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CHAPTER 1. NANOMEDICINEChapter 1. Nanomedicine 
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1 General definition and properties 

Nanoparticles are defined as objects with a size range between 1and 200 nm, independently 

of their material, shape, charge or other physicochemical characteristics. Cholesterol 

particles (e.g. LDL, HDL), exosomes and viruses can be considered natural nanoparticles, 

whereas engineered nanoparticles (as illustrated in Figure 1) can be made of inorganic 

materials (such as gold, silica, iron, etc.) or organic materials (such as liposomes and other 

lipid based nanoparticles, dendrimers and other polymeric nanoparticles, albumin-based 

nanoparticles or modified viruses and exosomes).1,2 

 

Figure 1: Nano-sized objects can be made of different materials, both organic and inorganic. Reproduced from:  Nano and 

microcarriers to improve stem cell behaviour for neuroregenerative medicine strategies: Application to Huntington's 

disease. Biomaterials (2016).3 

Nanomedicine is the medical application of nanotechnologies for the treatment and 

diagnosis of diseases, with a particular focus on cancer therapy.4–11 Nanomedicines have 

been and are being explored in various technological, biotechnological and pharmacological 

settings, including in drug delivery.4 In fact, nano-sized materials are often used as drug 

carriers to encapsulate smaller hydrophilic and hydrophobic drugs or biologicals, with the 

aim of increasing drug biodistribution and targeting, and reducing eventual side effects. A 

part from the traditional role as drug carriers, nano-sized materials have also been used for 

imaging and diagnostic purposes, for instance in magnetic resonance imaging, or as antigen 

or adjuvant carriers for the development of synthetic vaccines.12 
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1.1 Nano-sized materials for drug delivery 

Nanomaterials have been showed to be promising drug delivery systems because they can 

be easily engineered in many ways. Several characteristics of nanomaterials such as size, 

material, shape, surface charge, hydrophobicity, roughness and elasticity can be tailored in 

order to meet various needs. Moreover, the surface of nanomedicines can be engineered 

by adding fluorescent or other labels for imaging strategies, or by introducing functional 

groups to reduce clearance and increase biodistribution,7 as well as for active targeting 

purposes (as illustrated in Figure 2). Another important characteristic of nanomedicines is 

that they can encapsulate different types of hydrophilic and hydrophobic drugs and they 

can be designed to control their release profile.13 This high engineering potential can be 

exploited to control the distribution and behaviour of nanomedicines in biological 

environments. In fact, by tuning the design of nanomaterials we can in principle tailor 

parameters such as their serum-protein interactions, sequestration by the immune system, 

blood circulation time, biodistribution and cellular recognition and internalization.13  

In this first Chapter, I will discuss in more detail some of the key features of nanomaterials 

for nanomedicine applications, such as their small size, functionalization capabilities and 

easy tailoring and I will highlight how these characteristics make them promising carriers 

for drug delivery.  

 

Figure 2: Nanomedicines can encapsulate several compounds, such as contrast agents for imaging purposes and 

hydrophilic or hydrophobic drugs for therapy. Nanomedicines can also be used to transport biologicals (larger drugs such 

as peptides or RNA and DNA based drugs) and protect them from enzymatic degradation. They can be functionalized in 

many ways, for instance by adding targeting moieties for recognition by specific cells or polymers such as PEG for reducing 

opsonisation and clearance by the immune system. Reproduced from: Cancer nanotechnology: opportunities and 

challenges. Nature Reviews Cancer (2005).6 
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2 The biological interactions of nanomedicines 

The potential of nanotechnology derives from the fact that nano-sized objects represent a 

link between bulk materials and molecular structures. When approaching the nanoscale, 

the number of atoms on the surface of a material becomes significant and this can confer 

different physical and chemical properties to nano-sized materials compared to their 

bulk.14,15 Furthermore, the small size of nanomaterials results in a high surface area to 

volume ratio, and this makes nanoparticles very reactive and prone to interact with their 

surroundings, including biomolecules, cells and organisms. For these reasons, nanoparticles 

are very interesting for nanomedicine since they could potentially interact at cellular level 

in new ways compared to standard small molecular drugs.  The way natural nano-sized 

objects, such as albumin, cholesterol and virus particles16 interact with cells clearly shows 

this potential: natural nanoparticles are recognized by specific cell receptors at the plasma 

membrane, they are internalized by cells using the cell endocytic machinery, and their 

internalization and processing by the cell is precisely regulated. Similarly, engineered 

nanomaterials exploit the cellular machinery to be internalized by cells. In fact, since the 

cell membrane blocks diffusion of complexes larger than ~1 kDa, nanomedicines need to be 

transported into cells using energy dependent mechanisms,17 unlike many small drugs 

present in the market. This enables nanomedicines to potentially overcome problems 

associated with the passive diffusion of drugs through cell membranes, such as their 

indiscriminate internalization in different cell types and organs, which is often associated 

with several side effects. Moreover, the possibility of engineering nanomedicines to interact 

with cell receptors opens up new strategies for targeting specific cell types and organs. So 

far, several receptors have been associated with the uptake of nanomaterials. 18,19 The initial 

recognition of nanomedicines at the plasma membrane can also affect their subsequent 

processing by cells, including their final localization in the cell. However, still little is known 

about the recognition of nanomaterials by receptors at the plasma membrane and about 

the molecular mechanisms leading to their uptake and intracellular processing.20–23 A better 

understanding of these processes can help to design smarter nanomedicines and to achieve 

a better targeting.24  

Another important consequence of the high reactivity of nano-sized objects is the formation 

of the so called biomolecular ‘corona’.25–28 When a nanomedicine (or any nano-size 

material) after administration enters in contact with a biological environment (for example, 

with blood, interstitial fluids or extracellular matrices), its surface is rapidly covered by 

various biomolecules, leading to the formation of a corona (Figure 3). The prevailing 

hypothesis describes an inner layer of tightly bound biomolecules (‘hard corona’) with a 

long residence time on the nanoparticle, and an outer layer of weakly bound biomolecules 

(‘soft corona’), which instead have a high exchange rate with the surrounding 

environment.29 Nanoparticle physico-chemical characteristics, such as size, shape, charge, 
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hydrophobicity, rigidity and surface characteristics affect the composition of the 

corona.5,12,13,23,34–36 Moreover, the presence of a corona alters particle size, stability and 

surface properties and confers a new biological identity to the nanomaterial.25 In fact, the 

corona can determine the way particles are recognized and processed by cells5,12,13,23,34–36 

and can modulate their pharmacological and toxicological profile, as well as their 

therapeutic or diagnostic functions.19,25,30 This means that the characteristics of the medium 

in which nanomedicines are dispersed can dramatically change the corona composition, 

thus the biological responses to nanomedicines.31–33 For this reason, even when testing 

nanomedicines in vitro, one should always take into account the source, concentration and 

composition of the dispersant used.  

 

Figure 3: The corona is a layer of biomolecules adsorbed on the surface of nano-sized objects once they are introduced in 

a biological environment. It has been shown that this layer can mediate the interaction of nanomedicines with cells. 

Adapted from: Biomolecular coronas provide the biological identity of nano-sized materials. Nature Nanotechnology 

(2012).25

Even though several studies in vivo and in vitro37–40 have characterized the corona of several 

nanomedicines, a clear picture on how the corona composition affects the biological 

behaviour of nanomedicines is still missing.26 Several works in literature have demonstrated 

that different corona components can specifically be recognized by cellular 

receptors.19,30,41,42 More recent examples showed that the presence or absence of a corona 

can also determine a different uptake mechanisms for the same nanomedicine.43,44 As it is 

emerging that the biomolecular corona mediates the interaction of the nanomaterials with 

cells, the control of its composition can potentially be exploited as a novel strategy to direct 

nanomedicines towards specific targets. For example, nanomaterials can be designed to 
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form a corona that can initiate targeted receptor-mediated cellular binding and 

internalization.30,41,42,45. Another emerging way to exploit the biomolecular corona is to use 

it as a fingerprint of serum proteins for the early detection of disease markers for diagnostic 

purposes.46 Overall, further studies are necessary to fully understand how the corona 

mediates the interaction of nanomedicines with cells and organs. 

3 The biodistribution of nanomedicines 

Nanomedicines have proved to have longer blood circulation times compared to other 

drugs. Generally speaking, increasing blood circulation time leads to an increased 

probability that a drug will recognize and end up in the target tissue. A series of biological 

factors can influence drug biodistribution.5,13 As mentioned, once circulating in blood, 

nanomedicines adsorb several biomolecules on their surface, including opsonins and other 

proteins which can be recognized by the MPS (mononuclear phagocytic system), leading to 

their fast clearance and transport to the spleen or lymph nodes. Nanomedicines and drugs 

smaller than 5 nm can also be eliminated by renal clearance through the reticuloendothelial 

system, or they can end up in leaky tissues by extravasation. In order to limit this clearance, 

nanomedicine characteristics can be tailored to gain a “stealth effect” and increase their 

blood circulation times.47  

For example controlling the size of nanomaterials can affect their biodistribution. As 

mentioned above, very small particles (1-5 nm) have a high renal clearance and can easily 

spread in different organs since they can cross the endothelial tight junctions. In tumour 

microenvironments a small size can be an advantage, since it allows a rapid and uniform 

penetration in the tissue compared to larger sizes. On the other hand, bigger particles (>200 

nm) can be more easily recognized by the MPS (mononuclear phagocytic system) after 

deposition of opsonins and complement proteins on their surface and are cleared from the 

blood. Moreover they can be sequestered by sinusoids in the spleen and fenestra of liver, 

which are approximately 150–200 nm in diameter. Thus, mid-range particles (20-100 nm) 

on the one hand can avoid renal clearance and leakage into capillaries, and on the other 

hand are not recognized by the MPS as easily as bigger objects.7,13  

Nanoparticle shape also affects their biodistribution. Non-spherical particles seem to be 

cleared rapidly by renal filtration when their shortest dimension is small enough to allow it, 

whereas - as mentioned - larger particles are cleared more efficiently by the MPS.48 

Similarly, spherical nanoparticles penetrate and accumulate in tumours less rapidly than 

disc-shaped or rod-like nanoparticles.23,49  

Nanoparticle charge can also influence biodistribution. Positively charged nanoparticles can 

easily interact with cells and matrices due to electrostatic interactions, therefore they tend 

to have lower blood circulation times than neutral or negatively charged particles. However, 
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once cationic particles reside in a tissue, due to their charge, they can also strongly interact 

with membranes and matrices, thus distributing less efficiently throughout the tissue itself.5 

It must be stressed that the charge of nanomedicines can vary greatly when dispersed in 

complex biological environments as a consequence of corona formation. For example, many 

nano-sized objects with a mild-negative or positive-charge tend to neutrality after 

adsorption of serum proteins on their surfaces. Therefore a careful analysis of the final 

charge of nanomedicines once introduced in biological context should be carried out in 

order to be able to predict  possible outcomes based on their final charge.5,13,23 

Some studies have tried to summarise (as illustrated in Figure 4) how size, shape and charge 

affect nanomedicine biodistribution, and introduced the concept of “geometrical targeting” 

as a novel strategy to exploit these effects for improving drug delivery.47 

 

Figure 4: Nanoparticle size (a), shape (b) and surface charge (c) dictate biodistribution among the different organs. 

Reproduced from: Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nature 

Biotechnology (2015).47 

The surface of nanomedicines can be engineered by adding functional groups to reduce 

clearance and increase their biodistribution.7,50 For example, grafting hydrophilic polymers 

such as polyethylene glycol (PEG) on the surface of nanomedicines, a process called 

PEGylation, has been proved to be an effective strategy to increase the residence time of 

nanomedicines in the blood (Figure 5).51,52 In fact, PEGylation can reduce the amount of 

biomolecules bound on the surface of nanomedicines after administration,53,54 therefore 

reducing their opsonisation and recognition by the MPS. Not only the presence of PEG, but 

also its density and length are fundamental to control the interactions with biomolecules: 

increasing the PEG length, for instance, reduces protein adsorption on the surface of 

nanomedicines and can change affinity for certain classes of biomolecules, like 

apolipoproteins.55 

Next to PEGylation, many other strategies are being investigated in order to limit the 

interactions of nanomedicines (and drugs in general) with serum proteins and the immune 
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system when they reach systemic circulation.56 These include bio-inspired strategies such 

as functionalizing nanomedicines with “self” peptides, or using leucocytes or red blood cells 

membranes to coat their surface (also illustrated in Figure 5). 

 

Figure 5: The surface of nanomedicines can be modified in many ways in order to increase their circulation time. 

PEGylation reduces serum adsorption on their surface, therefore reducing recognition by the mononuclear phagocytic 

system. Additional strategies such as the addition of ‘self’ peptides, or coating with leucocyte or red-blood cells 

membranes can also reduce clearance by the immune system. Reproduced from: Principles of nanoparticle design for 

overcoming biological barriers to drug delivery. Nature Biotechnology (2015).47 

4 Targeting strategies of nanomedicines  

As mentioned, nanomedicines have – among others - the great advantage of using energy-

dependent processes to be internalized by cells, thus avoiding an indiscriminate diffusion 

through the plasma membrane.57 This can facilitate the selective targeting of specific cell 

types. However, the targeted delivery of nanomedicines and, more in general, of any kind 

of drugs to specific tissues and organs, still remains a great challenge in drug delivery.58–60 

Passive and active targeting strategies can be used to improve the delivery of 

nanomedicines, in particular for what concerns delivery to tumours (Figure 6).9,61,62 In the 

following sections I will present these and other strategies currently investigated to improve 

the delivery of nanomedicines to their targets.

4.1 Passive targeting: the EPR effect   

Nanomedicine success in cancer therapy has been linked to the capacity of nano-sized 

objects to exploit the so-called EPR effect (Enhanced Permeability and Retention).64,65 The 

EPR effect is the higher permeability of (some) tumour vessels and the poor clearance of 

drugs from the tumor tissue, which leads to their higher retention. Inflammation or pro-
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angiogenic signals can activate the rapid formation of blood vessels in tumors, resulting 

often in large intercellular gaps between endothelial cells (Figure 6 and 7).  

 

Figure 6: Active and passive targeting strategies in tumour targeting. Nanomedicines can extravasate in the tumour tissue 

trough leaky vasculature (passive targeting) or they can be functionalized in order to target tumour cells (active targeting). 

Reproduced from: Impact of albumin based approaches in nanomedicine: Imaging, targeting and drug delivery. Advances 

in Colloid and Interface Science (2017).63 

Those leaky vessels can provide a greater access to extravascular targets compared to the 

normal vasculature. For example, while the endothelium of normal breast or pancreatic 

tissue has a pore size around 5 nm, the endothelium of a breast or pancreatic tumour may 

be up to around 50-60 nm. In a brain tumour, intercellular gaps in the endothelium can be 

around 7 nm versus less than 1 nm for normal brain tissue.7 Other tumour types, such as 

LS174T colon carcinomas, can have endothelial gaps as large as 400–600 nm.66 At the same 

time, as mentioned, tumours can also show enhanced retention due to lymphatic 

dysfunction and poor clearance. Indeed nano-sized drug delivery systems can extravasate 

and accumulate in the tumour tissue by passing through their larger endothelial pores. Once 

in the tissue, stimuli-responsive nanomedicines can be designed to achieve a controlled 

release of their content in the tumour environment (often associated with higher 

temperature and lower pH and oxygen levels), providing an additional strategy for targeted 

delivery.67 Next to active and passive targeting and nanomedicines responsive to 

endogenous stimuli, other new targeting strategies are focusing on the development of 

nanoparticles that can release the therapeutic agents in response to an external stimulus 

(for example light, ultrasound, heat, electric or magnetic fields).8,10  

Overall,  the EPR effect can be exploited for passive tumour targeting of nanomedicines and 

this can be combined to other targeting approaches, such as active targeting and the use of 

stimuli responsive materials.8 However, while the efficacy of passive targeting has been 

proved in several tumour models in vivo, its clinical relevance and efficacy in humans is still 

debated.68,69 This is due to the great tumour heterogeneity among not only different 

species, but also among individual patients, who –even for a same tumour type or within 
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the same tumour – may be characterized by very different EPR levels.12  In order to address 

this heterogeneity, and select patients who could benefit of passively targeted 

nanomedicines, more recent strategies are focusing on the development of tools to predict 

the extent of the EPR effect in individuals for a more personalized terapy,12,70 as well as on 

therapies that can enhance drug penetration in tumours, when the EPR effect is limited.11 

 

Figure 7: The tumour endothelium can be more permeable to nanomedicines than normal endothelium. Reproduced 

from: Nanoparticulate delivery systems for antiviral drugs. Antiviral Chemistry and Chemotherapy (2010).71 

 

4.2 Active targeting 

In addition to the EPR effect, as mentioned above, nano-sized drug delivery systems can use 

active targeting strategies in order to increase their target specificity (also in Figure 6). For 

example, drugs can be engineered by adding functional groups that can recognize specific 

cell types to enhance their delivery to the targeted tissue. This specific recognition can also 

increase the drug retention in the tissue, therefore increasing its therapeutic effect and 

reducing toxicity in other (non-targeted) locations. Several antibodies and few immune-

drug conjugates have arrived on the market, with many more undergoing clinical trials, 

demonstrating overall that active targeting approaches hold great promises.12 However 

actively targeted nanomedicines seem to be still far from the clinic: although there are 

several in vitro studies using targeted drug carriers, just few examples so far reached the 

clinical trials.72–74 Up to now, some studies have suggested that no significant difference in 

tumour accumulation can be observed for active and passive targeted nanomedicines in 

pre-clinical models.62,75,76 However, the efficacy of targeted nanomedicines is rarely 

compared with their untargeted counterpart during clinical trials, making it difficult to draw 

conclusions.12 Further studies are necessary to unravel why active targeting strategies seem 

to have still a modest success. On the one hand, the complexity of studying tissue properties 

and organization in different diseases, in particular in clinical contexts, represents an 

obstacle for the improvement of nanomedicine design for active targeting. On the other 

hand, it is difficult to predict the fate of nanomedicines once administered. For example, 
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protein adsorption and corona formation represent a great variable for the prediction of 

nanomedicine behaviour. Several studies in vitro have proved that the serum biomolecules 

forming the corona can mask, at least in part, targeting ligands.77,78 Moreover the presence 

of a biomolecular corona substantially decreases the overall uptake of nanomedicines in 

vitro, and this effect is higher when approaching in vivo serum concentrations,79 

substantially reducing the efficacy of the delivery.  

Because of these reasons, as mentioned, the biomolecular corona has been initially 

considered as an obstacle to targeted delivery. PEGylation and other similar strategies have 

been used to reduce the amount of bound proteins on the nanoparticle surface (Figure 5). 

Alternative strategies are instead focusing on exploiting the biomolecular corona for 

targeted drug delivery.30,41,42,45 In fact, several in vitro studies have demonstrated that 

different corona components can specifically recognize cellular receptors.19,30,41,42 This 

recognition can potentially be exploited for improving targeted delivery of 

nanomedicines.43,44 As discussed in the previous Section, the biomolecular corona 

composition is affected by the physico-chemical characteristics of 

nanomedicines.5,12,13,23,34–36 Thus, nanocarrier design could be tailored to achieve 

interaction with specific plasma proteins and form a corona to target specific cell receptors: 

in this way, controlling the corona composition can provide a new strategy to direct 

nanomedicines towards specific targets. While the idea of exploiting the biomolecular 

corona for targeting purposes is appealing, in practice the control of the corona composition 

has not been achieved yet. More studies in this direction are needed to further elucidate 

how the corona is formed and how to control it for similar purposes.  

A part from grafting targeting groups onto the surface of nanomedicines, some degree of 

targeting can be achieved also by simply tuning nanoparticle design.5,23,80–82 In fact, even 

without any particular functionalization on their surface, nanomedicines can be designed 

to exploit the cellular endocytic machinery.17 Since particles with different characteristics 

like size, charge or material, seem to be internalized by different cellular routes and seem 

to have a preference for certain cell types,5,23,80–82 we could in principle exploit these 

characteristics for improving targeted delivery. However, a clear picture of how 

nanoparticle design affects the route of internalization or the specificity for a particular cell 

type is still missing and understanding how nanomedicines enter cells still remain a great 

challenge. Size, charge, shape,83 hydrophobicity,84 rigidity,85 roughness86 and surface 

functionalization52,87 of nanomaterials are all parameters that in principle can be tuned in 

order to select the pathway of internalization of nanomedicines or to direct them towards 

a specific tissue.  

In order to illustrate the complexity of understanding how nanomedicines enter cells, here 

I will present some examples of how size and charge can influence cellular uptake. A more 
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comprehensive review on cellular uptake mechanisms and endocytosis is given later in 

Chapter 2.  

4.2.1 Endocytosis of nanomedicines 

As mentioned above, a fundamental parameter that seems to affect the pathway of 

internalization of nanomedicines is their size. It is generally accepted that the uptake 

efficiency of nanomaterials decreases with increasing particle size,88–90 probably because of 

the extensive membrane rearrangements needed for internalization of larger objects. 

However, there is less agreement on the pathways cells use for the uptake and how these 

change with nanoparticle size.88,89,91,92 For example in one study using cancer murine cells, 

nanoparticles of 500 nm were shown to enter preferentially through a cholesterol-

dependent mechanism, while 50 nm by clathrin-mediated endocytosis and microtubules.88 

In another study using HEK293 cells, spherical polystyrene nanoparticles of 100 nm were 

internalized through actin-dependent processes, 200 nm by clathrin mediated endocytosis 

(CME) and bigger particles up to 500 nm by microtubules.91 The comparison of these two 

studies, selected just as an example among several others, already highlights the difficulties 

in establishing a general rule for size-dependent uptake. Also, the assumption that a 

particular cellular pathway has a preference for particles of a specific size range is not always 

correct. For example, it was believed that particles larger than 200 nm could not be 

internalized by non-phagocytic cells,13 while later it was discovered that even cubic 

nanoparticles of 3 μm could be internalized by HeLa cells.81 Another similar example is that 

clathrin-mediated endocytosis is believed to be involved in the internalization of objects 

with a size smaller than 120 nm, since it was thought that the geometry and 3D structure of 

clathrin couldn’t  allow the formation of a larger clathrin pit. On the contrary, it has been 

shown that clathrin-mediated endocytosis can be triggered even by particles as big as 500 

nm, but in this case the pits do not close up completely (see Chapter 2 on endocytosis for 

further details).93–95 Therefore it seems that we cannot just impose a “cut-off” size for the 

internalization of nanomedicines through a specific endocytic pathway.  

Moreover, it appears that nanoparticles of a certain size may be internalized preferentially 

by specific cell types. Next to this, the same nanomedicines seem to be internalized via 

different mechanisms in different cell types. For example, it has been shown that murine 

RAW 264.7 macrophages have higher uptake efficiency for carboxylated polystyrene 

nanoparticles compared to human endothelial HCMEC or epithelial HeLa cells.96 In another 

study using carboxylated polystyrene nanoparticles of different sizes in different cell types, 

actin was required for the internalization of nanoparticles of 200 nm, but not for those of 

40 nm in 1321N1 astrocytes. Instead, in lung epithelial A549 cells, for both nanoparticle 

sizes, the uptake was not dependent on actin.97  

Unfortunately so far, only few studies have investigated in a systematic way how different 

cell types internalize nanoparticles of different size, making it still difficult to fully answer 
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this question and to conclude on the potential applicability of similar observations for 

targeting. We should add that – as mentioned - nanoparticle size also affects corona 

composition34,98 and  nanoparticle stability once in biological media, and these are all other 

important factors that should be taken into account.  

Next to size, charge is another easily-tunable parameter that can greatly influence the 

behaviour of nanoparticles in biological media99 and on cells.100 In general, as previously 

mentioned, positively charged nanoparticles seem to be internalized more efficiently than 

neutral and negative particles.81,101,102 However there are other examples showing exactly 

the opposite.103 Some studies have also shown that uptake increases with charge density 

(either positive or negative).104 As for the pathway of internalization, one study suggested 

that positively charged nanomaterials are predominantly internalized through clathrin-

mediated endocytosis, with a fraction of particles utilizing macropinocytosis, while 

negatively charged nanoparticles are more likely to use a cholesterol-dependent 

mechanism for their internalization.23,92 However, again, there are other examples that 

showed that clathrin mediated endocytosis doesn’t seem to be a relevant pathway for 

neither positive or negative nanomaterials, while cholesterol-mediated uptake is equally 

important for both.105  

We should also  stress that most of these studies were performed in a cell culture medium 

without serum proteins. This represents a further issue since – as previously mentioned - 

the charge of nanomaterials tends towards neutrality upon corona formation, once they 

are applied in a biological environment. Thus,  nanoparticles that in water possess different 

charges might end up having all a similar charge, close to neutrality, once in a biological 

media.99   

More in general, given that the biomolecular corona not only changes the charge of 

nanomaterials, but also affects their overall interactions with cells, one may wonder 

whether it is possible to extrapolate conclusions on the mechanisms of nanomedicine 

endocytosis based on studies performed in biological media very far from in vivo 

applications. In most cases, for instance, in vitro studies use serum-free media or media 

supplemented with proteins of species other than the one investigated (usually bovine 

serum is used for culturing most cells in vitro, including human cells). In light of these 

considerations, we consider essential to study - as one of the initial steps of our 

investigation - how corona formation and composition impact the mechanisms 

nanomedicines use to enter cells. This has been one of the objects of my project and is 

presented in details in Chapter 4. 
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5 Successful examples in the market 

Nanomedicines have showed to have improved targeting capabilities compared to 

conventional drugs106,107 and to reduce the side effects of conventional therapies, first, 

among others, for cancer therapy.10,12 Here I will present two successful examples of 

nanoformulations that are currently in the market, Doxil® and Abraxane®. Some other 

successful examples can be seen here.8,108  

The first liposome-based nanomedicine, Doxil® (OrthoBiotech), was approved in 1995 by 

the FDA (Food and Drug Administration) for the treatment of Kaposi’s sarcoma, ovarian 

cancer and multiple myeloma.9,69 Doxil® is a PEGylated liposome carrier of about 100 nm, 

which encapsulates the cytotoxic anticancer drug doxorubicin (Figure 8). The main 

advantage of Doxil® compared to free doxorubicin is its prolonged circulation time and 

reduced clearance by the mononuclear phagocytic system: in fact, Doxil® half-life time is 

estimated to be of 45 hours, compared to the only 2 hours of free doxorubicin. The longer 

plasma residence time has been achieved by using stable liposomes, characterized by the 

presence of phosphatidylcholine and cholesterol, with a high melting temperature (53 °C) 

and by grafting PEG on the liposome surface. Due to its prolonged circulation time and small 

size, Doxil® can use the EPR effect and accumulate in tumours (see results in Figure 8).  After 

its accumulation, doxorubicin becomes available to tumour cells by a mechanisms not yet 

understood. The current hypotheses are that Doxil® liposomes are internalized by cells and 

afterwards release doxorubicin intracellularly, or that Doxil® releases doxorubicin in the 

tumour interstitial fluid, which afterwards is taken up by the cells as a free drug.69  

Another major advantage of Doxil® is that it has shown significantly reduced cardiotoxicity 

compared with free doxorubicin, probably due to its increased specificity. In fact, free 

doxorubicin can distribute into all tissues indiscriminately and is known to accumulate in 

cardiomyocytes, where it induces strong cardiotoxicity via mitochondrial damage. 

Encapsulating the drug into a liposome reduces side-accumulation in the heart, thus 

resulting in reduced cardiotoxicity. Overall, the Doxil® formulation showed an improved 

drug delivery to tumours, allowed a lower dose to be administrated and improved the 

quality of life of patients thanks to reduced side effects.69 However, Doxil® also presented 

some unexpected side effects, such as desquamating dermatitis and shortness of breath 

due to complement activation.109 More importantly, some studies suggested that the 

overall survival of the patient is not significantly increased (see also Figure 10) after 

treatment with Doxil® compared with free doxorubicin, suggesting that the major 

improvement of the nanoformulation is the reduction of side effects.11

 



 

P a g e  | 15 
 

1 

Chapter 1. Nanomedicine 

Figure 8: Doxil, the first FDA-approved nanomedicine. Left:  Illustration of Doxil characteristics. Right: A comparison 

between the doxorubicin levels in tumour biopsies after administration of Doxil (DOXIL) or free doxorubicin (free DOX). 

Reproduced from: Doxorubicin encapsulated in polyethylene-glycol coated liposomes: initial clinical-pharmacokinetic 

studies in solid tumors. Reproduced from: Stealth Liposomes (1995) and Doxil - The first FDA-approved nano-drug: Lessons 

learned. Journal of Controlled Release (2012).69 

Another successful example of a FDA-approved nanoformulation is Abraxane®. Abraxane® 

is a 130 nm polymeric complex of paclitaxel bound to albumin (nabTM), used for metastatic 

or relapsed breast cancer.111 Paclitaxel is an agent that stabilises microtubules by preventing 

their depolymerisation, and therefore interferes with several processes dependent by 

microtubules like the cell cycle progression.  However paclitaxel is a highly lipophilic drug, 

thus it needs to be associated with organic agents for its clinical formulations. This has been 

shown to cause several side effects such as severe hypersensitivity reactions, neutropenia 

and prolonged peripheral neuropathy.111 The association of paclitaxel with albumin in 

Abraxane® solved these toxicity problems and provided additional benefits by taking 

advantage of the properties of albumin. In fact, albumin can bind paclitaxel as well as other 

molecules reversibly, transport them through the body and determine their subsequent 

release. Albumin has been shown to transport paclitaxel across endothelial cells and 

concentrate it in the tumour tissue. Clinical studies have shown that nab-paclitaxel is 

significantly more effective than paclitaxel in other formulations, with less toxicity, higher 

delivery in the tumour and greater antitumor activity (as illustrated in Figure 9). Moreover, 

due to the reduced side effects, the injected dose of paclitaxel can be increased, with 

positive effects on the response rate, time to disease progression and survival of patients.  

These two examples, among others, underline the great potential of nanomedicine 

formulations as drug carriers. Many other examples of approved nanoformulations show 

an overall decrease of the side effects of the encapsulated drug. However, as mentioned 

for Doxil®, just in few cases they show an improved survival of the patients (see results in 

Figure 10).7,12 
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In the following paragraphs I will describe some problems connected to nanoparticle 

delivery, which may explain this kind of observations, and possible strategies to improve 

further the efficacy of nanomedicines.  

 

 

Figure 9: Patient survival over time in patients who received nab-paclitaxel versus previous paclitaxel formulations (CrEL-

paclitaxel) in a Phase III comparative trial. Reproduced from: Expert Opinion on Pharmacotherapy(2006).111 

 

 

Figure 10: Results from Phase-III trials of FDA-approved cancer nanomedicines. Comparison with patients who received 

the free drug suggests that the nanoformulations reduce toxicity of  conventional chemotherapeutics, but only modestly 

improve the overall survival of patients. Reproduced from: Strategies for advancing cancer nanomedicine, Nature 

Materials (2013).7 
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6 Problems of drug delivery of nanomedicines and 

future perspectives 

The advantages and benefits of nanomedicine seem, from certain point of views, more 

modest than what initially thought.9,11,112 The ability to encapsulate both small hydrophilic 

and hydrophobic drugs, the long blood circulation times, the exploitation of the EPR effect 

in tumours, the high uptake rates, the ability to interact with the cellular machinery, all 

these seem to determine just a modest advantage - so far - compared to traditional 

therapies. In fact, as mentioned in the previous Section, the currently approved 

nanomedicines have shown a modest increase in the overall survival of the patients 

compared to conventional chemotherapies,10,12 although it is clear that they allow to reduce 

toxic side effects (see examples in Figure 10). This in itself can be considered a remarkable 

success, even if it is clear that there is room for further improvement. A recent debate 

pointed out the need for further optimization of nanomedicine strategies.60 By looking at 

published literature, the study highlighted that in preclinical models, on average, only a 

small percentage (claimed to be around 1%) of the injected dose of intravenously 

administered nanoparticles accumulates in tumours.62 Similar delivery problems can be 

found also for other cancer medicines such as monoclonal antibodies, in which only 1 to 10 

parts per 100,000 of intravenously administered antibodies reach their targets in vivo,6,113 

similar to clinically used liposomes.107 While it is true that just a small percentage of 

nanomaterials reaches their target, this percentage represents nevertheless an 

improvement compared to intravenously administered small molecular drugs, whose 

efficiency is estimated to be below 0.1%.106,107 Overall, improving further the targeting 

efficacy of nanomedicines could allow us to reduce the side effects in untargeted organs 

and decrease the administrated dose. Therefore it is important to understand what 

hampers an efficient delivery.  

6.1 Tissue characteristics and barriers to targeting 

As all drugs, also nanomedicines must overcome several barriers before being delivered to 

their final target: interactions with the biological environment, blood circulation and 

heterogeneous blood flow in diseased microenvironment, dense matrices, extravasation 

into and interaction with the perivascular microenvironment, penetration in the diseased 

tissue and, lastly, cellular and subcellular internalization are some of the obstacles that both 

drugs as well as nanomedicines have to overcome for their effective delivery.47 

When nanomedicines are administrated intravenously, they are distributed systemically via 

the vascular system. Therefore organs with high blood flow like liver, spleen, lungs and 

kidneys, are exposed to higher concentrations of nanoparticles, as it happens for other 

drugs. This in itself already can limit nanoparticle targeting capabilities.114 Moreover, organs 

like the liver have large fenestrations in blood vessels, that allow the extravasation of 
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injected macromolecules with a certain cut-off size (up to 150-200 nm). For this reason it is 

not surprising that a very high percentage of injected dose of nanomedicines is cleared by 

the liver. As already discussed, disease environments might as well be altered compared to 

normal tissue. For example, many tumours are characterised by higher permeability of 

vessels and poor mechanisms of clearance from the tissue(for instance due to the lack of 

lymphatic vessels), which together explain the so-called EPR effect previously described in 

Section 4.1 64,65 As mentioned there, while the EPR effect is a key strategy for passive 

targeting of tumours, its efficacy in humans is still debated.68,69 For instance it has emerged 

that not all tumours possess a clear EPR effect, and that some areas within the same tumour 

may not be well perfused, which makes them more difficult to reach and treat. In these 

cases, some studies suggested that pro-angiogenic treatments may actually allow a better 

delivery of drugs and/or nanomedicines to tumours, by re-establishing the normal 

vascularization.7,115 Other current strategies are focusing on the development of tools to 

predict the extent of the EPR effect in individuals for a more personalized terapy12,70 in order 

to pre-select patients who may benefit from passively targeted nanoformulations or from 

therapies that can enhance penetration in tumours.11  

Another problem for particle delivery is the rapid adhesion of serum biomolecules and 

opsonins on the surface of nanomedicines after administration.25–28 As mentioned earlier in 

Section 3, the formation of a corona not only causes sequestration of nanomedicines by 

macrophages and their accumulation in the liver, spleen and lymph nodes, but also can 

interfere with their targeting capabilities.77,78 Moreover the biomolecular corona 

substantially decreases the uptake of nanomedicines in vitro, and this effect is higher when 

approaching in vivo serum concentrations.79. Functionalization of nanoparticles with groups 

that prevent protein adsorption, like PEG, can reduce their opsonisation and recognition by 

the MPS (As illustrated in Figure 5 together with other bioinspired strategies to reduce 

clearance).53,54 However, there is increasing evidence that the “stealthness” conferred by 

PEGylation is hampered by unwanted adverse effects such as complement activation, which 

may result in hypersensitivity reactions and even anaphylaxis.116 PEG can also interfere with 

the binding of the targeting ligand to its corresponding cellular receptor, therefore the 

length of the PEG molecules grafted onto the surface of nanomedicines should be carefully 

controlled.54 Furthermore it has emerged that PEGylated surfaces can still adsorb proteins 

and some studies suggested that is actually the presence of certain proteins like clusterin in 

the corona of PEGylated nanomedicines to confer them the “stealth” behaviour and reduce 

their clearance by macrophages.53 

Tissue characteristics, alterations of diseased tissues, presence of the EPR effect and 

opsonisation are all aspects that should be taken into account when designing 

nanomedicines. Further studies should be carried out in order to better characterize tissue 

properties, but also the behaviour of nanomedicines in similar complex environments.  
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6.2 Cellular recognition and internalization of nanomedicines 

Another problem connected to the delivery of nanomedicines is the poor knowledge of the 

basic principles of nanoparticle-cell interactions. The capacity of nano-sized objects to 

interact with the cellular machinery represents – as mentioned earlier - a great advantage 

for nanomedicines, since it can allow to potentially regulate nanomedicine design to target 

specific cell types or pathways. Still, how the recognition between nanomaterials and cells 

is achieved and which are the molecular mechanisms leading to their uptake and processing 

are aspects not yet well understood.20–23  

In vitro studies show that the corona composition plays a crucial role in the receptor-

mediated recognition of nanomedicines.19,42,117,118 Many aspects related to the way corona-

coated nanomedicines are recognized still need to be clarified. For example, it is not known 

yet whether the interaction with the cell membrane is mediated only by corona 

biomolecules or whether bare patches of nanoparticle surface  may form as nanomedicines 

approach the cell surface. Moreover it would be interesting to understand if nanomedicines 

can be recognized by multiple receptors in the same cell type and which is the affinity for 

one receptor or another. Similarly, a nanomedicine may be recognized by multiple 

receptors at the same time (instead of individual ones), for instance by inducing their 

clustering. One cannot exclude either adhesion to cells without specific receptor 

interactions or a combination of all these different possibilities. Exploring these questions 

might help to understand better how targeting of nanomedicines works in the first place.  

As mentioned earlier, following the initial membrane adhesion and/or receptor recognition, 

nanomedicines are typically internalized by active processes. Whether and how recognition 

and internalization are connected is not known: is the receptor recognition that triggers the 

subsequent internalization (like it is described for many physiological ligands)? Or do the 

receptors mediate just the initial adhesion step and is the nanomedicine itself that triggers 

its own internalization by other ways? Are the efficacy of internalization and the mechanism 

of internalization dependent on the type of receptor recognized? 

Independently by the route of entry, in many studies it is reported that nanomedicines 

travel towards the endosomes till reaching their final localization in the cell, which in most 

cases it has been shown to be in the lysosomes.119,120 In the lysosomes, nanomedicines may 

be degraded and release their content, if biodegradable, or may accumulate and persist.17 

While this  can be very useful when the target are the lysosomes, for delivery to any other 

intracellular target, lysosomal accumulation needs to be minimized. This has led to the 

development of strategies to induce escape from the endosomal compartment. Among 

these, the so-called “proton-sponge effect” is one of the most investigated (see Figure 

11).121,122 Materials capable to induce this proton-sponge effect started to find their 

application in vivo only recently.123 
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Figure 11: Proton-sponge effect of PEI polyplexes. After uptake, PEI polyplexes act as proton sponges through protonation 

of their amine groups. Accumulation of protons together with their counter ions in the endosome stimulates entrance of 

water from the cytosol to balance the high osmotic pressure inside the endosome. Swelling of the endosome in the 

presence of PEI eventually leads to endosome bursting and release of PEI polyplexes to the cytosol. Reproduced from: 

Delivery of Macromolecules Using Arginine-Rich Cell-Penetrating Peptides: Ways to Overcome Endosomal Entrapment. 

The AAPS Journal (2009).123 

There is still a debate on whether nanomedicines can end up in compartments other than 

the lysosomes. For example, in several reports it appears that nanomedicines can be 

transcytosed in endothelial cells (Figure 12).124,125 However, the existence of a dedicated 

pathway, such as caveolae mediated endocytosis, for transcytosis of macromolecules is still 

debated in the endocytosis community (See Chapter 2 in Section 2.1 on transcytosis).  

Overall, it is clear that a better understanding of the endocytosis of nanomedicine can help 

us to find strategies to direct nanomedicines towards other non-degradative pathways, or 

to develop nanomedicines that can release their content once in the cells.  

 

Figure 12: Transcytosis of nanomedicines has been proposed to occur in endothelial cells. Reproduced from: Imaging 

approach to mechanistic study of nanoparticle interactions with the blood-brain barrier. ACS Nano (2014) 

As mentioned above, there is not yet an agreement in the scientific community about the 

pathways that nanomedicines use to be internalized by cells (see also Section 4.2.1 on the 

endocytosis of nanomedicines).21,23,24,58 Till now, a clear understanding of the endocytic 

pathways involved in nanoparticle uptake processes is still missing, in particular with 

regards to the presence of a biomolecular corona. A better characterisation of the 
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mechanisms that cells use to internalize nanomaterials can potentially help us to 

understand how to tune their final fate and localization and how to design more efficient 

nanomaterials for drug delivery.24 

Several studies report that multiple mechanisms might be triggered together (see Figure 13 

for a scheme of the major endocytic pathways).97,126 While generally the most classical 

routes, like clathrin and caveolae mediated endocytosis, are explored in these type of 

studies, it is emerging that other pathways of internalisation might be involved in the uptake 

of nanomedicines (A more detailed review on the endocytosis mechanisms in cells is given 

in Chapter 2). Recently, computer simulations and in vitro studies of nanoparticle-

membrane interactions have highlighted the possibility that the surface of nanomaterials 

can induce several changes at the plasma membrane, by determining sol-gel transitions in 

the lipid bilayer and impairing lipid lateral diffusion,127,128 but also by inducing bending of 

the plasma membrane,129,130 similar to what happens in the case of certain viruses.131 These 

changes in membrane dynamics might as well be a triggering point for the endocytosis of 

nanoparticles. This possibility will be explored more in detailed in Chapter 5. 

 

Figure 13: Endocytosis of nanomedicines can happen trough different routes. Reproduced from: Endocytosis of 

nanomedicines. Journal of Controlled Release (2010) 

6.3 In vitro models and methods to study uptake by cells 

While studying the interactions between nanomaterials and cells is extremely challenging 

to perform in vivo, in vitro studies can help to unravel the mechanisms involved in the 

endocytosis of nanomedicines. To this aim, the choice of the cell line, nanoparticle type and 

molecular techniques to characterise the uptake mechanisms is very crucial.  

Unfortunately often there are no agreements on how to perform these studies in a 

standardized way. Within the nanosafety community, dedicated to the study of potential 

hazards of nanotechnologies, several efforts have been focused on the establishment of 

standardized procedures for nanomaterial handling and for cell interaction studies in order 

to ensure quality in nanosafety testing.132–134 Some of the knowledge gained there could be 

helpful also in developing similar standards for studies aimed at characterizing how 
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nanomedicines enter cells. In fact, in a much similar way, also the study of nanomedicines 

in vitro should account for some good practices for nanoparticle handling: for example, the 

stability and potential agglomeration of nanomedicines in different media should always be 

measured, since agglomeration can strongly affect cellular responses, as well as the 

pathways of internalization. As discussed earlier in Section 3 and 4.2.1,  studies in which 

nanoparticles are incubated on cells without the presence of serum or other relevant 

biological fluids, may lead to conclusions which are not relevant for more realistic biological 

applications and in vivo outcomes.40,79 In fact, it has been recently shown in several 

examples that particular biomolecules in the corona can mediate the recognition of 

nanoparticles by specific receptors.19,42,117,118 The recognition by a certain receptor might 

direct the uptake of nanomedicines towards a mechanism or another and influence 

nanoparticle final location into cells. Currently, there are many in vitro studies in which 

nanomedicines are tested on human cell lines using culture media without serum 

supplements or containing a low percentage of foetal bovine serum. Not only the low 

percentage of serum, but also the species from which the serum originates can determine 

the formation of a corona far from the one formed in physiological conditions.79 To which 

extent the corona composition affects the uptake mechanisms by which nanomedicines are 

internalized is still to be clarified and has been part of this work (This will be presented in 

Chapter 4). 

Next to this consideration on the corona, also the cell type investigated and its cellular 

organization are important factors to be considered in the study of the uptake mechanisms 

of nanomedicines.  For example, not all pathways are active in all cell types: as an example 

of this, HepG2 cells have no endogenous caveolin-1, so they are unable to uptake 

nanoparticles by caveolae mediated endocytosis.135 Furthermore, typical cells used in the 

study of endocytic mechanisms are usually immortalized or cancer cell lines, which are 

easily transfectable and easy to culture, such as HEK293 or HeLa cells. However, these cells 

can behave quite differently from primary cells or cells isolated directly from tissues of 

patients. While on the one hand the use of primary cells can be recommended, on the other 

hand it can be an obstacle for a detailed study of cell pathways. In fact, many primary cells 

are more difficult to transfect and their cellular organization or interaction with other cell 

types might be required for their proper differentiation. Moreover, even the same cell type 

growth in different conditions, such as at different degree of cell density or differentiated 

into a cell barrier, might express different pathways and, consecutively, process the same 

nanoparticles in different ways. In Chapter 6 we will show as an example how the cellular 

organization of endothelial cells into a cell barrier influences the uptake of nanoparticles. 

Further difficulties in the study of the uptake mechanisms of nanomaterials arise from the 

fact that endocytosis represents a complex cellular process, with many molecules, feedback 

loops and signalling cascade elements involved. The endocytosis field is still very active and 
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constantly updating (In Chapter 2 we tried to summarise the latest findings in the 

endocytosis field and to illustrate the complexity of the different endocytic pathways). 

Many processes and molecular details of these pathways are still unknown. For instance, in 

recent years much attention has been given to non-canonical pathways of endocytosis, 

which often are more difficult to observe and study, but which might as well constitute 

possible routes of internalization also for nanomedicines. In light of this complexity, the 

tendency within the nanomedicine field of classifying the pathways of internalization of 

drug carriers as merely clathrin-dependent or caveolae-dependent is for sure an 

oversimplification. Furthermore, many nanomedicine uptake studies unfortunately are 

based on observations that later have been revised and corrected in the endocytosis field, 

but  not yet within the nanomedicine community. These are examples of challenges that 

interdisciplinary fields such as nanomedicine needs to face. In this context, a closer 

connection with the cell biology and endocytosis communities would be desirable.58 

The difficulties in studying the endocytic mechanisms involved in the uptake of 

nanomedicines are also connected to the fact that several techniques can be used to 

characterize uptake, but none of them, alone, can or should be considered conclusive.23 

Typical experiments are carried out by altering cellular pathways, through the use of knock 

out genes, RNA interference, chemical inhibitors or overexpression of molecules implicated 

in a specific pathway. However, it is well established that the alteration of a cellular 

mechanism might as well lead to the alteration of another mechanism or pathway 

component . For example, the overexpression of CAV1-GFP leads to the creation of 

artefacts, such as the observation of a specialized endosomal compartment for caveolae, 

the “caveosome” (see Chapter 2 for more details).136 Therefore, when performing such 

studies, it is important to have appropriate controls to verify the effect of the selected 

treatment on the pathway of interest and exclude potential artefacts of this kind. For 

example, we can use fluorescently labelled low density lipoprotein (LDL) and transferrin (TF) 

as markers for clathrin-mediated endocytosis, dextran as a fluid phase marker for 

phagocytosis and for the CLEE/GEEC pathway and LacCer for cholesterol-dependent uptake 

. Cholera toxin and SV40, previously used as markers of caveolae-mediated endocytosis,137 

have been actually found to enter cells using preferentially other routes and therefore 

shouldn’t be used anymore as markers for this pathway.138,139  Many other pathways, in 

particular the newest discovered, do not have specific markers, therefore their 

characterization and study in the context of nanomedicine uptake can be further 

challenging. The fact that the endocytic pathways are strongly interconnected and some 

components take part in multiple mechanisms poses an ulterior obstacle. For example, 

cytochalasin D, an inhibitor of actin polimerization,140 has been often used to test the 

involvement of macropinocytosis and phagocytosis in the uptake of nanomaterials. 
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However, actin has been shown to be important also for other mechanisms, including 

clathrin-mediated endocytosis and caveolae-mediated endocytosis.141  

As mentioned, several techniques can be used to studying the endocytic mechanisms of 

nanomedicines, each one with its advantages and drawbacks. Among those, RNA 

interference (RNAi) has the advantage of being very specific for a single protein or even a 

single isoform. However, the complete depletion of the protein of interest after RNAi 

requires at least 48-96 hours and during this time cells can adapt, for example by 

upregulating other proteins of the same family or other pathways. Moreover RNAi does not 

guarantee that a protein can totally be depleted from the cell, and in some cases the partial 

reduction of a protein is not enough to fully inhibit its function. So far, many studies on the 

uptake of nanomedicines make use of transport inhibitors, whose action on cells is instead 

very fast. However, some of these inhibitors lack specificity, they might interfere with 

multiple pathways and can cause cellular toxicity.142,143 A more extended discussion on 

chemical inhibitors of endocytosis and the limits connected to their use can be found in 

Chapter 3, where we have studied in detail how to optimize their use and how to interpret 

the results obtained in the context of nanomedicine uptake. Opposite to these approaches 

to block uptake pathways, other strategies can be found in which proteins are instead 

overexpressed, in order to eventually detect an increase in nanoparticle uptake.19 However, 

also this method might lead to artefacts, since the overexpression might induce the 

activation of a pathway that would be otherwise not active at all in physiological contexts.  

Furthermore, some proteins act as heterodimers or in concert with other molecular 

partners and therefore their overexpression might not produce any detectable effect if not 

combined with the overexpression of those partners as well. Overexpression is often used 

to allow the visualization of fluorescently tagged molecules by microscopy, however, as in 

the aforementioned case of GFP tagged CAV1, this might lead to additional artefacts. Recent 

advances in cellular imaging and gene editing can overcome some of these issues. The use 

of stable transfected cell lines might be a good solution when the total depletion of a protein 

is required to shut down a pathway, but also for expressing labelled proteins at physiological 

levels (like with CRISPR/CAS9).  

Further challenges can arise when trying to characterize the uptake mechanisms in specific 

cell types or cell models. In fact, as mentioned earlier, the use of RNA interference or the 

expression of non-functional mutants or labelled proteins may not be possible in cells that 

are difficult to transfect such as most primary cells. Similarly, some of these methods might 

not be suitable for specific cell models, for instance when cells are developed into cellular 

barriers. In fact, these methods can compromise their cellular organization. As an example 

of this, in Chapter 6 we show that several of the common transport inhibitors used to 

characterize uptake mechanisms do not allow to preserve barrier integrity in the chosen 
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endothelial cell barrier model. This is just another example  of the challenges in 

characterizing nanomedicine uptake. 

Overall, it is clear that none of the different methods aforementioned, alone, can provide a 

full picture of the mechanisms that nano-sized objects use to interact with cells. All the 

techniques described show different advantages and pitfalls. The combination of different 

techniques and the application of proper controls could help us to gain a better knowledge 

on the endocytic processes involved in the uptake of nanomedicines. We believe that the 

knowledge gained will help the future development of more effective nanomedicines, thus 

will improve further this promising technology. 
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Aim of the thesis 

Nano-sized materials are promising drug carriers, because of their ability to exploit cellular 

mechanisms to enter cells and their improved biodistribution compared to conventional 

drugs.1–6  While several nanomedicines are already present in the clinic, it is recognized that 

a better understanding of the processes by which these drug delivery systems interact with 

cells could contribute to advance further their success in the field.7–9   

Within this context, the aim of this thesis is to gain a better understanding of how nano-

sized materials are recognized by cells and of the endocytic mechanisms that are involved 

in their uptake.  

The characterization of the uptake mechanisms of nanomedicines is known to be 

particularly complex, as illustrated by the many studies which have already explored this 

issue, often reaching only contradictory or partial conclusions. In fact, there is still not a 

consensus on which cellular mechanisms drive the internalization of nanomedicines. 

Further difficulties in the study of the uptake mechanisms of nanomaterials arise from the 

fact that endocytosis represents a complex cellular process per se, with many molecules, 

feedback loops and signalling cascades involved. The endocytosis field is in continuous 

evolution, and many processes and molecular details are still unknown. In order to give a 

wider perspective on the endocytic mechanisms involved in the uptake of nanomedicines, 

in Chapter 2 I will present a detailed overview of the latest literature in the endocytosis 

field, illustrating how nanomedicine uptake studies should take into account these recent 

findings. 

Most classic approaches for the study of the uptake of nanomedicines are based on 

alterations of the pathways of endocytosis. For instance, pharmacological inhibitors, RNA 

interference (RNAi) or other similar approaches are used to transiently block or knock down 

the expression of key endocytosis players, thus determining their involvement in 

nanomedicine uptake. Each of these strategies presents a series of advantages and limits, 

as I have extensively illustrated in Chapter 1.10,11 Therefore in my project I have used a 

combination of methods, including chemical inhibitors of endocytosis and RNAi directed 

towards specific endocytic targets for characterizing the mechanisms cells use to of 

internalize of nanomaterials. In Chapter 3 I illustrate the challenges associated with the use 

of pharmacological inhibitors, using a panel of six compounds of this type, commonly 

applied in similar studies. I also show additional limits of these inhibitors when they are 

used for nanomedicine uptake studies. Finally, I propose a selection of proper controls for 

testing their efficacy and illustrate how to interpret the results obtained with them.  

With these premises, in the following chapters (Chapter 4-6) I proceed with investigating 

the mechanisms of recognition and uptake of nano-sized materials by cells, with a special 
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attention to the effect of the environment in which nanomaterials are dispersed. More in 

detail, in Chapter 4 I investigate how the pathways of uptake of nano-sized materials are 

affected by the biological milieu in which they are applied and by the nature of biomolecules 

adsorbed on their surface.  The results show that the same nanomaterials can enter cells 

via different pathways when coated with different coronas.  

The corona composition can also affect the initial recognition of nanomedicines at the 

plasma membrane. In fact, several studies have highlighted that the corona biomolecules 

adsorbed on the surface of nanomaterials can engage with specific cell receptors.12–15 For 

example, it has been shown that the corona of silica nanoparticles interacts with the low-

density lipoprotein receptor (LDLR) and that this interaction mediates nanoparticle 

internalization.12 Thus, in Chapter 5 I show that recognition between the LDLR and the 

corona of silica nanoparticles is present only when the corona is formed in physiological 

concentrations of serum. Afterwards I investigate whether the interaction with this 

receptor is followed by nanoparticle uptake via clathrin mediated endocytosis, since this is 

the pathway by which the LDLR is normally internalized. Since this seem not to be the case 

in our model system, I then use a combination of methods to try to characterize the 

pathways involved. In particular I focus not only on the study of the more classical 

mechanisms of endocytosis (as already done in Chapters 3 and 4), but also on a panel of 

endocytic targets rarely investigated in the context of nanomedicine uptake. In fact, in 

recent years much focus in the endocytosis field has been given to clathrin-independent 

pathways, as well as mechanisms which involve the generation and recognition of 

membrane curvature. These pathways and mechanisms are more difficult to observe and 

study. Nevertheless, they may be relevant routes of internalization of nanomedicines, 

especially considering the unique properties of nano-sized materials, which do constitute a 

unique endocytic cargo. In fact, in vitro studies of nanoparticle-membrane interactions have 

highlighted that nanomaterials can induce several changes when interacting with a 

membrane, for example by inducing its deformation and bending.16,17 Several endocytic 

mechanisms utilize, among their regulators, a class of proteins specialized to recognize and 

induce membrane curvature, containing domains with curved topologies (BAR domains).18–

20 Thus, in Chapter 5 I also explore the possibility that nanomedicines can induce membrane 

bending and trigger their internalization by the recognition and induction of membrane 

curvature mediated by BAR-domain proteins.  

Overall, in all the chapters described, I use HeLa cells as a standard model cell line for the 

investigation of the uptake mechanisms of nanomedicines. However, in vivo nano-sized 

carriers are exposed to different type of cells, whose behaviour might differ from classical 

immortalized cell lines such as HeLa cells. Among these, endothelial cells constitute one of 

the very first barriers that nanomedicines need to overcome in order to reach the targeted 

organ, following administration into the blood stream.21,22 Organized cell layers expressing 
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tight junction proteins may constitute in vitro models that better reflect the barriers 

nanomedicines encounter in vivo, in comparison to sub-confluent and confluent cells which 

are often applied for nanoparticle cell behaviour studies.6,7,11,23 Importantly, when cells are 

organised into similar barriers, they may process nanoparticles in different ways than cells 

grown to different degrees of cell density, as used in most in vitro studies. Therefore in 

Chapter 6, after an extensive optimization of the conditions to grow an endothelial cell 

barrier (HUVEC) in vitro, I address this question and focus on the effect of cellular 

organization into a barrier in the uptake of nanoparticles.  

In summary, the aim of this thesis is to unravel the endocytic mechanisms involved in the 

uptake of nano-sized drug carriers, with a special attention to the effects of the biological 

environment that nanoparticles encounter, the mechanism to generate membrane 

curvature for nanoparticle uptake, and eventual effects of cellular organization.  

While in Chapter 2 I present an extensive review of literature on the last discoveries in the 

endocytosis field, in Chapter 3 I show the advantages and limits of using pharmacological 

inhibitors as a tool in the characterization of endocytic pathways of nanomedicines. Then, I 

investigate the impact of the biological milieu in the mechanisms of uptake of 

nanomaterials (Chapter 4) and in Chapter 5 I explore more in detail the pathways of 

internalization of nanoparticles interacting via their corona with the LDL receptor (LDLR). 

Here, I focus for the first time on the molecular players involved in membrane curvature 

generation and recognition. Finally, in Chapter 6 I investigate the impact of the organization 

of endothelial cells (HUVEC) into a cell barrier on nanoparticle uptake. Thus, in Chapter 7, I 

summarize the content of this thesis and I draw the conclusions of my work.  
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