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EXTENDED ABSTRACT 

Investigating the functionalization of colloidal nanoparticles with small 

molecules of biological interest 

INTRODUCTION: 

Nanoparticles (NPs) are generally defined as any particulate material for which at least one 

dimension lies in the range of 1−100 nm. NPs have several unique properties not found in their 

bulk counterparts, which include high surface-to-volume ratio, high surface energy, unique 

mechanical, thermal, electrical, magnetic, and optical behaviors, etc. The various chemical 

processes that guide the synthesis of materials in the nanometer scale can be defined as 

nanochemistry, which plays a critical role in tailoring the physical and chemical properties of 

NPs depending on the applicative destiny of the construct.
1
 Nanomedicine is the application of 

NPs in medicine and seeks to address various medical challenges and shortcomings faced by 

conventional medicine, which include poor bioavailability, impaired target specificity, 

systemic and organ toxicity, etc.
2 

Among all the advantages that NPs offer to this field, it is 

worth mentioning that a unique aspect of nanomedicine is multimodality, i.e. to perform 

several diagnostic and/or therapeutic functions in tandem. Nowadays, nanodiagnostics and 

nanoparticle-mediated drug delivery are being recognized as complementary technologies, 

with the popular term “theranostic” being used to describe their combination, that can bring 

about unprecedented advances in medicine.
3 

Aim of this PhD thesis was to develop new 

nanoformulations for either diagnosis or therapy, focusing on the functionalization steps and 

the fine characterization of the nanoconstructs. In particular this was outlined in three different 

projects.
 

 

RESULTS 

 

(i) Development of radiolabeled SNPs for the targeted detection of HER2-positive 

breast cancer.  

 

In this work we aimed at having targeted detection of a breast cancer (BC) subtype, 

characterized by a severe over-expression of HER2, often associated to highly aggressive and 

infiltrating tumors.
4
 Thanks to their versatility and robust chemistry, monodisperse 50 nm 
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spherical silica nanoparticles (SNPs) were chosen to be the starting material to generate 

biocompatible multifunctional nanoconjugates.  

 

 

 

Firstly, in order to a have a fluorescent detectable carrier, the dense core of the SNPs, prepared 

by the Stöber method, was loaded with a fluorophore, which was protected by a denser silica 

shell, necessary to prevent the undesired cargo release and limit  the dye bleaching that often 

leads to misleading optical artifacts.
5
 After that, the functionalization steps were optimized 

with two goals in mind. First of all, we aimed to introduce a radionuclide, 
99m

Tc, useful for 

SPECT detection. In order to attach and retain the radionuclide, a silane derivative of the 

nitrilotriacetic acid chelating linker (IPTES-NTA complex) was synthesized and grafted on the 

silica. The NTA carboxylic moieties were then engaged in Ni
2+

 chelation before the 

radiolabeling steps. The second goal was to achieve an active targeting of the nanoconjugate 

toward HER2
+
 BC cells. In this case, the half chain of trastuzumab (Hc-TZ), a monoclonal 

antibody anti-HER2, was considered an ideal candidate, as it previously demonstrated to 

provide a longer period of accumulation of NPs in HER2
+
 breast tumors, compared to other 

molecular targeting agents, such as entire TZ.
6
 These steps were accompanied by the 

introduction of different heterobifunctional PEGs, in order to have needed functional groups, 

together with biocompatibility and stealthness. The functionalization pathway was monitored 

both by size and -potential measurements and the impact of each chemical moiety on the SNP 

behaviour in cells was assessed in prelabeling in vitro experiments, comparing similar silica 

nanoconjugates differing from each other by the lack of one or more units. Targeting 

specificity of Hc-TZ-functionalized or Hc-TZ-free SNPs was studied in in vitro, in vivo and ex 

vivo experiments, both employing fluorescence and radionuclide techniques. Our results 

suggested that active targeting provided higher efficiency and selectivity in tumor detection 

compared to passive diffusion, confirming that our synthetic strategy provided stable 

nanoconjugates and did not affect their binding efficiency to HER2 expressing cells.  
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 (ii) Development of doxorubicin-loaded nonporous silica nanoparticles.  

 

 

Strongly correlated to the first project, in the second one we explored the possibility to use 

SNPs as drug delivery system, in order to develop a so-called theranostic agent for the 

simultaneous targeted detection and therapy of HER2
+
 BC. Different silica nanoformulations 

containing the well-known anticancer drug doxorubicin were compared: OuterDox NPs, in 

which doxorubicin was covalently linked on the silica surface, InnerDox NPs, in which the 

chemotherapeutic was covalently immobilized in the core of the same particles  and DoubleDox 

SNPs, in which the drug was grafted both internally and externally. OuterDox NPs were 

synthesized starting from naked Stöber SNPs. An IPTES-Dox complex was prepared and then 

condensed over SNPs in basic conditions (aqueous buffer, pH 9). In the case of InnerDox NPs, 

the IPTES-Dox complex was used as a co-condensating agent with TEOS, directly during the 

particle preparation. DoubleDox SNPs were prepared by covering InnerDox NPs with an 

external IPTES-Dox shell. The three doxorubicin nanoformulations were studied in terms of 

carrier degradation and payload release in physiological conditions: the first one was checked 

by a colorimetric quantification of soluble silicates, while the release was followed by 

fluorescence spectroscopy. In these experiments profound differences appeared: OuterDox NPs 

presented a long term degradation and sustained release up to 10 days; innerDox on the 

contrary showed a faster degradation and a consistent release in the earlier incubation time 

points (1-24 hours). DoubleDox, as expected, followed InnerDox trend at brief time points and 

OuterDox trend for longer incubation times. Other differences were found in cytotoxic 

experiments in vitro, which evidenced a pronounced cell viability reduction only for cells 

incubated with OuterDox SNPs. Taking into account all the data, OuterDox SNPs resulted the 

best candidates to be developed for the design of a theranostic agent, being colloidally stable,  

reproducible and active on the tested tumor cell line. 

 

Nanoconstruct
simplification for 

doxorubicin 
loading

Outer
loading

Inner
loading

Double
loading

Complete 
functionalization
of the best drug 
nanoformulation
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(iii) Development of glutathione-sensitive apoferritin nanoparticles for the 

controlled delivery of luciferin 

 

 

 

Although bioluminescence imaging has been successfully used in a variety of applications to 

obtain information regarding biological processes in vivo, the detection of photon emission is 

limited by the short half-life of luciferin (less than 30 minutes), its modest cell penetration and 

inhomogeneous diffusion into different tissues
7
. In this context, we developed a glutathione-

sensitive NP for stimuli-responsive release of luciferin within cancer cells. The nanoconjugate 

bears luciferin by means of a disulfide containing linker (Luc-linker), which, in the presence of 

a reducing agent, undergoes an intramolecular cyclization reaction that results in the release of 

free luciferin. The correct luciferin release mechanism was checked in cell-free in vitro 

bioluminescence tests: an abundant photon production was detected when Luc-linker was 

preincubated with DTT (reducing environment) and then reacted with luciferase, while no light 

emission was seen without DTT pretreatment. Luc-linker was then attached to apoferritin 

(HFn) NP surface, exploiting the free thiol groups of cysteine residues, leading to Luc-

linker@HFn NPs. Apoferritin (HFn) is a human protein composed of 24 subunits that self-

assemble in a spherical NP and it was chosen as the pilot NP for its high biocompatibility and 

great cancer cell selectivity. After the conjugation, an HPLC method was developed for the 

quantification of conjugation efficiency and drug loading, requiring a preliminary separation of 

the linker from the hosting HFn NPs. The Luc-linker@HFn was then tested in vitro to initially 

elucidate the bioluminescent kinetics and compare the luminous signal to the one of 

nanoparticle-free luciferin.  

  

Reduction of 
disulfide bond

Luciferin Linker HFn NPs

Luciferase–
Bioluminescent reaction
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EXPERIMENTAL 

Common methods exploited for the characterization of nanoparticles are dynamic light 

scattering (DLS), -potential and transmission electron microscopy (TEM). Nanoparticle  

concentration was obtained by drying a known volume of NP nanoparticles suspension in oven 

at 100 °C for several hours and weighing the resulting solid. Spectroscopic techniques, such as 

UV-visible and fluorescence spectroscopy, were exploited for FITC, doxorubicin, and 

Luciferin loading quantification and for molybdenum blue colorimetric assay. RP-HPLC, with 

a linear gradient from eluent A (0.1% TFA in water) to eluent B (0.1% TFA in acetonitrile) 

100%, was used for D-luciferin linker purification and isolation during the synthetic pathway 

(semipreparative RP-HPLC) and for the quantification of D-luciferin loading on HFn 

nanoparticles (analytical RP-HPLC).   

 

List of abbreviations 

DTT, 1,4-Dithiothreitol, FITC, fluorescein 5-isothiocyanate, HER2, human epidermal growth 

factor receptor 2, IPTES,  (3-isocyanatopropyl)triethoxysilane, RP-HPLC, reverse phase high 

performance liquid chromatography, SPECT, single photon emission computed tomography, 

TEOS, tetraethyl orthosilicate, TFA, trifluoroacetic acid 
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GENERAL INTRODUCTION 
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1.1 - Nanotechnolgy and Biomedical Applications 

Nanotechnology refers to the specific design, production and manipulation of matter in 

the nanometric scale, ranging from 1 to 1000 nm. Nanomaterials posses several unique 

properties not found in the bulk counterpart, such as high surface-to-volume ratio, tailorable 

physical chemical properties, high surface energy, peculiar mechanical, thermal, electrical, 

optical behaviors etc. All these peculiarities make nanomaterials applicable in a wide range of 

fields, including electronics, renewable energies, textiles, food industry, healthcare and 

medicine [1]. It is worth noting that nanoscale devices are one hundred to ten thousand times 

smaller than human cells and similar in size to large biomolecules such as enzymes and 

receptors (Figure 1.1, A). Because of this characteristic, nanomaterials show great potential for 

biomedical applications; nanobiotechnology is the fusion of biotechnology and 

nanotechnology, combining the efficacy of biological materials and the rules and tools of basic 

sciences like physics, chemistry and genetics to fabricate minute synthetic structures  [2]. 
Within this field nanomedicine is defined as the application of NPs in medicine and seeks to 

address various medical challenges and shortcomings faced by conventional medicine, which 

include poor bioavailability, impaired target specificity, systemic and organ toxicity, e tc. In the 

last few decades many new products have been developed in the nanomedicine field, some of 

which are currently undergoing clinical trials or have been approved by the Food and Drug 

Administration (FDA) for use in humans, others are in the proof-of-concept stage in research 

laboratories (Figure 1.1, B) [3]. 

 

Figure 1.1 A) Comparable dimension of nanodevices and biological elements, B) Nanomaterials 

commonly used in biomedicine [4]  

Nanomaterials in clinical trials or FDA-approved

Nanomaterials in proof-of-concept research stage

Liposome Dendrimer Gold nanosphere

Gold nanorod Carbon nanotube Fullerene

A B
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Size is not the only characteristic that renders nanoparticles optimal candidates in 

biomedical applications, rather nanoparticulate carriers show several key advantages over 

molecular agents conventionally used in medicine. First, they enable stable aqueous 

dispersions of poorly water soluble active principal, a necessary prerequisite for administration 

in living organisms. Nevertheless they can easily host hydrophobic entities as well, thus 

representing almost universal carriers, whose composition, size, shape, and surface properties 

can be tailored to protect the payload from endogeneous defense mechanisms in the body. 

Moreover it’s possible to control of their size, shape, and surface properties to target them not 

only to specific cells, organs or tissues, but even to subcellular components of interest [5]. 

Another major benefit is the possibility to design nanosystems for the controlled and sustained 

release of active entities, either by building a totally stimuli-responsive nanocarrier or 

introducing chemical moieties able to play their part in response to specific biological signals  

[6]. Among all this wonderful possibilities, the most important and unique aspect of 

nanomedicine is multimodality, i.e. the capacity to perform several diagnostic and/or 

therapeutic functions in tandem, thus paving the way to the construction of innovative 

theranostic agents [7]. 

The foremost biomedical applications of nanotechnology can be summarized in three 

main fields, namely drug delivery, diagnostic and tissue engineering. In the following 

paragraphs a brief overview will be made for each of these applications, trying to focus on 

nanotechnology precious contribution. Besides, a short description of theranostic will be made, 

as it will be helpful to understand the aim of this PhD thesis.   

 

1.1.1 – Drug delivery 

Drug delivery is defined as the strategy to transport therapeutics in the body as needed 

to safely and efficiently achieve their desired therapeutic effects; drug delivery systems (DDs) 

can be described as formulations or devices that enable the introduction of an active substance 

in the body and improve its efficacy and safety by controlling the rate, time and place of 

release process [8]. These technologies appear fundamental to overcome the limitations of 

active principles ad drugs themselves, such as water insolubility, poor bioavailability, 

insufficient target specificity, and significant side effects. Due to their unique nanoscale 

properties and synthetic versatility, nanomaterials provide intriguing benefits and new 

opportunities in realizing innovative DDs [9]. Major advantages of nano drug delivery systems 

(nano DDs) are: 
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- Dispersability and protection: nanoDDs permit stable aqueous dispersion of either 

hydrophilic or hydrophobic molecules, thus improving their bioavailability and 

reducing administered dosage; besides, nanoDDs can act as drug protector against 

enzymatic degradation, recognition by immune system and metabolism by 

reticuloendothelial system.  

- Targeted delivery: nanoDDs can be modified to specifically transport the drug to the 

site of action, hence increasing its local concentration. This can be done by targeting 

particular tissues (first order targeting), cells (second order targeting) or intracellular 

organelles (third type targeting) and exploiting passive or active targeting mechanisms 

[10]. Passive targeting relies on the dimension of nanosystems and the consequent 

possibility to accumulate in tumor tissues because of the enhanced permeability and 

retention (EPR) effect. This mode of targeting is restricted to cancer and inflammatory 

sites, and it can reach a precision of second order targeting at most.  On the contrary, 

active targeting can achieve the precision of third order targeting in all diseases as it 

relies on the introduction on nanoDDs surface of specific recognition molecules 

specific for receptors expressed on pathological tissue or cells. 

- Controlled release: nanoDDs may exert control over the delivery of their payload and 

permit sustained, stimuli-responsive or externally activated release. Sustained release 

signifies time-dependent release of entrapped drugs from their nanocarriers into the 

surroundings. In particular, in the case of biodegradable DDs, the release increases over 

time with the degradation of the matrix; in the case of nonbiodegradable DDs, the time-

dependent release depends on the drug diffusion rate outside from channels or pores. 

Stimuli-responsive DDs are constructed to release a drug in correspondence of a 

triggering signal, ideally specific for the pathological area, such as a change in pH and 

temperature, or the presence of a specific biological agent. Similarly, the release 

process can be activated by external sources able to destabilize the matrix of the car rier, 

such as light, magnetic or electric field, ultrasound, etc.  

- Multimodality: strongly connected to nanomaterial properties and technology 

advancements, multimodal nanoDDs can be designed, such as devices that incorporate 

drug cocktail for complex diseases where a single drug is largely ineffective  

(combination therapy), systems that combine diagnostic and therapeutic activities 

(theranostic) or traceable DDs for image guided therapies.  
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Despite all these promising aspects, the realization of nanoDDs, including the design, 

synthesis and complete characterization, appears anything but easy, especially if we 

consider the poor clinical translation that has occurred up to date. Essential components 

and critical points in drug delivery development are outlined in Figure 1.2. 

 

 

 
 

Figure 1.2 Essential components in the development of nanoDDs, including essential properties for 

clinical translation [9]. 

 

1.1.2 – Diagnosis 
 

Nanotechnology is becoming a leading science also for diagnostic methodologies, with 

particular relevance in diagnostic imaging techniques including magnetic resonance imaging 

(MRI), computed tomography (CT) and positron emission tomography (PET). Normally, these 

techniques involve the use of contrast agents, id est materials that can interact with the incident 

radiation to produce visible changes in the sensitivity of the detection and, consequently, in the 

quality of the resulting images. For their unique size-dependent properties, many nanometric 

contrast agents have been developed and not only demonstrated optimal sensitivity, 

biocompatibility and biodistribution profile in the current diagnostic methodologies, but they 

also open-up the possibility to use new imaging technologies, such as fluorescence imaging, 

and a combination of techniques with a unique contrast agent.  Hereinafter a brief description 
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of nano-contrast agents will be given, depending on the implied imaging techniques (Figure 

1.3) [11]. 

 

 
Figure 1.3 Graphical overview of imaging techniques discussed in the text. Examples of the resulting 

images are presented together with an example of the nanoparticles exploited for each technique. 

Corresponding references could be found in the main text. 

 

- Magnetic resonance imaging: MRI works by applying external magnetic field to 

interact with the abundant protons present in soft tissues - such as cartilage, muscles 

and tumors – aligning their magnetic moment in the direction of the field. Meanwhile a 

radiofrequency pulse is sent: when the radiofrequency is on the protons change the 

direction of their magnetic moment direction depending on the specific type of tissue 

they reside in, when the pulse is switched off the proton magnetic moments realign with 

the external magnetic field with a process called relaxation.  Through computer-aided 

reconstruction of the detected tissue-dependent relaxation signals, composite images are 

constructed with contrast differences between tissues. A greater difference in relaxation 

time between two tissues will give a greater contrast in the MRI image. In this case, 

contrast agents enhance tissues differences by altering the relaxation times of water 

protons around them. Within this field, nanomaterials are exploited to enhance contrast 

power either by transporting contrast agent functionalities and concentrating them in the 
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interested area – e.g. gadolinium(III)-functionalized nanoparticles [12] -, or by acting 

themselves as contrast agents, owing to their unique magnetic properties – e.g. 

superparamagnetic iron oxide nanoparticles [13]. 

- Computed tomography: CT is based on X-ray cross-sectional images and it is 

commonly used for diagnosis in pelvis, head, abdomen and chest. The sensitivity of CT 

tissue recognition depends on the difference in X-ray attenuation between neighboring 

tissues. Indeed, contrast agents for CT should improve visualization of a target tissue by 

increasing the X-ray attenuation difference between the target tissue and the 

surrounding tissue and fluids. Various nanomaterial-based contrast agent have been 

developed to overcome the common problems of traditional contrast agents, including 

nonspecific biodistribution, short circulation half-lives, occasional renal toxicity and 

poor contrast in large patients [14,15]. For example gold nanoparticles are excellent CT 

contrast agents due to their increased X-ray absorption and prolonged blood circulation 

time compared to traditional iodine-based contrast agents [16]. 

- Positron emission tomography: PET is characterized by high tissue penetration, while 

poor structural resolution, so that rather than providing structural information, it is able 

to monitor functional activities in the body, such as blood flow, glucose metabolism and 

oxygen uptake. In PET analysis a chemical moiety labeled with a short-lived positron-

emitting radionuclide - including 
11

C, 
13

N, 
15

O, 
18

F, to name a few - is injected in the 

body. As the radionuclide decays, positrons are annihilated by surrounding electrons, 

thus emitting -rays that can be detected and computationally reconstructed to produce 

images of the scanned organ. Commonly, PET is used in tandem with other imaging 

modalities, giving rise to hybrid imaging techniques, such as PET-CT or PET-MRI, 

which are able to provide both anatomical and functional information about an organ or 

tissue. For their multimodal potential, nanoparticles are ideal platforms to construct 

imaging tracers for above-mentioned hybrid techniques. For example a 
68

Ga-iron oxide 

nanotracer for dual PET-MRI imaging was recently reported in the literature, 

combining the magnetic properties of iron oxide nanoparticles for positive contrast in 

MRI  with the positron emission capability of 
68

Ga [17]. 

- Fluorescence imaging: fluorescence-based techniques, such as confocal microscopy and 

flow cytometry, are commonly used for in vitro and in vivo analysis of various 

processes. For these practices, free organic fluorophores together with fluorescent-

labeled proteins and macromolecules are largely employed, but still there are many 
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limitations: poor skin/tissue penetration, wide emission and absorption bands, poor 

signal strength, short imaging times in vivo, and high susceptibility to photobleaching. 

New advances in fluorescent nanomaterials are beginning to overcome many of the 

problems associated with traditional fluorophores and are starting to open up the 

possibility of utilizing fluorescence imaging techniques in clinical diagnosis. The most 

widely studied nanoparticles in this area are quantum dots, id est inorganic fluorescent 

semiconductor nanoparticles with high quantum yields, high molar extinction 

coefficients, strong resistance to photobleaching and chemical degradation, continuous 

absorption spectra spanning UV to near-infrared, long fluorescence lifetimes, and 

narrow emission spectra [18]. Interestingly, the so called Cornell dots, designed to 

light-up cancer cells, have been recently tested in the first human clinical trials and 

proved to be non-toxic [19]. 

 

 

1.1.3 – Tissue engineering 

Tissue engineering is defined as an interdisciplinary field which applies the principles 

of engineering and the life sciences toward the development of biological substitutes that 

restore, maintain, or improve tissue functions [20]. The scope of this discipline is the 

combination of cells with biomaterials or biologically active molecules to generate new 

materials that can reproduce, repair or replace native tissues as realistic as possible. Typically 

cells are cultured until a specific degree of proliferation, when they are seeded on proper 

scaffolds that have been engineered to promote cellular interactions and new tissue generation , 

which will be then implanted in the patient.  Ideally, stem cells represent ideal candidates 

owing to their ability to generate all types of tissues and their unlimited self -renewal capacity. 

In addition, the functionalization of the scaffolds with growth factors, drugs or genes, could 

greatly enhance the success of this strategy. Nevertheless, major drawbacks in this procedure 

are stem cell isolation from the patient and their proliferation, the inability of cells to properly 

vascularise, the culturing process in a bioreactor and the time delay before the engineered  

hybrid construct is implanted back into the patient etc. [21]. Concerning this issue, 

nanotechnology offers the possibility to improve the interactions between material surfaces 

and biological entities by means of the production of nanometric surfaces, structures and 

materials that can mimic the natural environment of cells, hence promoting fundamental 

functions, such as cell adhesion, cell mobility and cell differentiation [22]. Numerous in vitro 
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and in vivo studies, using nanostructured materials, confirmed the potential of nanostructures 

in regenerating different tissues (such as bone, cartilage, bladder, nerves and vessels) by 

enhancing the biological performance of proliferating cells. Examples of the most recent 

studies are reported in Table 1.1. 

 

Table 1.1 A summary of nanostructured biomaterials with potential applications in engineering 

different tissues. 

Application Material Results Reference 

Bone TiO2 nanotube layer 

Enhanced osteogenic potential of bone 

marrow stromal cells and reduced immune 

response 

[23] 

Nerves Silicon nanowires 

Differentiation of human mesenchimal 

stem cells into neuronal lineage without 

inducing agents 

[24] 

Teeth 
Zinc-bioactive glass 

nanoparticles 

Improvement of dental cell regeneration 

and angiogenesis 
[25] 

Tendon 

Polymeric 

electrospun 

nanoscaffolds 

Construction of tendon mimetic 

nanofibrous structure with appropriate 

mechanical performance 

[26] 

 

 

1.1.4 – Theranostic 

The term “theranostics” was coined to define the combination of diagnostic and 

therapeutic capabilities into a single agent, aiming at the development of more specific, 

individualized therapies for various diseases. Cutting-edge theranostic agents are designed to 

be single integrated system, capable of sensing the endogenous bio-markers of a host organism 

and accordingly exerting therapeutic functions with minimal delay [27]. Thanks to the notable 

multimodality of nanoparticles, theranostic appears the obvious culmination of 

bionanotechnology development. Typically, nanotheranostic agents are composed of four main 

moieties: a nanoparticle, a therapeutic molecule, a diagnostic imaging tool and a targeting 

ligand. For example, a recent research by Tzu-Wei Wang and coworkers presented a 

multifunctional theranostic nanoparticle for lung cancer  treatment, built up as follow (Figure 

1.4): the core of the nanoconjugate was made up of carbon quantum dots, that are nano-scaled 

carbon material with prolonged photoluminiscence properties suitable for imaging detection; 

after the addition of a polyethilenimine shell, the carbon-dot core was functionalized by folic 

acid to actively target cancer cells and by siRNA entities in order to treat lung cancer by gene 

silencing approaches [28].  
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Figure 1.4 Example of nanoparticle-based theranostic agent presented by Tzu-Wei Wang and co. [28]. 

 

The as-prepared nanoconjugates proved to be optimal for bioimaging diagnostic, with a 

stronger photoluminescence emission when internalized in target cancer cells , and also 

demonstrated promising gene silencing efficiency.  

Many other examples can be found in the literature, exploiting a variety of nanoparticles, drugs 

and imaging techniques. All of these systems can lead to an enhancement of treatment options, 

leading to truly personalized medicine, but still none of the developed nanotheranostic agents 

were successfully translated into clinical practices.  

 

1.2 – Nanoparticle functionalization for biomedical applications  

 As we understood in previous sections, surface chemistry of NPs plays a pivotal role in 

defining the possibility of biomedical employment. Nanoparticle surface manipulation has a 

plethora of functions ranging from physiological stability, biocompatibility and 

biodegradability, to active targeting, therapeutic activity and diagnostic properties. 

Synthetically we can divide nanoparticle functionalizations into two main categories: the 

modifications addressed to nanoparticle biocompatibility and the ones fundamental to 

guarantee the desired activity [29]. 
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1.2.1 – Surface modification for biocompatibility  

 In order to assure the required 

biocompatibility, nanoparticles need to expose 

appropriate moieties to the biological 

environment in which they will be sent. In 

some cases nanoparticles result biocompatible 

and stable in aqueous media as synththized 

(e.g. chitosan and silica NPs), while in most of 

cases biocompatible functionalities have to be 

introduced in a second stage, meaning that the 

nanomaterial must be chemically modifiable. 

Even in this case, requested functional 

moieties can be present on the as-prepared 

nanoparticle core itself (e.g. polyethylenimine 

or PLGA NPs), or they need to be added on 

the surface after nanoparticle preparation (e.g. 

most of inorganic NPs). The first case is 

typical for polymeric nanoparticles that 

usually contain many reactive groups for 

facile modification; conversely the case of 

inorganic-based nanoparticles results more 

complicated. In fact the synthesis of inorganic 

NPs commonly requires organic solvents and, 

consequently, a surface reactive molecule that 

will anchor the particle at one side, while exposing an appropriate functionality on the other 

end. For example, magnetite nanoparticles can be prepared by solvotermic decomposition in 

organic solvents, in which they result stable thanks to oleylamine hydrophobic chains coating 

their surface [30]. In order to be used in physiological environment, a transfer phase to water is 

mandatory. Amphiphilic polymers, such as PMA obtained from the condensation of 

poly(isobutylene-alt-maleic anhydride) and dodecylamine, can be exploited for this purpose: 

the hydrophobic tails will intercalate between the lipophilic stabilizer on nanoparticle surface, 

while the hydrophilic heads will protrude toward the external aqueous environment, usually 

Organic phase

Water phase

Oleylamine
hydrophobic coating

PMA amphiphilic
coating

:oleic acid
: TMAOH

Ligand
exchange 
and phase 
transferH2O

CHCl3

H2O

CHCl3

IRON 
OXIDE

IRON 

OXIDE

Figure 1.6 phase transfer for magnetite NPs using 

a micellar encapsulation strategy. PMA is the 

polymer resulting from the condensation between 

poly(isobutylene-alt-maleic anhydride) and 

dodecylamine 

Figure 1.5 Phase transfer for magnetite NPs using 

a ligand-exchange strategy. 
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exposing further reactive groups for bioconjugation (Figure 1.5) [31]. In addition to this 

encapsulation within polymeric micellar network, other strategies can be used to transfer 

surfactant-coated inorganic NPs to an aqueous medium. The ligand-exchange methods imply 

the removal of the organic stabilizers form nanoparticle surface and then the replacement with 

an aqueous compatible ligand for their stable aqueous suspension. In figure 1.6 an example for 

the above-mentioned magnetite NPs is given: PMA-coated NPs are vigorously stirred 

overnight in presence of an excess of tetramethylammonium hydroxide (TMAOH), resulting in 

the replacement of PMA by TMAOH and thus in the nanoparticle phase transfer from 

chloroform to water [32]. Another well established method to make nanoparticles water-

dispersible and biocompatible is the surface silanization, which means to introduce an 

hydrophilic silica shell around the hydrophobic core, moreover offering abundant functional 

groups (e.g., −COOH, −NH2, −SH) for further conjugation with biological molecules [33]. 

Many protocols have been developed in this direction, ranging from Stöber synthesis and 

microemulsion methods, to gas phase methods [34]. Finally a layer-by-layer assembly can be 

built on the surface of NPs, by means of sequential adsorption of oppositely charged ions. The 

advantage of this method is that it permits the preparation of coated colloids of different 

shapes and sizes, with uniform layers of diverse composition and thickness. This also involve 

the possibility of manipulating the sign and the magnitude of the surface charge or 

incorporating functional groups [35].  

 

1.2.2 – Bioconjugations for theranostic applications 

  

Conjugation of NPs with various functional biomolecules is generally required for their 

biomedical applications, being that therapeutic, diagnostic or theranostic. A plethora of 

molecules could be attached on NP surface, among which the most widely utilized include: 

peptides, proteins, and antibodies; enzymes and ribozymes, oligonucleotides and aptamers; 

carbohydrates, lipids, drugs, or other biologically active small molecules; reporter molecules 

or contrast agents, including MRI labels, radiolabels, and fluorescent dyes.  The surface 

reactivity of nanocarriers, which could be intrinsic or resulting from functional groups added 

post-synthesis, is used in various covalent and non covalent bioconjugation approaches.  It is 

important to note that the effectiveness of the resulting nanoconjugates, will depend not only 

on the success of the conjugation, but also on the nanoparticle/biomolecule ratio, the spatial 
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orientation, the activity and density of biomolecules on the nanoparticle surface, and the 

nonspecific interactions with undesired biological species [36].   

 

 
Figure 1.7 Examples of bioconjugation strategies, including covalent linkeages ( A) Peptide bond, B) 

Michael addition, C) click chemistry) and non covalent interactions ( D) electrostatic interactions, E) 

antibody-antigen recognition).  

 

Among the bioconjugation strategies, covalent linkages mainly rely on traditional 

protein labeling chemistry, exploiting the formation of new chemical bonds between reactive 

functional groups on the molecule of interest and the nanoparticle.  The most exploited 

strategies include: 

- Peptide bond: carbodiimide-mediated reaction between amino and carboxyl groups to 

form amide bond (Figure 1.7, A). Typically the carboxylic acid is first activated by 

coupling agents, such as the well-known 1-ethyl-3-(3-(dimethylamino)propyl) 
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carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide sodium salt (sulfo-

NHS), to produce an active O-acylisourea intermediate, which can then react with the 

−NH2 group contained in the biomolecule of interest [37]. 

- Michael addition: chemical reaction between a thiol and a maleimide group, which can 

produce a stable thio-ether bond at physiological pH (Figure 1.7, B). This is particularly 

useful for bioconjugation of proteins containing cysteine groups, either naturally 

present in the polypeptide sequence or intentionally introduced at specific positions by 

site-directed mutagenesis [38]. 

- Copper-catalyzed azide-alkyne click chemistry: 1,3-dipolar cycloaddition reaction 

between an azide and a terminal or internal alkyne group to give a 1,2,3-triazole under 

the catalyzing influence of copper(I) (Figure 1.7, C). This reaction has been extensively 

used for nanoparticle functionalization because it is fast, produces high yields, does not 

require temperature control, and does not produce any byproducts [39].  

- Chemisorptions: this mode of binding usually involves sulfur-containing biomolecules 

and metal surfaces, as organosulfur groups strongly coordinate to various metals, such 

as Ag, Cu, Pt, Hg, Fe, or Au [40].  

 

Many noncovalent strategies may also be exploited, such as electrostatic interactions - between 

positively charged biomolecules and negatively charged nanoparticles or vice versa (e.g  DNA 

and polycationic polymers coating NPs, Figure 1.7, D) -, hydrophobic interactions (e.g. 

proteins and metallic NPs) and antibody-antigen molecular recognition. The latter is based on 

molecular recognition between a ligand and a receptor, each of which will be either attached to 

the NP surface or to the biomolecule of interest (Figure 1.7, E). The most common antibody-

antigen system for nanoconjugate synthesis is the avidin-biotin system. The globular protein 

avidin is made up by four identical subunits, yielding four binding pockets that specifically 

recognize and bind to biotin with a dissociation constant of the order of 10
15

 M. The strong 

bond and specificity of the biotin-avidin system has led to a commercial diffusion of various 

biomolecules readily modified with biotin or avidin for a large number of applications in 

bionanotechnology. 
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1.3 – Nanoparticle Characterization 

In order to improve the translation of nanomedical device to clinics, it is imperative to 

employ adequate methodologies to characterize them, correlate their effects and biological 

consequences, and predict the therapeutic outcomes in clinical subjects. A rational 

characterization strategy for bioconstructed NPs contains three elements: physicochemical 

characterization, in vitro assays and in vivo studies. In order to facilitate the comprehension of 

this PhD thesis, the paragraph will be focused on the techniques commonly used to determine 

the physicochemical properties of NPs. 

 

1.3.1 - Size 

 Dynamic light scattering (DLS) is routinely used in nanotechnological research to 

obtain the size and size distribution of nanomaterials. In DLS, NPs in solution are illuminated 

by a monochromatic laser and scatter the light with different intensities depending on their 

Brownian motion, which is defined as the particle movement due to the random collision with 

the molecules of the surrounding liquid. Analysis of these intensity fluctuations yields the 

velocity of the Brownian motion and hence the particle size using the Stokes-Einstein 

relationship. The diameter measured by DLS is defined as the size of the hypothetical hard 

sphere that diffuse at the same rate as the particle being analyzed [41]. As in practice particles 

in solution are non-spherical, dynamic, and solvated, the size calculated from the diffusional 

properties of the particle will be an hydrodynamic diameter (Hd), id est the diameter of the 

particle surrounded by an hydration layer. Generally, nanoparticle samples contain a 

distribution of sizes which is also determined by DLS analysis and indicated by the 

dimensionless polydispersity index (PDI). In our studies, NP suspensions showing a PDI < 

0.200 were considered to have a narrow size distribution, while PDI values > 0.200 indicated 

polydispersed preparations. 

1.3.2 – -potential 

 Surface charge, expressed as zeta potential, critically influences the interaction of NPs 

with the environment [42]. In an ionic solution, NPs with a net charge are surrounded by two 

liquid layers, namely electrical double layer: one full of oppositely charged ions strongly 

bound to their surface (Stern layer), and the other made of outer weakly associated ions. As the 

particle moves, a boundary, known as “slipping plane”, appears in the diffuse layer between 
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ions that moves with the particle and ions that remains in the bulk dispersant. The electrostatic 

potential at the slipping plane is the -potential and is related to the surface charge of the 

particle (Figure 1.8). 

 

 
Figure 1.8 schematic representation of -potential theory. 

 

Usually, DLS instruments permit also -potential measurements by means of laser Doppler 

electrophoresis. NPs in suspension are loaded in electrodes bearing capillary cells, where  an 

electric field is applied. As NPs moves by electrophoresis, the light of  a laser is scattered and 

detected at a fixed angle: a fluctuating intensity signal is produced with the rate of fluctuation 

proportional to the speed of the particles. -potential is automatically derived from 

electrophoretic mobility based on the Helmholtz-Smoluchowski theory: 

 

   
        

  
 

 

where UE: electrophoretic mobility, : dielectric constant, :viscosity, : zeta potential, f(Ka): 

Henry’s function. Generally, particles with zeta potential more positive than +30 mV or more 

negative than −30 mV have colloidal stability maintained by electrostatic repulsion. The most 

important factor that affect z-potential is pH, so that a z-potential value without a quoted pH is 

a virtually meaningless value. 
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1.3.3 – Morphology 

Transmission electron microscopy (TEM) is a high magnification measurement technique 

that images the transmission of a beam of electrons through a sample. Amplitude and phase 

variations in the transmitted beam provide imaging contrast that is a function of the sample 

thickness (the amount of material that the electron beam must pass through) and the sample material 

(heavier atoms scatter more electrons and therefore have a smaller electron mean free path than 

lighter atoms). Because this technique uses electrons rather than light to illuminate the sample, 

TEM imaging has significantly higher resolution than light-based imaging techniques. Successful 

imaging of nanoparticles using TEM depends on the contrast of the sample relative to the 

background. Samples are prepared for imaging by drying nanoparticles on a copper grid that is 

coated with a thin layer of carbon. Materials with electron densities that are significantly higher 

than amorphous carbon are easily imaged. These materials include most metals (e.g., silver, gold, 

copper, aluminum), most oxides (e.g., silica, aluminum oxide, titanium oxide), and other particles 

such as polymer nanoparticles, carbon nanotubes, quantum dots, and magnetic nanoparticles. TEM 

imaging is the preferred method to directly measure the particle size, grain size, size distribution, 

and morphology of nanoparticles. Sizing accuracy is typically within 3% of the actual value. 
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2.1- Nonporous silica nanoparticles  

Silica nanoparticles (SNPs) are counted in the inorganic nanomedicines that have emerged as 

promising alternatives to organic systems for a wide range of biomedical applications. In fact 

they possess distinctive characteristics such as size (generally from 5 to 1000 nm), unique 

optical properties, low density, adsorption capacity, hydrophilic surface favoring protracted 

blood circulation, versatile chemistry for functionalization, excellent biocompatibility, low 

toxicity, and the possibility of a large scale production with low cost procedures and reactants 

[1]. Consequently, intensive research has been performed to use SNPs in diverse cutting edge 

biomedical applications such as biosensors, controlled drug release and cellular uptake. SNPs 

are splitted into two categories, namely mesoporous and nonporous SNPs, both of which 

bearing amorphous silica structure. Mesoporous SNPs are mainly used as drug delivery 

systems as they can be produced with fine control over pore size and structures and loaded by 

physical or chemical adsorption with various payloads, whose release can be controlled using 

gatekeepers or modifying the inner surface to control the binding affinity [2]. In contrast, 

nonporous SNPs, which can be prepared with excellent control over size and shape, deliver 

their cargo through encapsulation or conjugation and release them by means of chemical 

linkers or by matrix degradation. For the purpose of this thesis, a brief overview about 

nonporous SNPs will be given in the next paragraphs. 

2.1.1 – Size, shape and surface properties   

Several synthesis techniques have been developed to produce particles with narrow size 

distribution and nearly uniform shape. The most common method to prepare size-controlled 

nonporous SNPs was firstly described by Stöber in 1968 [3] and consists in 

hydrolysis/condensation of TEOS or other silicates in a mixture of water, alcohol and ammonia 

(Figure 2.1, a). The particle nucleation proceeds through a siloxane substructure aggregation 

that is strongly influenced by the surface potential of SNPs and the ionic strength of the 

reaction medium [4]. Thus, many investigations on the kinetics and parameters guiding Stöber 

synthesis have been conducted to precisely control size, shape and uniformity of the resulting 

SNPs. First of all, it was found a strong dependence of the final particle size and morphology 

on the concentration of ammonia and water, making it possible to tune the particle size range 

from 20 to 100 nm by simply adjusting the reagent content [4,5]. Other studies demonstrated a 

correlation between the rate of addition of TEOS and the resulting SNP diameter, obtaining 

smaller particles with faster silicate addition [6]. 
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Figure 2.1 Methods for preparing nonporous SNPs and corresponding TEM images. (a) The Stöber 

method; (b) the reverse microemulsion method [7]. 

 

An alternative method for the production of uniform silica spheres is the reverse 

microemulsion method (Figure 2.1, b) in which particles nucleate inside inverse micelles 

compartmentalized by a suitable surfactant in a non-polar organic solvent [8]. This approach is 

particularly successful for SNPs smaller than 100 nm in diameter, eventually allowing for the 

encapsulation of active molecules by introducing them into the micelles together with s ilicates 

[9], and it is also widely used for coating other NPs to produce core-shell structures [10]. 

Although there are many methods to produce various-sized spherical SNPs, much lesser 

studies report the production of differently shaped SNPs. Nevertheless, the shape control of 

SNPs, as well as for all other NPs, is of fundamental importance to understand shape effect in 

biological systems for improved biomedical application of nanotechnologies. Usually the 

methods for shape control of SNPs include the participation of various templates or polymer 

adsorption that guide the growth of nanorods [11], nanorattles [12] or hollow SNPs [13]. 

Another important feature in SNPs synthesis is the tuning of surface properties, as they are 

known to play an important role in determining the interactions with biological systems [14]. 

Surface modification of SNPs is most easily achieved by reaction with one of the many 

commercially available alkoxysilanes/halosilanes that can be condensed with the silanol 

groups on the NP surface. For example, the surface charge can be modified with the addition 

of aminosiloxanes or zwitterionic silanes, while various PEG-silanes are frequently exploited 

to improve the stability in biological fluids, the biocompatibility and circulating time in vivo. 

Many other functional groups can be introduced either by covalent grafting or physical 

adsorption to facilitate the immobilization of linkers suitable for the conjugation with drugs, 

fluorophores or targeting moieties, such as antibodies or aptamers.  
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2.1.2 – Application in biomedical research 

As mentioned before, SNPs find various applications in biomedical field due to their 

numerous advantages over other organic and inorganic NPs: they are biocompatible and 

“generally recognized as safe” by the U.S. FDA (GRAS number 321 and 554) [15], they can be 

tailored in size and shape, and they can be easily functionalized or loaded with active 

molecules or contrast agents. Once internalized in the nanostructure, the loaded species obtain 

increased chemical stability, a protection from enzymatic degradation and an almost constant  

chemical environment. Moreover, SNPs are transparent in the ultraviolet, visible and near 

infrared regions and they do not interfere with the magnetic radiation. The ability to combine 

these properties makes SNPs an ideal platform for biomedical imaging, assaying, therapeutic 

delivery, monitoring, and ablative therapies.  It is worth mentioning that the first clinical trial 

for the so-called Cornell-dots (C-dots) was approved by FDA in 2011 [16,17]. C-dots are 

fluorescent core-shell nonporous SNPs with a diameter of 7-10 nm which covalently 

incorporate organic dyes to prevent dye leaching, while being coated by PEG to prevent 

opsonization and enhance particle clearance [18]. Moreover, these particles are labeled with 

124
I for PET imaging and modified with specific peptides for molecular targeting of metastatic 

melanoma. The results of the first-in-human trial demonstrated C-dot in vivo stability, 

reproducible pharmacokinetic profile defined by renal excretion, no toxic or adverse events, 

together with preferential and localized uptake in the site of interest, thus suggesting a safe use 

of C-dots in human cancer diagnosis [19]. In addition to this, hundreds of studies can be find in 

the literature, presenting proof-of-concept usage of SNPs for cell-surface receptor targeting, 

intracellular sensing and controlled drug delivery, confirming the high interest for this 

nanostructure [1]. However, before SNPs can be used routinely in clinic, some major 

challenges must be overcome, including improved drug incorporation efficiency, spatial and 

temporal control of drug release, highly efficient targeting of disease sites, long-term stability 

and potential size-related toxicity. 

 

2.2 – HER2 positive breast cancer: characteristics, diagnosis and therapy 

Breast cancer (BC) is the most common tumor in women, being the second cause of death 

due to cancer [20]. It is a very heterogeneous disease, having many subtypes that can be 

classified from histological point of view in in situ or invasive carcinomas, or classified basing 

on expressed molecular markers (Table 2.1). The latter classification appears particularly 

important to search for appropriate addressed therapies. Statistically, BCs overexpressing 
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HER2, namely HER2 positive (HER2
+
) BCs, account for 30% of invasive breast tumors and 

are associated with an aggressive behavior, great probability of lymph node involvement and 

increased resistance to endocrine therapy [21]. HER2 is a member of the epidermal growth 

factor receptor family and include a cysteine-rich extracellular ligand binding site, a 

transmembrane lipophilic segment, and an intracellular domain with tyrosine kinase catalytic 

activity. An essential requirement for its function is the dimerization that occurs after ligand 

binding to the extracellular domain; once HER2 has formed homodimers or heterodimers with 

other growth factor receptors, a key intracellular pathway is activated, governing cellular 

processes such as proliferation and cell survival (Figure 2.2, A). In cancer cells, this pathway 

is overactivated resulting in a stimulation of cell proliferation and survival, together with 

tumor migration, differentiation and angiogenesis [22].  

 
Table 2. 1 Molecular classification of breast cancer subtypes 

BC SUBTYPES SPECIFIC BIOMARKERS PERCENTAGE OF BC 

Basal-like Triple Negative ER
-
 PR

-
 HER2

-
 EGFR

+
 15-20 % 

HER2
+
 HER2

+
 ER

-
 PR

-
 10-15 % 

Luminal subtypes A ER
+
 HER2

- 
PR

low
 25-30 % 

Luminal subtypes B ER
+
 HER2

+
 PR

low
 20% 

 

2.2.1 – Therapy 

The extracellular domain of HER2 has been the target of several monoclonal antibodies 

projected to inhibit the proliferation of tumor cells. So far, the humanized murine monoclonal 

antibody Trastuzumab (Herceptin ®, Genetech-Roche) is the only anti-HER2 agent that is 

approved for adjuvant therapy in patients who have HER2
+
 disease, either in combination with 

chemotherapy or alone after chemotherapy [23]. Trastuzumab (TZ) consists in two antingen-

specific sites that bind the extracellular domain of HER2, exerting antitumor activity through 

several molecular mechanisms (Figure 2.2, B-F) [24]. It was firstly introduced in addition to 

chemotherapy for patients with metastatic HER2
+
 BC, leading to a significant survival 

prolongation and 20% reduction in the risk of death [25]; afterwards it was also shown to exert 

significant benefits in disease-free and overall survival for patients with early stage HER2
+
 BC 

[26]. Despite this success, approximately 35% of patient with HER2 overexpression responds 

to TZ therapy and around 10-15% of those patients experiences disease recurrence and TZ 

resistance [27].   
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Figure 2.2 Signal transduction by the HER family and mechanism of action of trastuzumab. A) The 

four members of the HER family: HER1, HER2, HER3, HER4; B-F) the most well-documented 

mechanisms of action of trastuzumab. 

 

2.2.2 – Diagnosis 

In order to have a benefit from TZ or other treatment options, the detection of HER2 

expression remains a fundamental issue. Nowadays, HER2 expression is evaluated in post -

surgery or bioptic specimen by immunohistochemistry (IHC), that evaluates the intensity and 

distribution of cell membrane HER2 expression, or by fluorescence in-situ hybridization 

(FISH), which quantifies HER2 gene amplification. FISH test is presently considered the “gold 
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standard”, but it is costly and time-consuming compared to IHC. In practice, most laboratories 

firstly employ IHC to classify HER2 expression using a four-point scale and utilize a 

confirmatory FISH technique for a definitive assessment of HER2 status in tumors with 

borderline scores [28]. In 2007, the American Society of Clinical Oncology (ASCO) and the 

College of American Pathologist (CAP) developed guidelines for the employment and 

interpretation of HER2 testing to reduce variability between laboratories and uncertainty of 

oncologists when determining patient eligibility for treatment [29]. An update in the 

ASCO/CAP guideline was made in 2013 to further reduce the incidence of false negative  

results [30]. IHC and FISH techniques are daily employed in HER2
+ 

BC detection, but still 

represent invasive methods. 

2.3 – Design of a new theranostic agent for the targeted detection and 

therapy of HER2
+
 breast cancer 

In the effort to improve life conditions and survivals of women with HER2
+
 BC, the 

possibility to imagine non-invasive detection and targeted delivery of cytotoxic agent, avoiding 

or decreasing side effects, appears an ideal point of landing. Our project fits into this field, 

aiming at having a targeted detection combined with localized drug delivery thanks to a 

multifunctional silica-based nanoconjugate. The development of our theranostic nanoplatform 

is based on three principal concepts: 

a) the usage of TZ as a targeting ligand to guide the nanodevice selectively and with high 

affinity to HER2-overexpressing BC cells; 

b) the introduction of a suitable radionuclide, namely the 
99m

Tc, to be detected in vivo by 

nuclear medicine imagine techniques, such as Positron Emission Tomography (PET) or Single 

Photon Emission Computed Tomography (SPECT); 

c) the loading of the anthracycline antitumor drug doxorubicin as a therapeutic agent. 

 

In addition to the well documented therapeutic potential, TZ has also been investigated as 

conjugate for its effectiveness in guiding various targeted systems to HER2
+
 cells. A single 

antibody molecule bears two epitope-binding sites with high binding affinity toward HER2, 

while the surface contains free functional groups that allow for the conjugation. Indeed, TZ has 

been linked to a variety of nanocarriers for imaging, drug delivery and gene therapy, in order 

to selectively transport active agents into HER2
+ 

cells by means of a receptor–mediated 

endocytosis [31]. Recently, in order to determine the best for of antibody conjugate in terms of 

targeting performance, HER2-directed colloidal NPs engineered with three different TZ 
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derivatives were investigated both in vitro and in a HER2
+
 BC murine model. When the half 

chain of the antibody (Hc-TZ) was linked to the surface, the NPs experienced a higher and 

long lasting accumulation at the tumor [32]. Considering the preservation of the targeting 

activity and the advantages in conjugating a smaller moiety, Hc-TZ was chosen to be the 

targeting agent for our SNPs.  

Molecular imaging techniques as PET and SPECT allow the in vivo detection of molecular 

targets during tumor progression and diffusion; in particular they can be exploited to visualize 

and quantify the presence/absence of biological markers by means of specific radiolabeled 

probes, administered at tracer doses [33]. Hence, these techniques may allow the assessment of 

HER2 expression both in primary and secondary lesions not amenable to biopsy [34]. Among 

the radionuclides currently used in nuclear medicine, 
99m

Tc was the elected radioisotope for 

our purposes: it offers the advantage of easy availability thanks to the presence of clinical 

grade generators and its short half-life (ca. 6 h) makes it suitable for administration in mCi 

amounts without significant radiation dose to the patient. In addition, due to its chemical 

properties, it can be coordinated in a stabile oxidation state by bi- and tridentate ligands 

represented either by small functional linkers, such as hydrazinonicotinic acid  [35] and 

nitrilotriacetic acid [36], or by aminoacidic residues, such as histidine and cysteine [37]. 

Doxorubicin represents one of the most commonly used chemotherapeutic anthracyclines in 

clinical practice. Its cytotoxicity is primarily due to DNA intercalation which inhibits the 

action of Topoisomerase II, leading to an interruption of the DNA transcription. Other  

proposed mechanisms for its antitumor activity involve lipid peroxidation, direct membrane 

effects and free radical formation. Nevertheless, doxorubicin is often accompanied by severe 

side effects, the most significant being the cardiotoxicity of the metabolites like the secondary 

alcohol doxorubicinol or the production of reactive oxygen species (ROS) [38]. It is therefore 

desirable to carry it at the right site of action ad release it in a controlled fashion, to improve 

its efficacy and reduce adverse effects. 

Our work was organized in two steps: first we developed a silica-based nanocarrier for the 

targeted detection of HER2
+
 cells and in the second part the possibility to formulate 

doxorubicin in the same nanoconstruct was investigated.  
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(i) Development of radiolabeled SNPs for the targeted detection of HER2-

positive breast cancer. 

2.4 – Aim of the project 

In the first part of the development of a silica based theranostic agent, we explored the use of 

multifunctional radiolabeled SNPs for early detection of HER2
+
 BC lesions. SNPs were engineered 

to be easy to detect by fluorescence microscopy, to actively target HER2
+
 cancer cells and to be 

used as radiotracer for SPECT imaging. Once the synthetic protocol was set up, we investigated the 

contribution offered by active targeting to the distribution of NPs in solid BC lesion and in cell 

internalization, in comparison to nonspecifically targeted SNPs. Moreover, we checked out the 

possibility to follow the in vitro uptake and ex vivo/in vivo biodistribution of SNPs through nuclear 

medicine techniques. 

2.5 – Results and discussion 

2.5.1 – Synthesis and characterization of SNPs  

Monodisperse spherical SNPs were chosen as starting material to generate biocompatible 

multifunctional nanoconjugates. Firstly, in order to a have a fluorescent detectable carrier, the dense 

core of the SNPs was loaded with a fluorophore (FSNP) , following a modified Stöber synthesis [5] 

consisting in a hydrolysis-condensation reaction of a mixture of TEOS and previously prepared 

APTMS-FITC complex in ethanolic ammonia solution. The fluorescent core was then protected by 

a denser silica shell (cs-FSNP), necessary to prevent the undesired cargo release and limit the dye 

bleaching that often leads to misleading optical artifacts. This was obtained by a biosilicification 

reaction catalyzed by L-arginine leading to a uniform 5 nm-thick shell [39]. The as-prepared core-

shell SNPs exhibited narrow size distribution and good colloidal stability as evidenced by TEM 

images and DLS measurements (Fig 2.3, A and B). Moreover, the presence of FITC was exploited 

to derive a relation between its absorption and NP concentration; during the subsequent synthetic 

steps the as-built calibration curve made it possible to determine NP concentration in suspension 

(Figure 2.3, C and D). After the NP fabrication, we optimized the functionalization steps in order to 

introduce two main functionalities: Hc-TZ as targeting moiety for the recognition of the HER2 

receptor in HER2
+
 cancer and 

99m
Tc as a radioisotope for SPECT imaging. First of all, in order to 

attach and retain the radionuclide, we decided to exploit the nitrilotriacetic acid linker, whose 

application as radiotracer chelating agent is widely described in the literature [36]. 
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Figure 2.3 Characterization of fluorescent SNPs (FSNP) and core-shell FSNP (cs-FSNP). A) TEM 

images, B) size, polydispersity index (PDI) and -potential values obtained by DLS measurements, C) 

calibration curve correlating FITC absorbance and cs-FSNP concentrations, D) example of a UV 

absorption spectrum of  cs-FSNP evidencing the FITC absorbance peak at =485 nm. 

 

 

Scheme 2.1 Schematic representation of the synthetic steps for the preparation of SiNP-NTA-TZ. 
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Hence, a silane derivative (IPTES-NTA complex) was synthesized and grafted on the silica 

surface together with APTMS residues, thus introducing the chelating and amine functionalities in a 

one pot reaction (Scheme 2.1, step 1). After that, part of the amine residues was coupled to a short 

methoxy-terminating PEG for NP stabilization, while the remaining part was covalently linked with 

another heterobifunctional PEG containing a maileimido group (Scheme 2.1, step 2). After the 

reduction of disulfide bonds bridging the two chains of the antibody, the resulting thiol groups of 

the Hc-TZ were reacted with the maleimides, resulting in the immobilization of the antibody 

(Scheme 2.1, step 3). Finally, unreacted functional groups were saturated with a methoxyl 

terminating PEG and the NTA carboxylic moieties were engaged in Ni
2+

 chelation before the 

radiolabeling step. As a result, the whole nanoconjugate consisted of a fluorescent core-shell 

structure modified with multiple functionalities, including a chelating group, a targeting moiety and 

a biocompatible PEG coating.  

 

Table 2.2 Chemical and physical properties of the silica nanoconjugates evaluated in the present study. 

Data are the mean ± standard deviation of three different NP batches. 

Nanoconjugate Functionalization 
Hydrodynamic 

diameter (nm) 
PDI -potential (mV) 

SiNP Only PEG 85.59 ± 9.49 0.119 ± 0.091 -30.2 ± 0.3 

SiNP-TZ PEG + TZ 93.61 ± 6.22 0.095 ± 0.027 -31.6 ± 0.3 

SiNP-NTA PEG + NTA 123.9 ± 29.8 0.114 ± 0.024 -33.5 ± 6.6   

SiNP-NTA-TZ PEG + NTA + TZ 114.3 ± 0.7 0.084 ± 0.001 -33.6 ± 6.0 

 

In order to evaluate the contribution of each functional moiety on the colloidal stability and on the 

fate of the resulting NPs, four types of silica nanoconjugates (SiNP, SiNP-TZ, SiNP-NTA and 

SiNP-NTA-TZ) were synthesized, differing from each other by the lack of one or more units. All 

the SNP conjugates were characterized in terms of hydrodynamic size and -potential (Table 2.2). 

SiNP and SiNP-TZ showed a hydrodynamic diameter (Hd) < 100 nm with good polydispersity 

indexes (PDI < 0.120). In contrast, the presence of the NTA linker, especially upon Ni
2+

 ion 

chelation, led to a mild aggregation for SiNP-NTA and SiNP-NTA-TZ (Hd > 100 nm), which 

however was prevented after the radiolabeling procedure. The characteristic negative -potential of 

the SNPs was maintained for all kinds of nanoconjugates, which is an important prerequisite for low 

toxicity and systemic diffusion in vivo [40]. 

The radiolabeling protocol, developed at the department of Nuclear Medicine of San Raffaele 

Hospital (Milan), consisted in a three steps reaction (Scheme 2.2): I) prelabeling of a tricarbonyl 
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core with 
99m

Tc, according to the method published by Waibel et al. [41], resulting in the complex 

[
99m

Tc(CO)3(OH2)3]
+
, II) reaction with a hexa-histidine peptide (His-Tag), III) conjugation to NTA 

groups of SiNP-NTA and SiNP-NTA-TZ. The labeling yield was assessed by HPLC and resulted in 

a 25-35% range. 

 

 

Scheme 2.2 Schematic representation of the three-steps radiolabeling protocol for SiNP-NTA and 

SiNP-NTA-TZ preparation. 

  

2.5.2 – In vitro toxicity and cell viability 

 
Figure 2.4 SNPs toxicity was investigated both by A) MTT and B) cell viability tests. SK-BR-3 and 

MDA-MB-468 cells were incubated with SNPs (100 µg mL
‒1

) for 1, 4, 24 and 48 h. 

 

After the preparation of the four nanoconjugates and before the labeling step, cell toxicity was 

assessed in HER2
+
 SK-BR-3 and HER2

‒
 MDA-MB-468 BC cells using two types of test: the MTT 

test to check out the eventual change in mitochondrial metabolism and the cell viability. In both 

cases, all the engineered NPs did not affect the normal cell behavior up to 48 h, resulting in a 

maintained succinate dehydrogenase activity (MTT test, Figure 2.4, A) [42] and in a regular cell 

Labeling yield
≈ 25-35% 
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proliferation (Figure 2.4, B) compared to untreated samples. In addition, MTT test was replicated in 

non-transformed mammary epithelial MCF-10A cell line (HER2
‒  

healthy cells) and confirmed the 

absence of cytotoxic effect caused by the NPs (Figure 2.5). Taken together, these results indicated a 

good profile of safety for all nanoconstructs in cultures of both tumor and healthy mammary cells. 

 

 

Figure 2.5 MTT test was replicated at 4 and 24 h in non-transformed mammary epithelial MCF-10A 

cell line, (HER2
‒
) in comparison to SK-BR-3 breast cancer cell line (HER2

+
), incubated with SiNP-

NTA and SiNP-NTA-TZ. 

 

2.5.3 – In vitro binding efficiency and selectivity 

In vitro tests of the prepared NPs were performed both before and after the labeling step, 

aimed at assessing the binding efficiency and selectivity toward HER2
+
 SK-BR-3 in 

comparison to HER2
‒
 MDA-MB-468 BC cells. For this purpose three different techniques 

were employed: flow cytometry and fluorescence imaging, both using the fluorescence of 

FITC loaded in the NPs, and -counter exploiting the presence of the radionuclide 
99m

Tc. 

Flow cytometry evidenced a remarkable time-dependent increase of fluorescence signal after 

incubation of SiNP-TZ/SiNP-NTA-TZ with SK-BR-3 cells (Figure 2.6, B and D), and a 

significant difference (p < 0.05) compared to MDA-MB-468 cells. These data demonstrated 

the capability of targeted NPs to selectively recognize HER2 receptors in SK-BR-3 cells. 

SiNP/SiNP-NTA exhibited a remarkably lower uptake in SK-BR-3 cells compared to Hc-TZ-

modified SNPs and no preferential affinity toward SK-BR-3 or MDA-MB-468 cell lines was 

recovered (Figure 2.6, A and C), suggesting that the interaction with cells was essentially 

attributable to nonspecific uptake in both HER2
‒
 or HER2

+
 cells. However, nonspecific uptake 

was basically negligible within the first 4 h. 
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Figure 2.6 Assessment of binding efficiency by flow cytometry. Panels A-D represent the distribution 

of cell fluorescence intensity, normalized over untreated cells (control), in MDA-MB-468 and SK-BR-

3 cell lines after exposure to A) SiNP, B) SiNP-TZ, C) SiNP-NTA and D) SiNP-NTA-TZ at 20 min, 1 

h, 4 h, 24 h, at a concentration of 50 g mL
‒1

 (*p < 0.01 vs. MDA-MB-468). 

 

To validate these findings, the binding specificity of SiNP-NTA and SiNP-NTA-TZ for HER2
+
 

cells was assessed by fluorescence microscopy (Figure 2.7). Images of SNPs (green) overlaid on the 

corresponding images counterstained with DAPI (blue) show that in HER2
+
 cells fluorescence 

intensity increased over time for SiNP-NTA-TZ and was considerably stronger than that shown in 

SiNP-NTA images. In contrast, we didn’t observe any differences in the behavior of SiNP-TZ 

(Figure 2.8) and SiNP-NTA-TZ. In addition, SiNP-NTA fluorescence intensity showed no 

significant differences in both cell lines, confirming the loss of selectivity for SNPs in the absence 

of Hc-TZ conjugation. SK-BR-3 pictures acquired at 4 and 24 h exhibited a perinuclear localization 

of green fluorescence signals exclusively after incubation with SiNP-NTA-TZ, while the signal was 

not found in the cytoplasm of HER2
‒
 cells and remained localized outside the cells after 4 and 24 h 

of incubation. It was apparent that a large number of SiNP-TZ were internalized by HER2
+
 SK-BR-

3 cells, while they could be hardly taken up by HER2
‒
 MDA-MB-468 cells, confirming the specific 

targeting of Hc-TZ-functionalized SNPs for HER2
+
 tumor cells.  
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Figure 2.7 Specificity binding by fluorescence microscopy. SK-BR-3 and MDA-MB-468 cells were grown 

on coverslips for 24 h and then exposed for 1, 4, 24 h to 50 g mL
‒1

 of FITC-labeled (green) SNPs 

functionalized with (SiNP-NTA-TZ) or without (SiNP-NTA) Hc-TZ. Nuclei were stained with Hoechst 

(blue). Scale bar: 50 m. 

 

 

Figure 2.8 Specificity binding by fluorescence microscopy. SK-BR-3 and MDA-MB-468 cells were 

grown on coverslips for 24 h and then exposed for 1, 4, 24 h to 50 g mL
‒1

 of FITC-labeled (green) 

SiNP-TZ. Nuclei were stained with Hoechst (blue). Scale bar: 50 m. 
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After the radiolabeling process, the binding capacity of SiNP-NTA and SiNP-NTA-TZ was 

corroborated by -counter: HER2
+
 and HER2

‒
 cells (SK-BR-3 and MDA-MB-468 

respectively) were incubated with each nanoconjugate and, at selected time points, 
99m

Tc 

radioactivity was quantified both in the excluded media and inside the cells. NPs uptake was 

then presented as % of total radioactivity administered. SiNP-NTA were internalized weakly 

and nonspecifically both in MDA-MB-468 and SK-BR-3 cells, the maximum value of uptake 

being 1.4%, reached at 24 h after incubation (Figure 2.9, A). In contrast, SiNP-NTA-TZ 

showed an uptake value of 1.6% in SK-BR-3 cells already after 1 h of incubation, reaching 

2.3% at 4 h, compared to 1.1% of uptake observed in MDA-MB-468 cells (p < 0.05). It is 

apparent that the specific uptake ratio [SK-BR-3/MDA-MB-468] for SiNP-NTA-TZ was 

maximum at this time point. The uptake of SiNP-NTA-TZ continued to increase up to 24 h 

showing a slight increase in both cell lines, following a similar nonspecific trend, and reaching 

an uptake value of 3.7% in HER2
+
 cells and 2.1% in HER2

‒
 cells (Figure 2.9, B). 

 

 
Figure 2.9 In vitro uptake of 

99m
Tc-radiolabeled A) SiNP-NTA and B) SiNP-NTA-TZ NPs. SK-BR-3 

and MDA-MB-468 cells were incubated with SNPs (1 µCi mL
‒1

) for 1, 4, 24 h. Cell uptake was 

expressed as % of total radioactivity administered. (Student’s t-test; *p < 0.05 vs. MDA-MB-468). 

 

2.5.4 – Ex vivo biodistribution and fluorescent imaging 

Biodistribution pattern of 
99m

Tc-labeled NPs (SiNP-NTA and SiNP-NTA-TZ) was assessed in a 

SK-BR-3 tumor mouse model by detecting the radioactivity accumulation at different time points 

(Figure 2.10). At 4 h post injection (p.i.), radioactivity accumulation in tumor was higher for Hc-

TZ-conjugated NPs compared to nontargeted NPs. At this time mean tumor uptake (expressed as % 

ID/g) was 0.52 ± 0.08 for SiNP-NTA and 0.67 ± 0.03 for SiNP-NTA-TZ, and tumor-to-muscle 

A B
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ratios (expressed as tumor/muscle ratio of % ID/g) for SiNP-NTA and SiNP-NTA-TZ were 1.69 ± 

0.18 and 3.453 ± 1.02, respectively. At longer times of exposure, we observed a reduction in tumor 

radioactivity concentration for animals injected with SiNP-NTA-TZ but not in those injected with 

SiNP-NTA. The decline of SiNP-NTA-TZ uptake value, observed from 6 h p.i., could be explained 

by an active targeting followed by lysosomal degradation and consequent clearance of NPs. The 

corresponding enhancement in the uptake of SiNP-NTA suggests passive targeting promoted by 

tumor enhanced permeability and retention (EPR) effect. Considering the other organs, high levels 

of radioactivity were observed in liver, kidney and spleen for both NPs (Table 2.3). For the whole 

experimental time course, the radioactivity concentration in kidney was significantly higher in mice 

injected with SiNP-NTA than in those injected with SiNP-NTA-TZ. Low and similar levels of 

radioactivity were detected in lungs.  

Table 2.3 Radioactivity distribution after 
99m

Tc-labeled SiNP-NTA or SiNP-NTA-TZ injection. 

Radioactivity concentration is expressed as percentage of injected dose per gram of tissue (%  ID/g). 

Values are expressed as mean ± S.D. of three rats for each time point. (*p < 0.05 vs. SiNP-NTA) 
 

 %ID/g at 4 h p.i. %ID/g at 6 h p.i. %ID/g at 24 h p.i. 

 (n=3) (n=3) (n=4) 
Tissue SiNP-NTA SiNP-NTA-TZ SiNP-NTA SiNP-NTA-TZ SiNP-NTA SiNP-NTA-TZ 

Blood 0.84 ± 0.14 1.27 ± 0.24 0.88 ± 0.21 1.05 ± 0.15 0.43 ± 0.06 0.52 ± 0.11 

Heart 0.32 ± 0.07 0.44 ± 0.01 0.46 ± 0.13 0.33 ± 0.13 0.22 ± 0.02 0.99 ± 1.53 

Lung 0.89 ± 0.13 2.31 ± 0.79 1.09 ± 0.12 1.38 ± 0.64 0.47 ± 0.07 0.35 ± 1.28 

Liver 58.6 ± 10.9 36.3 ± 7.13* 44.6 ± 34.9 13.2 ± 11.7 7.83 ± 2.08 9.14 ± 5.34 

Spleen 6.48 ± 0.49 6.96 ± 1.00 4.98 ± 4.68 2.62 ± 3.68 0.82 ± 0.20 2.42 ± 1.89 

Stomach 0.44 ± 0.17 0.46 ± 0.28 0.52 ± 0.21 0.42 ± 0.16 0.33 ± 0.05 0.25 ± 0.12 

Kidney 13.3 ± 1.55 5.52 ± 0.04* 51.6 ± 59.8 6.83 ± 1.36 14.3 ± 2.02 5.19 ± 1.57* 

Intestine 0.72 ± 0.18 1.44 ± 0.88 1.99 ± 1.22 0.43 ± 0.17 0.35 ± 0.07 0.26 ± 0.06 

Tumor 0.52 ± 0.08 0.67 ± 0.30 1.06 ± 0.43 0.35 ± 0.07 0.77 ± 0.28 0.32 ± 0.07 

Tiroyd 0.53 ± 0.11 0.67 ± 0.19 0.54 ± 0.12 0.44 ± 0.08 0.40 ± 0.09 0.35 ± 0.11 

Muscle 0.31 ± 0.02 0.19 ± 0.03* 0.38 ± 0.29 0.18 ± 0.05 0.26 ± 0.08 0.13 ± 0.03 

 

The targeting specificity of 
99m

Tc-labeled NPs in SK-BR-3 lesions was also assessed by 

fluorescence microscopy. Immunofluorescence staining of tumor cryosections collected at 4 h p.i. 

allowed us to establish the distribution of the two nanotracers (Figure 2.11). Images of SNPs 

(green) and -actin (red) were overlaid on the corresponding images reporting nuclei (blue). 

Fluorescence intensity in SiNP-NTA-TZ images was significantly higher than that from SiNP-NTA 

and it was highly colocalized in the perinuclear area. In contrast, green fluorescence distribution in 

SiNP-NTA images was barely detectable on the surface of SK-BR-3 tumor cell membrane. 
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Figure 2.10 Ex vivo biodistribution of 

99m
Tc-labeled SiNP-NTA and SiNP-NTA-TZ NPs. SK-BR-3 

tumor bearing mice were sacrificed at 4, 6, 24 h post-injection (n= 3). Samples were dissected and 

analyzed by -counter to obtain tumor-to-muscle ratio of % ID/g (on the right) and the tumor absolute 

values (on the left). 

 

 

 

Figure 2.11 Ex vivo immunofluorescence of SK-BR-3 tumor cryosections collected at 4 h post-

injection of SiNP-NTA (top) and SiNP-NTA-TZ (bottom). Merge images represent the colocalization 

of SNPs (green), -actin (red) and reporting nuclei (blue). 

 

2.6 – Conclusions 

In the first part of the project, aimed at developing a theranostic agent for the targeted detection 

and treatment of HER2
+
 breast cancer, we designed and tested 

99m
Tc-radiolabeled SNPs 

functionalized with Hc-TZ to be used as SPECT radiotracers. In our study, we compared the 

behavior and the targeting efficiency of SNPs functionalized or not with Hc-TZ in BCs models in 

vitro and in vivo, before and after radiolabeling. Although well established protocols to radiolabel 

antibodies are reported in the literature [43], we preferred to develop a new approach based on 
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direct immobilization of radioligand to the NP surface to obtain a radiolabeled scaffold common to 

the different nanoconstructs synthesized within this study, independent from the functionalization 

with the antibody chain. Radiolabeling of both SiNP-NTA and SiNP-NTA-TZ was achieved by 

formation of 
99m

Tc-NTA complex. Our results, both in vitro and in vivo, suggest that receptor-

mediated active targeting provided the best efficiency in BC detection, compared to simple EPR 

passive accumulation. In vitro flow cytometry data showed a remarkable increase in uptake over 

time after incubation of SiNP-TZ/SiNP-NTA-TZ in HER2
+
 SK-BR-3 cells, compared to 

SiNP/SiNP-NTA. As expected, the uptake of all SNPs tested remained low in HER2
‒
 MDA-MB-

468 cells. These results were confirmed by fluorescence imaging experiments, which exhibited a 

considerable perinuclear localization in SK-BR-3 cells exclusively upon incubation with SiNP-

TZ/SiNP-NTA-TZ, while an external localization of fluorescence signal was observed in MDA-

MB-468 cells with both SiNP-TZ/SiNP-NTA-TZ and SiNP/SiNP-NTA. The same results were 

obtained for radiolabeled nanoconjugates, suggesting that our radiolabeling strategy did not affect 

the nanoconjugate binding capability. Next, the radiolabeled SNPs efficiency in detecting HER2
+
 

cells was evaluated in a SK-BR-3 xenograft animal model. Ex vivo biodistribution of 
99m

Tc-SiNP-

NTA-TZ showed a preferential intracellular distribution at 4 h p.i. compared to 
99m

Tc-SiNP-NTA, 

confirming the involvement of Hc-TZ functionalization in the targeting efficiency of the 

nanoconstruct compared to EPR passive accumulation. In addition, 
99m

Tc-SiNP-NTA-TZ cell 

selectivity observed at 4 h was confirmed by fluorescence imaging of tumor cryosections, showing 

a specific intracellular localization compared to 
99m

Tc-SiNP-NTA.  

In summary, our radiolabeled system not only exhibited an enhanced targeting for the tumor, 

compared to EPR passive diffusion, but also significantly increased the selective accumulation of 

SNPs within the HER2
+
 SK-BR-3 cells, taking advantage of an optimized conjugation to the half-

chain fragment of the humanized antibody trastuzumab, already in use in the clinical practice.  
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2.7 – Experimental section 

2.7.1 – Synthesis of fluorescent core-shell silica nanoparticles 

 

 
 

2.7.1.1 – Synthesis of N-1-(3-trimethoxysilylpropyl)-N’-fluoresceyl thiourea (APTMS-FITC 

complex) 

FITC (2 mg, 5.0 mol) was dissolved in dry ethanol (2 mL) and APTMS (10.0 L, 55.0 mol) 

was rapidly added to this solution. The reaction was left under stirring 4 h at room temperature (RT) 

in darkness. The reaction was monitored by 
1
H-NMR (CD3OD) and the complex was used without 

further purifications. 

2.7.1.2 – Synthesis of fluorescent core silica nanoparticles (FSNP) 

Monodisperse fluorescent silica nanospheres were obtained by a slightly modified Stöber 

synthesis. Briefly, to a NH4OH solution in water (1.827 g, 0.58 M) dry ethanol was added to reach a 

final volume of 50 mL and the mixture was equilibrated under magnetic stirring for 10 min. To the 

above solution, TEOS (1.990 mL, 0.17 M) and APTMS-FITC complex (1 mL) were rapidly added 

in sequence and the reaction was stirred for 20 h at RT in darkness. The solvent was then 

evaporated under reduced pressure by half of its volume (25 mL) and deionized water was added 

(40 mL). The remaining organic solvent was completely evaporated under reduced pressure to give 

an aqueous suspension of FSNP. Then the suspension was filtered on a cotton filter to remove big 

aggregates, while unreacted species were removed by high-speed centrifugation (20000 rcf, 20 min) 

and resuspension in ultrapure water (40 mL) three times. The final volume was then adjusted to 

give a NP concentration of 10 mg mL
‒1

 (concentration determined by drying 1 mL of NPs 

suspension at 100 °C, 3 h).  

2.7.1.3 – Synthesis of core-shell fluorescent silica nanoparticles (cs-FSNP) 

A silica shell of 5 nm thickness was added around FSNP according to biosilicification methods 

reported in the literature [39]. To a clean aqueous suspension of FSNP (10 mg mL
‒1

) L-arginine (0.5 

mg mL
‒1

) was added and the solution was equilibrated to 70 °C for 10 min. Next, TEOS (quantity 
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estimated by equation 1) was slowly added and the reaction was left under mild stirring at 70 °C 

overnight in the darkness. The resulting cs-FSNP were washed thrice (20000 rcf, 20 min) and 

redispersed with ultrapure water to give a final concentration of 10 mg mL
‒1

.  

 

(1)                              
                     

 

 
      

                   
  

 

2.7.2 – Synthesis of SiNP, SiNP-TZ, SiNP-NTA and SiNP-NTA-TZ  

2.7.2.1 – Synthesis of IPTES-NTA complex  

 
 

The complex between (3-isocyanatopropyl)triethoxysilane (IPTES, 2 L) and Nα,Nα-

Bis(carboxymethyl)-L-lysine (NTA, 2 mg) were mixed in 200 L of a mixture of deionized 

water:ethanol 9:1. The reaction was left under stirring for 2 h, at RT and the complex was used 

immediately after preparation.  

2.7.2.2 – Preparation of trastuzumab half-chain (Hc-TZ) 

 

Cysteamine (28 mM) was dissolved in a reaction buffer (20 mM Hepes, 5 mM EDTA, pH 7.2, 1 

mL) and dialyzed trastuzumab (1 mg)dissolved in PBS, pH 7.2, was added. The solution was 

incubated under gentle stirring at 37 °C for 90 min. The reaction was cooled to RT and purified 

using a Sephadex-containing PD10 column (GE Healthcare Life Science). Hc-TZ was collected 

(0.285 mg mL
‒1

) in 20 mM Hepes buffer, pH 7.4 and used immediately after purification. 
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2.7.2.3 – Complete functionalization of cs-FSNP (SiNP-NTA-TZ) 

 

 

 

Step 1. Amination and IPTES-NTA conjugation to cs-FSNPs. To a desired amount of cs-FSNPs, 

glacial acetic acid (5.25 mol per mg of NPs), IPTES-NTA complex (4 nmol per mg of NPs) and 

APTMS (1.72 mol per mg of NPs) were added in sequence. The mixture got turbid and was left in 

ultrasound bath until clearness. The reaction was then vigorously stirred for 2 h, after which the 

aminated NPs were washed thrice with ultrapure water and twice with 20 mM Hepes buffer, pH 9, 

and redispersed in the same buffer (10 mg mL
‒1

) for further functionalization.  

Step 2. Introduction of PEG-OMe. To the NPs suspension in Hepes, methyl-tetraethylenglycol-N-

hydroxysuccinimmide (MS(PEG)4, Thermo Fisher Scientific) was added in an equimolar amount 

with respect to the surface amine functionalities assessed by ninhydrin assay (view paragraph 

2.7.3). The reaction was left under stirring 2 h, after which the NPs were washed (20000 rcf, 20 

min) twice with ultrapure water and twice with 20 mM Hepes buffer, pH 7.4, and redispersed in the 

same buffer for next steps.  

Step 1 Step 2

Step 3 Step 4

Step 5, 6
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Step 3. Introduction of PEG-Mal. Maleimidopropionamido-octylethyleneglycol-N-

hydroxysuccinimmide (SM(PEG)8, Thermo Fisher Scientific) was added to the NPs suspension in a 

5-fold molar excess with respect to the unreacted surface amine functionalities assessed by 

ninhydrin assay. The reaction was left under stirring 2 h, after which the NPs were washed once 

with ultrapure water and then redispersed in 20 mM Hepes buffer, pH 7.4.  

Step 4. Hc-TZ coupling. To the NPs suspension, the previously prepared Hc-TZ was added (10 g 

mg
‒1

 of NPs) and the reaction was left under gentle stirring for 2 h. After the reaction, the NPs were 

washed (16000 rcf, 20 min, 4 °C) once with 20 mM Hepes, pH 7.4 and resuspended in the same 

buffer.  

Step 5. Saturation of free maleymido-groups. To the NPs suspension, Methyl-tetraethylenglycol-

thiol (MT(PEG)4, Thermo Fisher Scientific, 0.5 g per mg of NPs) was added and the reaction was 

left under stirring 1 h, after which the NPs were washed (16000 rcf, 20 min, 4 °C) thrice with 20 

mM Hepes, pH 7.4 and resuspended in 1 mM NiCl2, pH 8.  

Step 6. Nickel chelation to NTA. The NPs were incubated under stirring in the NiCl2 buffer for 1 h, 

and then washed (16000 rcf, 20 min, 4 °C) twice with 20 mM Hepes pH 7.4 and resuspended in the 

same buffer.  

2.7.2.4 – Partial functionalization of cs-FSNP (SiNP, SiNP-TZ, SiNP-NTA)  

The other NPs used in this study were synthesized as described in the previous paragraph, 

avoiding some steps: in particular, the conjugation of IPTES-NTA, step 4 and step 6 for SiNP, the 

conjugation of IPTES-NTA and step 6 for SiNP-TZ, step 4 for SiNP-NTA. 

2.7.3 – Determination of amino groups: ninhydrin assay  

Our protocol was adapted from a standard method described in the literature [49]. Briefly, 

aminated SNPs (3 mg) were equilibrated twice in dry ethanol and then resuspended in 400 L of the 

same solvent. Meanwhile a ninhydrin stock solution 4 mg mL
‒1

 was prepared in dry ethanol 

obtaining a clear pale green solution. 100 L of ninhydrin stock solution was then added to the NPs 

suspension and the mixture was heated at 60 °C for 1 h. After cooling to RT, NPs were separated 

from the supernatant by centrifugation (20000 rcf, 20 min) and an aliquot of the particle-free blue 

supernatant read with UV-Vis spectrophotometer at 570 nm. A standard calibration curve was 

created using ethanolamine in a concentration range between 0−3 mM in dry ethanol. 
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2.7.4 – Determination of functionalized NP concentration  

 

At the end of each functionalization step NP concentration was checked by means of UV-visible 

analysis. A reference calibration curve was created as follow: 1 mL of cs-FSNP was dried in oven at 

100 °C for 3 h and the resulting fine solid was weighted providing NP concentration in mg mL
‒1

.  

This way stock solutions of cs-FSNP at different concentrations were prepared by appropriate 

dilutions and each sample was analyzed by UV-vis spectroscopy, correlating FITC absorption peak 

at  = 485 nm to NP concentration. A new calibration curve was prepared for each new batch of cs-

FSNP synthesized. After each functionalization step, the concentration of SNP suspensions could 

be determined by UV-vis analysis and interpolation of the result in the calibration curve. 

2.7.5 – SNP characterization 

DLS measurements were performed with Zetasizer Nano ZS ZEN3600 (Malvern Instruments 

Ltd, Worcestershire, UK), equipped with a He-Ne laser ( = 632.8 nm) working at 4 mW. A 

disposable cuvette with an optical length of 1 cm was used and scattered light was coll ected at 

173°. The samples were prepared with an average concentration of 100 g mL
‒1

 in ultrapure 

water, and they were allowed to equilibrate at 25 °C for 30 s before the analysis. The Hd was 

derived using Stokes-Einstein equation, considering a viscosity of the medium of 0.8872 cP. -

potential measurements were performed with the same instrument. ζ-potential values were 

calculated by the Zetasizer Software basing on electrophoretic mobility and considering a 

viscosity of 0.8872 cP, dielectric constant of 78.5 and a Henry’s function of 1.5. Samples were 

prepared with an average concentration of 100 g mL
‒1

 in 1 mM NaCl (pH 7) and they were 

allowed to equilibrate at 25 °C for 30 s before the analysis.  TEM images of NPs were obtained 

on a “FEI Tecnai G”′ Spirit BioTWIN microscope (Hilsboro, OR) operating at 120 kV. The 
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samples were prepared by evaporating 2 µL of NPs (generally 50 g mL
‒1

) onto carbon-coated 

copper grid (200 mesh) and allowing it to dry on the air. The average particle diameter were 

obtained by measuring at least 100 particles by using imageJ software (National Institute of Health, 

USA). 

2.7.6 – Radiolabeling of SiNP-NTA and SiNP-NTA-TZ 

2.7.6.1 – Preparation of 
[99m

Tc(CO)3]
+
 

The labeling precursor ([
99m

Tc(H2O)3(CO)3]
+
) was prepared using the Isolink kit (Paul Scherrer 

Institute-Switzerland) containing 8.5 mg sodium tartrate, 2.85 mg sodium tetraborate decahydrate, 

7.15 mg of sodium carbonate and 4.5 mg sodium boranocarbonate. Freshly eluted 
99m

TcO4− from a 

commercial General Elettric generator (approximately 2 GBq) in 1 mL saline buffer was added to 

the kit vial and incubated at 100 °C for 20 min. The vial was then cooled to RT and the solution 

neutralized by adding stepwise 1 M HCl. The radiochemical purity (RCP) of the product was 

analyzed by HPLC and was up 95%.  

2.7.6.2 – [
99m

Tc(CO)3]
+
-His-Tag prelabeling 

An hexa-His-Tag peptide was prelabeled with [
99m

Tc(CO)3]
+
 by mixing 38 L of peptide solution 

(5 mg mL
‒1

 in Hepes buffer pH 7.4) with the [
99m

Tc(CO)3(OH2)3]
+
 precursor solution. The solution 

was left at RT under stirring for 60 min and then the % RCP was checked. The labeling yield was 

assessed by HPLC and the reaction resulted almost quantitative. Radiochemical purity was 95%. 

2.7.6.3 – Conjugation of [
99m

Tc(CO)3]
+
-His-Tag to SiNP-NTA and SiNP-NTA-TZ 

The [
99m

Tc(CO)3]
+
-His-Tag solution was added to 500 L of NPs (4 nmol NTA per mg of SNPs). 

The solution mixture was left at RT under stirring for 2.5 h and then the % RCP was checked. The 

solution was shaken for about 1 min over a vortex mixer and then centrifuged for 15 min at 18000 

rpm. Supernatant solution was withdrawn and the corresponding radioactivity was counted. The 

pellet was washed with Hepes buffer and centrifuged three times. After the measurement of 

radioactivity of total supernatant and pellet the %RCP was 42% for SiNP-NTA and 23.8% for 

SiNP-NTA-TZ. 

2.7.6.4 – Quality control 

The chemical and radiochemical purity of each reaction intermediate was performed using a 

HPLC Akta system equipped with radiochemical flow counter (Bioscan). For HPLC analysis of the 
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radiolabeled 
99m

Tc-tricarbonyl core and 
99m

Tc-tricarbonyl-hexa-His peptide a Thermo Scientific 

BDS reverse-phase column (250 × 4.6) was used with a flow of 1.2 mL min
‒1

 and a linear triphasic 

gradient of 2% B (MeOH ) with A (0.1% TFA) from 0 to 10', 2% C (CH3CN 50% + 0.1% TFA) 

with A from 10 to 18'. Absorbance was detected at 220 nm. The radiochemical purity of the 

[
99m

Tc]-(CO)3-SNPs was determined by ascending instant thin-layer chromatography (ITLC) with 

silica gel-coated fiberglass sheets (Pall Life Sciences, Pall Corporation) using physiological saline 

as the mobile phase. 

2.7.7 – Cell culture and animal models  

All reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO) and Invitrogen 

Corp (Carls bad, CA). Cell lines were obtained from ICLC Animal Cell Lines Database - IST 

Genova (IT). MDA-MB-468 and SK-BR-3 cells were maintained in Dulbecco's Modified Eagles 

Medium (DMEM), high glucose, supplemented with 5% Pen/Strep, 10% heat-inactivated fetal 

bovine serum and 2 mM L-glutamine. MCF-10A cells were maintained in Ham’s F-12:Dulbecco's 

Modified Eagles Medium (DMEM; 50:50), high glucose, supplemented with 5% Pen/Strep, 10% 

heat-inactivated horse serum and 2 mM L-glutamine. Female Balb/c nude mice were obtained from 

the ENVIGO RMS S.R.L. Italy. Animal experiments were carried out in compliance with the 

institutional guidelines for the care and use of experimental animals (IACUC), which have been 

notified to the Italian Ministry of Health and approved by the Ethics Committee of the San Raffaele 

Scientific Institute (Milan, Italy). Female Balb/c nude mice with the age of 7–8 weeks and weight of 

24–26 g were maintained under specific pathogen free condition. To obtain SK-BR-3 tumor 

models, about 5 × 10
6
 cells in 200 L mixed solution (serum-free RMPI-1640 medium and matrigel 

at the volume ratio of 1:1) were injected under the right shoulder. Calipers were used to measure 

tumor volume (mm
3
) twice per week and mice weight was recorded. Mice were randomized when 

tumor volumes reached an average of 100 mm
3
. 

2.7.8 – Cell uptake assays  

2.7.8.1 – Flow cytometry of non-radiolabeled SNPs 

SK-BR-3 cells (HER2
+
, 3 × 10

5
) were incubated with 0.5 g mL

‒1
 of either SiNP, SiNP-TZ, 

SiNP-NTA or SiNP-NTA-TZ dispersed in serum free-DMEM. After different incubation times (20 

min, 1 h, 4 h, 24 h), cells were washed twice with PBS and harvested in FACS tubes. 10
5
 events 

were acquired for each analysis on FACS Calibur flow cytometer (Becton Dickinson) exploiting 

FITC emission (green fluorescence). Both the percentage of the fluorescent cells relative to the 
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control (untreated cells) and the mean fluorescent intensity of the fluorescence-positive cells were 

taken into account. The same experiment was performed with MDA-MB-468 cell line (HER2
‒
) as a 

negative control. The results were analyzed using FlowJo software. 

2.7.8.2 – Fluorescence microscopy of non-radiolabeled SNPs  

SK-BR-3 (HER2
+
, 5 × 10

4
) and MDA-MB-468 (HER2

‒
, 5 × 10

4
) cells were incubated with 1 mg 

mL
‒1

 of either SiNP, SiNP-TZ, SiNP-NTA or SiNP-NTA-TZ dispersed in cell culture media. After 

20 min, 1 h, 4 h and 24 h of incubation at 37 °C (humidified atmosphere, 5% CO2 air), the medium 

was removed and cells were washed three times with PBS. The samples were fixed with methanol 

(at ‒20 °C for 30 min) before the acquisition. The specific uptake of SNPs in both cell lines was 

evaluated by fluorescence microscopy (Nikon Eclipse 80i). 

2.7.8.3 – In vitro uptake of radiolabeled SNPs  

SK-BR-3 (HER2
+
,
 
5 × 10

4
) and MDA-MB-468 (HER2

‒
,
 
5 × 10

4
) cells were incubated with 1 Ci 

mL
‒1

 of either 
99m

Tc-labeled SiNP-NTA or SiNP-NTA-TZ dispersed in cell culture media. After 1 

h, 4 h and 24 h of incubation at 37 °C (humidified atmosphere, 5% CO2 air), the medium was 

removed and cells were washed three times with PBS. The cells were extracted with 200 L of 

0.05% Trypsin-EDTA (1×) solution for 10 minutes. The radioactivity of the cells and of each 

removed solution were then measured using a -counter (LKB Compugamma CS 1282). The 

percentage of radioactivity in cells over the total radioactivity for each plate was calculated. 

2.7.9 – In vitro cytotoxicity assay 

In vitro cytotoxicity of SNPs was tested on SK-BR-3 (HER2
+
), MDA-MB-468 (HER

‒
) and 

MCF10A (non-transformed mammary epithelial) lines through MTT assay, and by viable cell 

counting on HER2
+
 and HER

‒
 cell lines. For the MTT test, both cell lines were seeded in 96-

well plates (Corning, USA) at a density of 5 × 10
3
 cells per well and incubated for 48 h. The 

suspensions of SiNP, SiNP-TZ, SiNP-NTA or SiNP-NTA-TZ were diluted in culture medium 

at 50 g mL
‒1

. The cell culture medium was then removed and replaced by 100 L of fresh 

medium containing NPs. The cells were incubated for 1 h, 4 h, 24 h and 48 h at 37 °C in a 

humidified atmosphere, 5% CO2 air. After the above times, medium was removed and 100 L 

of MTT (5 mg mL
‒1

 in PBS) was added to each well. After 3 h, the culture medium containing 

MTT solution was removed. 100 L of SDS in 0.01 M HCl solution was added to each well to 

dissolve the formazan crystals and then plates were analyzed using a microplate  reader 
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(SPECTROstar Omega - BMG LABTECH) at 570 nm. For the viable cell counting 

experiments, NPs were incubated as described for MTT test. The medium was removed from 

the samples and the cells were suspended in PBS 0.1 M (5 × 10
5
 cells/mL). 10 L of 0.4% 

Trypan blue was incubated for 3 min with the cell suspension (1:1), and then the mix was 

loaded on the Thoma chamber BLAUBRAND (Sigma-Aldrich, Italy) for the counting of the 

unstained (viable) and stained (nonviable) cells. Cell viability was expressed in both 

experiments by comparing the treated samples to cells incubated with normal culture medium 

considered as 100% survival rate [% viability = (treated cells / control cells) × 100]. 

2.7.10 – Ex vivo biodistribution and fluorescence imaging of 
99m

Tc-radiolabeled SNPs in 

tumor 

99m
Tc-radiolabeled SNPs were evaluated in two experimental groups of Balb/c nude mice. Mice in 

both groups were anesthetized with Zoletil (25 mg kg
‒1

 of body weight) injected intraperitoneal, 

with additional supplemental anesthetic as needed. Two groups of 12 mice were injected in a tail 

vein with 100 L of a solution containing 
99m

Tc-labeled SiNP-NTA-TZ or 
99m

Tc-labeled SiNP-

NTA (1 mCi mL
‒1

, pH~7.4). Additional aliquot (0.1 mL) of both radioactive solution was diluted 

1:10, 1:100 and 1:1000 and used to calculate the standards curve. Four animals per experimental 

point were sacrificed (at 4 h, 6 h and 24 h, post-injection) under general anesthesia. Tumor and a 

sample of muscle were removed and placed in counting vials for counting and weighing. Tissue 

samples and standards were placed in a -counter (LKB Compugamma CS 1282) and counts 

corrected for physical decay. The radioactivity concentration in tumor was calculated as percentage 

of injected dose per gram of tissue (%ID/g) and expressed as tumor to muscle ratio. After  counting, 

tumors were fixed with 4% paraformaldehyde for 4 h and embedded in OCT mounting medium 

(Sakura Finetek, Torrance, CA), to prepare frozen sections. For immunofluorescent staining, tumor 

sections (10 m) were rinsed with PBS and blocked with 5% BSA for 60 min followed by 

incubation with primary antibody (rabbit anti--Actin, diluted 1:50; Sigma Aldrich) overnight at 4 

°C. The day after, tumor sections were washed for 5 min three times with PBS. Sections were then 

incubated with secondary antibody (Alexa Fluor488-labeled goat anti-rabbit IgG, diluted 1:200; 

Sigma Aldrich) for 60 min at RT. After a rinse with PBS, they were incubated with 4-6-diamidino-

2-phenylindole (DAPI) for 5 min. Finally, sections were sealed with anti-fluorescence quenching 

agent (Beyotime) and observed by fluorescence microscopy (Nikon Eclipse 80i).  
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(ii) Development of Doxorubicin-Loaded Nonporous Silica Nanoparticles 

2.8 – Aim of the project 

The multifunctional SNPs decorated with Hc-TZ and the radionuclide 
99m

Tc appeared a 

promising contrast agent for the selective detection of HER2 positive breast cancer; for this 

reason, we explored the possibility to further introduce doxorubicin, for the therapy of the 

same malignancy. SNPs were used as drug carriers mainly in their mesoporous form [2], while 

nonporous SNPs still remain a more challenging strategy to adopt when designing a drug 

delivery system. Tang and coworkers developed a drug silica nanoconjugates with narrow size 

distributions having the drug covalently joined in the interior of the NPs [45]. Depending on 

the covalent link between the drug and the silica matrix, the release profile ranges between 2 

and several days. In the subsequent work they also assessed the importance of the size of the 

particles in tumor penetration, concluding that 50 nm nanoconjugates were more effective than 

the bigger ones [46]. In another recent work, stimuli responsive linker were inserted into the 

silica matrix to release drug specifically inside the cells, in the presence of certain triggering 

factors, such as pH or glutathione concentration [47]. Although some interesting results were 

obtained, a systematic study on the correlation between silica NP degradation, cargo loading 

and delivery is still missing in the literature and thus the use of nonporous SNPs as drug 

delivery system remains almost unexplored. However, due to the great potential of this class of 

colloidal nanoprobes in diagnostics, the development of straightforward yet efficient and 

reliable synthetic strategies leading to their application as drug delivery system is highly 

expected by the scientific community.  

 
Figure 2.12 Graphical representation of the project evolution: the multifunctional silica nanovector 

presented in the first project was selected to be loaded with the anthracycline drug doxorubicin. Before 

building up the entire nanoconjugate, simpler doxorubicin silica nanoformulations were evaluat ed for 

their release capacity. Best nanoformulation will be then completely engineered. 
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Hence, we decided to divide our second project into two steps: first we simplified our 

nanoconstruct to first designate the best strategy to convert nonporous SNPs in efficient 

delivery systems; afterwards, the best nanoformulated drug will be decorated with all the 

functional moieties discussed in the first project. For the first purpose we evaluated three 

different doxorubicin nanoformulations, having in common a covalent link between the drug 

and the silica matrix (Figure 2.12). In one case, the drug was grafted only on the outer surface 

of SNPs (OuterDox SNPs), in a second one, it was encapsulated in the inner core (InnerDox 

SNPs) and in the last nanosystem, doxorubicin was both incorporated inside and grafted 

outside the nanocarrier (DoubleDox SNPs). After optimizing the synthetic procedures, all the 

SNPs were analyzed in terms of silica degradation and drug release and then the cytotoxic 

activity was assayed in cell cultures. 

2.9 – Results and discussion  

2.9.1 – Synthesis of doxorubicin-loaded SNPs 

Although some works in the literature report the encapsulation of molecules inside the silica 

matrix of SNPs without derivatization of such molecules [48], the resulting NPs appeared to be 

too “soft” for our purpose, with the risk to dissolve fast, which would make it difficult to them 

to reach the desired site of action. Thus, in all of the nanoformulations developed in this work, 

doxorubicin was first reacted with IPTES forming an urea bond. For what concerns the 

synthesis of OuterDox, IPTES-Dox complex was prepared in aqueous environment and then 

grafted on already-prepared Stöber SNPs by means of a base-driven condensation reaction, 

leading to a red uniform suspension. 

Table 2.4 Characterization of the doxorubicin nanoformulations before and after the PEGylation step. 

Data are the mean ± standard deviation of at least three different NP batches. 

SNPs 
Hydrodynamic 

diameter (nm) 
PDI -potential (mV) 

OuterDox 75.53 ± 29.91 0.155 ± 0.062 -25.02 ± 7.34 

OuterDox-PEG 58.95 ± 5.34 0.129 ± 0.041 -21.30 ± 6.86 

InnerDox 41.31 ± 4.19 0.160 ± 0.003 -31.50 ± 10.65   

InnerDox-PEG 47.73 ± 5.67 0.130 ± 0.060 -34.33 ± 6.09 

DoubleDox 753.4 ± 301.9 0.356 ± 0.221 +10.73 ± 3.07 

DoubleDox-PEG 50.94 ± 1.37 0.121 ± 0.021 -25.20 ± 9.40 
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DLS measurements of the formulation evidenced a slight colloidal instability, as indicated by 

the great standard deviation of the hydrodynamic diameter (Table 2.4). This instability was 

recovered introducing amine functionalities, which were later conjugated to a short methoxyl -

terminating PEG. In the case of InnerDox preparation greater attention was needed. In order to 

incorporate IPTES-Dox complex in the core of the particles, the payload of interest had to be 

introduced directly during the Stöber synthesis. As explained before, the crucial parameter for 

the Stöber procedure to be successful is reactant concentration, including TEOS, ammonia and 

water concentrations; when the little volume of water containing IPTES-Dox was added to the 

reaction, big and irregular aggregates were formed (Figure 2.13 A). The shape of the particles 

ameliorated when methanol was used (Figure 2.13 B), but only when hydrophilic doxorubicin 

was deprotonated with triethylamine, extracted in organic solvent and reacted in ethanol with 

IPTES, the uniform spherical shape of Stöber SNPs was observed (Figure 2.13 C). InnerDox 

suspension demonstrated a narrow size distribution, a negative -potential and a good colloidal 

stability; by the way we added the same external decoration as for the OuterDox SNPs for in 

vitro experiment purposes, as explained in the following paragraphs (Table 2.4).  

 

Figure 2.13 TEM images of InnerDox SNPs during the protocol optimization. When IPTES-Dox 

complex was prepared in water (A) or methanol (B), SNPs appeared irregular and aggregated. When 

the complex was prepared in ethanol (C), SNPs showed the proper uniform spherical shape.  

 

Finally, DoubleDox SNPs were prepared by grafting IPTES-Dox complex to the external 

surface of InnerDox. In this case, the hydrolysis/condensation of the silicate was promoted by 

an acidic environment: this choice was made in order to prevent the loss of doxorubicin during 

the reaction, as a rapid dissolution of the core of InnerDox was observed under basic pH (as 

discussed later). DoubleDox showed highly inconsistent results along the different DLS 

measurements, and an unusual positive -potential, possibly attributable to an acetic acid 

200 nm 200 nm
100 nm

A B C
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adsorption on the silica surface. Nevertheless, the PEGylation step restored the stability and 

uniformity of SNPs suspension (Table 2.4).  

After the preparation of doxorubicin-loaded SNPs, the drug content was determined by UV-

Vis measurements directly on the NP suspensions; in fact, when the suspension concentration 

is kept below 3 mg mL
‒1

, the light diffusion of SNPs doesn’t affect the absorption spectrum of 

doxorubicin (Figure 2.14). The measurements confirmed what was already apparent looking at 

the different SNPs: InnerDox NPs showed a reproducible drug loading in the range of 3-5 

nmol of doxorubicin per mg of SNPs (nmolDOX mgNPs
‒1

), while OuterDox demonstrated a 5-

fold higher loading capacity in the range of 25-30 nmolDOX mgNPs
‒1

, as indicated by the 

stronger red color of the sample. DoubleDox NP suspension appeared as red as the OuterDox 

one, suggesting a high dose of doxorubicin loaded; nevertheless, UV-Vis measurements of 

different batches resulted in a great variability, ranging from a minimum loading of 15 

nmolDOX mgNPs
‒1

 to a maximum of 70 nmolDOX mgNPs
‒1

. This suggested that the condensation 

of IPTES-Dox complex conducted in acidic environment was less reproducible than the 

reaction promoted by alkaline pH conditions. 

 

 
Figure 2.14 UV-visible spectra of doxorubicin nanoformulations evidencing the presence of drug 

absorbance peak in comparison to unloaded Stöber SNPs. Imagess of 10 mg mL
‒1 

nanosuspension are 

also reported, showing differences in red intensity. 

 

2.9.2 – NP degradation and drug release kinetic studies 

OuterDox, InnerDox and DoubleDox SNPs were assayed for their capacity to release the 

payload, taking into account that the process is strongly correlated to the degradation of the 

NPs. Thus, each kind of SNPs was incubated in a high saline buffer (20 mM Hepes, 1 mM 

CaCl2, 150 mM NaCl, pH 7.4) – mimicking a physiological environment – for several hours 

and, at selected time points, the property of interest was monitored. In particular, the 

degradation kinetic was profiled by quantifying the soluble silicates released over time using 
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the silicomolybdic acid spectrophotometric method [49]: at desired time points, NPs were 

centrifuged and separated from the supernatants. The pellet was resuspended in fresh buffer 

whereas soluble silicates were titrated in the supernatants.  

 

Figure 2.15 Degradation profile of doxorubicin nanoformulations: SNPs (500 g mL
‒1

) were incubated 

in high saline buffer at 37°C; at selected time points samples were centrifuged and supernatants 

analyzed by molybdenum colorimetric test. Soluble silicates are represented as percentage of the total 

amount of incubated SNPs. A) Complete dissolution kinetic; B) Magnification of the first 24 h. 

Curves in Figure 2.15 showed a difference in the degradation behavior: InnerDox and 

DoubleDox NPs exhibited rapid release of soluble silicates during the first hours (0-8 h), while 

the degradation rate decreased in the subsequent few days, reaching the complete dissolution 

of NPs in 4 or 5 days. OuterDox NPs, instead, showed a reverse profile: the degradation rate 

remained low for the first day, leading only to the production of a 10% of soluble species; then 

the degradation gradually continued for several days, reaching 100% of dissolution at day 10. 

Doxorubicin release kinetic of SNPs reflected the differences observed in the degradation 

behavior. At the same established time points, the supernatants of pelleted NPs were analyzed 

by spectrofluorometer, allowing the determination of drug content released time-by-time 

(Figure 2.16) and, by sum, the cumulative amount (Figure 2.17). In Figure 2.16 the difference 

between OuterDox (Figure 2.16 A) and InnerDox (Figure 2.16 B) release profile appeared 

evident: at 1 h of incubation, InnerDox SNPs displayed a peak of release that slowly decreased 

until 8 h; on the contrary, within these time points, the drug was hardly detected in the 

supernatants of OuterDox SNPs. Starting from 24 h, InnerDox SNPs liberated an almost 

constant amount of cargo per day for no longer than a week, while OuterDox SNPs showed a 

linear increase, with a peak of doxorubicin detected at day 7. As expected, the profile  shown 

by DoubleDox NPs enclosed both behaviors: a linear descending release from 1 to 8 h and then 

a continuous increment similar to the one of OuterDox SNPs, but with slight lower amounts of 

released drug, protracted for more days. 
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Figure 2.16 Drug release profile of doxorubicin nanoformulations: SNPs were incubated in high saline 

buffer at 37°C with a 12 M doxorubicin concentration; at selected time points samples were 

centrifuged and supernatants analyzed by spectrofluorometer (exc = 485, em=558 nm). The release is 

represented as the time-by-time quantity detected for A) OuterDox, B) InnerDox and C) DoubleDox 

SNPs. Panel D) shows the merge of the three different profiles up to day 8. 

 

 

Figure 2.17 Drug release profile of doxorubicin nanoformulations represented as cumulative amount of 

doxorubicin. A) Complete release kinetic; B) Magnification of the first 72 h. 
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The cumulative release profile (Figure 2.17) evidenced the same phenomenon: InnerDox 

SNPs liberated their cargo mainly along the first 8 h, while reaching a plateau in the following 

days; the curve belonging to OuterDox SNPs did not reach 0.1 nmol before 24 h, whereas it 

significantly increased from 2 days onward. As expected, the DoubleDox NP release trend 

followed the InnerDox curve until 72 h (Figure 2.17 B) and afterwards rised up towards the 

OuterDox values. 

Taken together, the carrier degradation and drug release patterns can be explained by an 

evolution mechanism of SNPs described in the literature [50]. Park and coworkers 

demonstrated that under mild basic conditions, such as the pH 7.4 of the high saline buffer 

used in our studies, SNPs synthesized by Stöber method spontaneously evolve from solid to 

hollow spheres, thus degrading from their interior to their exterior (Figure 2.18). The process 

seems to be governed by surface energy: first, small pores are created by the weakening of Si-

O bonds due to OH
‒
 ions (Figure 2.18 B), then these pores tend to collapse to reduce the 

surface energy and lastly merge to form a spherical cavity (Figure 2.18 C). 

 
Figure 2.18 Shape of Stöber SNPs stored in mild basic water (pH 7.5) was monitored by taking TEM 

images after A) 0, B) 15 and C) 30 days. Images taken form reference [50]. 

 

The surface energy is also responsible for the site-dependent dissolution, being lower at the 

exterior than that of the small pores of the internal core. Moreover, the interior of Stöber SNPs 

is known to be milder and more porous than the outer parts due to the NP formation 

mechanism that is based on the formation and aggregation of seeds [51]. Hence, the core is 

suggested to be composed by partially condensed nuclei that result more amenable to be 

hydrolyzed than the completely condensed exterior silicates. If we think about InnerDox SNP 

preparation, the internal part should be even softer, since the condensable species in the 

reaction are represented not only by TEOS, but also by IPTES-Dox complex, that itself can 

form only three Si-O bonds. Considering this, it is easier to understand the fast degradation of 

both InnerDox and DoubleDox SNPs and the consequent release of the cargo within the first 

hours. For OuterDox SNPs both processes are slowed down for the presence of IPTES-Dox 

A B C
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complex only on the outer surface, that leads to a denser core to solubilize and to a delayed 

release. After 24 h, DoubleDox SNPs should look more like the OuterDox NPs, with a 

dissolved core and a denser shell externally functionalized with the drug, hence demonstrating 

a similar release kinetic.   

2.9.3 – In vitro studies of doxorubicin nanoformulation activity 

Next, the cytotoxic effect of doxorubicin-loaded SNPs was verified. The viability of our NPs 

in HeLa cells – one of the most commonly used human cancer model cell line – was monitored 

by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [42]. MTT 

assay is a colorimetric enzyme-based method for determining mitochondrial dehydrogenase 

activity in living cells: when the enzymes work properly, the dye MTT is reduced to a purple-

colored compound, indicating an appropriate cell proliferation. Viceversa, the less intense the 

color appears, the more the viability is decreasing. Hence, HeLa cells were incubated with 

various amounts of SNPs (from 50 to 300 g mL
–1

) and then analyzed spectrophotometrically. 

Doxorubicin-free Stöber SNPs were added as well in the experiment in order to check the 

possible cytotoxic contribution of the delivery vehicle.  

 
Figure 2.19 SNPs toxicity was investigated by MTT test. HeLa cells were incubated with different 

concentrations of SNPs for 24, 48 and 72 h. Results are expressed as the percentage of viability versus 

untreated cells. 

 

The results in Figure 2.19 show a concentration-dependent activity for all the nanoconjugates, 

with evident differences in the viability percentages. OuterDox SNPs led the cells to 30% of 

viability already at 24 h of incubation and at a concentration of 50 g mL
–1

; remarkably, a 
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complete vitality reduction was observed after 3 days of incubation with 300 g mL
–1

 of 

OuterDox SNPs. Considering an average doxorubicin loading of 27 nmolDOX mgNPs
–1

, 

OuterDox SNP doses corresponding to 1 M and 8 M of drug reduced the enzyme activity up 

to 30% and 3% respectively, in comparison to untreated cells. InnerDox SNPs displayed a 

distinctly lower cytotoxic effect, leading to a maximum of 50% of viability loss at the longest 

period of incubation and with the higher drug content, estimated to be around 1.2 M. The 

poor drug loading obtained in the synthesis of InnerDox SNPs thus resulted in a loss of 

activity, unless using a huge amount of silica. By the way, the most unexpected behavior was 

shown by DoubleDox SNPs that resulted even less toxic than InnerDox SNPs. The high 

standard deviation values can be attributed to the variability of drug loading obtained in 

DoubleDox synthesis, while it is hard to explain the reason of such cytotoxic behavior, basing 

only on this experiment. Also in the case of Stöber SNPs a singular profile was outlined: the 

MTT test revealed a considerable concentration-dependent antiproliferative effect towards 

cells at 24 and 48 h of incubation, while a recovery was observed at 72 h, suggesting a reverse 

phenomenon in action. Moreover, the huge standard deviations indicated a strong 

irreproducibility of the results, making the interpretation even more difficult. For this reason, 

we decided to deeper explore the anticancer activity of the nanodevices under investigation. 

Thus, the same cells were incubated in the same conditions of the previous test, and after 24, 

48 and 72 h, the adenosine triphosphate (ATP) level was quantified by a bioluminescence 

assay (Figure 2.20) [52]. ATP, in fact, is considered a cell viability marker thanks to its 

presence in metabolically active cells, which declines rapidly whether cells undergo necrosis 

or apoptosis. The test appeared particularly suitable in case of doxorubicin-containing samples, 

as the anthracycline drug expresses its own anticancer activity inducing tumor cell apoptosis. 

The obtained data for doxorubicin-loaded SNPs confirmed the high antitumor effect of 

OuterDox SNPs, with a concentration and time-dependent trend and, on the contrary, the safe 

character of both InnerDox and DoubleDox SNPs. As explained before, InnerDox behavior 

could be attributed to the low quantity of carried doxorubicin, that probably results 

insufficiently released to be effective. Furthermore, we hypothesize that the poor dose of 

doxorubicin deriving from the core of DoubleDox SNPs could induce mild resistance in cancer 

cells, providing partial explaination to the reduced activity detected even at 72 h of incubation. 

In fact, the most reliable mechanism of resistance towards doxorubicin is the drug efflux via 

the P-glycoprotein 1 or the drug capture by lysosomes, both leading to a limited nuclear 

doxorubicin availability [53]. This means that, even though the theoretical cumulative release 

of the payload should be quite high in the case of DoubleDox at 72 h, probably the small time -
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by-time quantity released before that time was able to trigger the efflux mechanism. 

Nevertheless, the hypothesis needs to be validated by strong experimental data. Interestingly, 

cells incubated with Stöber SNPs did not exhibit apoptosis signals, rather they seem to 

overproliferate during the experimental time. This evidence suggests that the cytotoxic effect 

observed in the MTT test was not due to an apoptotic event, but to others metabolic processes 

that probably don’t lead to cell death. 

 

Figure 2.20 SNP toxicity was investigated by ATP assay. HeLa cells were incubated with different 

concentrations of SNPs for 24, 48 and 72 h. Results are expressed as the percentage of ATP level 

versus untreated cells. 

 

2.9.4 – Cell uptake of doxorubicin nanoformulations 

Figure 2.20 unexpectedly showed a strongly reduced activity in DoubleDox SNPs when 

compared to OuterDox SNPs. In order to investigate the cause for such an inconsistent 

behavior, we firstly check whether it could be due to a different pathway of internalization of 

SNPs inside the cells. HeLa cells were thus incubated with either OuterDox or DoubleDox 

SNPs and after 1, 4 and 24 h, cell uptake was assessed by flow cytometry, exploiting 

doxorubicin fluorescence. In order to have a quantitative comparison, we chose OuterDox and 

DoubleDox SNP batches with similar drug loading (25.0 ± 1.0 nmolDOX mgNPs
–1

); in this way, 

the incubation of cells with 50 and 150 g mL
–1 

of SNPs resulted in a doxorubicin 

concentration of 1 and 3 M respectively. As we can see in Figure 2.21, both kinds of SNPs 

are internalized in cells in a concentration and time dependent-manner; interestingly, at 1 and 4 

h of incubation, cell uptake was basically the same for OuterDox and DoubleDox SNPs, while 

a difference appears at 24 h: cells show a normalized fluorescence intensity of 2.6 when 

incubated with OuterDox SNPs 1 M, while the value is only 2.0 in presence of the same 
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quantity of DoubleDox SNPs. The discrepancy between SNPs is even higher when using a 3 

M concentration, with a 2-fold higher fluorescence intensity of cells internalizing OuterDox 

SNPs compared to DoubleDox SNPs. 

 
Figure 2.21 In vitro uptake of SNPs.

 
HeLa cells were incubated with different quantities of SiNPs (1 or 

3 µM) for 1, 4 and 24 h. Cell uptake is expressed as fluorescence intensity (FI) normalized over the 

autofluorescence of untreated cells. 

 

Flow cytometry experiments gave us a first explanation for the diverse cytotoxic activity of 

DoubleDox SNPs compared to OuterDox SNPs, observed both in the MTT and in the ATP 

assays. Nevertheless, further confirmation is needed to justify the safety of DoubleDox SNPs 

towards HeLa cancer cells.  

 

2.10 – Conclusion 

In the second part of the project aimed at developing a silica-based theranostic agent, we explored 

the possibility of using nonporous SNPs as delivery systems for the delivery of a cytotoxic agent. In 

our study, three different SNPs were designed and compared: OuterDox SNPs, where doxorubicin 

was grafted on the external surface of Stöber SNPs; InnerDox SNPs, where the cytotoxic molecule 

was covalently attached to a trialkoxysilane moiety and incorporated inside the silica core; and 

DoubleDox SNPs, where both loading strategies were employed at the same time, resulting in a 

double functionalized system. After the addition of a short and inert PEG shell, all the 

nanoconjugates were characterized in terms of size distribution and -potential, proving to be 

monodisperse and negatively charged. The determination of the drug content by UV-Vis analyses 
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directly on NP suspensions revealed the first difference between the nanoformulations: OuterDox 

SNPs were reproducibly loaded with a considerable quantity of doxorubicin (25-30 nmolDOX mgNPs
–

1
); the reproducibility was recognized also in the drug incorporation of InnerDox SNPs, but only a 

small content was detected (3-5 nmolDOX mgNPs
–1

); DoubleDox SNPs could not be prepared with 

control over the functionalization yield, thus showing a drug loading range between 15 and 70 

nmolDOX mgNPs
–1

. Other differences were found in the cytotoxic effect in vitro. If OuterDox SNPs 

demonstrated high capability in reducing cell viability and inducing apoptosis events in HeLa cells, 

InnerDox SNPs resulted basically harmless, probably because of the low amount of drug. 

Surprisingly, DoubleDox SNPs showed neither cytotoxicity nor apoptotic activity, being more 

similar to InnerDox SNPs. Cell uptake experiments showed a time and concentration dependent 

internalization of both OuterDox and DoubleDox SNPs; nevertheless, at 24 h of incubation, 

OuterDox SNPs resulted 2-fold more internalized then the double-loaded particles, giving a first 

explanation for their poor cytotoxic activity. Taking into account all these data, we concluded that 

OuterDox SNPs are the best candidates to be developed for the design of a theranostic agent, being 

colloidally stable, reproducible and active on the tested tumor cell line. In the continuation of the 

project, OuterDox SNPs will be further functionalized with both the NTA linker to host 
99m

Tc and 

with the Hc-TZ targeting moiety, in order to be tested in vitro and in vivo for their therapeutic and 

diagnostic properties.    
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2.11 – Experimental section 

2.11.1 - Synthesis of externally-doxorubicin-loaded silica nanoparticles (Outer SNPs) 

 

 

2.11.1.1 – Synthesis of silica nanoparticles (SNPs) 

Monodispersed 50 nm silica nanospheres (SNPs) were obtained by the Stöber synthesis [5]. 

Briefly, to an aqueous solution of NH4OH 28 wt.% (1.827 mg, 0.58 M) dry ethanol was added 

to reach a total volume of 50 mL and the mixture was rapidly stirred with a teflon bar. TEOS 

(1.99 mL, 0.17 M) was then added to this mixture and the reaction was stirred overnight at RT. 

The resultant SNPs suspension was transferred to water, washed by the excess of reagents and 

resuspended in water at a final particle concentration of 10 mg mL
−1

 for further 

functionalizations (concentration measured by drying 1 mL of NP suspension at 100 °C, 3 h). 

2.11.1.2 – Doxorubicin grafting on external surface of SNPs (OuterDox SNPs) 

Firstly IPTES-Dox complex was prepared by the addition of IPTES (4 μL, 10.2 μmol) to 

water soluble doxorubicin hydrochloride (1 mL, 3.68 μmol). The reaction was left under 

stirring 1 h at RT and the complex was used immediately without further purification. SNPs 

(50 mg) were euqilibrated twice in Na2HPO4 (5 mL, 0.2 M, pH 9) and resuspended in the same 

buffer (10 mg mL
‒1

), then the IPTES-Dox complex was added and the reaction was stirred 

overnight at RT. Doxorubicin-loaded SNPs (OuterDox) were washed by the excess of reagents 

with high speed centrifugation (20000 rcf, 30 min, 15 °C) and resuspension in ultrapure water 

untill the wasted volumes appeared clear (no unreacted doxorubicin left). Finally NPs were 

resuspended in ultrapure water to reach a final concentration of 10 mg mL
−1

. 
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2.11.2 - Synthesis of SNPs internally loaded with doxorubicin (InnerDox SNPs) 

 

 
 

2.11.2.1 – Doxorubicin transfer to organic phase 

For synthetic purposes the commercially available doxorubicin hydrochloride was transferred 

to organic solvents. Triethylamine (12 mol, 2 L) was added to doxorubicin hydrochloride in 

water (4 mol, 1 mL) and the hydrophobic doxorubicin was then extracted with chloroform (3 

× 3 mL). The resulting organic solution was dried on anhydrous Na2SO4 and then evaporated 

under reduced pressure. The solid was redissolved in dry ethanol (2 mg mL
‒1

) for further steps.  

2.11.2.2 – Synthesis of innerDox SNPs 

A modified Stöber synthesis was used to prepare SNPs internally conjugated with 

Doxorubicin. Firstly the IPTES-Dox complex was prepared with a similar procedure presented 

in section 2.11.1.2, with the only modification being the dry ethanol as solvent instead of 

water. The as prepared complex was added in the Stöber reaction immediately before the 

TEOS, as a second condensating silane. Then the protocol was followed as before.  

2.11.3 - Synthesis SNPs externally and internally functionalized with doxorubicin 

(doubleDox SNPs) 

 

 

InnerDox SNPs, prepared as explained in paragraph 2.11.2, were used as starting point for the 

production of doubleDox SNPs. IPTES (2 L, 8.09 mol) was added to 2 mg mL
‒1
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doxorubicin hydrocloride (400 L, 1.47 mol) in water and the reaction was performed as 

explained in paragraph 2.11.1.2. To an innerDox suspension 10 mg mL
‒1

 in ultrapure water (20 

mg), glacial acetic acid (4,41 mol) was added and the mixture sonicated for 2 min. After that, 

the previously synthesized IPTES-Dox complex in water (400 L) was added and the reaction 

left undern stirring overnight at RT. DoubleDox SNPs were washed by the excess of reagents 

with high speed centrifugation (20000 rcf, 30 min, 15 °C) and resuspension in ultrapure water 

untill the wasted volumes appeared clear (no unreacted doxorubicin left). Finally 

nanoparrticles were resuspended in ultrapure water to reach a NP concentration of 10 mg 

mL
−1

. 

2.11.4 - Stabilization of OuterDox, InnerDox and DoubleDox SNPs  

To improve the colloidal stability and the biocompatibility of the doxorubicin-loaded SNPs, 

we added a short PEG shell on the surface. Firstly, high density of amino groups was prepared 

with the procedure presented in paragraph 2.7.2.3. Then, all the amino functionalities, 

quantified by the Ninhydrin test, were saturated with MS(PEG)4, added in the reaction in a 2-

fold molar excess. The reaction was left under stirring 2 h, after which SNPs were washed 

(20000 rcf, 20 min, 15 °C) three times with water and redispersed in ultrapure water. 

2.11.5 – SNP characterization 

DLS measurements were performed with Zetasizer Nano ZS ZEN3600 (Malvern Instruments 

Ltd, Worcestershire, UK), equipped with a He-Ne laser ( = 632.8 nm) working at 4 mW. A 

disposable cuvette with an optical length of 1 cm was used and scattered light was collected at 

173°. The samples were prepared with an average concentration of 100 g mL
‒1

 in ultrapure 

water, and they were allowed to equilibrate at 25 °C for 30 s before the analysis. The Hd was 

derived using Stokes-Einstein equation, considering a viscosity of the medium of 0.8872 cP. -

potential measurements were performed with the same instrument. ζ-potential values were 

calculated by the Zetasizer Software basing on electrophoretic mobility and considering a 

viscosity of 0.8872 cP, dielectric constant of 78.5 and a Henry’s function of 1.5. Samples were 

prepared with an average concentration of 100 g mL
‒1

 in 1 mM NaCl (pH 7) and they were 

allowed to equilibrate at 25 °C for 30 s before the analysis.  TEM images of NPs were obtained 

on a “FEI Tecnai G”′ Spirit BioTWIN microscope (Hilsboro, OR) operating at 120 kV. The 

samples were prepared by evaporating 2 µL of NPs (generally 50 g mL
‒1

) onto carbon-coated 

copper grid (200 mesh) and allowing it to dry on the air. The average particle diameter were 

obtained by measuring at least 100 particles by using imageJ software (National Institute of Health, 
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USA). 

 

2.11.6 – Doxorubicin loading quantification 

 

Doxorubicin loading in SNPs were derived exploiting the absorption properties of the drug and 

the opticel transparency of silica in the same wavelenght range, when keeping NP 

concentration below 3 mg mL
‒1

. Specifically, a proper dilution of SNPs was prepared and 

analyzed with UV-Vis spectroscopy. The corresponding absorption value was taken at  = 481 

nm and molar Doxorubicin concentration was derived from a calibration curve previously 

prepared using known amount of doxorubicin in solution. Drug loading was calculated as 

presented in the equation below. 

       

        
 
    

  
   

                           

                       
  
   

 

 

2.11.7 – Molydenum colorimetric test for SNP degradation 

SNPs (0.5 mg mL
‒1

) were incubated in a high saline buffer (20 mM Hepes, 150 mM Nacl, 1 

mM CaCl2, pH 7.4) at 37 °C with mild agitation. The Molybdenum Blue assay was used to 

calculate the amount of soluble silicates released corresponding to NP degradation [49]. 

Briefly, at different time points SNPs were separated from the supernatant by centrifugation 

(20000 rcf, 20 min) and redispersed in a fresh volume of the degradation buffer. 100 L of the 

collected supernatant was transferred to a plastic tube. To this volume 50 L each of 1 M HCl, 

0.27 M Na2EDTA and 0.265 M (NH4)2MoO4 were added rapidly. After 10 minutes 50 L of 
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0.67 M tartaric acid were added. After 10 minutes more 100 L of 1.35 M sodium sulfite were 

added and the solution was left 1 h to fully develop the blue color. The samples were then 

analyzed with UV-vis spectrophotometer taking absorbance values at  = 700 nm; blank 

sample was prepared exposing 100 L of NP-free degradation buffer to the same test 

conditions. Standard calibration curve was created using soluble silicate solution in a 

concentration range between 5−200 g mL
‒1 

subjected to the same procedure. Results of SNP 

degradation at each time point were the average of three replicates for three different batches 

and were presented as: 

                 
                            

                      
 

 

2.11.8 – Fluorescence spectroscopy for drug release profile  

 

For the drug release profile SNPs were incubated with a doxorubicin concentration of 12 M 

in the same conditions of the degradation test. At the same time points SNPs were separated 

from the supernatant by centrifugation (20000 rcf, 20 min, 15 °C) and redispersed in a fresh 

volume of the degradation buffer. The collected supernatant were directly analyzed by 

spectrofluorometer, with excitation at exc = 485 nm and fluorescence intensity value taken at 

the maximum of emission (em = 558 nm). The doxorubicin quantity was derived at each time 

point from a previously prepared calibration curve. The results at each time point were the 

average of three replicates for three different batches and were presented both as time-by-time 

drug released (nmol) and cumulative drug released (nmol).  

2.11.9 – Cell proliferation assay  
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In vitro cytotoxicity of SNPs was tested on HeLa cell line through MTT assay (CellTiter 96 

Non-Radioactive cell proliferation assay – Promega). Cells were seeded in 96-well plates at a 

density of 5 × 10
3
 cells per well and incubated for 24 h at 37 °C in a humidified atmosphere, 

5% CO2 air. Then, cells were treated with different quantities of SNPs (50, 100, 200 and 300 

g mL
‒1

) for 24, 48 and 72 h. At the indicated time points, 10 L of MTT stock solution was 

added to each well. After 4 h of incubation, MTT solubilizing solution (0.1 mL) was added to 

each well to dissolve the formazan crystals and then plates were analyzed using EnSightTM 

Multimode Plate Reader (Perkin Elmer®), reading the absorbance  at 570 nm and subtracting 

the absorbance of background at 650 nm. The results are expressed as means ± standard error 

(s.e.) of five replicates. 

2.11.10 – Cell viability by ATP assay 

HeLa cells (5 × 10
3
 cell/well) were seeded in a 96-well black culture plate (Perkin Elmer) and 

treated with different quantities of SNPs diluted in cell culture medium (50, 100, 200 and 300 

g mL
‒1

) for 24, 48 and 72 h. Cell viability was determined with a luminescent ATP detection 

kit, “ATPLite 1step” (Perkin Elmer), according to the manufacturer’s directions. Briefly, the 

substrate vial and the buffer solution were equilibrated at room temperature, then the 

lyophilized substrate solution was reconstitute by adding the appropriate volume of buffer. 0.1 

mL of the reconstituted reagent were added to each well and after 2 minutes of vigorous 

shaking the luminescence was measured. Light generated by ATP in each sample were 

detected by an EnSight multimode plate reader (Perkin Elmer). Average light units were 

normalized to control and expressed as the relative ATP level.  

2.11.11 – Cellular uptake by flow cytometry 

HeLa cells (3 × 10
5 

cells per well) were seeded in a 12-well plate and after 24 h incubated with 

different quantities of OuterDox and DoubleDox SNPs, corresponding to 1 M and 3 M 

doxorubicin concentrations. After different incubation times (1 h, 4 h, 24 h), cells were washed 

twice with PBS and harvested in FACS tubes, washed again and resuspended in 0.5 mL of PBS, 1 

mM EDTA. 10
5
 events were acquired for each analysis on Gallios

TM
 Flow Cytometer (Beckman 

Coulter Inc.) exploiting doxorubicin emission (green fluorescence). Both the percentage of the 

fluorescent cells relative to the control (untreated cells) and the mean fluorescent intensity of the 

fluorescence-positive cells were taken into account. The results were analyzed using FlowJo 

software.  
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3.1 – Bioluminescence imaging 

In recent years, a set of imaging technologies has emerged to non-invasively visualize 

biological features in organs, tissues, cells, or at the molecular level within animal models. 

These methods are providing unprecedented insight into the cell and organism biology, and 

revealing previously unknown mechanisms of disease development [1,2]. Among these 

techniques, bioluminescence imaging represents a cost-effective method that enables real-time 

analysis of biological processes in intact organisms. Bioluminescence is defined as the 

emission of light via an enzymatic reaction, in which a chemical substrate (luciferin) is 

oxidized by an enzyme (luciferase). The phenomenon of bioluminescence has been observed in 

many different organisms including bacteria, fungi, algae, fishes, squid, shrimp and insects, 

among which the most extensively studied is the firefly [3]. Firefly luciferase catalyzes the 

emission of yellow-green light from the substrate D-luciferin, Mg2+-ATP, and oxygen (Scheme 

3.1), following a multistep process: first, the enzyme catalyzes the formation of its complex 

with adenylated luciferin in the presence of Mg2+ and ATP, by the release of inorganic 

pyrophosphate (PPi); then, the adenylated luciferin is converted by molecular oxygen to 

oxyluciferin in the excited state, together with the production of adenosine monophosphate 

(AMP) and carbon dioxide (CO2); finally, the relaxation of oxyluciferin to the corresponding 

ground state results in the emission of light. 

 

 
Scheme 3.1 Bioluminescent reaction between luciferin and luciferase. 

 

Bioluminescence imaging is based on the introduction and expression of a specific gene to 

produce luciferase and on the subsequent administration of the luciferin substrate: as soon as 

the partners interact, light is detected by specialized charge coupled device (CCD) cameras that 

convert photons into electrons after striking silicon wafers. The technique relying on 

bioluminescence reaction possesses various advantages over other imaging technologies, 

including fluorescence. First of all, the luminous signal is produced without any excitation 

light source, implying the elimination of photobleaching and phototoxicity. Besides, the light 

emission persists as long as the substrate is present, so that it can be recorded for long 
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timescale without damaging reporter molecules or cells. The luciferase/luciferin system proved 

to be well suited for in vivo imaging also because there are almost no endogenous light 

emitting processes in cells and tissues, so that the background signal is negligible. Such high 

signal-to-noise ratio appears particularly attractive for sensitive imaging applications within 

the complex biological environment. Lastly, the technology is widely compatible with rodent 

and other animal models, as the strong emission at red wavelengths (550-600 nm) can be 

usually detected at depths of few centimeters through blood and tissues. The versatility and 

user-friendly features of bioluminescence have paved the way to its application in numerous 

biomedical researches [4,5]. The traditional applications include cell tracking, with the 

intensity of the bioluminescent signal correlating with the number of cells in a given area, and 

gene expression visualization, in which luciferase is produced only when the promoter 

sequence of a gene of interest have been actively transcribed. More recent advances have led to 

the employment of bioluminescence imaging for individual biomolecule investigations, such as 

protein abundance and function monitoring, measurements of enzymatic activities in complex 

environments, metabolites detection etc [6].  

3.1.1 – Bioluminescence imaging of tumors 

One of the most explored application of bioluminescence imaging is represented by the 

molecular imaging of cancer models. Deciphering the complex interactions between tumor 

cells and their microenvironment is of paramount importance to understand cancer behavior 

and to guide new anticancer therapies. Tumor imaging, and specifically bioluminescence 

imaging, offers the opportunity to noninvasively monitor various types of cell mechanisms in 

vivo in real time. In fact, mouse models can be genetically engineered not only to 

spontaneously develop cancers, but also to express bioluminescent reporters ( id est 

luciferases), which permit to monitor transcriptional regulation, posttranscriptional and 

posttranslational events in tumor cells. Moreover, genetically encoded reporters can be coupled 

to oncogenic proteins so to provide even more information about chemoresistance, 

inflammation, angiogenesis, DNA maintenance, apoptosis etc [7]. What is more, the presence 

of luciferase permits the detection of small non-palpable tumors [8], tumor burdens [9] and 

metastasis [10]. Bioluminescence imaging is also exploited for preclinical studies of new 

anticancer therapies, offering the ability to assess cytotoxic, antimetastatic or antiangiogenic 

activities of novel drugs [11]. The broad spectrum of possibilities opened up by this technique 

explains the increasing interest of the scientific community for tumor bioluminescence 

imaging.   
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3.2 – Development of glutathione-sensitive apoferritin nanoparticles for the 

controlled delivery of luciferin 

Although bioluminescence imaging has been successfully used in a variety of applications to 

obtain information regarding biological processes in vivo, the detection of photon emission is 

limited by the short half-life of luciferin (less than 30 minutes), its modest cell penetration and 

inhomogeneous diffusion into different tissues [12–14]. Efforts to overcome the limitation of 

the method have focused mainly on luciferase modifications, including either the increase of 

expression levels of the enzyme [15] or the mutation that can lead to a redshift of the emitted 

light and the consequent augmented tissue penetration [16]. Only a few works, however, 

present strategies that aim at modulating the luciferin properties. Some research groups tried to 

synthesized luciferin derivatives or analogues to obtain prolonged half-lives or a red-shifted 

bioluminescent emission [17]; others employed nanoparticles to encapsulate luciferin for 

prolonged bioluminescence [18]. The latest advancement in this direction combines the 

rational design of a luciferin derivative with the use of nanodelivery, resulting in a 

prolongation of bioluminescent detectable signal up to 2.5 days in vivo [19]. In this context, we 

developed a glutathione-sensitive nanoparticle for stimuli-responsive release of luciferin 

within cancer cells (Figure 3.1). The nanoconjugate bears luciferin by means of a disulfide 

containing linker, which, in the presence of a reducing agent, undergoes an intramolecular 

cyclization reaction that results in the release of free luciferin.  Apoferritin (HFn), a human 

protein composed of 24 subunits that self-assemble in a spherical nanoparticle, was chosen as 

the pilot nanoparticle for its high biocompatibility and great cancer cell selectivity.  

 
Figure 3.1 Schematic representation of luciferin-loaded apoferritin nanoparticles 

 

  

HFn linker luciferin
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The nanodevice designed in Figure 3.1 was thought to be a useful analytical tool at least for 

four concurrent reasons:  

i) the nanoconjugate is specifically addressed to cancer cells for the use of HFn that is 

recognized by the transferring receptor, which results overexpressed in 98% of human tumors; 

ii) thanks to the high concentration of glutathione in tumor cell cytoplasm, free luciferin will 

be released only after nanoparticle internalization, making bioluminescence reaction a specific 

event within the tumor. These features give the nanoconjugate a potential to become a 

bioluminescent probe even for a single cancer cell detection, due to the target selectivity and to 

the signal sensitivity; 

iii) studies of nanoparticle biodistribution in vivo could be performed using totally transgenic 

animal models, avoiding the use of fluorophores that experience problems of photobleaching 

and background noise, or radionuclides that are usually accompanied by toxicity risks; 

iv) once the release mechanism of the nanoconstruct has been elucidated, it is possible to 

design similar objects with the employment of a variety of both nanoparticles and cargo 

molecules. 

3.3 – Aim of the project 

In the present PhD thesis, the aim of the project was the optimization of the synthesis of the 

luciferin linker and its conjugation to HFn nanoparticles (Luc-linker@HFn), with particular 

attention given to the determination of the conjugation efficiency and cargo loading. The Luc-

linker@HFn was then tested in vitro to initially elucidate the bioluminescent kinetics and 

compare the luminous signal to the one of nanoparticle-free luciferin. 

3.4 – Results and discussion 

3.4.1 – Synthesis of luciferin linker and conjugation to HFn nanoparticles 

In order to load, transport and selectively release luciferin, a stimuli-sensitive self-immolative 

linker was selected. Self-immolative spacers are defined as chemical moieties undergoing 

rapid and spontaneous intramolecular reactions in response to cleavage of a capping or 

triggering unit, which, in our case, is driven by a change in glutathione concentration. For this 

purpose, we prepared the target luciferin derivative BR02 [20,21], containing a disulfide 

bridge and a reactive carbonate, in a two-step reaction (Scheme 3.2). In the first step, 
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mercaptoethanol was activated by 2,2'-dithiopyridine to give compound BR01; afterwards, a 

reactive carbonate was introduced by reaction with triphosgene in the presence of pyridine and, 

after a phase transfer in alkaline water, D-luciferin was coupled by nucleophilic substitution, 

leading to the final product BR02.  

 

 
Scheme 3.2 Synthetic route to prepare luciferin-bearing self-immolative linker. 

.  

 

Figure 3.2 Luminescent pattern of compound BR02 (black) and BR02 pretreated with DTT (red) in 

presence of luciferase. RLU: relative light units. 

 

The proposed mechanism of release consists in the reduction of the disulfide bridge in the 

presence of a reducing agent, such as glutathione or dithiothreitol (DTT); the resulting thiolate 

anion would attack the proximal carbonate on the carbonyl center, leading to free luciferin and 

cyclic ethylene monothiol carbonate. In order to verify the mechanism, cell-free in vitro tests 

were performed (Figure 3.2). Compound BR02 was dissolved in a saline buffer containing 
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ATP, a Mg2+ ion source and DTT as reducing agent; when the solution was incubated with 

luciferase, bioluminescence was detected, confirming the successful interaction between 

luciferin and the enzyme. To further confirm that the luminous signal was produced by the 

released substrate and not by native BR02, the same experiment was conducted without DTT. 

In this case, bioluminescence was not observed, even if using higher amount of the tested 

product. Taken together, these data highlight the capacity of our system to release luciferin in 

response to a specific stimulus and to provide high luminous signal  in the presence of 

luciferase. 

 

 
Figure 3.3 RP-HPLC chromatograms of A) free luciferin, B) oxidized DTT (obtained by leaving DTT 

in aqueous solution for 1 month) and C) washing volumes after treatment of Luc-linker@HFn with 1 

mM DTT and subsequent filtration.   

 

After the assessment of BR02 integrity and functioning, the luciferin linker was conjugated to 

HFn nanoparticles by means of free thiol groups of the cysteine residues, leading to the 

nanoconstruct Luc-linker@HFn. The reaction was conducted in physiological buffer without 

further reagents and unreacted species were simply removed by size-exclusion 

chromatography. Spectrophotometric analysis at 280 nm highlighted a quantitative recovery of 

HFn nanoparticles post-synthesis. In order to determine the conjugation efficiency and a 

quantification of the loaded linker, we developed a protocol based on a prior luciferin release 

in reductive environment, and a subsequent quantification by RP-HPLC. Hence, Luc-

linker@HFn nanoparticles were first incubated with DTT to trigger luciferin release; 

afterwards, the products deriving from the intramolecular cyclization of the linker were 

separated from free HFn nanoparticles by centrifugal filtration cycles. Spectrophotometric 

analyses confirmed the separation of the species, giving the classical absorbance peak at 280 

nm for the filtered volume and no UV absorption for the washings. The RP-HPLC 
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chromatogram of the latter volumes showed a peak corresponding to oxidized DTT at a 

retention time of 11 min, while the presence of luciferin was detected at a retention time of 17 

min (Figure 3.3). Table 3.1 shows the conjugation efficiency and luciferin content 

corresponding to different reagent ratios used in the synthesis. Increasing the excess of BR02 

from 3 equivalents to 100, the conjugation efficiency drops dramatically but it is compensated 

by a remarkable gain in cargo loading, that appears 3-fold higher. The Luc-linker@HFn with 

the highest luciferin content was carried forward in the subsequent experiments. 

 

Table 3.1 Conjugation efficiency and luciferin content on Luc-linker@HFn obtained with different 

reagent ratios. Values were derived from the integration of chromatogram peaks at retention time of 17 

min and using as reference known amounts of free luciferin eluted with the same procedure.  

Reagent ratio Loading Luc/HFn Conjugation 
efficiency (%)b HFn:BR02 nmol/mga molecule/moleculea 

1:3 2.19 ± 0.02 1.10 ± 0.02 35.3 ± 0.3 

1:10 3.91 ± 0.43 2.00 ± 0.23 19.6 ± 2.2 

1:100 5.78 ± 0.28 2.90 ± 0.01 3.0 ± 0.9 
 

a luciferin eluted in RP-HPLC (nmol or molecule)/HFn quantity used for the test (mg or molecule)  
b luciferin eluted in RP-HPLC/ luciferin in the conjugation reaction × 100 

 

3.4.2 – Bioluminescence kinetic of Luc-linker@HFn in vitro 

As aforementioned, HFn is known to be recognized by transferrin receptor (Tfr1) 

overexpressed in the majority of cancer cells. Thus, we hypotise that Luc-linker@HFn will be 

internalized in luciferase-expressing cells by a receptor-mediated endocytosis, guided by the 

molecular recognition between HFn and Tfr1. Once inside the cytoplasm, the glutathione - 

present in high concentrations - will trigger the intramolecular cyclization of the linker and the 

consequent luciferin release, making the bioluminescent event possible (Figure 3.4).  In order 

to have a first confirmation of our hypotesis, the nanoformulated luciferin was tested for its 

bioluminescence (BLI) efficacy towards a human breast cancer cell-line (MDA-MB-231) that 

is known to overexpress Tfr1 (Tfr1+) and that is commercially available in its luciferase-

transfected form (luciferase+). Previously experiments were conducted at the Nanomedicine 

Laboratory of “Luigi Sacco” Hospital (Milan): binding efficiency of fluorescent-labelled HFn 

towards MDA-MB-231 was demonstrated by flow cytometry, while confocal microscopy 

images showed a slight NP internalization at 15 min and NP abundance at 1 h. Both 

experiments permitted to designate 100 mg mL‒1 as the suitable HFn concentration to have 

good binding and internalization inside tested cells (unpublished data). As the internalization 
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kinetic of Luc-linker@HFn is expected to be different and slower than the diffusion rate of free 

luciferin, a comparison between the BLI time-course of free and nanoformulated luciferin was 

outlined using two different analytical techniques. 

 
Figure 3.4 Graphical representation of the hypotized mechanism of action: Luc-linker@HFn is 

recognized by transferrin receptor and internalized in cell. The glutathione reduces the disulfide bridge 

between HFn and the linker, triggering luciferin release. Free luciferin is now allowed to react with 

luciferase, producing a luminous signal. 

 
First of all, Tfr1+ and luciferase+ MDA-MB-231 were seeded in two different 96-well plates 

at various dilutions (from 10000 to 80000 cell/well) and incubated with two diverse 

concentrations of free luciferin: 25 mM, that is the lowest concentration found in the literature 

to be used for such experiments, and 800 nM, that simulates the concentration that we should 

have using 100 mg mL‒1 of Luc-linker@HFn, considering the maximum cargo loading. 

Immediately after the addition of the substrate, one well-plate was monitored by luminometer, 

to outline a proper correlation between time and luminous signal; the other well-plate was 

observed by an optical imaging technique usually exploited for in vivo experiments, so to have 

a preliminary information about the possibility to detect our system with such technology.  

Panel A of Figure 3.5 clearly shows the sensitivity of luminometer, which permits the 

detection of photons produced even in presence of the lower concentration of luciferin, at least 

for cells seeded at 40000 cells/well. Bioluminescent signal was followed up to 85 min in case 

of 25 mM of substrate, while the kinetic stopped earlier (ca. 60 min) for luciferin 800 nM. IVIS 

technology possesses a lower sensitivity, enabling the last detection of light produced in the 

most populated wells (40000 cell/well) incubated with 25 mM luciferin at 60 min of incubation 

(Figure 3.5, B). As expectable, the analysis was more difficult with the lower substrate dose, 
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that was not able to originate a detectable BLI with the same acquisition parameters used with 

25 mM luciferin, even with higher density of seeded cells. Nevertheless, once the parameters of 

the acquisition system were set to amplify the detected bioluminescence, a good signal was 

recorded from the first minutes up to 1 h of incubation also with 800 nM luciferin (see 

Experimental section). 40000 cell/well proved to be the ideal cell concentration to have the 

best signal with IVIS camera, while in the presence of 80000 cell/well the signal got worse, 

suggesting an overcrowding, not amenable to luciferin diffusion.  

 

 
Figure 3.5 Bioluminescence of different amounts of Tfr1+ luciferase+ MDA-MB-231 cells incubated 

with 800 nM and 25 mM free luciferin. A) Time-course outlined using luminometer; B) Spot analysis 

by IVIS technology at 60 min of incubation with luciferin 25 mM and at 9 and 60 min of incubation 

with luciferin 800 nM. 

 

Afterwards, the same experiments were performed incubating Tfr1+ luciferase+ MDA-MB-

231 cells with 100 mg mL‒1 of Luc-linker@HFn (Figure 3.6). The production of light was 

detected with both luminometer and IVIS techniques, indicating the successful internalization 

of the particles inside the cells and an effective luciferin release. Nevertheless, as expected, the 

BLI kinetic was completely different from that observed with free luciferin, since the receptor-
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mediated entrance mechanism and endosomal trafficking of the NPs delayed the interaction 

between luciferin and luciferase. The data collected with the luminometer show a detectable 

BLI over 20000 cells/well and a good correlation between the bioluminescence and the number 

of plated cells. Photon production increased up to 24 h and then decreased, with a signal still 

detectable until 30 h only in the wells containing over 40000 cells (Figure 3.6, A).  

 

 
Figure 3.6 Bioluminescence of different amounts of Tfr1+ luciferase+ MDA-MB-231 cells incubated 

with 100 mg mL‒1 of Luc-linker@HFn (corresponding to 580 nM luciferin). A) Time-course outlined 

using luminometer; B) Spot analysis by IVIS technology at different time points, using only the highest 

cell concentration (80000 cell/well).  

 

Using the IVIS camera, the light was visible only for the most populated wells, employing 

the high detection parameter setting needed for the free luciferin 800 nM. Also this method 

revealed an increase of signal over time, with a maximum observed at 3 h. Then the 

bioluminescent events declined, with no light revealed at 7 h. These findings demonstrate the 
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potentiality of Luc-linker@HFn to act as a bioluminescent probe, as indicated by the 

successful photon detection in the exposed tumor cells. Moreover, information about the 

delivery system was collected: the bioluminescent kinetic of nanoformulated luciferin 

confirmed the receptor-mediated internalization of HFn NPs, which were able to release their 

cargo into the cell cytoplasm only after the period of time necessary to overcome the 

endocytotic pathway. Despite of these potentialities, much work can be done to improve the 

sensitivity of the method, mainly trying to increase the density of luciferin linker on HFn NPs. 

3.5 – Conclusion 

In the present project we aimed at developing a smart nanoformulated bioluminescent probe 

for the combined detection of cells or cellular mechanism and the control of the corresponding 

nanodelivery system fate. As a result, for their biocompatibility and cancer selectivity, HFn 

NPs were selected to be engineered with a self-immolative linker bearing luciferin (Luc-

linker). The linker was prepared by optimizing procedures reported in the literature [20,21], 

leading to a stimuli-responsive molecule with a reducible disulfide bridge and a reactive 

carbonate moiety. In order to verify the correct luciferin release in reducing environment, cell -

free in vitro bioluminescence tests were performed, demonstrating an abundant photon 

production when Luc-linker was preincubated with DTT and then reacted with luciferase, 

while no light emission without DTT pretreatment. Luc-linker was then attached to HFn 

surface, exploiting the free thiol groups of cysteine residues, with a quantitative recovery of 

the protein. An HPLC method was developed for the quantification of conjugation efficiency 

and drug loading, requiring a preliminary separation of the linker from the hosting HFn NPs. 

The analyses revealed that increasing HFn:Luc-linker ratio during the conjugation step resulted 

in a decreasing conjugation efficiency, but in a definitely augmented cargo loading.  The 

bioluminescence kinetic of Luc-linker@HFn was then outlined in vitro, incubating the 

nanoconjugate in Tfr1+ and luciferase+ MDA-MB-231 breast cancer cells. Bioluminescent 

events were detected both by luminometer and by IVIS technology, suggesting a successful 

interaction between delivered luciferin and cytosolic luciferase. The profiled kinetic resulted 

delayed with respect to free luciferin one, confirming the receptor-mediated internalization of 

Luc-linker@HFn and the subsequent release of luciferin, triggered by intracellular glutathione. 

Taken together, these results confirm the promising utility of the nanoformulated luciferin as 

bioluminescent probe and encourage further synthetic optimizations to enhance the sensitivity 

– hence the potentiality – of the developed analytical tool.  



 

83 

3.6 – Experimental section 

3.6.1 – Solutions and buffers 

 Buffer C: 5 mM MgSO4, 200 mM NaCl, 20 mM HEPES, 1 mM EDTA, pH 7.4 

 Buffer D: 5 mM MgSO4, 200 mM NaCl, 20 mM HEPES, 1 mM EDTA, 2 mM ATP, pH 

7.4 

 Buffer E: 5 mM MgSO4, 200 mM NaCl, 20 mM HEPES, 1 mM EDTA, 2 mM ATP, 1 

mM DTT, pH 7.4 

 Eluent A: 0.1% TFA in water 

 Eluent B: 0.1% TFA in CH3CN 

 Phosphate buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 

mM KH2PO4, pH 7.4 

 PBS-EDTA: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 5 mM 

EDTA, pH 7.4 

3.6.2 – Synthesis of D-Luciferin linker 

 

3.6.2.1 – Synthesis of compound BR01  

 

 

2,2’-dithiopyridine (925 mg, 4.2 mmol) was loaded into an oven dried three-necked round 

flask under nitrogen and dissolved in methanol (5 mL), previously purged with nitrogen. To 

this mixture under magnetic stirring, 2-mercaptoethanol (400 mL, 5.6 mmol) was added 

dropwise. The solution turned yellow and was allowed to stir for 5 h  at RT. The solvent was 

then removed under reduced pressure and flash chromatography was performed using 20% 

ethyl acetate and 80 % methylene chloride. The product was a yellow oil (80% yield) and was 

characterized by 1H-NMR (400 MHz, CDCl3): H (ppm) 8.53-8.52 (doublet, 1H), 7.60-7.52 

(multiplet, 1H), 7.41-7.35 (doublet, 1H), 7.18-7.15 (multiplet, 1H), 3.82-3.71 (triplet, 2H), 

2.97-2.94 (triplet, 2H). 
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3.6.2.2 – Synthesis of compound BR02  

 

To an oven dried two-necked flask triphosgene (128 mg, 431 mmol) was added under 

nitrogen at ‒10°C (CaCl2/ice/acetone bath). Pyridine (40 mL) in cold dry methylen chloride (6 

mL) was added to crude compound BR02 (80 mg, 428 mmol), which was then added dropwise 

to triphosgene. The reaction mixture was stirred for 5 hours at ‒10°C, then the solvent was 

evaporated under reduced pressure giving a white foam. A solution containing luciferin 

potassium salt (60 mg, 188 mmol) dissolved in ice-cold degassed water (6 mL) and ice cold 

sodium hydroxide (1.094 mL of 0.5 M) was added to the crude. The solution turned cloudy 

yellow and was stirred overnight at 4° C. The reaction was then quenched with 1% TFA and 

water (30 mL) and extracted with methylen chloride (3 x 60 mL). The solvent was evaporated 

under reduced pressure and the crude were purified by semipreparative RP-HPLC using a 

solvent gradient from eluent A 100% to eluent B 85 % in 30 min. Appropriate fractions were 

lyophilized to afford a white solid (30% yield). The product was analyzed by 1H-NMR (400 

MHz, CDCl3): H (ppm): 8.58-8.56 (multiplet, 1H), 8.17-8.15 (doublet, 1H), 7.80-7.75 

(multiplet, 3H), 7.43-7.39 (doublet, 1H), 7.25-7.20 (multiplet, 1H), 5.50 (triplet, 1H), 4.58-

4.54 (triplet, 2H), 3.80-3.75 (multiplet, 2H), 3.25-3.20 (triplet, 2H). The compound was also 

characterized by ESI-MS: [M+1] calculated for C19H16N3O5S4 493.9, found 493.9; [M‒1] 

calculated 491.9, found 491.8. 

3.6.3 – Cell-free in vitro test of BR02 bioluminescence 

Bioluminescent experiments in test tubes were performed to check luciferin release from 

BR02 in reducing environment. Firstly standard curves were constructed by adding known 

amounts of D-luciferin sodium salt (20-2000 nM) in 100 mL of buffer C to firefly luciferase (1 

mg mL‒1) in 100 mL of buffer E and monitoring the emitted light at 2 seconds (s) after the 

addition. The amount of light generated was found to be linear in the concentration range 20-

1000 nM. Then different amounts of BR02 (25-50 mM) in 100 mL of buffer C were added to 

firefly luciferase (1 mg mL‒1) either in 100 mL of buffer D or in 100 mL of buffer E and the 

emitted light was monitored for 20 s. 
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3.6.4 – Conjugation of D-luciferin linker to HFn nanoparticles 

 

 

3.6.4.1 – HFn nanoparticles preparation 

HFn nanoparticles were obtained in our lab as recombinant proteins in E. Coli as described in 

Bellini et al. [22]. 

3.6.4.2 – Conjugation of BR02 to HFn nanoparticles (Luc-linker@HFn) 

The synthesis was performed multiple times in order to set the best reagent ratio: HFn 

nanoparticles were kept at a concentration of 1 mg mL‒1, while BR02 content was changed. 

HFn nanoparticles (1 mg) and the desired quantity of BR02 were mixed in PBS-EDTA buffer 

(1 mL) and left under stirring 2 h at RT in darkness. The unreacted species were removed by 

size exclusion chromatography using a 5 mL ZEBA spin desalting column (Thermo Fisher). 

The reaction crude was loaded in the column and eluted by centrifugation at 1000 rcf for 2 

min. The purified Luc-linker@HFn was collected in a total volume of PBS of 1 mL. The 

protein recovery after purification was checked by spectrophotometric analysis at =280 nm, 

using as setting parameters HFn molecular weight (509 KDa) and molar extinction coefficient 

at the same wavelenght (/1000 = 458.34 M‒1 cm‒1).  

3.6.4.3 – Determination of conjugation efficiency and cargo loading 

Luc-linker@HFn (≈200-250 mg) in PBS-EDTA buffer (≈1 mg mL‒1)  was incubated with DTT 

1 mM under mild agitation (100 rpm) for 30 min in darkness. The suspension was then loaded 

into a centrifuge filter (Amicon ultra, Millipore) with a 100 kDa cut-off and washed thrice with 

ultrapure water (1700 rpm, 5 min, 4 °C), collecting both the excluded volumes and the final 

resuspended filtered nanoparticles. Both the filtered and the excluded volumes were analyzed 

by UV-visible spectroscopy using HFn setting parameters (MW=509 KDa, /1000=458.34 M‒1 

cm‒1) in order to check the presence of the protein. The excluded volumes were then analyzed 

by RP-HPLC using the following elution conditions: injected volume 20 mL; eluent gradient 

from solvent A 100% to solvent B 85% in 30 min; flow rate 1 mL min‒1; UV detection at  = 

326 nm. Free luciferin was eluted at about 17 min and quantified exploiting the calibration 

2 h, RT
PBS-EDTA
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curve previously constructed by correlating known amounts of free luciferin to the area of the 

peak at 17 min (Table and figure below). 

 

 

3.6.5 – In vitro tests 

Tfr1+ and Luciferase+ MDA-MB-231 cells (purchased by PerkinElmer, Italy) were cultured in 

Minimum Essential Medium (MEM) supplemented with 10% fetal bovine serum, 2 mM L-

glutamine, penicillin (50 UI mL‒1) and streptomycin (50 mg mL‒1) at 37 °C in humidified 

atmosphere containing 5% CO2 and sub-cultured prior to confluence using trypsin/EDTA. Cell 

culture medium and chemicals were purchased from EuroClone. To assess bioluminescence by 

luminometer (GloMax multi detection system – Promega), cells were cultured on a black 96 

multi-well dish (Brand) at the density of 10000-80000 cells/well and then incubated between 3 

and 87 min in the presence of 800 nM or 25 mM luciferin (XenoLight D-Luciferin Potassium 

Salt – PerkinElmer), or between 2 and 1800 min in the presence of 100 mg mL‒1 Luc-

linker@HFn, (580 nM D-Luciferin). To asses BLI by optical imaging (IVIS Lumina II Imaging 

System – Calipers Life Sciences, UK), cells were cultured on a transparent 96 multi-well dish 

(EuroClone) at the density of 10000-80000 cells/well. Cells incubated in the presence of 25 

mM luciferin were analyzed after 60 min, using the following acquisition parameters: pixel 

Luciferin (ng) Luciferin (pmol)
Retention time

(min)
Peak area

2000 6616 17,49 5288401

1000 3308 17,35 2627160

500 1654 17,325 1257053

50 165 17,167 128489

20 66 17,117 55956
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binning (CCD resolution) = medium,  f/stop (lens aperture) = 4, exposure time = 10 sec. Cells 

incubated in the presence of 800 nM luciferin for 9 and 60 min, or in the presence of 100 mg 

mL‒1 Luc-linker@HFn, (580 nM D-Luciferin) between 10 and 420 min, were analyzed using 

the following acquisition parameters: pixel binning = large,  f/stop = 1, exposure time = 15 sec.   
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Abstract: The human epidermal growth factor receptor 2 (HER2) is normally associated to a highly 

aggressive and infiltrating phenotype in breast cancer lesions with propensity to spread into metastases. In 

clinic, the detection of HER2 in primary tumors and in their metastases is currently based on invasive 

methods. Recently, nuclear molecular imaging techniques, including PET and SPECT, allowed the detection 

of HER2 lesions in vivo. We have developed a 99mTc-radiolabeled nanosilica system, functionalized with a 

trastuzumab half-chain, able to act as drug carrier and SPECT radiotracer for the identification of HER2-

positive breast cancer cells. To this aim, nanoparticles functionalized or not with trastuzumab half-chain, 

were radiolabeled using the 99mTc-tricarbonyl approach and evaluated in HER2 positive and negative breast 

cancer models. Cell uptake experiments, combined with flow cytometry and fluorescence imaging, 

suggested that active targeting provides higher efficiency and selectivity in tumor detection compared to 

passive diffusion, indicating that our radiolabeling strategy did not affect the nanoconjugate binding 

efficiency. Ex vivo biodistribution of 99mTc-nanosilica in a SK-BR-3 (HER2+) tumor xenograft at 4 h post-

injection was higher in targeted compared to non-targeted nanosilica, confirming the in vitro data. In addition, 

viability and toxicity tests provided evidence on nanoparticle safety in cell cultures. Our results encourage 
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further assessment of silica 99mTc-nanoconjugates to validate a safe and versatile nanoreporter system for 

both diagnosis and treatment of aggressive breast cancer. 

Keywords: SPECT; targeted radionuclide imaging; silica nanoparticles; TZ-half chain conjugation; 99mTc-

Tricarbonyl radiolabeling 

Introduction 

Breast cancer (BC) is the most common tumor in women, being the second cause of death due to cancer.1 

BCs overexpressing the human-epidermal-growth-factor-receptor-2 (HER2) account for 30% of invasive 

breast tumors and are associated with an aggressive biological behavior translating to poorer clinical 

outcomes.2 The development of trastuzumab (TZ), a recombinant humanized monoclonal antibody that 

recognizes the extracellular domain of the HER2 protein, has dramatically altered the natural history of 

HER2-positive (HER2+) BC and ranks among the most significant advances in cancer therapeutics.3,4 

Nevertheless, in order to have a benefit from TZ or related therapies, the detection of HER2 expression 

remains a fundamental issue. Nowadays, HER2 expression is evaluated in post-surgery or bioptic specimen 

by immunohistochemistry (IHC) or fluorescence in-situ hybridization (FISH)5 on primary lesion. Molecular 

imaging techniques as positron emission tomography (PET) and single photon emission computed 

tomography (SPECT) allow the in vivo detection of molecular targets during tumor progression and 

diffusion.6 These radionuclide-based imaging techniques can be exploited to visualize and quantify the 

presence/absence of biological markers by means of specific radiolabeled probes, administered at tracer 

dose.7 Hence, these techniques may allow the assessment of HER2 expression both in primary and 

secondary lesions not amenable to biopsy.8 Among the radionuclides currently used in nuclear medicine for 

radiolabeling, 99mTc offers the advantage of safety and easy availability thanks to the presence of clinical 

grade generators. In addition, due to its chemical properties, it can be coordinated in a stable oxidation state 

by bi- and tridentate ligands represented either by small functional linkers, such as hydrazinonicotinic acid9 

and nitrilotriacetic acid,10 or by aminoacidic residues, such as histidine and cysteine.11 Recent advances in 

nanobiotechnology have led to the development of nanoparticles (NPs) that are able to host various 

functionalities and to be loaded with therapeutic molecules, hence making it possible to have simultaneous 

diagnosis and treatment of human cancers (theranostics).12 Significant advantages are offered by the use of 

NP systems compared to direct treatment administration. First, the delivery of cytotoxic agents to cancer 

cells allows to decouple the side effects of systemic chemotherapy from the therapeutic effects, getting high 

drug bioavailability at the tumor site,13 improved therapeutic efficiency and minimal influence on normal 

cells.14 Moreover, it is possible to label the NPs with radioactive and/or fluorescent probes for imaging 

detection, without affecting the therapeutic activity, while gaining high signal-to-background ratio.15 NPs can 

easily permeate the tumor vasculature and remain in tumors owing to the enhanced permeability and 

retention (EPR) effect,16 but this passive diffusion is not enough to improve the selectivity in the NPs 

interaction with cancer cells.17 Recently, various ligands that can specifically bind to receptors overexpressed 

in cancer cells, including peptides and antibodies, have been co-engineered with smart nanomaterials for the 

design and construction of novel drug delivery systems and targeted diagnostic probes.18,19 Silica NPs 

(SiNPs) possess high biocompatibility and their functionalization with monoclonal antibodies (e.g., TZ for 
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HER2+ BC) can be a useful tool for both tumor imaging and targeted chemotherapy.20 In addition, these NPs 

are intrinsically hydrophilic, easy and inexpensive to prepare and can be chemically modified in a 

straightforward manner. SiNPs are optically transparent in the near-infrared (NIR), visible and ultraviolet 

regions,21 which is particularly favorable for in vivo imaging. For all these reasons, SiNPs have been recently 

employed as detection probes in imaging studies, including PET/SPECT, MRI and/or fluorescence (mostly 

NIRF) imaging, and as nanocarriers for the treatment of several types of cancer in animal models. SiNPs 

have been differently synthetized and functionalized to target specific tumor phenotypes (e.g., colon, breast, 

gut) or associated features (e.g., neoangiogenesis).22-24 In the present study, we explored the use of 

multifunctional 99mTc SiNPs for early detection of HER2+ BC lesions using a novel radiolabeling approach. 

Spherical SiNPs (hydrodynamic size ≈ 100 nm) were engineered with anti-HER2 monoclonal antibody in the 

form of a TZ half-chain (Hc-TZ) and radiolabeled employing 99mTc for SPECT imaging. SiNPs were also filled 

in with the fluoresceine isothiocyanate (FITC) dye to allow for NP detection by fluorescence microscopy. The 

aim of this work was to investigate the contribution offered by active targeting to the distribution of NPs in 

solid BC lesion and in cell internalization, in comparison to nonspecifically targeted SiNPs. Moreover, we set 

up and tested a radiolabeling procedure that allow us to follow in vivo tumor uptake and organ kinetics 

distribution of nanosilica, using nuclear medicine techniques. This SiNPs system could be potentially used to 

develop a theranostic nanosystem combining noninvasive detection with an effective treatment for HER2+ 

mammary cancer.  

Material and methods 

Chemicals 

All reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO), Rapp Polymere 

(Tuebingen, Germany), Riedel-de Haën (Seelze, Germany) and Fluka (St. Gallen, Germany) and used as 

received without further purification. Trastuzumab antibody was purchased by Genentech (Herceptin®, 

Genetech, USA) and used after dialysis in PBS at 4 °C on a Slyde-A-Lyzer dialysis cassette (Thermo Fisher 

Scientific, USA) with a 7 kDa cut-off. Ultrasounds were generated by S15H Elmasonic Apparatus (Elma, 

Singen, Germany). 

 

Synthesis of IPTES-NTA complex  

IPTES (2 mL) was mixed with a solution of NTA (2 mg) in 200 mL of deionized water:ethanol 9:1. The 

reaction was left under stirring for 2 h at room temperature (RT) and the complex was used immediately after 

preparation. 

Preparation of trastuzumab half-chain 

Cysteamine (28 mM) was dissolved in a reaction buffer (20 mM Hepes, 5 mM EDTA, pH 7.2, 1 mL) and 

dialyzed trastuzumab (1 mg) in PBS, pH 7.2, was added. The solution was incubated under gentle stirring at 

37 °C for 90 min. The reaction was cooled to RT and purified using a Sephadex PD10 column. Trastuzumab 

half-chain was used immediately after purification. 
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Synthesis of fluorescent core-shell silica NPs 

Monodisperse fluorescent silica nanospheres were obtained by Stöber synthesis. Briefly, to a NH4OH 

solution in water (1.827 g, 0.58 M), dry ethanol was added to reach a total volume of 50 mL and the mixture 

was mixed under magnetic stirring. To the above solution, TEOS (1.990 mL, 0.17 M) and APTMS-FITC 

complex (1 mL)25 were rapidly added and the reaction was stirred for 20 h at RT in the darkness. The solvent 

was then evaporated under reduced pressure and deionized water was added to give a final particle 

concentration of 10 mg/mL (concentration determined by drying 1 mL of NPs suspension at 100 °C). To the 

SiNPs suspension, L-arginine (0.5 mg/mL) was added and the solution was equilibrated to 70 °C for 10 min. 

Next, TEOS (765 mL) was slowly added and the reaction was left under mild stirring at 70 °C overnight in the 

darkness. The resulting core-shell NPs were washed thrice (20000 rcf, 20 min) and redispersed with 

deionized water to a final concentration of 10 mg/mL.  

Synthesis of SiNP-NTA-TZ 

Step 1. Amination and IPTES-NTA conjugation to core-shell NPs. To a desired amount of core-shell NPs, 

glacial acetic acid (5.25 mmol/mg of NPs), IPTES-NTA (4 nmol/mg of NPs) and APTMS (1.72 mmol/mg of 

NPs) were added in sequence. The reaction was left under vigorous stirring for 2 h, after which the aminated 

NPs were washed thrice with ultrapure water and twice with 20 mM Hepes buffer, pH 9, and redispersed in 

the same buffer (10 mg/mL) for further functionalization. Step 2. Introduction of PEG-OMe. To the NPs 

suspension in Hepes, MS(PEG)4 was added in an equimolar amount with respect to the surface amine 

functionalities assessed by ninhydrin assay. The reaction was left under stirring 2 h, after which the NPs 

were washed (20000 rcf, 20 min) twice with ultrapure water and twice with 20 mM Hepes buffer, pH 7.4, and 

redispersed in the same buffer for next steps. Step 3. Introduction of PEG-Mal. SM(PEG)8 was added to the 

NPs suspension in a 5-fold molar excess with respect to the unreacted surface amine functionalities 

assessed by ninhydrin assay. The reaction was left under stirring 2 h, after which the NPs were washed 

once with ultrapure water and then redispersed in 20 mM Hepes buffer, pH 7.4. Step 4. TZ half-chain 

coupling. To the NPs suspension, the previously prepared TZ half-chain was added (10 mg/mg of NPs) and 

the reaction was left under gentle stirring for 2 h. After the reaction, the NPs were washed (16000 rcf, 20 

min, 4 °C) once with 20 mM Hepes, pH 7.4 and resuspended in the same buffer. Step 5. Saturation of free 

maleymido-groups. To the NPs suspension, MT(PEG)4, (0.5 mg/mg of NPs) was added and the reaction was 

left under stirring 1 h, after which the NPs were washed (16000 rcf, 20 min, 4 °C) thrice with 20 mM Hepes, 

pH 7.4 and resuspended in 1 mM NiCl2, pH 8. Step 6. Nickel chelation to NTA. The NPs were incubated 

under stirring in the NiCl2 buffer 1 h, and then washed (16000 rcf, 20 min, 4 °C) twice with 20 mM Hepes pH 

7.5 and resuspended in the same buffer. Each sample of NPs was analyzed by UV-visible spectroscopy and 

absorbance values were taken at the maximum absorbance peak of FITC ( = 485 nm). Those values were 

used to derive the sample concentration by means of a calibration curve previously set up by known 

concentrations of core-shell NPs. 
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Synthesis of SiNP, SiNP-TZ and SiNP-NTA  

The other NPs used in this study were synthesized as described in the previous paragraph, avoiding some 

steps: in particular, the conjugation of IPTES-NTA, step 4 and step 6 for SiNP, the conjugation of IPTES-

NTA and step 6 for SiNP-TZ, step 4 for SiNP-NTA. 

Determination of amino groups: ninhydrin assay  

Our protocol was adapted from a standard method described in the literature.26 Briefly, aminated silica 

NPs (1 or 2 mg in 400 mL of dry ethanol) were incubated with 100 mL of ninhydrin stock solution (4 mg/mL in 

dry ethanol). The reaction was heated at 60 °C for 1 h. After cooling to RT, NPs were separated from the 

supernatant by centrifugation (20000 rcf) and an aliquot of the particle-free blue supernatant read with UV-

Vis spectrophotometer at 570 nm. A standard calibration curve was created using ethanolamine in a 

concentration range between 0−3 mM in dry ethanol.  

NPs characterization 

Dynamic light scattering (DLS) measurements were performed with Zetasizer Nano ZS ZEN3600 (Malvern 

Instruments Ltd, Worcestershire, UK), equipped with a He-Ne laser ( = 632.8 nm) working at 4 mW. A 

disposable cuvette with an optical length of 1 cm was used and scattered light was collected at 173°. The 

samples were prepared with an average concentration of 100 mg/mL in ultrapure water, and they were 

allowed to equilibrate at 25 °C for 30 s before the analysis. The hydrodynamic diameter was derived using 

Stokes-Einstein equation, considering a viscosity of the medium of 0.8872 cP. The results are reported as z-

average. -potential measurements were performed with the same instruments, analyzing the electrophoretic 

light scattering of samples. -potential values were calculated by the Zetasizer Software basing on 

electrophoretic mobility and considering a viscosity of 0.8872 cP and a dielectric constant of 78.5. Samples 

were prepared with an average concentration of 100 mg/mL in 1 mM NaCl and they were allowed to 

equilibrate at 25 °C for 30 s before the analysis. UV−vis spectra were recorded by Nanodrop 2000C 

spectrophotometer (Thermo Fisher Scientific, Wilmington, Germany) in a range of wavelengths from 190 to 

600 nm. The size and morphology of SiNP, SiNP-TZ, SiNP-NTA and SiNP-NTA-TZ were obtained using a 

TEM (HT7700; Hitachi). Briefly, 25 mM of each sample was prepared in water and then 5.0 mL of each 

sample was dropped onto the copper grids and air-dried at 42 °C. 

Cell culture and animal models  

All reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO) and Invitrogen Corp (Carls 

bad, CA). The uptake of silica nanoparticles (SiNP and SiNP-TZ) was studied using SK-BR-3 (HER2+) and 

MDA-MB-468 (HER2–) cell lines, obtained from ICLC Animal Cell Lines Database - IST Genova (IT). Toxicity 

assay was also performed using MCF-10A (non-transformed mammary epithelial cells line) purchased from 
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American Type Culture Collection (ATCC; USA). MDA-MB-468 and SK-BR-3 cells were maintained in 

Dulbecco’s Modified Eagles Medium (Sigma), high glucose, supplemented with 5% Pen/Strep, 10% heat-

inactivated fetal bovine serum (Euroclone) and 2 mM L-glutamine. MCF-10A cells were cultured in Advanced 

DMEM medium (GIBCO) containing 10% heat-inactivated foetal bovine serum, 2 mM L-glutamine, 100 U/mL 

penicillin and 100 mg/mL streptomycin, 10 mg/mL Insulin (Sigma), 20 ng/mL epidermal growth factor (EGF; 

Sigma) and 0.5 mg/mL Hydrocortisol (Sigma). Female Balb/c nude mice were obtained from the ENVIGO 

RMS S.r.l. Italy. Animal experiments were carried out in compliance with the institutional guidelines for the 

care and use of experimental animals (IACUC), which have been notified to the Italian Ministry of Health and 

approved by the Ethics Committee of the San Raffaele Scientific Institute. Balb/c nude mice with the age of 

7–8 weeks and weight of 24–26 g were maintained under specific pathogen free condition. To obtain SK-BR-

3 tumor models, about 5 × 106 cells in 200 mL mixed solution (serum-free RMPI-1640 medium and matrigel 

at the volume ratio of 1:1) were injected under the right shoulder. Calipers were used to measure tumor 

volume (mm3) 2 times per week and mice weight was recorded. Mice were randomized when tumor volumes 

reached an average of 100 mm3. 

In vitro binding efficiency and selectivity of SiNPs by flow cytometry 

SK-BR-3 cells (HER2+, 3 × 105) were incubated with 0.5 mg/mL of either SiNP, SiNP-TZ, SiNP-NTA or 

SiNP-NTA-TZ dispersed in serum free-DMEM. After different incubation times (20 min, 1 h, 4 h, 24 h), cells 

were washed twice with PBS and harvested in FACS tubes. 105 events were acquired for each analysis on 

FACS Calibur flow cytometer (Becton Dickinson) exploiting FITC emission (green fluorescence). Both the 

percentage of the fluorescent cells relative to the control (untreated cells) and the mean fluorescent intensity 

of the fluorescence-positive cells were taken into account. The same experiment was performed with MDA-

MB-468 cell line (HER2‒) as a negative control. The results were analyzed using FlowJo software. 

In vitro fluorescence imaging of non-radiolabeled SiNPs  

SK-BR-3 (HER2+, 5 × 104) and MDA-MB-468 (HER2‒, 5 × 104) cells were grown on glass coverslip 

incubated with 0.025 mg of either SiNP, SiNP-TZ, SiNP-NTA or SiNP-NTA-TZ dispersed in cell culture 

media. After 20 min, 1 h, 4 h and 24 h of incubation at 37 °C (humidified atmosphere, 5% CO2 air), the 

medium was removed and cells were washed three times with PBS. The samples were fixed with methanol 

(at –20 °C for 30 min) before fluorescence analysis; cell nuclei were counterstained by Hoechst (Life 

Science) 1 mg/mL. The specific uptake of SiNPs in both cell lines was visualized by fluorescence microscopy 

(Nikon Eclipse 80i). 

In vitro toxicity assay 

In vitro cytotoxicity of the SiNPs was tested on SK-BR-3 (HER2+), MDA-MB-468 (HER-) and MCF10A 

(non-transformed mammary epithelial) lines through MTT assay, and by viable cell counting on HER2 

positive and negative cell lines.  
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During MTT test, both cell lines were seeded in 96-well plates (Corning, USA) at a density of 5 × 103 cells 

per well and incubated for 48 h. The suspensions of SiNP, SiNP-TZ, SiNP-NTA or SiNP-NTA-TZ were 

diluted in culture medium at 50 mg/mL. The cell culture medium was then removed and replaced by 100 mL of 

fresh medium containing NPs. The cells were incubated for 1 h, 4 h, 24 h and 48 h at 37 °C in a humidified 

atmosphere, 5% CO2 air. After the above times, medium was removed and 100 mL of MTT (5 mg/mL in PBS) 

was added to each well. After 3 h, the culture medium containing MTT solution was removed. 100 mL of SDS 

in 0.01 M HCl solution was added to each well to dissolve the formazan crystals and then plates were 

analyzed using a microplate reader (SPECTROstar Omega - BMG LABTECH) at 570 nm.  

During the viable cell counting experiments, NPs were incubated as described for MTT test. The medium 

was removed from the samples and the cells were suspended in PBS 0.1 M (5 × 105 cells/mL). 10 mL of 

0.4% Trypan blue was incubated for 3 min with the cell suspension (1:1), and then the mix was loaded on 

the Thoma chamber BLAUBRAND (Sigma-Aldrich, Italy) for the counting of the unstained (viable) and 

stained (nonviable) cells. 

Cell viability was expressed in both experiments by comparing the treated samples to cells incubated with 

normal culture medium considered as 100% survival rate [% viability = (treated cells / control cells) × 100]. 

Protocol for radiolabeling of SiNPs 

Preparation of [99mTc(CO)3]+ 

The Isolink kit (Paul Scherrer Institute-Switzerland) to prepare the labeling precursor ([99mTc(H2O)3(CO)3]+) 

contained the following lyophilized ingredients: 8.5 mg sodium tartrate, 2.85 mg sodium tetraborate 

decahydrate, 7.15 mg of sodium carbonate and 4.5 mg sodium boranocarbonate. Freshly eluted 99mTcO4
− 

from a commercial General Elettric generator (approximately 2 GBq) in 1 mL saline buffer was added to the 

kit vial and incubated at 100 °C for 20 min. The vial was then allowed to cool to RT and the solution 

neutralized by adding stepwise 1 M HCl to pH approximately 7 and checked on pH paper (Merck). The 

radiochemical purity (RCP) of the product was analyzed by HPLC and was up 95%. 

[99mTc(CO)3]+-His-Tag prelabeling 

An hexa-His-Tag peptide was prelabeled with [99mTc(CO)3]+. Conjugation of the hexa-His-Tag was almost 

quantitative and was performed by mixing 38 mL of peptide solution (5 mg/mL in Hepes buffer pH 7.4) to the 

[99mTc(CO)3(OH2)3]+ precursor solution. The solution mixture was incubated at RT under stirring for 60 min 

and then the %RCP was checked. The labeling yield was assessed by HPLC. Radiochemical purity was up 

95%. 

Conjugation of [99mTc(CO)3]+-His-Tag to SiNP-NTA 

The [99mTc(CO)3]+-His-Tag solution was added to 500 mL of SiNP-NTA NPs (6.7 mg/mL, 4 nmol NTA/mg 

SiNPs). The solution mixture was incubated at RT under stirring for 2.5 h and then the % RCP was checked. 

The solution was shaken for about 1 min over a vortex mixer and then centrifuged for 15 min at 18000 rpm. 
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Supernatant solution was withdrawn and the corresponding radioactivity was counted. The pellet was 

washed with Hepes buffer and centrifuged three times. After the measurement of radioactivity of total 

supernatant and pellet the %RCP was 42%. 

Conjugation of [99mTc(CO)3]+-His-Tag to SiNP-NTA-TZ 

The [99mTc(CO)3]+ His-Tag solution was added to 500 mL of SiNP-NTA-TZ NPs (8.6 mg/mL, 4 nmol 

NTA/mg SiNPs). The solution mixture was incubated at RT under stirring for 2.5 h and then the % RCP was 

checked as above described and it was 23.8%. 

Quality control 

The chemical and radiochemical purity of each step of the synthesis was performed using a HPLC Akta 

system equipped with radiochemical flow counter (Bioscan). For HPLC analysis of the radiolabeled 99mTc-

tricarbonyl core and 99mTc-tricarbonyl-hexa-His peptide a Thermo Scientific BDS reverse-phase column (250 

× 4.6) was used with a flow of 1.2 mL/min and a linear triphasic gradient of 2% B (MeOH ) with A (0.1% TFA) 

from 0 to 10', 2% C (CH3CN 50% + 0.1% TFA) with A from 10 to 18'. Absorbance was detected at 220 nm. 

The radiochemical purity of the [99mTc]-(CO)3-SiNPs was determined by ascending instant thin-layer 

chromatography (ITLC) with silica gel-coated fiberglass sheets (Pall Life Sciences, Pall Corporation) using 

physiological saline as the mobile phase. 

In vitro uptake of radiolabeled SiNPs  

SK-BR-3 (HER2+) and MDA-MB-468 (HER2‒) cells were cultured at a density of 5 × 104 cells per well in 

24-well plastic dishes (Corning, USA) for 48 h. Cell plates were aspirated and 0.5 ml of DMEM supplemented 

with 10% FBS solution was added to each plate. Either 99mTc-labeled SiNP-NTA and SiNP-NTA-TZ 

suspensions (1 mCi/mL) were added to the plates in 0.5 mL volumes. The cells were then incubated at 37 °C 

for 1 h, 4 h and 24 h in a humidified atmosphere, 5% CO2 air (three wells per conditions). After specific 

periods, the DMEM NP suspensions were removed and the cells were washed with 300 mL of PBS. The PBS 

solution was removed and the cells were extracted using 200 mL of 0.05% Trypsin-EDTA (1×) solution for 10 

minutes. The radioactivity of the cells and of each removed solution were then measured using a -counter 

(LKB Compugamma CS 1282). The percentage of radioactivity in cells over the total radioactivity for each 

plate was calculated. 

Ex vivo biodistribution and fluorescence imaging of 99mTc-SiNPs in 

tumor 

99mTc-labeled SiNPs were evaluated in two experimental groups of Balb/c nude mice. Mice in both groups 

were anesthetized with Zoletil (25 mg/kg of body weight) injected intraperitoneal, with additional 

supplemental anesthetic as needed. Two groups of 12 mice were injected in a tail vein with 100 mL of a 

solution containing 99mTc-labeled SiNP-NTA-TZ or 99mTc-labeled SiNP-NTA (1 mCi/mL, pH~7.4). Additional 
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aliquot (0.1 mL) of both radioactive solution was diluted 1:10, 1:100 and 1:1000 and used to calculate the 

standards curve. Four animals per experimental point were sacrificed (at 4 h, 6 h and 24 h, post-injection) 

under general anesthesia. Tumor and a sample of muscle were removed and placed in counting vials for 

counting and weighing. Tissue samples and standards were placed in a -counter (LKB Compugamma CS 

1282) and counts corrected for physical decay. The radioactivity concentration in tumor was calculated as 

percentage of injected dose per gram of tissue (%ID/g) and expressed as tumor to muscle ratio. 

After  counting, tumors were fixed with 4% paraformaldehyde for 4 h and embedded in OCT mounting 

medium (Sakura Finetek, Torrance, CA), to prepare frozen sections. For immunofluorescent staining, tumor 

sections (10 mm) were rinsed with PBS and blocked with 5% BSA for 60 min followed by incubation with 

primary antibody (rabbit anti--Actin, diluted 1:50; Sigma Aldrich) overnight at 4 °C. The day after, tumor 

sections were washed for 5 min three times with PBS. Sections were then incubated with secondary 

antibody (Alexa Fluor488-labeled goat anti-rabbit IgG, diluted 1:200; Sigma Aldrich) for 60 min at RT. After a 

rinse with PBS, they were incubated with 4-6-diamidino-2-phenylindole (DAPI) for 5 min. Finally, sections 

were sealed with anti-fluorescence quenching agent (Beyotime) and observed by fluorescence microscopy 

(Nikon Eclipse 80i). 

Results 

Synthesis and characterization of SiNPs 

Thanks to their versatility and robust chemistry, SiNPs are promising candidate to be used as nuclear 

medicine imaging probes.27 In our study, monodisperse 50 nm spherical SiNPs were chosen as starting 

material to generate biocompatible multifunctional nanoconjugates. Firstly, in order to a have a fluorescent 

detectable carrier, the dense core of the SiNPs was loaded with a fluorophore, which was protected by an 

external denser silica shell necessary to prevent the undesired cargo release and limit the dye bleaching that 

often leads to misleading optical artifacts.25 The uniform fluorescent core was obtained by a hydrolysis-

condensation reaction of a mixture of TEOS and previously prepared APTMS-FITC complex255 following a 

Stöber method in an ethanolic ammonia solution. A subsequent phase transfer to ultrapure water was 

followed by a biosilicification step catalyzed by L-arginine to create a uniform 5 nm-thick shell to further 

stabilize the fluorescent nanoconjugate (Figure 1).28 The as-prepared core-shell SiNPs exhibited narrow size 

distribution and good colloidal stability in aqueous solution for months. After the NP fabrication, we optimized 

the functionalization steps with two main goals: 1) the introduction of a specific marker for the recognition of 

the HER2 receptor in HER2+ cancer; 2) the introduction of a radioisotope for SPECT imaging. The free silica 

surface was then exploited both to expose a targeting moiety and to host a proper chelating agent for 

radiolabeling. In particular, four types of silica nanoconjugates were synthesized and compared in order to 

evaluate the contribution of each functional moiety on the colloidal stability and on the fate of the resulting 

NPs (Table 1). Among the available radionuclides, we chose to introduce 99mTc as its 6 h half-life allowed us 

to follow the distribution of radiolabeled nanosilica in biodistricts. In addition, 99mTc nuclei emits only 140 keV 

characteristic -rays which, unlike -rays that are usually emitted by other radionuclides, are absorbed far 

from the examined organ and minimize the danger posed to living matter. This property makes them highly 

desirable in nuclear medicine applications. In order to attach and retain the radionuclide, we decided to 
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exploit the nitrilotriacetic acid chelating linker. A silane derivative (IPTES-NTA complex) was synthesized and 

grafted on the silica surface together with APTMS residues, thus introducing the chelating and amine 

functionalities in a one pot reaction (Scheme 1, step 1). The NTA carboxylic moieties were then engaged in 

Ni2+ chelation before the radiolabeling steps. To achieve an active targeting of nanoconjugates toward 

HER2+ BC cells, Hc-TZ was considered an ideal ligand candidate, as it previously demonstrated to provide a 

prolonged accumulation of nanoconjugates in HER2+ breast tumors, compared to other molecular targeting 

agents, such as entire TZ or the relevant scFv fragment.19 Therefore, a heterobifunctional PEG containing a 

maleimido group was covalently linked to the amine residues of the SiNPs (Scheme 1, step 2). After the 

reduction of disulfide bonds bridging the two chains of the antibody, the resulting thiol groups of the Hc-TZ 

were reacted with the maleimides, leading to the immobilization of the antibody on the shell surface (Scheme 

1, step 3). Unreacted functional groups were saturated with a methoxyl terminating PEG. As a result, the 

whole nanoconjugate consisted of a fluorescent core-shell structure modified with multiple functionalities, 

including a chelating group, a targeting moiety and a biocompatible PEG coating. As stated before, the 

impact of each functionalization step was assessed by comparing the four synthetic silica nanoconjugates 

(SiNP, SiNP-TZ, SiNP-NTA and SiNP-NTA-TZ) differing from each other by the lack of one or more units. All 

the SiNP conjugates were characterized in terms of hydrodynamic size and -potential (Table 1). SiNP and 

SiNP-TZ showed a hydrodynamic diameter (Hd) < 100 nm with good polydispersity indexes (PDI < 0.120). In 

contrast, the presence of the NTA linker, especially upon Ni2+ ion chelation, led to a mild aggregation for 

SiNP-NTA and SiNP-NTA-TZ (Hd > 100 nm), which however was limited by the radiolabeling procedure. The 

characteristic negative -potential of the SiNPs was maintained for all kinds of nanoconjugates, which is an 

important prerequisite for low toxicity and systemic diffusion in vivo.29 

In vitro binding efficiency and selectivity of SiNPs by flow cytometry 

Binding selectivity of SiNPs toward HER2+ BC cells was first evaluated by flow cytometry. To validate this 

system, SK-BR-3 cells were chosen as HER2+ breast cancer model, whereas HER2-negative (HER2‒) MDA-

MB-468 cells were used as negative control. To investigate the impact of functionalization on the binding 

capacity of SiNPs, the study was performed comparing SiNP vs. SiNP-TZ and SiNP-NTA vs. SiNP-NTA-TZ 

(Figure 2). Each kind of nanoconjugate was separately incubated for different time periods (20 min, 1 h, 4 h, 

24 h) in SK-BR-3 cells (Figure S3 in the Supporting Information) and MDA-MB-468 cells (Figure S4 in the 

Supporting Information). Flow cytometry evidenced a remarkable time-dependent increase of fluorescence 

signal after incubation of SiNP-TZ/SiNP-NTA-TZ with SK-BR-3 cells (Figure 2, B and D), and a significant 

difference (p < 0.05) compared to MDA-MB-468 cells. This data demonstrated the capability of targeted NPs 

to selectively recognize HER2 receptors in SK-BR-3 cells. SiNP/SiNP-NTA exhibited a remarkably lower 

uptake in SK-BR-3 cells compared to Hc-TZ-modified SiNPs and no preferential affinity toward SK-BR-3 or 

MDA-MB-468 cell lines was recovered (Figure 2, A and C), suggesting that the interaction with cells was 

essentially attributable to nonspecific uptake in both HER2‒ or HER2+ cells. However, nonspecific uptake 

was basically negligible within the first 4 h. 
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In vitro fluorescence imaging 

To validate the flow cytometry data, the binding specificity of Hc-TZ-modified SiNPs for HER2+ cells was 

assessed by fluorescence microscopy (Figure 3). Images of SiNPs (green) were overlaid on the 

corresponding nuclei image counterstained with Hoechst solution. SiNP, SiNP-TZ, SiNP-NTA and SiNP-

NTA-TZ were incubated in parallel in SK-BR-3 and MDA-MB-468 cells for 20 min, 1 h, 4 h, 24 h. 

Fluorescence microscopy images showed that green fluorescence signal started to increase in HER2+ cells 

after 1 h of incubation with SiNP-NTA-TZ. In these cells, fluorescence intensity increased over time and was 

considerably stronger than that shown in SiNP-NTA images. We didn’t observe any differences in the 

behavior of SiNP-TZ and SiNP-NTA-TZ (Figure S5 in the Supporting Information). In addition, SiNP-NTA 

fluorescence intensity showed no significant difference in both cell lines, confirming the loss of selectivity for 

SiNPs in the absence of Hc-TZ conjugation. SK-BR-3 pictures acquired at 4 h and 24 h exhibited a 

perinuclear localization of green fluorescence signals exclusively after incubation with SiNP-NTA-TZ. In 

contrast, SiNP-NTA-TZ signal was not found in the cytoplasm of HER2‒ cells and remained localized outside 

the cells after 4 h and 24 h of incubation. At these time points, it was apparent that a large number of SiNP-

NTA-TZ were internalized by HER2+ SK-BR-3 cells, while they could be hardly taken up by HER2‒ MDA-MB-

468 cells, confirming the specific targeting of Hc-TZ-functionalized SiNPs for HER2+ tumor cells. 

NPs toxicity 

Cell toxicity of all SiNPs was assessed in HER2+ SK-BR-3 and HER2‒ MDA-MB-468 BC cells. First, we 

evaluated the effects of SiNP, SiNP-TZ, SiNP-NTA and SiNP-NTA-TZ on mitochondrial metabolism through 

MTT assay performed at 1, 4, 24 and 48 h of incubation with a solution of SiNPs (100 mg/mL). The analysis 

revealed no significant modification of succinate dehydrogenase activity over time (MTT test) 30 in both cell 

lines (Figure 4, A) compared to untreated samples (p < 0.05). Viability of SK-BR-3 and MDA-MB-468 cells 

exposed to the NPs was also investigated. Cell proliferation in both cells lines was not significantly affected 

after 1, 4, 24 and 48 h of exposure with all sets of NPs (Figure 4, B). In addition, MTT test was replicated at 4 

and 24 h in non-transformed mammary epithelial MCF-10A cell line (HER2‒) and confirmed the absence of 

cytotoxic effect caused by the NPs (see supplementary Figure S6). Taken together, these results indicated a 

good profile of safety for all nanoconstructs in cultures of both tumor and healthy mammary cells. 

SiNPs radiolabeling with 99mTc 

The tricarbonyl method developed by Waibel et al.31 offers a convenient solution to label proteins with 

99mTc radionuclide, enabling labeling without prior modification with bifunctional chelators. The 

[99mTc(CO)3(OH2)3]+ is an excellent precursor for 99mTc labeling of biomolecules, being stable and 

substitution-reactive.32 This precursor is highly water-soluble and reveals good stability in aqueous solution 

over a broad pH range (pH 2-12) for several hours. The three coordinated water molecules are promptly 

substituted by a variety of functional groups, including amines, thioethers, thiols, and phosphines. The 

radiochemical purity of 99mTc(I) tricarbonyl ion solution could be easily checked by TLC and HPLC. The 

99mTc(I) tricarbonyl ion was then introduced using a new approach, involving three steps: I) prelabeling of 
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99mTc–tricarbonyl core, II) reaction with poly-His peptide, III) conjugation to NTA groups of SiNP-NTA and 

SiNP-NTA-TZ.33 With this approach, SiNPs were functionalized with 4 nmol NTA per mg of NPs, while the 

molar ratio between NTA and poly-His was 1:3. The reaction between tricarbonyl precursor and hexa-His-

Tag peptide was almost quantitative (Figure S1 in the Supporting Information). The stability of [99mTc(CO)3]+-

His was checked after 24 h (Figure S2 in the Supporting Information). 

In vitro uptake of radiolabeled 99mTc-SiNPs 

To assess the selectivity of 99mTc-labeled NPs toward HER2+ cells, we tested NTA-nanoconstructs with or 

without Hc-TZ in a kinetic binding assay on HER2+ SK-BR-3 in comparison to HER2‒ MDA-MB-468 cells. 

99mTc-labeled SiNP-NTA and SiNP-NTA-TZ were incubated in both cell lines at 1, 4 and 24 h. At these time 

points, media were removed and counted using a -counter and cells washed, removed and counted to 

calculate NPs uptake as % of total radioactivity administered. Specific binding curves were generated as 

shown in Figure 5. SiNP-NTA were bounded weakly and nonspecifically to both the MDA-MB-468 and the 

SK-BR-3 cells, giving a maximum value of 1.4% uptake 24 h after incubation (Figure 5A). In contrast, SiNP-

NTA-TZ showed an uptake value of 1.6% in SK-BR-3 cells already after 1 h of incubation, reaching 2.3% at 

4 h, compared to 1.1% of uptake observed in MDA-MB-468 cells (p < 0.05). It is apparent that the specific 

uptake ratio [SK-BR-3/MDA-MB-468] for SiNP-NTA-TZ was maximum at this time point. The uptake of SiNP-

NTA-TZ continued to increase up to 24 h showing a slight increase in both cell lines, following a similar 

nonspecific trend, and reaching an uptake value of 3.7% in HER2+ cells and 2.1% in HER2‒ cells (Figure 5, 

B). 

Ex vivo biodistribution and fluorescence imaging of 99mTc-SiNPs in 

tumor 

Biodistribution pattern of 99mTc-labeled NPs (SiNP-NTA and SiNP-NTA-TZ) was assessed in a SK-BR-3 

tumor mouse model at 4, 6 and 24 h. Results are summarized in Figure 6. At 4 h after injection of 

radiolabeled SiNP-NTA-TZ or SiNP-NTA, radioactivity accumulation in SK-BR-3 tumor was higher for TZ-

conjugated NPs compared to nonconjugated NPs. At this time mean tumor uptake (expressed as %ID/g) 

was 0.52 ± 0.08 for SiNP-NTA and 0.67 ± 0.03 for SiNP-NTA-TZ, and tumor-to-muscle ratios of %ID/g were 

1.69 ± 0.18 and 3.45 ± 1.02 for SiNP-NTA and SiNP-NTA-TZ, respectively. At longer times of exposure, we 

observed a reduction in tumor radioactivity concentration for animals injected with SiNP-NTA-TZ but not in 

those injected with SiNP-NTA. The decline of SiNP-NTA-TZ uptake value, observed from 6 h post-injection, 

could be explained by an active targeting followed by lysosomal degradation and consequent clearance of 

NP shell labeled with 99m-Tc. The higher radioactivity uptake observed in animals injected with SiNP-NTA 

suggests passive targeting promoted by tumor EPR effect. Considering the other organs, high levels of 

radioactivity were observed for both NPs in liver, kidney and spleen, even with different kinetics 

(supplementary data in Table S1). To better understand the ex vivo tumor uptake data obtained by 

radioactivity counting, the targeting specificity of 99mTc-labeled NPs (SiNP-NTA-TZ vs. SiNP-NTA) in SK-BR-

3 lesions was assessed by post-mortem fluorescence microscopy. Immunofluorescence staining of tumor 
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cryosections collected at 4 h post-injection allowed us to establish the distribution of the two nanotracers 

(Figure 7). Images of SiNPs (green) and -actin (red) were overlaid on the corresponding images reporting 

nuclei (blue). Fluorescence intensity in SiNP-NTA-TZ images was significantly higher than that from SiNP-

NTA and it was mainly colocalized in the perinuclear area. In contrast, green fluorescence distribution in 

SiNP-NTA images was barely detectable on the surface of SK-BR-3 tumor cell membrane. 

Discussion 

Human epidermal growth factor receptor 2 (HER2) is the product of a proto-oncogene and its 

overexpression was firstly observed in BC and is associated with malignant tumor phenotype, with poorer 

prognosis related to the degree of expression.34 At present, the detection of HER2 in BC and in its 

metastases is based on invasive methods as biopsy, to obtain representative tissue for 

immunohistochemistry phenotyping.35 Recently, new approaches were developed to determine soluble 

markers as HER2 extracellular domain and circulating miRNA for patients stratification, but these strategies 

have not been standardized yet.36,37 To overcome the current limitation, a series of radiopharmaceuticals 

assembled with antibodies, nanobodies or affibodies have been developed and some of these are already 

under clinical evaluation for use as PET or SPECT nuclear imaging agents for in vivo molecular detection of 

HER2 receptor.38,39 The present paper describes the use of a multifunctional NP system, able to act as a 

SPECT radiotracer for tumor detection and opening the opportunity to develop a new generation of 

theranostic nanoagents to be used for noninvasive detection of HER2+ cells and targeted drug delivery.40,41 

In fact, although chemotherapy in combination with TZ administration has been reported to play an important 

role in the treatment of HER2+ BC, about 70% of patients demonstrated resistance.42 The use of non-

targeted chemotherapeutic drugs significantly limits the drug accumulation within cancer cells and induces 

undesired toxic side effects toward normal tissues.43 In this context, radiolabeled silica nanocarriers could 

represent a significant advance in the identification and treatment of HER2+ BC lesions. To this aim, we 

designed and tested 99mTc-radiolabeled silica NPs for the selective detection of HER2 receptor in malignant 

BC cells, capitalizing on Hc-TZ functionalization. Our results suggest that receptor-mediated active targeting 

provided the best efficiency in BC detection, compared to simple EPR passive accumulation. We evaluated 

the behavior and the targeting efficiency of SiNPs functionalized or not with Hc-TZ, in BCs models in in vitro 

and ex vivo experiments, before and after radiolabeling. Well established protocols to radiolabel antibodies 

are reported in the literature.44 However, we preferred to develop a new approach based on immobilization of 

radioligand to the NP surface obtaining a radiolabeled nanoscaffold common to the different nanoconstructs 

synthesized within this study, independent from the functionalization with the antibody chain. Radiolabeling 

of both SiNP-NTA and SiNP-NTA-TZ was achieved by formation of radioligand-NTA complex. In vitro, flow 

cytometry data showed a remarkable increase in uptake over time after incubation of SiNP-TZ/SiNP-NTA-TZ 

with HER2+ SK-BR-3 cells, compared to SiNP/SiNP-NTA. As expected, the uptake of all silica NPs tested 

remained low in HER2‒ MDA-MB-468 cells. These results were confirmed by fluorescence microscopy, 

which exhibited a considerable perinuclear localization in SK-BR-3 cells exclusively upon incubation with 

SiNP-TZ/SiNP-NTA-TZ, while an external localization of fluorescence signal was observed in MDA-MB-468 

cells with both SiNP-TZ/SiNP-NTA-TZ and SiNP/SiNP-NTA. In vitro toxicity assay of each SiNP set did not 

reveal significant impact on mitochondrial metabolism and cell viability in HER2+/HER- malignant cells and in 
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non-transformed mammary epithelial cells. The high efficiency and selectivity of Hc-TZ-modified SiNPs in the 

recognition of HER2+ cells were also assessed after radiolabeling. The in vitro uptake of 99mTc-NPs in 

HER2+/HER- cells confirmed the results from flow cytometry, suggesting that our radiolabeling strategy did 

not affect the nanoconjugate binding capability. Next, the radiolabeled SiNPs efficiency in detecting HER2+ 

cells was also evaluated in a SK-BR-3 xenograft animal model. Ex vivo biodistribution of 99mTc-SiNP-NTA-TZ 

showed a preferential intracellular distribution at 4 h post-injection compared to 99mTc-SiNP-NTA, confirming 

the involvement of Hc-TZ moiety in the targeting efficiency of the nanoconstruct compared to EPR passive 

accumulation. The drop of SiNP-NTA-TZ uptake value at late time points may represent a further potential 

confirmation of an active targeting mechanism, involving receptor-mediated endocytosis, which leads to 

lysosomal degradation of radiolabeled nanocomplex with time, as previously described with different colloidal 

NPs.45 In a recent study by Chen et al., mesoporous silica NPs were functionalized with the murine/human 

antibody TRC105 and used to target 4T1 BC lesion in mice.46 Tumor uptake of TRC105-conjugated NPs 

reached the maximum signal intensity at 5 h post-injection and was twofold higher compared to muscle 

(background) and to non-conjugated NPs used as controls. Those data were comparable with the results of 

our ex vivo uptake studies, in which we assessed the targeting efficiency of radiolabeled antibody-

functionalized SiNP-NTA-TZ and non-functionalized SiNP-NTA. In addition, 99mTc-SiNP-NTA-TZ cell 

selectivity observed at 4 h was confirmed by post-mortem fluorescence imaging of tumor cryosections, 

showing a specific intracellular localization compared to 99mTc-SiNP-NTA. This mechanism was already 

described in SK-BR-3 cells using different NPs functionalized with TZ.47,48 A similar strategy of 99mTc-labeling 

was described by Yamaguchi et al. in 2016.40 In this case, silica nanoparticles were targeted with double 

chain anti-HER2 antibody, and at four hours after injection, the authors observed higher levels of 

radioactivity uptake in SKBR3 tumor in comparison to HER2 negative one. However, despite the lower 

diameter of the nanoparticles used in their study, tumor uptake values were inferior to that observed using 

our method of radiolabeling and particles platform, functionalized with trastuzumab half-chain. The 

experimental data collected and the versatility of this NP-based system could be the basis for exploring new 

functionalization/radiolabeling strategies and for the possibility to load different dyes, for combined 

multimodal imaging. In addition, taking advantage of the easy and straightforward chemical functionalization 

of their surface with a plethora of functional ligands, several different kinds of therapeutics can be loaded to 

increase the efficiency and selectivity of nanoconjugates in order to improve patient stratification. In future 

studies, we will explore the possibility to directly introduce a radioisotope on the antibody chain (Hc-TZ) of 

SiNP-TZ NPs, in order to follow the fate of the nanoconjugate components separately.  

Conclusion 

In summary, we have reported here a SiNP-based system for non-invasive detection, staging and potential 

treatment of HER2+ BC. Our radiolabeled system not only exhibited an enhanced targeting for the tumor, 

compared to EPR passive diffusion, but also significantly increased the selective accumulation of SiNPs 

within the HER2+ SK-BR-3 cells, taking advantage of an optimized conjugation to the half-chain fragment of 

the humanized antibody trastuzumab, already in use in the clinical practice. Our results are encouraging, 

suggesting further assessment of silica-radionuclide nanoconjugates with the aim to develop a new 
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generation of versatile nanoreporters for enhanced-resolution nuclear medicine and to promote this system 

as a theranostic agent of highly aggressive HER2+ BC detection and treatment. 
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Figures 

 

Table 1. Properties of nanoconjugates evaluated in this study. Data are the mean ± standard deviation 

of three different NP batches 

Nanoconjugate 
Functionalizatio

n 

Hydrodynamic 

size (nm) 
PDI -potential (mV) 

SiNP Only PEG 85.59 ± 9.49 0.119 ± 0.091 ‒ 30.2 ± 0.30 

SiNP-TZ PEG + TZ 93.61 ± 6.22 0.095 ± 0.027 ‒ 31.6 ± 0.30 

SiNP-NTA PEG + NTA 123.9 ± 29.77 0.114 ± 0.024 ‒ 33.5 ± 6.55 

SiNP-NTA-TZ PEG + NTA + TZ 114.3 ± 0.70 0.084 ± 0.001 ‒ 33.6 ± 6.00 

Abbreviations: PDI, polidispersity index 

 

 

 

 
Figure 1. TEM images showing silica NPs before (A) and after (B) the shell synthesis. 
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Scheme 1. Schematic representation of the synthetic steps for the preparation of SiNP-NTA-TZ.  
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Figure 2. Assessment of binding efficiency by flow cytometry. Panels A-D represent the distribution of cell 

fluorescence intensity, normalized over untreated cells (control), in MDA-MB-468 and SK-BR-3 cell lines 

after exposure to A) SiNP, B) SiNP-TZ, C) SiNP-NTA and D) SiNP-NTA-TZ at 20 min, 1 h, 4 h and 24 h at a 

concentration of 50 mg/mL (Student’s t-test; *p < 0.05 vs. MDA-MB-468).  
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Figure 3. Specificity binding by fluorescence microscopy. SK-BR-3 and MDA-MB-468 cells were grown on 

coverslips for 24 h and then exposed for 1, 4, 24, 48 h to 50 mg/ml of FITC-labeled (green) SiNPs 

functionalized with (SiNP-NTA-TZ) or without (SiNP-NTA) Hc-TZ. Nuclei were stained with Hoechst (blue). 

Scale bar: 50 mm. 
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Figure 4. SiNPs toxicity was investigated both by A) MTT and B) cell viability tests. SK-BR-3, MDA-MB-468 

cells were incubated with SiNPs (100 mg/mL) for 1, 4, 24 and 48 h.  

 

Figure 5. In vitro uptake of 99mTc-radiolabeled A) SiNP-NTA and B) SiNP-NTA-TZ NPs. SK-BR-3 and MDA-

MB-468 cells were incubated with SiNPs (1 mCi/mL) for 1, 4, 24 h. Cell uptake was expressed as % of total 

radioactivity administered. (Student’s t-test; *p < 0.05 vs. MDA-MB-468). 
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Figure 6. Ex vivo biodistribution of 99mTc-labeled SiNP-NTA and SiNP-NTA-TZ nanoparticles. SK-BR-3 

tumor bearing mice were sacrificed at 4, 6h (n = 3) and 24 h (n = 4) post-injection. Samples were dissected 

and analyzed by -counter to obtain tumor-to-muscle ratio of %ID/g (on the right) and the tumor absolute 

values (on the left). 

 

 
Figure 7. Ex vivo immunofluorescence of SK-BR-3 tumor cryosections collected at 4 h post-injection of 

SiNP-NTA (top) and SiNP-NTA-TZ (bottom). Merge images represent the colocalization of SiNPs (green), -

actin (red) and reporting nuclei (blue). Scale bar: 50 mm. 
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Figure S1. Radiochemical yield of 99mTc-Tricarbonyl core labeling His-Tag, after 50 min incubation:  

Pertechnetate [99mTcO4]- (A); 99mTc-Tricarbonyl core [99mTc(CO)3]+ (B); 99mTc-Tricarbonyl-His-

Tag complex (C). 
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Figure S2. Stability of 99mTc-Tricarbonyl-His-Tag complex after 24 h EOS, in aqueous solutions over 

a broad pH range (pH 2-12): 99mTc-Tricarbonyl-His-Tag complex (A). 

 

 

Figure S3. Assessment of binding specificity by flow cytometry. HER2+ SK-BR-3 cells were incubated 

with 50 mg/mL of A) SiNP, B) SiNP-TZ, C) SiNP-NTA and D)SiNP-NTA-TZ for 20 min (blue), 1h (red), 

4h (green) and 24 h (violet). Untreated cells were used as negative control (grey) to set the 

autofluorescence of the cells. 
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Figure S4. Assessment of binding specificity by flow cytometry. HER2‒ MDA-MB-468 cells were 

incubated with 50 mg/mL of A) SiNP, B) SiNP-TZ, C) SiNP-NTA and D)SiNP-NTA-TZ for 20 min (dark 

blue), 1h (red), 4h (green) and 24 h (light blue). Untreated cells were used as negative control (grey) to 

set the autofluorescence of cells. 

 

 

  

Figure S5. Specificity binding by fluorescence microscopy. SK-BR-3 and MDA-MB-468 cells were 

grown on coverslips for 24 h and then exposed for 1, 4 and 24 h to 50 µg/ml of FITC -labeled (green) 

SiNPs, functionalized with Hc-TZ. Nanoparticles were engineered without nitrilotriacetic acid chelating 

linker for evaluate its contribution on targeting capability. Nuclei were stained with DAPI (blue).  
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Figure S6. MTT test was replicated at 4 and 24 h in non-transformed mammary epithelial MCF-10A 

cell line, (HER2‒) in comparison to SK-BR-3 breast cancer cell line (HER2+), incubated with SiNP-NTA 

and/or SiNP-NTA-TZ.   

 

 

 

 

Table S1. Radioactivity distribution after 99mTc-labeled SiNP-NTA or SiNP-NTA-TZ injection. 

Radioactivity concentration is expressed as percentage of injected dose per gram of tissue (%ID/g). 

Values are expressed as mean ±S.D. of three rats for each time point. (*p<0.05 vs. SiNP-NTA) 

 

 


