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 Chapter 1 

modifications with functional groups that can be easily incorporated at their surface.  Metallic 
nanoparticles20 (eg. iron oxide, gold or silver) main characteristic is their very small size, less 
than 50 nm, which provides them with a high surface area. Moreover, thanks to their intrinsic 
optical and magnetic properties, these nanoparticles can also be used as imaging agents being 
a good example of theragnostic nanocarriers, and for direct treatments such as hyperthermia.  

Complexes are nanostructures composed of two materials with reciprocal affinity. In 
particular electrostatic complexes between a cationic molecule and an anionic nucleic acid are 
employed for gene delivery21. We can distinguish between lipoplexes, which use cationic 
lipids, and polyplexes22 which are composed using cationic polymers. Lipoplexes so far have 
been more explored in the clinic due to their ease of formulation. However, polyplexes are 
very attractive because of their immense chemical diversity and potential functionalization, 
representing a promising alternative.  

Finally, unimolecular systems are among the simplest carriers and consist of single 
polymeric chains conjugated with therapeutic molecules. They have the advantage of a very 
small size and low cost.  Recently, dendrimers have been proposed as new unimolecular 
carriers. They consist of a perfectly repeating hyperbranched polymer. The main 

Figure 1.2 Nanocarriers based on different structures and materials.  Nanocarriers can be classified into 
lipidic, polymeric and inorganic. Moroever, inside each of these groups a range of nanosystems can be 
formulated. By differing their structural properties and morphology we can distinguish between vesicles, 
micelles, solid NP, complexes and unmilecular systems.  
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characteristics of these nanocarriers are their small sizes from 1 to 20 nm and their low 
polydispersity23. The therapeutic payload can be incorporated to dendrimers in multiple 
ways, such as physically encapsulated into the inner core, or covalently linked to the 
dendrimer surface as all of the active groups on the branches faces outward, as can be 
observed in Figure 1.2.  

1.2. Nanocarriers in cancer treatment 

Nanocarriers are being investigated as useful delivery systems in different medical areas. 
They have recently shown their potential in improving the outcome in cardiovascular 
diseases24, thanks to the possibility of treating chronic inflammations such as atherosclerosis 
that currently require surgical intervention. Moreover, nanoparticles have shown to be useful 
against infectious diseases25, improving the release of antibiotics, as well as for their intrinsic 
antimicrobial properties (e.g. metallic NPs). In addition, the poor bioavailability of 
therapeutic molecules in the brain makes nanocarriers attractive to improve treatments of 
neurological diseases26, such as Alzheimer or Parkinson. In this framework, nanocarriers can 
facilitate the crossing of the Blood Brain Barrier (BBB). BBB is a key barrier for preventing 
toxins or pathogens to reach the Central Nervous System, but at the same time making it 
inaccessible to therapeutic drugs.  Finally, the field in which the use of nanocarriers as drug 
or gene delivery systems is more widely exploited is oncology27,28. As this is the application 
field of this thesis, the use of nanomedicine for oncology will be extensively discussed in the 
next sections.  

 Advantages of nanocarriers for cancer therapy  

Cancer is one of the major causes of death worldwide, increasing every year mainly due 
to the growth in life expectancy29. Current treatments beyond surgery include chemotherapy, 
radiotherapy and immunotherapy which, in many cases, have limited success because of their 
toxicity or low effectivity.  The effectiveness of these drugs is often limited by poor solubility, 
low half-life and very toxic side effects30. 

If we look at the chemical nature of the therapeutic molecules used in oncology, the 
potential benefit of nanocarriers clearly appears. Most chemotherapy treatments are 
performed using very hydrophobic molecules such as paclitaxel or docetaxel. These 
therapeutic molecules have very strong activity but poor solubility and bioavailability which 
results in the administration of high doses to achieve the therapeutic dose at the tumour site. 
The high concentrations of chemotherapeutic molecule are responsible for the numerous side 
effects, due to non-controllable drug distribution through the body and the toxicity of 
surfactants currently used to increase their bioavailability. In this framework, the use of 
nanocarriers to encapsulate drug molecules can increase the solubility of the 
chemotherapeutic drugs, thus, reducing the administered concentrations. In addition, 



 

 14 

 Chapter 1 

controlled delivery of multiple molecules is a promising therapy, in this sense, the co-
encapsulation into the same nanocarrier can improve their coordinated delivery. Recently, 
new therapies based on silencing oncogenes using small interfering RNA (siRNA) molecules 
have been described. However, these molecules are highly susceptible to nucleases 
degradation and, additionally, are highly negatively charged, preventing their ability to cross 
negative membranes and so their internalization into cells. The encapsulation of siRNA 
molecules into nanocarriers offers them high protection, significantly reducing their 
degradation and increasing the ability to pass over negative barriers. Also, the use of nucleic 
acid molecules induces a high number of side effects due to the non-specificity of the 
treatment, therefore affecting both healthy and diseased cells (e.g. gene mutations). The 
possibility to functionalize nanocarriers with targeting moieties that can recognize 
overexpressed antigens in cancer cells allows us to specifically target those cells. This both 
reduces toxicity (side effects) and increases the accumulation of delivered molecules into the 
tumour tissue31,32.   

 Current clinical translated nanomedicines for cancer treatment 

The first nanomedicine approved, Doxil33, consisted of a liposome encapsulating 
Doxorubicin, a chemotherapeutic drug. The main advantage of Doxil versus the free drug is 
an increased circulation time as well a reduction of side effects such as cardiotoxicity. The 
approval of this nanocarrier became a milestone in the nanomedicine world, delivering the 
promised benefits for cancer treatment. Since then, other liposomes based-therapies had been 
approved for the treatment of different cancers. However, it was only after 10 years of the 
approval of Doxil for clinical use that the first non-lipid based nanosystem was also 
authorized, Abraxane, which consists of an albumin-based nanoparticle encapsulating 
Paclitaxel, another chemotherapeutic drug34. A few years later, the first and only polymer-
based nanocarrier, Genexol-PM35, a PEG-PLA polymeric micelle, was accepted for clinical use. 
Overall, all of these systems reduce the side effects or allow a decreased dosage to be 
administered. Only recently, the first nanocarrier to improve survival rates has been 
approved, CPX- 351, a combination liposomal formulation shown to improve from 5 to 9 
months the life expectancy of patients with leukemia36 compared to standard drug treatments. 

These successes show the potential of nanomedicine to impact the clinic setting, but the 
very limited number of approved NPs compared to the billions in monetary funds invested 
for pre-clinical investigations highlights a significant problem in the field. In the last 15 years, 
the interest in the field has continuously grown, exemplified in the number of publications 
which have increased from 100 per year to more than 4000 in 2018. However, this increase did 
not result in more nanocarriers clinically approved. The unbalance in investigations and 
clinical translated systems demonstrates the importance of identifying and overcoming the 
challenges that limit nanomedicine application. 
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1.3. Life of a nanocarrier inside the body: biological interactions  

 Nanocarriers intravenously (i.v.) injected have a long journey inside the body before they can 
reach the cancer cells, as represented in Figure 1.3. In each step of this voyage, different 
interactions with biological components may occur39,40 dictating the nanocarrier performance. 
In the next paragraphs the key interactions occurring during circulation, tissue diffusion and 
tumour detection will de detailed.  

 Interactions of nanoparticles in circulation 

The majority of nanocarriers under investigation are designed to be injected 
intravenously. This delivery route implicates a number of biological interactions occurring in 
the blood vessels; as blood is a very complex media which contains proteins, lipids and small 
metabolites, as well as a variety of circulating cells. In the moment in which a NP is in contact 
with this complex environment it starts interacting with it. As schematically represented in 

Figure 1.3 Schematic representation of the life of a nanocarrier inside the body. Nanocarrierss are in 
most cases injected i.v., therefore, they start their journey inside the body in the circulation where multiple 
interactions can occur. Once they are able to extravasate, they need to penetrate the tumour tissue to reach 
the cancer cells and then through the tumour mass. Moreover, the detection of cancer cells will help the 
retention, adding extra interactions. In some cases, nanocarriers need to penetrate the cancer cells and in 
those cases the intracellular behaviour is also very important.  





 

 18 

 Chapter 1 

The attachment of complement proteins, for example, activates the complement system, 
which consists on the recruitment and activation of other proteins in a cascade increasing the 
NP clearance. The unfolding of specific proteins in contact with the nanocarrier surface may 
induce binding to specific receptors of phagocytes, which also triggers inflammation. 
Moreover, immunoglobulins, albumin and apolipoprotein adsorption induce phagocytes 
activation, in turn enhancing the nanocarrier sequestration. 

As the protein corona influences the performance of the nanocarrier inside the body, many 
efforts have been spent to prevent the adsorption of proteins to the nanomaterial surface by 
functionalizing their surface with anti-fouling materials48. PEG or zwitterionic materials have 
been shown to significantly reduce the adsorption of serum molecules in a large variety of 
materials, resulting in an increased circulation time49,50.  However, there is currently no 

Figure 1.5 Protein corona formation and techniques to characterize adsorbed proteins. a. Proteins 
present in the blood may adsorb to the nanocarrier surface hiding any functionalization moieties present. 
This covering will significantly reduce the specific interactions with tumour cells46. The most popular 
techniques to study the molecule species adsorbing to the nanocarrier surface are: b. Gel electrophoresis 
SDS-PGAE at different time points63, c.  Quantitative Liquid Chromatography-Mass Spectrometry at the 
indicated time points, grouped according to biological processes of the blood system63. Adapted with 
permission from Springer Nature Customer Service Centre GmbH, Copyright © 2013.   
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patients to liposomes by detecting the accumulation of iron nanoparticles (MRI detected), 
which proved to be predictive of liposomes performance88. All of the observations raised 
proves that the existence and extent of EPR effect should be further investigated in humans, 
and the stratification of patients based on their EPR ability could pre-select patients to be 
treated and enhance nanomedicine applicability89. Another interesting perspective is to 
artificially enhance EPR through chemical and pharmacological treatments81.  

Recently, active strategies to increase the extravasation of nanosystems have been 
proposed. They consist on taking advantage of the traditional transport solute pathways: i) 
the paracellular route (used for small solute transport through intercellular gaps) and ii) the 
transcellular route (used by nutrient protein transport across the cell via receptor-mediated 
transcytosis) of endothelial cells90,91. The ability of nanoparticles to induce opening of 
paracellular gaps have been recently highlighted. Tight junction modulators, such as cationic 
polymers have been demonstrated to induce leakiness of the vascular endothelium which 
favours nanoparticles extravasation92. Moreover, some nanocarriers, such as TiO2 
nanoparticles, interact with VE-cadherin which induces an intercellular gap formation in the 
range of microns, also granting nanocarriers extravasation93. Despite that at first glance these 
strategies seem very appealing, they also present major complications.  Lately, a study 
demonstrated that the gap opening induced by inorganic nanoparticles promotes cancer cell 
intravasation that could facilitate metastasis94. Therefore, a more mechanistic understanding 
is needed before being able to exploit these phenomena. A more promising strategy to 
enhance the extravasation of nanocarriers to tumour tissue is to exploit the transcytosis 
mechanism. To induce the transcellular pathway, the first step is to induce internalization in 
the endothelial cells, therefore, physicochemical properties and ligand functionalization will 
strongly impact on this process. For example, NPs can be modified with ligands promoting 
receptor-induced transcytosis, which are generally associated with nutrient transport (e.g. 
albumin, transferrin, insulin)95. Noteworthy, some receptors are overexpressed both on the 
cancer endothelium and in the cancer tissue, allowing for dual targeting (e.g. PSMA receptor 
or integrins). 

The extravasation of nanoparticles from the blood vessels is in most cases overlooked, except 
for the case when nanoparticles are designed to treat glioblastoma. In this last case, 
nanocarriers must cross the Blood Brain Barrier (BBB) which is known to be a tighter 
endothelial barrier than the one in the normal vasculature. A lot of efforts have been taken to 
increase the ability of NPs to cross the BBB. However, the mistaken belief of the EPR effect 
existence in any other cancer and patient is the main cause of the low number of investigations 
regarding nanoparticles extravasation. We consider that an increase in the understanding of 
the biological arrangement of tumour vasculature is needed. Together with expanded 
knowledge about the interactions between specific nanocarriers and the cancer endothelium, 
it will facilitate the design of nanocarriers with high accumulation rates.   
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 Active targeting 

Active targeting consists of functionalizing nanocarriers with moieties that possess a 
specific affinity for the tumour cells. This strategy has been projected as the magic bullet to 
effectively differentiate cancer cells from healthy ones and, consequently, provide therapies 
with absolute selectivity. Frequently, cancer cells overexpress specific antigens on their 
surface providing the possibility to distinguish them from healthy cells. The first ligands used 
to functionalize nanocarriers were monoclonal antibodies, followed by proteins, peptides, 
and aptamers31,110,111. Despite the increasing interest in functionalizing NPs to actively target 
cancer cells, there is still no clinically approved system. The reason of this can be seen in the 
complexity of this strategy, which is not as straightforward as it was first proposed. The first 
reason, as previously explained, is the shielding of the ligands due to the adsorption of 
molecules in blood, which decrease the effectivity of the targeting. Another motive for the low 
efficiency of active targeting is the fact that overexpression of antigens by cancer cells is not a 
black or white condition, in a lesser extent, healthy cells also express these antigens. Therefore, 
healthy cells are not invisible for the actively-targeted nanocarriers. Moreover, the high 
variability between patients, and stage of the cancer enhance the difficultly to optimize these 
carriers.    

To choose the most effective targeting ligand two major parameters should be considered. 
The affinity for the cancer antigen, both in terms of thermodynamics (Kd) and kinetics (Kon 
and Koff) should be deeply studied. Secondly, the density of ligands per particle plays a pivotal 
role due to possible multivalent interactions. Importantly, the ligand density can not only 
influence the binding but also perturb the cell, for example through receptor clustering112. 

 Cell internalization 

Once tumour accumulation is achieved the nanocarriers need to release their cargo, thus, 
it can respond against cancer cells. Depending on the therapeutic molecules encapsulated the 
release outside the cells is sufficient as chemotherapeutic molecules, for example, can 
internalize the cells without any extra guidance. However, nucleic acid molecules do not have 
the ability to penetrate cells on their own therefore the use of vectors, in this case, nanocarrier 
internalization into cancer cells is essential.  Understanding the internalization of these NPs 
together with the trafficking and intracellular interactions is crucial to design effective 
systems. Extended information on these interactions can be found elsewhere113, as it is out of 
the purpose of the current thesis. Importantly, nanocarriers for drug delivery can increase 
tumour accumulation if the physicochemical properties of the system minimize their 
biological interactions. In addition, nanocarriers for gene delivery are essential not only to 
increase the retention but to deliver the molecules inside the cancer cells to modify protein 
expression. 
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1.4. Novel methods to study nanoparticles biological interactions  

In the previous sections, complex biological interactions which determine the success or 
failure of nanomedicine have been reviewed. However, the mechanisms underlying these 
interactions are poorly understood, limiting the rational design of nanomedicine. Therefore, 
the development of methods able to dissect the behaviour of NPs in the biological milieu is a 
key aspect to advance in nanomedicine research. One of the main challenges limiting the 
information obtained from the available methods is the small size of nanocarriers which 
requires high spatial resolution. Moreover, the polydispersity within a NP population impel 
the study of individual nanoparticles, still, the current ensemble techniques cannot provide 
this detailed information. Importantly, the visualization of heterogeneities within a 
population will help to identify the nanoparticles carrying the properties with the higher 
chances of success. In addition, the complexity of biological environments represents extra 
challenges, as there is a need to identify multiple objects within the same measurement. 
Fluorescence microscopy is a promising technique to overcome the current methodological 
limitations due to several reasons: i) imaging of nanoparticle-cell interactions can be 
performed with minimal invasiveness of the specimen (e.g. live cell); ii) it allows for very 
sensitive and high signal-to-noise measurements, down to single molecule detection; iii) it is 
endowed with a fairly good spatial resolution (about 200 nm) that can be enhanced down to 
10 nm in the case of fluorescence super resolution methods; and iv) fluorescence labelling of 
molecules gives chemical specificity and multicolour ability. Altogether, these properties 
render fluorescence imaging among the most powerful tools for the study nanoparticle 
biological interactions. 

In light of the content of this thesis the following paragraphs focus specifically on spectral 
imaging and super-resolution microscopy, while a more extended review of fluorescence 
microscopy methods can be found elsewhere114.  

 Spectral imaging 

Spectral imaging is based on the acquisition of the emission spectrum of the fluorophores 
at each pixel imaged. This is typically achieved with a confocal setup equipped with a prism 
and able to image the different colours sequentially or simultaneously. The main advantages 
are the possibility to detect different fluorophores that have overlapping emission spectrum 
and to perfectly distinguish the signal of interest from background or autofluorescence of the 
sample being image, see Figure 1.8. Moreover, a very beneficial use of spectral imaging is its 
combination with sensing molecules able to change their emission wavelength depending on 
a specific factor (i.e. pH). This is a key feature of this technique as it enables functional 
imaging: providing complementary information about the state and behaviour of NPs and 
not only its localization in space.  
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 Spectral imaging has been used to understand the uptake mechanisms of different 
fluorescently labelled nanoparticles into live cancer cells. Arsov et. al. localized and 
discriminated fluorescent NPs of different sizes from the labelled plasma membrane which 
was impossible to distinguish using confocal imaging due to emission spectra overlapping115. 
Moreover, in the same work the fusion of lipidic NPs with the membrane was studied. This 
was possible using a solvatochromic dye, whose emission spectrum shifts depending on the 
microenvironment. Spectral imaging has been also used to investigate the impact of lipidic 
nanocapsule internalization on the mitochondria integrity and metabolic activity by using a 
sensor dye which changes emission spectrum depending on the membrane potential116. 
Confocal spectral imaging was also used to follow the intracellular release of doxorubicin and 
to determine its kinetics thanks to different emission spectra of doxorubicin depending on the 
intracellular microenvironment 117,118 (Figure 1.8b). Similarly, internalization of nanocarriers 
and their drug release profile has been measured in skin119, or in live animals120,121. Using 
spectral imaging the emission fluorescence corresponding to the nanoparticle can be clearly 
distinguish from the autofluorescence of the tissues or the crosstalk, a main problem when 
studying biodistribution. 

Figure 1.8 Spectral microscopy as an imaging tool to study biological interactions of nanocarriers. a. 
Spectral confocal measures the fluorescence emission spectra per imaged pixel which allows the 
distinction of dyes with overlapping spectra115. b.  Example of spectral imaging used to distinguish the 
different doxorubicin emission depending on the cellular environment performed by Gautier and co-
workers117. Reproduced with permission from Reference 115 and 117.  Elsevier and Copyright Clearance Center.  
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of polystyrene particles down to 80 nm by STORM has been assessed in combination with 
image analysis tools to assess the possibility of accurately measuring NPs size in different cell 
types142. The results showed an excellent agreement with in vitro TEM measurements for 
nanoparticles ranging from 80 nm to 800 nm, demonstrating the potential of such techniques 
to evaluate the nanoparticle interactions inside cells. Moreover 2-color dSTORM has made 
possible the localization of polystyrene and polymeric nanoparticles in contact with specific 
subcellular organelles with nanometric precision as observed in Figure 1.10b143.  

Overall, the nanometric resolution of dSTORM, together with the molecular specificity of 
the multi-colour imaging overcome the limitations of ensemble techniques. Moreover, it 
presents dSTORM as a suitable technique to investigate nanocarrier biological interactions, 
both at the molecular and cellular level, also overcoming the challenges of molecular 
complexity and specificity. The possibility to characterize the physicochemical properties 
(size, shape or functional ligands) of NPs in complex biological environments can guide the 
understanding of protein interactions, stability, endothelial interplay during extravasation, as 
well as the study of ECM component interactions, and targeting precision. Altogether, this 
knowledge will grant the identification of the most promising nanocarrier to be clinically 
translated.  

1.5. Thesis aim and content 

The previous sections have highlighted the need for understanding the nanocarrier 
biological interactions occurring during their life inside the body. The comprehension of these 
critical steps together with an in-depth study of the structural composition of nanoparticles 
can guide the rational design of delivery systems, increasing their translation into the clinics.  

Figure 1.10 Single molecule localization microscopy to image nanocarriers in action. a. Schematic 
representation demonstrating the improved resolution of the technique115. Reproduced with permission from  
Reference 115. Elsevier and Copyright Clearance Center.  b. dSTORM imaging of polystyrene  nanoparticle 
internalization into cells allows determination of the prescie organelle interactions of the system142. 
Reproduced with permission from Reference 142.  Copyright © 2016, American Chemical Society. 
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Currently, one of the main limitations of these investigations is the lack of experimental 
approaches able to provide information of nanoparticle behaviour on the nanoscale, as well 
as, those conducted in complex biological media.  

Thus, the main aim of this thesis is the use of novel advanced optical microscopy 
techniques to unveil the biological interactions of nanocarriers in complex biological 
media at the single-particle and single-molecule level.  

For this purpose, Chapter 2, describes the use of dSTORM imaging as a new methodology 
to obtain an in-situ characterization of protein corona on individual nanoparticles. The study 
unveils the time evolution of the protein corona as a function of surface properties.  Overall, 
it reveals a high interparticle heterogeneity regarding the number of proteins per 
nanoparticle, which may be one of the causes of their poor clinical performance. Moreover, a 
relation between corona formation and targeting properties of the nanocarrier is 
demonstrated.  

In Chapter 3, dSTORM imaging is used to visualize the exact molecular composition of 
polyplexes. Using two-colour dSTORM it is possible to detect differences in the stoichiometry 
of individual polyplexes, revealing a heterogeneity inside the same population. Once the 
system is fully characterized, this complexation can be followed in serum to study its stability. 
This new method provides mechanistic insights into the disassembly process of polyplexes in 
blood. 

In Chapter 4, micelles able to change their fluorescent emission upon disassembly are 
characterized under different blood-like conditions using a combination of fluorescence 
spectroscopy and microscopy techniques. The stability of micelles in different biologically 
relevant conditions (e.g. proteins media, extreme dilutions, temperature) is followed thanks 
to the use of spectral imaging. Finally, an interplay between stability, interactions with cell 
and internalization pathway has been discovered using this methodology.  

Chapter 5 reports the development of a microfluidic chip mimicking the vascular tumour 
microenvironment to study the ability and stability of supramolecular structures during 
extravasation by means of advanced imaging. The stability of the nanocarriers can be 
correlated to the specific biological interactions occurring thanks to the micelles fluorescent 
properties presented before. The integration of spectral confocal imaging and the 3D 
microfluidic tumour blood vessel-on-a-chip represents a robust and promising platform to 
investigate the performance of nanocarriers mimicking in vivo environments. Low penetration 
of non-targeted micelles into spheroids is observed, together with a destabilization of the 
system in the tumour surroundings, which cannot be predicted investigating only 2D culture 
cells.  

  
































































































































































































































































































































