95 °C for 5 min 
and used for Western blot analysis by using anti-HSA antibody. 
 
3.16 MelaSil_Ag-HSA NPs -SPARC interaction  
MelaSil_Ag-HSA NPs (100 µg) were incubated in HS578T conditioned medium 
at 37°C under stirring for 24h. NPs were collected, washed 3 times with PBS 1x, 
resuspended in Leammli Buffer 1x and incubated for 18h at RT. Proteins were 
resolved by SDS-PAGE and analyzed by western blot with anti-SPARC 
antibody. 
 
3.17 Cytofluorimetric analysis 
Cell lines were seeded into 24-well microtiter plates at the density of 50 × 103 
cells/well. After 24 h, BxPC-2 and PANC-1 cell lines were incubated with 
MelaSil* and MelaSil_Ag* NPs at increasing concentrations. HS578T and 
MCF10a cell lines were incubated with MelaSil_Ag*-HSA NPs at increasing 
concentrations for different times at 37 °C. After three washes in PBS 1×, cells 
were resuspended in PBS 1× and analyzed with a Becton Dickinson FACScan 
flow cytometer. All measurements were carried out in triplicate, in three 
independent experiments. Cytofluorimetric analysis was also carried out in the 
presence of chlorpromazine and genistein. To this aim, HS578T cells were 
preincubated for 30 min with chlorpromazine (20 µg/ml) and with genistein (80 
µg/ml) in PBS 1×. After 2 washes, MelaSil_Ag-HSA (100 µg/ml) were added 
for 6 h and 18 h. 
 
3.18 PA signal of MelaSil_Ag into cells 
To evaluate the PAS of cells incubated with NPs, HS578T cells were seeded into 
24 multiwell plates, let growth for 24h and incubated with MelaSil_Ag-HSA 
NPs at 100 µg/ml. After 18 h of incubation, cells were collected, washed with 
PBS 1× for 3 times and fixed with PFA 2% for 5 minutes at room temperature. 
After fixation, cells were washed with PBS 1x for 3 times, collected by 
centrifugation and the pellet was embedded in agarose matrix (~1% w/v).  
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4. RESULTS 
 
4.1 Characterization of MelaSil and MelaSil_Ag nanoparticles 
Synthesis parameters were accurately designed to build a biocompatible, stable 
core-shell architecture, where each phase concurred to the enhancement of final 
PA response. In particular, DHICA was chosen as melanogenic precursor, since 
DHICA-derived oligomers proved highly efficient dissipation of absorbed light 
into heat (Corani et al. 2014). To determine NPs size, shape and superficial 
charge, Transmission Electron Microscopy (TEM), Scanning Electron 
Microscopy (SEM) and Dynamic Light Scattering (DLS) were performed. SEM 
images of both MelaSil NPs and MelaSil_Ag NPs (Fig. 4.1A and B respectively) 
revealed similar spherical or pseudo-spherical structures. Furthermore, TEM 
analysis revealed that while MelaSil NPs were hybrid structures with intimate 
mixing of both organic and inorganic phase (Inset Fig. 4.1A), MelaSil_Ag NPs 
(Inset Fig. 4.1B) showed a bunch architecture of primary nanostructures. 
Notably, each of them in MelaSil_Ag NPs revealed a larger size than bare 
MelaSil NPs as well as a core-shell architecture with small Ag dots of about 30 
nm in diameter surrounded by a hybrid MelaSil shell. Size increment of 
MelaSil_Ag NPs was also confirmed by DLS analysis: single broad populations 
with a hydrodynamic radius of about 234 ± 4 nm (PDI 0.19) and 35 ± 5 nm (PDI 
0.2) were detected for MelaSil_Ag NPs and MelaSil NPs, respectively (Table 
4.1). Furthermore, a negative surface charge, as indicated by ζ-potential 
measurements, of about -20 mV was assessed for both samples. More detailed 
information about DLS and ζ-potential investigations are summarized in Table 
1. Moreover, stability to aggregation was also assessed through DLS analysis on 
MelaSil_Ag NPs dispersed in cell culture medium, at different incubation times 
(Table 4.2). After 24h the average diameter increased to 340nm, probably due 
to protein adsorption on the NPs surface, therefore the absence of any larger 
aggregates clearly indicated the stability of nanoparticles in culture medium up 
to 96 h, where only a slight decrease to 290 nm in diameter was observed. 
Changes in size, at different incubation times, was ascribed to the evolution 
during time of the protein corona on the NPs surface (Branda et al. 2014). When 
the nanoparticles came in contact with biological medium, the most abundant 
proteins with low affinity adsorbed to the NP surface forming the ‘soft corona’. 
Over time, those proteins were replaced by high affinity proteins resulting in the 
formation of the ‘hard corona’ and leading to a further modification in 
nanoparticles size (Casals et al. 2010) (Foroozandeh and Aziz 2015). 
Furthermore, no changes were observed in ζ-potential values. 
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Figure 4.2 Scanning Electron Microscopy and Transmission Electron Microscopy (insets) of MelaSil (A) and 
MelaSil_Ag (B) NPs. Abbreviations: NPs: Nanoparticles. 

 RH (nm) z-potential (mV) 
MelaSil NPs 35 ± 5 nm -19.5 ± 1.2 
MelaSil_Ag NPs 234 ± 4 nm - 20.2 ± 1.4 

 
Table 4.1: Dynamic Light Scattering and z	 potential of MelaSil and MelaSil_Ag NPs. Abbreviations: NPs: 
Nanoparticles. 

 
Incubation times in culture media (h) RH (nm) z-potential (mV) 

24 340 ± 5 -20.4 ± 1.2 

48 
72 
96 

350± 10 
375± 10 
290± 8 

-20.2 ± 1.4 
-20.0 ± 1.6 
-20.0 ± 1.4 

 
Table 4.2: DLS analysis and z	potential of MelaSil_Ag-NPs in cell culture medium (DMEM+FBS 10%) at different 
incubation times. Abbreviations: DLS: Dynamic Light Scattering, NPs: Nanoparticles, FBS: Fetal Bovine Serum, Rh: 
Hydrodynamic Radius. (Data are representative of three independent experiments and values are expressed in mean ± SD) 

  

A B
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4.2 PA signal of MelaSil and MelaSil_Ag NPs  
In Fig. 4.2 the PA multispectral (between 650-970 nm) responses of MelaSil 
(Fig. 4.2A) and MelaSil_Ag NPs (Fig. 4.2B) are reported. Fig. 4.2C shows the 
comparison between two PE tubes filled with MelaSil and MelaSil_Ag NPs at 
the same concentration (12 µg/ml). This plot shows the normalized PA signal 
obtained under the same laser stimulation conditions along the tubes filled with 
the above mentioned NPs. Laser wavelength was fixed at ~700 nm and 
illuminated simultaneously the phantom for the same time. The silver embedded 
inside the MelaSil NPs allowed to get a PA signal enhancement of MelaSil_Ag 
almost tenfold that of the same PA probe silver-free MelaSil (Fig. 4.2A, B and 
C). The impressive difference in signal intensity is showed in the 3D PA-US 
renders in Fig. 4.2D and E, in which the generated PA Signal is shown in color 
bar.  

 

 
 

 
 
Figure 4.2: PA signal of MelaSil and MelaSil_Ag NPs in PE tubes. PA multispectral responses of MelaSil NPs (A) and 
MelaSil_Ag NPs (B). Comparison of normalized mean PA signal produced by nanoparticles along the length of the filled 
PE tubes (E). 3D PA-US render of PE tubes filled with MelaSil and MelaSil_Ag Nanoparticles (C and D), in gray scale the 
intensity of US signal, in colored scale that of PA signal. Abbreviations: PAS: Photoacoustic Signal, PE: Polyethylene, US: 
Ultrasound, NPs: Nanoparticles. 

A B
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4.3 PA signal of MelaSil_Ag NPs in Ex vivo 
A chicken breast experimental model was selected because the speed of sound 
and the acoustic impedance are desirable (typical for biological tissue), and the 
target (where a small bolus containing nanocarriers was injected) was clearly 
distinguished from the surrounding medium in the ultrasound image (Kim et al. 
2016) (Hariri et al. 2018). With this approach the level of difficulty/complexity 
and the bias given by the presence of blood (with the endogenous chromophores 
oxy and deoxy hemoglobin) were minimized. 
Echo guided injection of approximately 100 μl of 12 μg/ml MelaSil_Ag NPs 
was performed in a sample of chicken breast at around 4 mm deep, leading to a 
diffusion volume of approximately 60 mm3 (Fig. 4.3E). The PA spectral analysis 
showed a clear detectable response in a reference biological tissues with an 
increase of more than tenfold respect to the non-injected regions, high stability 
and very good standard deviation < 0.02 a.u. (Fig. 3a and 3b). MelaSil_Ag 
relative peak of 710 nm allows a clear discrimination from the PA endogenous 
contrast, generated by oxygenated and deoxygenated hemoglobin (Fig 4.3 A, B, 
C and D). 
 

 

 
 

a b

a b
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Figure 4.3: PA signal of MelaSil and MelaSil_Ag NPs Ex vivo. (a) PA multispectral response comparison between 
injected and non-injected regions of chicken breast sample. (b) PHS comparison between injected and non-injected 
regions during time under prolonged laser illumination at 710 nm. (A-B) 3D PA-US render of internal region and of not 
injected tissue (C-D) and of MelaSil_Ag injected region. Image of the sample cut in the spatial region showed in (E). 
Abbreviations: PAS: Photoacoustic Signal, US: Ultrasound, NPs: Nanoparticles. 

  

A B

C D

E
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4.4 Uptake of fluorescent MelaSil_Ag NPs 
The uptake of fluorescent rhodamine conjugated MelaSil_Ag nanoparticles 
(MelaSil_Ag* NPs) by BxPC-3 and PANC-1 cells was investigated by flow 
cytometry. Based on previous investigations (Silvestri et al. 2017), the cells were 
incubated with nanoparticles at 25, 50 and 100 μg/ml for 24 h at 37 °C. For both 
cell lines a significant cellular uptake was observed at 100 μg/ml, with high 
fluorescence mean intensity values (Fig. 4.4). Furthermore, a titration profile 
was observed with increasing NPs concentration in both cell lines. This result 
would be in agreement with a caveolae-dependent endocytosis mechanism 
induced by interaction of anionic NPs with positive sites on membrane proteins, 
rather than with a receptor-mediated endocytosis (Kou et al. 2013) (Bannunah 
et al. 2014). Cellular uptake of MelaSil_Ag* NPs was also investigated by 
confocal fluorescence microscopy after 24 h of incubation by using a NPs 
concentration of 50 μg/ml. Fig. 4.5 shows representative confocal microscopy 
images of cells treated with MelaSil_Ag* NPs recorded at different focal depths 
along the z-axis. The endocytosed nanoparticles appeared as punctate small 
vesicles distributed in the cytoplasm. This spot-like intracellular distribution 
confirmed an endocytic mechanism for the uptake of NPs within vesicular 
structures. Fig. 4.5T and Fig. 4.5H, are orthogonal views of z-stack acquisition 
in BxPC3 and PANC-1 cells, respectively, illustrating the large MelaSil_Ag* 
NPs containing area and the small vesicles detected inside the cells. 
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Figure 4.4: Uptake of MelaSil* and MelaSil_Ag* NPs in PANC-1 and BxPC-3 cells. Flow cytometry analysis of BxPC-3 
and PANC-1 cell lines treated with MelaSil* and MelaSil_Ag* NPs for 24 h with 25, 50 and 100 μg/ml MelaSil* and 
MelaSil_Ag* NPs. Abbreviations: NPs: Nanoparticles, MFI: Mean Fluorescence Intensity. (Data are representative of three 
independent experiments and values are expressed in mean ± SD) 
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Figure 4.5: Confocal microscopy analysis of MelaSil and MelaSil_Ag NPs internalization in PANC-1 and BxPC-3 cells 
Representative images of confocal microscopy analysis of BxPC-3 and PANC-1 cell lines treated for 24 h with 
fluorescence MelaSil_Ag* NPs (50 μg/mL). (A-F) Gallery of merged images acquired along the z-axis of triple 
fluorescence-stained BxPC3 cells. Cell nuclei and membranes were stained with Hoechst 33342 and WGA-Alexa Fluor 
488, respectively. MelaSil_Ag* NPs is visible as red color. (G) Orthogonal projections of z-stack acquisitions. (H) 3D 
image reconstruction of Z-planes acquired from the top to the bottom of the cell. (I-R) Gallery of merged images 
acquired along the z-axis of triple fluorescence-stained PANC-1 cells. Cell nuclei and membranes were stained with 
Hoechst 33342 and WGA-Alexa Fluor 488, respectively. MelaSil_Ag* NPs is visible as red color. (S) Orthogonal 
projections of z-stack acquisitions. (T) 3D image reconstruction of Z-planes acquired from the top to the bottom of the 
cell. Scale bars: 1 μm. Abbreviations: NPs: Nanoparticles. 
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4.5 In vitro cell viability assays with MelaSil and MelaSil_Ag NPs 
To assess the cytotoxicity of NPs, two pancreatic cancer cell lines (PANC-1 and 
BxPC-3) were incubated with increasing concentrations of MelaSil_Ag NPs. To 
this aim, CytoPainter Live Cell and Cell-Titer GLO were performed. Cells were 
incubated in the presence of MelaSil_Ag NPs at three different concentrations 
(25, 50 and 100 μg/ml) for 24, 48, and 72h (Fig. 4.6, red plots). Such incubation 
times were based on the observation that the uptake was relatively fast, occurring 
at as early as 3 hours, whereby any toxicity was expected to manifest within 24 
h. The doses of tested MelaSil_Ag NPs were similar to those causing good 
tolerance when injected intravenously in nude mice (Lu et al. 2010) (Varna et 
al. 2012). The results showed a decrease in viability of about 35 % in both cell 
lines when MelaSil_Ag NPs were used at 100 μg/ml for 72 h.  
The effect was more evident based on determination of available ATP in cells 
(Fig. 4.4) These results were compared with cytotoxicity assays performed in 
the same experimental condition with MelaSil NPs (Fig. 4.6 blue plots). In this 
case, a very low decrease of viability (5%) when the cell lines were incubated 
with MelaSil NPs at 100 μg/mL for 72 h was observed (Fig. 4.6).  
The greater decrease of viability in cells exposed to MelaSil_Ag NPs can be 
probably due to oxidative stress associated to the release of Ag ions. Analysis of 
cell morphology by light microscopy after 24, 48 and 72 h of incubation of 
BxPC-3 and PANC- 1 cells in the presence of MelaSil_Ag NPs at 50 μg/ml did 
not reveal any effect on cell morphology (Fig. 4.6 insets 1 control cells, insets 2 
treated cells). Additionally, Propidium Iodide (PI) assay was performed on 
PANC-1 and BxPC-3 cells incubated with MelaSil_Ag NPs under the same 
conditions, to evaluate cell cycle, cell death and necrosis. Again, no difference 
was evident in treated cells compared to control cells (Fig. 4.7 and Table 4.3).  
Overall, these results demonstrate that, despite a decrease in the metabolic 
activities with a MelaSil_Ag NPs concentration of 100 μg/mL, NPs treatment 
did not cause significant cell death even after an extended period of time. 
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Figure 4.6: Viability assay of PANC-1 and BxPC-3 cells incubated with MelaSil and MelaSil_Ag NPs. Cell-Titer GLO (= 
red) and CytoPainter Live (n blue), of BxPC-3 cells treated for (A and B) 24 h, (C and D) 48 h and (E and F) 72 h and 
PANC-1 cells treated for (a and b) 24 h, (c and d) 48 h and (e and f) 72 h with MelaSil and MelaSil_Ag NPs (25, 50 and 
100 μg/ml). Insets are representative images of microscopy morphology analysis of BxPC-3 and PANC-1 cells before (1) 
and after (2) treatment with MelaSil_Ag NPs (50 μg/ml). Abbreviations: NPs: Nanoparticles. (Data are representative of three 
independent experiments and values are expressed in mean ± SD) 
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Figure 4.7: Apoptosis evaluation of PANC-1 and BxPC-3 cells incubated with MelaSil_Ag NPs Representative images 
of Flow Cytometry analysis on BxPC-3 and PANC-1 cells treated for 24 h, 48 h and 72 h with MelaSil_Ag NPs (25, 50 and 
100 μg/ml). Abbreviations: NPs: Nanoparticles, PI: Propidium Iodide. 
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24H 

 

 
Control 25 µg/mL 50 µg/mL 100 µg/mL 

PANC-1 6.8% (± 0%) 6.8% (± 1,20%) 19.6% (± 8,90%) 13.5% (± 4,10%) 

BxPC-3 4.7% (± 0%) 8.54% (± 1,69%) 12.7% (0,07%) 6.8% (± 7,70%) 

   
48H 

 

  
25 µg/mL 50 µg/mL 100 µg/mL 

PANC-1 6.2% (± 0,56%) 7.2% (± 0,42) 6.2% (± 1,55%) 6.9% (± 1,69 %) 

BxPC-3 8.25% (± 0,91%) 8.25% (± 0,14%) 8.25% (± 0,56%) 8.25% (± 0,14%) 

   
72H 

 

  
25 µg/mL 50 µg/mL 100 µg/mL 

PANC-1 19.55% (± 5,44%) 20.70% (± 3,53%) 20.70% (± 0,98%) 24.25% (± 3,88%) 

BxPC-3 12.35% (± 2,89%) 15.05% (± 3,11% 14.05% (± 4,50 %) 12.35% (± 0,49%) 

 
Table 4.3: Apoptosis evaluation of PANC-1 and BxPC-3 cells incubated with MelaSil_Ag NPs. Flow cytometry analysis 
performed by using PI on BxPC-3 and PANC-1 cells treated for 24 h, 48 h and 72 with MelaSil_Ag NPs (25, 50 and 100 
μg/ml). Abbreviations: NPs: Nanoparticles, PI: Propidium Iodide. (Data are representative of three independent experiments and values 
are expressed in mean ± SD) 

4.6 MelaSil_Ag NPs hemotoxicity 
The lysis of red blood cells (RBCs) in response to nanoparticles treatment is a 
measure of both membrane disruption and extreme cellular toxicity (i.e., 
necrosis) and is especially important for nanoparticles that are intended to be 
directly introduced into the bloodstream. Therefore, the hemotoxicity evaluation 
is a critical preclinical analysis to assess the level of the NPs’ hemocompatibility, 
in order to prevent serious side effects. To assess MelaSil_Ag NPs hemotoxicity, 
quantitative and qualitative assay was performed by naked eye color evaluation 
and spectrophotometric analysis of the RBCs’ supernatant, respectively. To this 
aim, human RBCs were incubated with MelaSil_Ag NPs (50 and 100 μg/ml) at 
increasing incubation times (1, 4, 6, 24 and 72 h). As positive and negative 
controls milliQ water and PBS 1x were used, respectively. Naked eye color 
evaluation showed a high degree of hemolysis, also at short time of incubation, 
since the red color intensity of NPs supernatant was closer than the positive 
control (water). The %-hemolysis measured by spectrophotometric analysis 
(Fig. 4.8) of the hemoglobin released from the hemolyzed RBCs supernatants at 
increasing incubation times confirmed the results obtained by naked eye 
evaluation (Fig. 4.9). The NPs hemotoxicity is due to the presence of silanol 
groups on nanoparticles surface, which strongly interact with the positive charge 
existent on the outer membrane surface of the RBCs, resulting in hemolysis 
(Shahbazi et al. 2013).  
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Figure 4.8: MelaSil_Ag hemotoxicity assay quantitative evaluation. Evaluation of MelaSil_Ag hemotoxicity by 
assessing hemoglobin release by RBCs after incubation with MelaSil_Ag at 50 and 100 μg/ml for 1,4,6,24 and 72 h. (Data 
are representative of three independent experiments and values are expressed in mean ± SD) 

 

 
 

Figure 4.9: MelaSil_Ag hemotoxicity naked eye evaluation. Representative images of naked eye evaluation of 
MelaSil_Ag hemotoxicity by assessing hemoglobin release by Red Blood Cells after incubation with MelaSil_Ag at 50 
and 100 μg/mL for 1,4,6,24 and 72 h.  
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4.7 Preparation and characterization of HSA modified MelaSil_Ag NPs 
In order to improve MelaSil_Ag NPs physicochemical and biological properties, 
such as biocompatibility and cellular internalization, NPs were biomodified by 
recombinant human serum albumin (rHSA) since HSA is a promising material 
to produce nanoparticles for medical applications and SPARC-mediated active 
internalization. The covalent bond between rHSA and NPs requires NPs 
salinization using an APTES solution, which introduces the highly reactive 
amino groups on the NPs surface that can be covalently conjugated with the 
carboxyl groups of rHSA by using EDC/NHS chemistry (Scheme 4.1). The 
chemical modifications were evaluated by using Fluorescamine assay (Table 
4.4). The NPs were characterized before and after the surface modification by 
DLS, analyzing the hydrodynamic diameter, the PDI, and the surface charge (ζ-
potential). An increase of the particles size from 190 ± 3.5 nm (PDI 0.20) to 230 
± 4.0 nm (PDI 0.24) after rHSA conjugation was observed, confirming the 
success of the rHSA modification. The bare and HSA-conjugated MelaSil_Ag-
NPs exhibited ζ-potentials of −22 ± 1.3 mV and −25 ± 1.7 mV, respectively 
(Table 4.5). The morphology of HSA-modified MelaSil_Ag-NPs was 
investigated by TEM analysis (Fig. 4.10). 
 

 
 

Scheme 4.1: MelaSil_Ag-HSA NPs bioconjugation scheme. Workflow of MelaSil_Ag functionalization with HSA by 
EDC/NHS chemistry. Abbreviations: NPs: Nanoparticles, HSA: Human Serum Albumin, EDC: 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide, NHS: N-Hydroxysuccinimide, MES: 2-(N-morpholino)ethanesulfonic acid. 
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 Fluorescence intensity Ex366 nm/Em 488 nm (A.U.) 
MelaSil_Ag 8 

MelaSil_Ag-APTES-NH2 40 
MelaSil_Ag-HSA 250 

 
Table 4.4: Fluorescamine assay. Fluorescamine assay performed in HSA functionalization steps.  

 RH (nm) z-potential (mV) 
MelaSil_Ag 190 ± 3.5 nm -22 ± 1.3 

MelaSil_Ag-HSA 230 ± 4 nm - 25 ± 1.7 
 
Table 4.5: DLS of MelaSil_Ag NPs before and after HSA bioconjugation 

 
 

Figure 4.10: Transmission Electron Microscopy of MelaSil_Ag and MelaSil_Ag-HSA NPs 
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4.8 Evaluation of HSA binding to MelaSil_Ag NPs and its stability by dot 
blot 
To confirm the binding of rHSA to MelaSil_Ag NPs, dot blot analysis was 
performed by using anti-HSA antibody. Results confirm the presence of rHSA 
on MelaSil_Ag-HSA NPs surface (Fig. 4.11). 
 

 
 

Figure 4.11: Dot blot of MelaSil_Ag and MelaSil_Ag-HSA NPs. Dot blot performed with anti-HSA antibody on bare and 
HSA functionalized NPs. 

To evaluate the stability of the bond between rHSA and MelaSil_Ag NPs in 
culture medium, MelaSil_Ag-HSA NPs were incubated in DMEM for different 
times and the presence of rHSA on NPs surface was evaluated by dot blot assay. 
Results shown no significative variation in rHSA amount on NPs up to 96h of 
incubation (Fig. 4.12). 
 

 
 

Figure 4.12: Dot blot of MelaSil_Ag-HSA in cell culture medium for different times.  
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4.9 Serum protein binding to MelaSil_Ag nanoparticles 
Nanoparticles have significant surface interaction with plasma proteins via 
hydrophobic or electrostatic bonds and so they are surrounded by a corona 
proteins (CPs) (Shahbazi et al. 2013). This corona influences the biological 
identity of the nanoparticle and can thus activate an immune response and affect 
NP toxicity and targeting/internalization capabilities (Corbo et al. 2016). In 
order to identify the adsorbed proteins on MelaSil_Ag-HSA NPs, bare NPs and 
HSA-NPs were incubated in culture medium supplemented with 10% FBS for 
0.5, 1, 6, 24, 48 and 72 hours. The nanoparticles were then isolated, and the 
adsorbed proteins were separated by gel electrophoresis. As shown in Fig. 4.13, 
in bare NPs there are many interacting proteins between 245 kD and 20 kD up 
to 48 h of incubation, while most of these disappear at 72 h where a band of 
about 65 kD is still evident. Conversely, in HSA-modified NPs incubated in the 
same experimental conditions, only one band of about 65 kD (probably bovine 
serum albumin) is well detectable (Fig 4.13). This result suggests that the HSA 
modification inhibits the interaction of many serum proteins with nanoparticle 
surface that could affect the NPs behavior.  
 

 
 

 
 

Figure 4.13: SDS_PAGE analysis of MelaSil_Ag (upper panel) and MelaSil_Ag-HSA (lower panel) NPs. 
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4.10 SPARC protein expression levels analysis by western blot 
As experimental model to evaluate a specific SPARC mediated internalization 
of MelaSil_Ag-HSA NPs, breast cancer cell line HS578T (with high SPARC 
expression level) and normal breast cell line MCF10a (with no SPARC 
expression) were chosen. To confirm the absence and the presence of SPARC 
protein in MCF10a cell line and HS578T cell line, respectively, western blot 
analysis was performed. The investigation was carried out by using total proteins 
extracts and 24h-conditioned medium of both cell lines. The results showed that 
very high level of SPARC protein was detectable in HS578T cells and in its 
conditioned medium. Otherwise, no SPARC expression was revealed in 
MCF10a proteins extracts or conditioned medium (Fig. 4.14).  
 

 
 

Figure 4.14: Western Blot analysis. SPARC expression levels in HS578T and MCF10a whole cells extract and conditioned 
medium. Blot was performed with anti-SPARC antibody for all samples. For whole cells extract, anti-GAPDH antibody 
was used. For conditioned medium anti-BSA antibody was used.  

4.11 MelaSil_Ag-HSA NPs in vitro cell viability assay 
To evaluate the effect of HSA functionalization on NPs cytotoxicity previously 
observed with bare NPs, Cell-Titer GLO and CytoPainter Live Cell assays on 
HS578T and MCF10a cell lines were used. For Cell-Titer GLO, cells were 
incubated in the presence of bare and MelaSil_Ag-HSA NPs at increasing 
concentrations for 24, 48, and 72 h (Fig. 4.15). For CytoPainter Live Cell, cells 
were incubated with bare and HSA-conjugated NPs at 100 µg/ml for 24, 48 and 
72h (Fig. 4.15 insets 1 control cells, insets 2 treated cells). The results showed a 
very slight decrease of viability with HSA-NPs respect to the results obtained 
with bare NPs (data not shown). In addition, no dependency on the exposure 
time and NPs concentration was observed for the cytotoxicity of the HSA 
biofunctionalized NPs. These results indicate an increase in the NPs 
biocompatibility after HSA biomodification. 
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Figure 4.15: Cell viability assay. Cell-Titer GLO assay, of HS578T cells treated for (A) 24 h, (B) 48 h and (C) 72 h and 
MCF10a cells treated for (a) 24 h, (b) 48 h and (c) 72 h with MelaSil_Ag-HSA NPs (25, 50 and 100 μg/mL). Insets are 
representative images of Calcein-AM fluorescent morphology images of HS578T and MCF10A cells before (1) and after 
(2) treatment with MelaSil_Ag NPs (100 μg/ml). Abbreviations: NPs: Nanoparticles (Data are representative of three independent 
experiments and values are expressed in mean ± SD) 
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4.12 Effect of HSA functionalization on NPs hemotoxicity 
The evaluation of hemolysis effect of MelaSil_Ag-HSA NPs was performed at 
the same condition used with bare NPs. No hemolysis was observed when HSA-
NPs were used, as shown in Fig. 4.16 and Fig. 4.17, indeed there was no 
significant difference between PBS alone and HSA-NPs at increasing 
concentrations. The bare-NPs hemotoxicity is due to the presence of silanol 
groups on nanoparticles surface, which strongly interact with the positive charge 
existent on the outer membrane surface of the RBCs, resulting in hemolysis. The 
absence of NPs hemotoxicity after rHSA surface modification shows that the 
hemocompatibility is due to the disappearance of the Si-OH groups and to the 
presence of HSA, which is known to be highly biocompatible since it is an 
endogenous protein. These results are in agreement with the viability data, and 
suggest that MelaSil_Ag-HSA NPs could be used as contrast agent for long 
incubation times and at high concentrations. 
 
 
 

  

Figure 4.16 MelaSil_Ag-HSA hemotoxicity assay quantitative evaluation. Measure of MelaSil_Ag and MelaSil_Ag-HSA 
hemotoxicity by assessing hemoglobin release by RBCs after incubation with MelaSil_Ag and MelaSil_Ag-HSA NPs at 
50 and 100 μg/mL for 1,4,6,24 and 72 h. Abbreviations: NPs: Nanoparticles (Data are representative of three independent experiments 
and values are expressed in mean ± SD) 
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Figure 4.17: MelaSil_Ag-HSA hemotoxicity naked eye evaluation. Representative images of naked eye evaluation of 
MelaSil_Ag hemotoxicity by assessing hemoglobin release by RBC after incubation with MelaSil_Ag at 50 and 100 
μg/mL for 1,4,6,24 and 72 h.  
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4.13 Uptake of fluorescent MelaSil_Ag-HSA NPs 
The uptake of MelaSil_Ag*-HSA NPs by HS578T and MCF10a cell lines was 
investigated using fluorescent rhodamine conjugated NPs by flow cytometry and 
confocal microscopy. For flow cytometer analysis, HS578T (SPARC positive) 
and MCF01a (SPARC negative) cells were incubated with nanoparticles at 25, 
50, 100 and 200 μg/mL for 18h at 37 °C (Fig. 4.18). For kinetic internalization 
analysis both cell lines were incubated with MelaSil_Ag-HSA NPs at 100 μg/mL 
for different times (Fig. 4.19). For confocal microscopy analysis, both cell lines 
were incubated with MelaSil_Ag*-HSA NPs for 18h at 50 µg/ml (Fig. 4.20). 
The results show a concentration and time dependent MelaSil_Ag*-HSA NPs 
uptake in HS578T cells, whereas no significative levels of uptake in MCF10a 
cells were observed.  
 

 
 

Figure 4.18: Uptake of MelaSil_Ag*-HSA NPs Flow cytometry analysis of HS578T and MCF10a cell lines treated with 
MelaSil_Ag*-HSA for 24 h with 25, 50, 100 and 200 µg/mL MelaSil_Ag*-HSA NPs. Abbreviations: NPs: Nanoparticles, 
MFI: Mean Fluorescence Intensity. (Data are representative of three independent experiments and values are expressed in mean ± SD) 
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Figure 4.19: Timeline uptake of MelaSil_Ag*-HSA NPs. Flow cytometry analysis of HS578T cell lines treated with 
MelaSil_Ag*-HSA NPs for 1,4,8,18 h with 100 µg/mL MelaSil_Ag*-HSA NPs. Abbreviations: NPs: Nanoparticles, MFI: 
Mean Fluorescence Intensity. (Data are representative of three independent experiments and values are expressed in mean ± SD) 
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Figure 4.20: Confocal microscopy analysis of MelaSil_Ag*-HSA NPs internalization in HS578T and MCF10A cells 
Representative images of confocal microscopy analysis of HS578T and MCF10a cell lines treated for 24 h with 
fluorescence MelaSil_Ag*-HSA NPs (50 μg/mL). (A) Orthogonal projection of z-stack acquisitions of HS578T cells treated 
with NPs and (B) 3D image reconstruction of Z-planes acquired from the top to the cells. (C-J) Gallery of merged images 
acquired along the z-axis of triple fluorescence-stained HS578T cells treated with NPs. (a-g) Gallery of merged images 
acquired along the z-axis of triple fluorescence-stained MCF10a cells treated with NPs. (h) Orthogonal projection of z-
stack acquisitions of MCF10a cells treated with NPs. Cell nuclei and membranes were stained with Hoechst 33342 and 
WGA-Alexa Fluor 488, respectively. MelaSil_Ag*-HSA NPs is visible as red color. Scale bars: 10 μm. 
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4.14 Interaction of SPARC with HSA  
To assess the interaction of SPARC with HSA, a co-immunoprecipitation assay 
was performed. To this aim, rHSA was added to HS578T cellular extract, co-
immunoprecipitated with anti-SPARC antibody and blotted with anti-HSA 
antibody. Results clearly show the interaction between the two proteins, as 
shown in Fig. 4.21.  
To evaluate the binding of SPARC to the rHSA modified NPs surface, 
functionalized NPs were incubated in HS578T conditioned medium for 24h. 
MelaSil_Ag-HSA interacting proteins were resolved by SDS-PAGE and blotted 
with anti-SPARC primary antibody. Results clearly show the interaction of 
SPARC with MelaSil_Ag-HSA NPs surface (Fig. 4.22) 
 

 
 

Figure 4.21: Western Blot analysis of SPARC-rHSA Co-immunoprecipitation. 
 

  
 

Figure 4.22: Western blot analysis of SPARC-MelaSil_Ag-HSA NPs interaction. 
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4.15 Evaluation of MelaSil_Ag-HSA NPs internalization mechanism 
To evaluate the uptake mechanism of MelaSil_Ag*-HSA NPs by HS578T, 
cytofluorimetric analysis of cells incubated with NPs at 100 μg/mL for 6 and 
18h, in absence or in presence of clathrin (chlorpromazine) and caveolin 
(genistein) inhibitors was performed (Fig. 4.23). Results show a significative 
decrease of rHSA functionalized NPs internalization in cells treated with clathrin 
inhibitor, while no variation of internalization was observed in cells treated with 
caveolin inhibitor. As already reported, SPARC internalization is integrin-ɑ5-
dependent and is regulated by a clathrin-mediated endocytosis (Nakamura, 
Yamanouchi, and Nishihara 2014) (Nie et al. 2008) (Hoang et al., 2015) and 
therefore obtained data, together with literature data, could suggest an HSA-NPs 
SPARC-mediated internalization as shown in Fig.4.24. 
 

 
 

Figure 4.23: Cytofluorimetric analysis of MelaSil_Ag*-HSA NPs internalization in HS578T after treatment with 
clathrin and caveolin inhibitors. Abbreviations: NPs: Nanoparticles, MFI: Mean Fluorescence Intensity, CPZ: 
Chlorpromazine, GEN: genistein. (Data are representative of three independent experiments and values are expressed in mean ± SD) 
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Figure 4.24: MelaSil_Ag-HSA internalization scheme. 
 

4.16 PA signal of MelaSil_Ag-HSA NPs 
To evaluate the effect of rHSA functionalization on MelaSil_Ag NPs 
photoacoustic properties, various PA analysis were performed. All tests were 
conducted by loading PE tubes with MelaSil_Ag and MelaSil_Ag-HSA NPs at 
the same concentration. rHSA alone was analyzed in PA experiments, in same 
condition used with NPs, but no PAS was recorder in all used conditions (data 
not shown). First, multispectral (between 650-970 nm) and continuous 
irradiation (at 710 nm) PA responses of bare and HSA functionalized NPs was 
performed (Fig. 4.25 left and right, respectively). Results show a reduction of 
about 10% of PAS in MelaSil_Ag-HSA NPs compared with bare NPs only in 
the first seconds (≈35s), while successively the PAS of MelaSil_Ag and 
MelaSil_Ag-HSA NPs is very similar (Fig. 4.25 right panel, Fig. 4.26 and Table 
4.6). Furthermore, MelaSil_Ag-HSA NPs show an impressive increase of PAS 
stability compared with bare NPs (Table 4.6).  
 

  
 

Figure 4.25: PA signal of MelaSil_Ag and MelaSil_Ag-HSA NPs in PE tubes. PA multispectral responses of MelaSil_Ag 
and MelaSil_Ag-HSA (left panel) and continuous irradiation at 710 nm of MelaSil_Ag and MelaSil_Ag-HSA NPs (right 
panel). Abbreviations: PA: Photoacoustic. 
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Figure 4.26: ECO/PA projection of PE tubes loaded with rHSA, MelaSil_Ag and MelaSil_Ag-HSA NPs. 
 

 PAS (a.u.) Standard Deviation (SD) 
MelaSil_Ag NPs 0,534 0,035 

MelaSil_Ag-HSA NPs 0,487 0,008 
 
Table 4.6: PA signal of MelaSil_Ag and MelaSil_Ag-HSA NPs in PE tubes. MelaSil_Ag and MelaSil_Ag-HSA NPs PA 
signal acquired at 710 nm with relative SD. Abbreviations: NPs: Nanoparticles, PAS: Photoacoustic Signal. (Data are 
representative of three independent experiments and values are expressed in mean ± SD) 
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4.17 PA signal of MelaSil_Ag -HSA NPs in Ex vivo 
Echo guided injection of about 100 μl of MelaSil_Ag-HSA was performed in a 
sample of chicken breast at around 3 - 4 mm deep, corresponding to a diffusion 
volume of almost 60 mm3 (Fig. 4.27). The PA spectral analysis showed a very 
intense detectable response in a reference biological tissues with an increase of 
more than fifteen-fold in respect to the non-injected regions (Fig. 4.27A). 3D 
PA-US reconstruction of chicken bolus clearly show the PAS of MelaSil_Ag-
HSA NPs injected region compared to not injected region. (Fig. 4.27 A and B) 
 

 
 

 
 

Figure 4.27: PA signal of MelaSil_Ag-HSA NPs Ex vivo. (A) PA multispectral response comparison between MelaSil_Ag-
HSA NPs injected and non-injected regions of chicken breast sample. (B) PA-US image of chicken breast sample, US 
image and distribution of PA signal produced by MelaSil_Ag-HSA NPS perfused in the tissue. (C) 3D PA-US render of 
internal region of MelaSil_Ag-HSA injection. Colored scale bar for PA signal intensity. Nanoparticles, PAS: Photoacoustic 
Signal, US: Ultrasound, DhAgHSA: MelaSil_Ag-HSA NPs. 
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4.18 PA signal of MelaSil_Ag-HSA into cells 
To assess the effect of cellular environment on MelaSil_Ag-HSA PA properties, 
the evaluation of PAS of MelaSil_Ag-HSA NPs uptaked by HS578T was 
performed. The PA spectral analysis showed strong detectable PAS after NPs 
internalization, compared to cells without NPs (Fig. 4.28). Furthermore, the 
evaluation of PAS stability under continuous irradiation at 710 nm showed that 
internalized NPs have more photostability compared to NPs in test-object (Fig. 
4.29). These results suggest that MelaSil_Ag-HSA PA properties don’t decrease 
when NPs are uptaken by cells. Contrarily, the PAS stability increases after NPs 
internalization in HS578T cells. The PAS on NPs into cells is visible in Eco-PA 
(Fig. 4.30) and in 3D-PAS (Fig.4.31) reconstructions. 

 
Figure 4.28: PA multispectral response in cells. PAS comparison between HS578T cells with and without MelaSil_Ag-
HSA NPs. Abbreviations: PA: Photoacoustic. 

 

 
 

Figure 4.29: PHS comparison between MelaSil_Ag-HSA NPs in test-object and in cells under prolonged laser 
illumination at 710 nm. Abbreviations: PA: Photoacoustic. 



RESULTS 

 49 

 
 
Figure 4.30: Eco-PA reconstruction of HS578T cells with MelaSil_Ag-HSA NPs. Gray scale the intensity of US signal, 
colored scale the intensity of PA signal. 
 

 
 
Figure 4.31: PA-3D reconstruction of HS578T cells with MelaSil_Ag-HSA NPs.  PAS is visible in green. Upper images: 
3D PA-US volume reconstruction 3D PA-US planes of acquisition. Lower images: Front and sagittal plane, slice of sample 
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5. DISCUSSION 
 
The use of NPs to perform imaging in cancer disease is one of the most 
interesting and promising field of nanomedicine thanks to its versatility, 
precision and intrinsic potential (Chapman et al. 2013). Despite this interesting 
features, the use of NPs for diagnostic presents three main problems: 
biocompatibility, stability and delivery of the nano-systems preferentially to 
tumor cells (Chapman et al. 2013).  
The developed hybrid nanoparticles, namely MelaSil_Ag, were projected with 
the principal aim to exploit the PA properties of DHICA as contrast agent. In 
fact, this molecule produces a PA signal and has not toxic effects (unlike metal 
NPs) because it is an endogenous compound related to eumelanin (Silvestri et 
al. 2017). To obtain an enhancement of the PA signal produced by DHICA, the 
use of metallic silver as PAS amplifier was evaluated.  
NPs characterization was performed by the evaluation of size, shape, superficial 
charge and PAS in MelaSil (NPs without silver core) and MelaSil_Ag NPs (NPs 
with silver core). DLS and TEM analysis showed an increase of MelaSil_Ag 
NPs size (about 200 nm) compared to MelaSil NPs (about 30 nm). Furthermore, 
no variation in superficial charge and shape was detected. The increase of size 
in MelaSil_Ag NPs is a consequence of the chemical silver encapsulation inside 
NPs and independent by the amount of silver incorporated by NPs, as TEM 
images clearly show. 
PAS evaluation experiments performed in-vitro and ex-vivo showed a very high 
increase of the signal in MelaSil_Ag NPs (about tenfold). This phenomenon is a 
consequence of the amplification of PA effect due to DHICA by metallic silver 
that works like a resonance antenna.  
Biological assessment of MelaSil_Ag NPs was performed with two pancreatic 
cancer cell lines (BxPC-3 and PANC-1) by using NPs with and without metallic 
silver core, to evaluate biological response due to the presence of the metal. 
NPs uptake results, obtained by cytofluorimetric and confocal microscopy 
analysis, shewed good NPs uptake in both cell lines in all tested conditions, with 
a titration profile by using increasing NPs concentrations. In particular, 
MelaSil_Ag NPs showed greater ability to enter in cells compared to MelaSil 
NPs. This could be a consequence of the difference in size of these NPs that 
could affect the internalization pathway.  
Confocal microscopy revealed MelaSil_Ag NPs localization in limited regions 
that appears as “spots” inside cell cytoplasm. This spot-like intracellular 
distribution suggests an endocytic mechanism for the uptake of NPs within 
vesicular structures. 
The effect of MelaSil and MelaSil_Ag NPs on cell viability was evaluated by 
using the NPs at increasing concentration and at different incubation times. 
Results obtained showed toxicity of MelaSil_Ag NPs in both cell lines compared 
with MelaSil NPs, already after 24h of incubation. The effect was more evident 
when CellTiter GLO assay was performed compared to Calcein-AM assay. 
Probably, this difference is due to the cellular targets measured.  
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CellTiter GLO measures the ATP levels into the cells, directly linked to cell 
viability, while Calcein-AM evaluates the activity of a membrane esterase that 
is an undirected parameter of cell viability. Furthermore, no variation in cells 
morphology was observed by using inverted light microscope. This suggests that 
MelaSil_Ag NPs don’t affect cell morphology, but only determine a  decrease 
in ATP production. The toxicity of MelaSil_Ag NPs is probably due to oxidative 
stress associated to the release of Ag ions following the NPs degradation. 
Finally, both types of NPs were incubated with cells to evaluate apoptosis by PI 
assay. This experiment showed absence of apoptosis in cells incubated both with 
MelaSil and MelaSil_Ag NPs, when compared to controls.  
To evaluate MelaSil_Ag NPs hemotoxicity, NPs were incubated with RBCs, and 
the lysis was evaluated by measuring the release of hemoglobin as consequence 
of RBCs destruction. Results showed high hemotoxicity of MelaSil_Ag NPs 
already after 1h of incubation. The NPs hemotoxicity is due to the presence of 
silanol groups on nanoparticles surface, which strongly interact with the positive 
charge existent on the outer membrane surface of the RBCs, resulting in 
hemolysis. 
To reduce MelaSil_Ag NPs toxicity and to achieve a selective uptake of 
MelaSil_Ag-HSA NPs by tumor cells, recombinant Human Serum Albumin was 
conjugated with NPs surface by EDC/NHS chemistry.  
DLS and TEM analysis showed a slightly increase of NPs size and superficial 
charge (from 190 nm to 230 nm and from -23 mV to -25 mV). 
After bioconjugation, fluorescamine assay and dot blot assay were used to verify 
the binding of rHSA to NPs surface. Both experiments confirmed the presence 
of rHSA covalently linked to MelaSil_Ag surface. Furthermore, after HSA 
bioconjugation to MelaSil_Ag NPs, the stability of HSA bond to NPs was tested 
by dot blot analysis after incubation of MelaSil_Ag-HSA NPs in cell culture 
medium for several hours. Results showed no significative variations in HSA 
amount on NPs surface up to 96h of incubation. This is an indication that 
MelaSil_Ag-HSA NPs could be used in long time accumulation experiments, 
despite NPs delivery into the body doesn’t usually request long time. 
Furthermore, the analysis of corona proteins showed that the HSA modification 
inhibits the interaction of many serum proteins with nanoparticle surface that 
could affect the NPs properties and behavior. 
To demonstrate a selective internalization of MelaSil_Ag-HSA NPs in tumor 
cells via SPARC, two breast cell lines HS578T and MCF10a were chosen. 
HS578T are breast cancer cells with very high expression of SPARC protein, 
while MCF10a are immortalized not tumor cells with no expression of SPARC 
protein. To evaluate the real presence of SPARC in HS578T and its absence in 
MCF10a, western blot analysis was performed by using both whole cells 
proteins extract and conditioned medium. As expected, no SPARC protein was 
found in MCF10a cells or in its conditioned medium, vice versa in HS578T cells 
and in their conditioned medium very high levels of SPARC expression were 
observed. 
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Next, to assess cytotoxicity reduction of MelaSil_Ag NPs after HSA 
bioconjugation, CellTiter-GLO and Calcein-AM was performed with HS578T 
and MCF10a cell lines by incubating cells with MelaSil_Ag-HSA and bare NPs 
at increasing concentrations and times. Results showed no significative variation 
in cells viability for all tested conditions. This is due to the high HSA 
biocompatibility and suggests that HSA bioconjugated to MelaSil_Ag NPs 
greatly reduce NPs degradation increasing the stability in fact, despite silver is 
still present inside NPs, its toxicity (previously observed in MelaSil_Ag NPs) is 
totally absent by using MelaSil_Ag-HSA NPs.  
To evaluate the hemotoxicity of MelaSil_Ag-HSA NPs, RBCs were incubated 
with HSA bioconjugate NPs at various concentrations and times. Results showed 
that, unlike MelaSil_Ag, functionalized NPs didn’t show hemotoxicity up to 72 
hours of incubation. This is a very important requirement for a nano-system to 
use in medical applications. 
Successively, cellular uptake by HS578T and MCF10a cell lines was performed.  
Cytofluorimetric analysis showed high internalization levels only in HS578T 
cells, whereas no internalization was detected in MCF10a cells. Same results 
were obtained with confocal microscopy analysis. 
The differential internalization of MelaSil_Ag-HSA NPs could be a 
consequence of SPARC expression. In fact, SPARC can bind with high affinity 
HSA and integrin (Chlenski et al. 2016), in this way MelaSil_Ag-HSA can be 
internalized into cells by integrin ɑ5β1 complex, as reported in various proposed 
mechanisms (Nie et al. 2008). 
To confirm the interaction of SPARC with HSA and with HSA conjugated 
MelaSil_Ag NPs surface, co-immunoprecipitation and western blot analysis of 
MelaSil_Ag-HSA interacting proteins, after incubation in HS578T conditioned 
cell medium (rich of SPARC protein), were performed. Results showed good 
interaction of SPARC with HSA and with NPs surface. This data suggests that 
the uptake of MelaSil_Ag-HSA NPs by HS578T cells could be due to SPARC 
mediated internalization. 
The internalization of HSA via HSA-SPARC interaction is a clathrin mediated 
process (Nakamura, Yamanouchi, and Nishihara 2014). To confirm that also 
MelaSil_Ag-HSA uptake is a clathrin mediated process, inhibitors of clathrin 
and caveolin were used in cytofluorimetric experiments with HS578T cells by 
using HSA conjugated NPs. Results showed a decrease of MelaSil_Ag-HSA 
internalization of about 70% only when clathrin inhibitor was used. Conversely, 
no significant variation in MelaSil_Ag-HSA internalization was observed when 
caveolin inhibitor was tested. These results suggest that HSA bioconjugate NPs 
are internalized by a receptor mediated mechanism, like the HSA-SPARC-
integrin ɑ5β1 complex. 
Finally, several PAS studies were performed to evaluate the effects of HSA 
bioconjugation on PA properties of NPs. 
Experiments were performed both in vitro and ex vivo as previously done for 
MelaSil and MelaSil_Ag NPs. Results showed a very low decrease of PAS in 
MelaSil_Ag-HSA NPs (about 10% compared with bare NPs), and an increase 



DISCUSSION 

 53 

(about forth fold) in the signal stability, expressed as standard deviation in 
continuous irradiation at 710 nm. This is due to the stabilization of NPs by HSA 
bioconjugation. In fact, compared to bare NPs, MelaSil_Ag-HSA NPs showed 
very high stability in solution, with a reduction of aggregation and time 
dependent precipitation. Furthermore, the PAS of MelaSil_Ag-HSA NPs 
internalized by HS578T cells was evaluated. Results showed a PA signal still 
well detectable and an increase of the photostability under continuous 
irradiation, probably due to the protective effect of the cells on the NPs.  
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6. CONCLUSION 
 
One of the most promising approaches to perform imaging in early cancer 
diagnosis is the development of new nano-systems to be used as contrast agents 
and the investigation of innovative biocompatible materials.  
The hybrid HSA modified NPs realized in this work showed very interesting 
properties as high biocompatibility, stability and PA performance both in vitro 
and ex vivo.  
The use of a low amount of metallic silver to enhance the PAS produced by 
DHICA is a promising strategy to reduce NPs toxicity without decrease of the 
photoacoustic CA efficiency. Furthermore, the use of HSA to cover NPs surface 
is a good way to reduce NPs toxicity, hemotoxicity, aggregation, interaction with 
corona proteins and to perform active delivery. In fact, the use of albumin has 
the double advantage to enhance NPs biological properties, and to perform 
selective internalization in cancer cells. This is a very promising preliminary 
result to implement active delivery in cancer cells for in vivo applications by 
using SPARC as molecular target. Furthermore, the binding of HSA on 
MelaSil_Ag NPs surface don’t affect NPs PA properties, conversely, HSA 
bioconjugation increases the PAS stability in long time irradiations. Further 
experiments to evaluate the PAS of MelaSil_Ag-HSA when they are uptaked by 
HS578T cells were assessed. Results show good PAS and a spectral pattern very 
similar to MelaSil_Ag-HSA analyzed into test object. Moreover, the 
photostability of MelaSil_Ag-HSA NPs under continuous irradiation really 
increases when NPs are in the cells. 
In conclusion, MelaSil_Ag-HSA NPs can be used to perform PAI with very high 
biocompatibility, stability and signal-contrast ratio. The selective internalization 
of HSA-modified NPs into BC cells is a promising result and the use of a 
chemotherapeutic drug in combination with CA could give rise to an efficient 
and selective nanoplatform to perform theranostic approach in several cancer 
diseases. 
The future prospective forecast further studies on the SPARC role in NPs 
targeting delivery. In vivo experiments will be performed to assess 
biodistribution, clearance, immune response, systemic toxicity and 
bioaccumulation of MelaSil_Ag-HSA NPs. 
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