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

mechanisms to be internalized by 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 the body and are internalized and trafficked by cells could contribute 

to advance further their success in the field.7–9 This thesis is a first step towards the attempt 

to clarify several aspects related to the recognition of nanomaterials by cells and to the 

endocytic mechanisms that are involved in their uptake.  

In particular, within a series of nanoparticles tested during my work (many more results 

were generated than those summarised in this thesis), I focused my investigation mainly on 

the in vitro study of 50 nm silica nanoparticles. These nanoparticles were selected because 

they constitute a model nanomaterial for which several aspects are already established.10,11 

In fact, silica nanoparticles are stable in complex biological media and therefore easy to 

study, and extensive information on their corona properties is already available.12 For 

instance, it has been shown that silica nanoparticles can form a corona that is specifically 

recognized by cell receptors, such as the LDLR, as I also studied and further expanded here 

(Chapter 5).13 This was found to be a crucial aspect to take into account for the 

characterization of the uptake mechanisms of nanomaterials by cells: in fact, during my 

investigation I could observe the involvement of certain molecular players only when a 

complex biological corona was formed and the LDLR receptor was engaged (Chapter 5, 

Figure 2 and Supplementary Figure S4). With other materials tested, such as carboxylated 

polystyrene nanoparticles, or with other exposure conditions for which the LDLR was not 

involved in the nanoparticle internalization, none of the molecular targets investigated gave 

a substantial contribution to the uptake. In these cases, only energy depletion confirmed 

the involvement of energy-dependent processes (data not shown). It would be interesting 

to understand better how different materials can play such a difference in nanoparticle 

recognition and to characterize the uptake mechanisms also in all those cases where only 

energy depletion seems to reduce the uptake. We should also consider, of course, that 

many other receptors other than the LDLR could be involved as well, and more studies are 

needed in order to identify them. Given the ambitious aims, starting from such a similar 

model system allowed me to gain first important insights into the mechanisms of 

nanomaterial uptake into cells, as I further summarise here.  

Overall, the investigation of the uptake of nanomedicines turned out to be particularly 

complex, even if many studies already explored this issue. In fact, there is still not a 

consensus on which cellular mechanisms drive the internalization of nanomedicines. The 

difficulties in the study of the uptake mechanisms of nanomaterials arise also 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 
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evolution  and many processes and molecular details are still unknown. An overview of 

some of the pathways described is shown in Figure 1. In order to give a wider perspective 

on the endocytic mechanisms involved in the uptake of nanomedicines, in Chapter 2 I 

presented a detailed overview of the latest literature in the endocytosis field and I 

highlighted the importance of taking into account these recent findings in the study of the 

uptake of nanomedicines. 

 

Figure 1: Schematic representation of the most commonly described mechanisms of endocytosis. Red circles represent 
dynamin, while red lines indicate actin filaments. Reproduced from: Clathrin-independent pathways of endocytosis. Cold 
Spring Harbor perspectives in biology (2014).14 

Another aspect to take into account is that most classic approaches for the study of the 

endocytosis of nanomedicines (but also of proteins, toxins and any other cargoes) are based 

on methods to perturb the pathways of endocytosis. For instance, pharmacological 

inhibitors, RNA interference (RNAi) and gene editing approaches are used to knock down or 

transiently block the expression of key endocytic players. All these strategies provide a 

series of advantages and limits, as discussed extensively in Chapter 1.15,16 Among the others, 

the perturbation of a certain pathway or molecule might lead to compensation by another 

pathway or by another molecular player. For these reasons, I have stressed the importance 

to have proper controls to verify the effect of the selected treatment on the pathway of 

interest and exclude potential side effects. For example, in my study I have used 

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, LacCer for cholesterol-dependent uptake. Moreover, thanks to recent 

findings that link the uptake of silica nanoparticles to the interaction between corona 

components and the LDLR,13 I have been able to use the LDLR expression as a further 

control. In fact, while performing RNAi on different molecular players of endocytosis 

(Chapter 5), I have tested whether the LDLR expression was altered before drawing any 

conclusion on the involvement of these targets in the uptake of the silica nanoparticles.  

As a first example of the difficulties associated with the characterization of uptake 

mechanisms, in Chapter 3 I extensively illustrated the challenges connected to the use of 

pharmacological inhibitors and their limits for the study of nanomedicine uptake. Even after 

an extensive optimization, a certain degree of variability between replicate experiments 
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could be observed when using these drugs, in particular when the effects of the inhibition 

on silica uptake were not particularly strong. This can be explained by the toxic effects that 

these compounds have on cells even for optimized conditions, or by other variables across 

experiments which are more difficult to control, such as small variations in the number of 

plated cells, in local cell density or in the nanoparticle dispersion. Because of the variability 

observed, I consider important to set relatively high thresholds on the inhibitory effect of 

certain treatments before drawing any conclusion on the mechanisms involved in the 

uptake. Based on the results obtained, I suggested a threshold of at least 40% inhibition, 

since a smaller decrease might just reflect an intrinsic sample variation. A further 

complication in the use of these inhibitors highlighted by this study is constituted by the 

fact that nanoparticle uptake must be performed in the presence of serum in order to allow 

corona formation, as it happens in biological contexts. As well established in the field, serum 

proteins or other biomolecules adsorb on nanomaterial surface once applied to a biological 

environment, forming a corona that gives them a new biological identity.17 While this 

phenomenon has to be taken into account when evaluating nanomedicine behaviour, the 

efficacy of some inhibitors (dynasore and methyl beta cyclodextrin) was fully lost in the 

presence of serum in situ, likely due to the interference of biomolecules with the drug. 

Further increasing drug concentrations mainly increased their cellular toxicity. Overall, the 

results obtained with these inhibitors and in the presence of serum in situ allowed us to 

draw only partial conclusions on the mechanisms of uptake. More in detail, perhaps the 

only clear results obtained are those with cytochalasin D, which point towards an actin 

driven mechanism (as summarised here again in Figure 2), and with nocodazole, which 

indicates the involvement of microtubules. The results obtained with EIPA suggest that 

macropinocytosis may be involved just at longer exposure times. Instead, the results 

obtained with chlorpromazine seem to exclude clathrin mediated endocytosis, even if other 

works in literature consider this mechanism as one of the main pathways involved in the 

uptake of nanoparticles smaller than 100 nm.6 Definitely, further studies using compounds 

not sensitive to the presence of proteins and the combination of different methods to 

characterize uptake pathways are required to draw conclusions on the endocytic 

mechanisms of nanomedicines.  
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Figure 2: Uptake in cells exposed to cytochalasin D for actin depolymerization. HeLa cells were exposed to different 

concentrations of Cytochalasin D (CytoD). A) Fluorescence (scale bar: 50 μm) and light microscopy images (scale bar: 150 

μm) of HeLa cells exposed for different times to 2,5 μg/ml CytoD, used as a control of drug efficacy; green: actin staining 

by TRITC-Phalloidin, and blue: DAPI stained nuclei.  B) Uptake by flow cytometry of 100 μg/ml red silica nanoparticles in 

cMEM in control cells (Ctrl) and cells exposed to 2,5 μg/ml CytoD; C) Viability by MTT test of HeLa cells exposed for 4 h to 

different doses of CytoD in cMEM. The viability data are normalized by results obtained in control cells without CytoD. 

Positive control (ctrl +) performed as described in the Methods. Flow cytometry data represent the average and standard 

deviation over 3 replicates of the median fluorescence intensity of at least 20000 cells. 

An alternative to avoid the interference of serum biomolecules on drug efficacy, while still 

characterize the uptake of nanomedicines with their corona, is to isolate the nanoparticle-

corona complexes and incubate them on cells in serum-free media, as done in Chapters 4 

and 5. Serum proteins not only interfere with the aforementioned compound activity, but 

they could also compete for the same cell receptors recognized by corona biomolecules 

adsorbed on nanoparticle surface. For the same reason, most studies of uptake pathways 

are performed by adding the labelled protein of interest to cells in serum free conditions, 

in order to avoid competition of free serum molecules, for instance when ligands such as 

the low-density lipoprotein (LDL) or transferrin (TF) are used to study the respective 

receptors in clathrin mediated endocytosis.18 Similarly here, when labelled LDL was 

incubated on cells in a medium containing serum (4 mg/ml), its uptake was reduced 

compared to when it was incubated in serum-free medium, due to the presence of 

unlabelled LDL in the serum that could compete for the binding to LDLR (Figure S3A, Chapter 

3). My results have also demonstrated a similar effect for the uptake of silica nanoparticles 

in conditions where the LDLR is involved (Figure 2, Chapter 4). In fact, when nanoparticles 

are incubated with proteins in situ, their uptake resulted to be very low. However, when 

the corresponding corona-nanoparticle complexes were isolated and then incubated on 

cells in serum-free medium, their uptake was higher (here showed again in Figure 3). 

 

Figure 3: Uptake kinetics of silica nanoparticles dispersed in different amounts of human serum. 100 µg/ml NPs was 

dispersed in low (LS) or high (HS) amount of human serum and incubated immediately on cells. Alternatively, 300 µg/ml 

nanoparticles was incubated in MEM supplemented with 12 mg/ml (LC) or 62mg/ml (HC) of human serum, isolated as 

described in Materials and Methods and incubated on HeLa cells at a final nanoparticle concentration of 100 µg/ml. Results 

represent one single experiment with 20000 event recorded by flow cytometry for each time point. Error bars are the 

standard deviation of biological triplicates. 
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In light of this, in order to be able to use compounds sensitive to the presence of serum, 

such as dynasore and methyl beta cyclodextrin, and in order to monitor the uptake kinetics 

of nanoparticles without the additional interference of free serum proteins, in Chatpers 4 

and 5 I have used isolated corona-nanoparticle complexes and incubated them in serum-

free medium on cells. 

With these premises, in Chapters 4 and 5 the mechanisms of nanomedicine recognition and 

uptake were studied with a special attention to the environment in which nanomedicines 

were dispersed and the resulting corona.17 As extensively discussed, the biomolecular 

corona and its composition can affect nanoparticle biodistribution and can alter their 

cellular recognition and uptake by cells.11–13,19–21 However, in literature there are many 

examples in which the uptake mechanisms of nanomedicines are studied in serum-free 

conditions or in normal cell culture media, such as media supplemented with foetal bovine 

serum, at concentrations which are pretty far from physiological ones. In Chapter 4 I 

explicitly studied to what extent the corona composition affects the mechanisms of uptake 

of nanomedicines by studying the uptake pathways of the same nanoparticles added to cells  

at different serum concentrations, such as standard in vitro serum content in cell media, 

and physiological serum concentration. My results clearly showed that certain pathways, 

such as clathrin mediated endocytosis, macropinocytosis and cholesterol-dependent 

pathways, were involved in the uptake just when low concentrations of serum were used 

(see Figure 4, Chapter 4). The same pathways were little or not at all involved in the uptake 

of the same nanomaterials when exposed to serum at more physiological concentrations. 

Similarly, in Chapter 5 I showed that also the recognition between the LDLR and the corona 

of silica nanoparticles, already demonstrated elsewhere,13 depends on the amount and 

composition of the serum used to form the corona (as shown again here in Figure 4). More 

specifically, the LDLR was not involved in the uptake of silica when low amounts of serum 

were used. It is important to stress that mass spectrometry in Chapter 4 confirmed the 

presence of apoB100 – a major ligand of LDLR - in the corona on silica nanoparticles in both 

serum conditions tested. This suggests that the presence of a certain protein in the corona, 

alone, does not imply its recognition by corresponding receptors.  A possible interpretation 

of this observation is that multiple proteins act in concert to engage with a specific receptor 

or that the availability of specific proteins for receptor binding depends also on the 

interactions of different biomolecules present on the surface of nanomaterials among 

them. More studies are needed to elucidate such aspects.  

Overall, these findings clearly highlight the importance of having a proper corona to engage 

with specific cellular receptors. For this reason, it remains to be defined how conclusions 

drawn from studies performed in serum free conditions or at serum concentrations far from 

physiological ones can be translated to in vivo conditions.  



 

P a g e  | 215 
 

7 

Chapter 7.General discussion and future perspectives 

Another interesting aspect confirmed in my studies is that the relative abundance of 

proteins was different in corona formed in low and high serum amounts. In particular, 

apolipoprotein A-I was almost three times more abundant in the corona formed at low 

amount of serum, and apolipoprotein A-II almost two times, compared to the amount in 

the corona formed at high amount of serum. The opposite happened for the histidine-rich 

glycoprotein. Interestingly, a study on macrophages proposed that the presence of 

histidine-rich glycoprotein in the corona is associated to decreased uptake,22 which is in line 

to what observed in Chapter 4. This further suggests that the specific composition of the 

corona adsorbed on the nanoparticle surface can influence nanoparticle internalization. 

Further investigations will be necessary to understand the role of individual corona 

components in the different uptake mechanisms observed, as also the different uptake 

efficiency.  

 

Figure 4: Uptake of silica nanoparticles in LDLR silenced HeLa cells in different media. 100 μg/ml 50 nm silica nanoparticles 

were dispersed in situ in human serum (HS) or human delipidised serum (HSD) at a concentration of 4 mg/ml (low) or 20 

mg/ml (high) and incubated for 24h on HeLa cells silenced for the LDLR. Alternatively, 300 μg/ml 50 nm silica nanoparticles 

were dispersed in human serum (HS) or human delipidised serum (HSD) at a concentration of 12 mg/ml (LC) or 62 mg/ml 

(HC). The formed nanoparticle-corona complexes were then isolated and incubated at a final concentration of 100 μg/ml 

of nanoparticles for 24h on HeLa cells silenced for the LDLR. Data are expressed as percentage of control (cells silenced 

with a scramble siRNA). Both controls and samples were incubated with the same dispersion of nanoparticles. Error bars 

are the SD or three samples. 

Another interesting observation arising from the results presented in Chapter 4 and 5 is the 

potential involvement of multiple mechanisms at the same time. More specifically, the 

results presented in Chapter 4 (and summarised here again in Figure 5) suggested that the 

same nanoparticles enter cells via different mechanisms when coated by a different corona. 

At higher serum amount the uptake was partially dependent on dynamin, 

macropinocytosis, actin and microtubules, however with effects never stronger than a 40% 

uptake reduction. On the other hand, clearly clathrin mediated endocytosis and cholesterol 

didn’t appear to be involved in these conditions. Further investigations by RNAi in Chapter 

5 revealed that several classical endocytic players were involved, at least partially, in the 

uptake of silica in high serum content (Figure 2, Chapter 5): EPN1, involved in clathrin 

mediated endocytosis, CAV1 and FLOT1, involved respectively in caveolae and flotillin-
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mediated endocytosis, ARF6, CDC42 and RHOA, three GTPases involved in many pathways, 

RAC1 and ANKFY1, involved mainly in macropinocytosis (for further details on these targets, 

see Chapter 2). However, given that the silencing of RAC1 induced an upregulation of the 

LDLR, we have excluded this target from our conclusions. Importantly, my results clearly 

indicated that clathrin mediated endocytosis was not contributing to nanoparticle uptake, 

despite the LDLR is usually internalized by CME (see always Figure 2, Chapter 5).23 Few 

reports so far have highlighted that other pathways for LDLR internalization are possible, 

such as macropinocytosis, caveolae-mediated endocytosis or others, but mainly in cell types 

other than the HeLa cells used here.23–26 Therefore my results may suggest either that the 

LDLR-dependent uptake of nanoparticles is mediated by (perhaps several) pathways other 

than CME in HeLa cells, or that at least some of the nanoparticles are internalized trough 

pathways not mediated by the LDLR. Another possible interpretation of these results is that 

these nano-sized materials can trigger their internalization using less canonical or novel 

routes.  

Figure 5: Uptake mechanisms of silica nanoparticles in low and high amount of serum. 300 µg/ml nanoparticles was 

incubated in MEM supplemented with 12 mg/ml (LC) or 62mg/ml (HC) of human serum, isolated as described in Materials 

and Methods. Then samples were incubated on HeLa cells at a final nanoparticle concentration of 100 µg/ml in the 

presence or absence of 100µM EIPA, 10 µg/ml chlorpromazine, 2.5 mg/ml methyl-β-cyclodextrin (MβCD), 25 μg/ml 

dynasore, 2.5 µg/ml cytochalasin D or 5 µM nocodazole. Data are normalized for the fluorescence intensity of untreated 

cells. The results are the average of three independent experiments and error bars show the SD 

Within this context, in Chapter 5 I selected a panel of endocytic targets rarely investigated 

in this type of studies to study their potential involvement in nanoparticle uptake. In fact, 

in recent years research in endocytosis has been focused on several non-canonical clathrin 

independent pathways. These pathways are more difficult to observe and study, but might 

as well constitute a possible route of internalization for nanomedicines. In particular, in vitro 
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studies of nanoparticle-membrane interactions have shown that nanomaterials can induce 

several changes when interacting with lipid membranes, for example by inducing 

membrane deformation and bending.27,28 Most endocytic mechanisms utilize, among their 

regulators, a class of proteins containing domains with curved topologies (BAR domains), 

specialized in the recognition and induction of membrane curvature.29–31 Few studies 

however have focused so far on the molecular details required for membrane bending 

generation and vesicle formation in the uptake of nano-sized materials.27,28 Thus in Chapter 

5, I explored 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.  

Interestingly, silencing the expression of several of the selected BAR domain proteins, 

among which BIN1, IST1, PACSIN2, did cause a marked reduction of silica nanoparticle 

uptake, up to 50% compared to controls (Figure 3, Chapter 5 and here again in Figure 6), 

thus stronger or comparable to the effects of some of the other (more classic) targets 

investigated. While this is just a first observation, these results clearly point towards an 

important role of curvature generation mechanisms in the uptake of nano-sized cargoes. 

 

Figure 6: Uptake of silica nanoparticle-corona complexes mediated by curvature proteins in HeLa cells. HeLa were 

transfected with the siRNA indicated. After 72 hours, 300 μg/ml silica nanoparticles were incubated for 1 hour at 37˚C in 

60 mg/ml human serum, centrifuged for 1h and the pellet was resuspended in serum free MEM. 100 μg/ml of 

nanoparticle-corona complexes were then incubated on HeLa cells for 14 hours, then cell fluorescence intensity was 

measure by flow cytometry. Data represent the average of 2 independent experiments and error bars represent the SD.  

Finally, while in all the Chapters described so far I have used mainly HeLa cells as a standard 

model cell line for the investigation of the uptake mechanisms of nanomedicines, in Chapter 

6 I studied whether organized cell layers may constitute in vitro models that better reflect 

some characteristics of the barriers nanomedicines encounter in vivo.6,7,16,32 Endothelial 

cells constitute undoubtedly one of the very first barriers that nanomedicines need to 
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overcome in order to reach the targeted organ following administration into the blood 

stream.33,34 Thus, in Chapter 6 I have studied the effect of cellular organization into a barrier 

in the uptake of silica nanoparticles. After an extensive optimization of the conditions to 

grow a HUVEC (Human Umbilical Vein Endothelial Cells) barrier in vitro, I could determine 

that the organization of cells interconnected by tight junction into to form a  barrier resulted 

into lower expression of different endocytic markers and affected the interactions of 

nanoparticle with cells. In particular, HUVEC barriers showed lower uptake compared to 

sub-confluent and confluent HUVECs. These results also indicated that confluency alone 

does not guarantee the development of a cell barrier with proper tight junctions .  Next to 

this first important outcome, in Chapter 6 I have also tried to study the endocytic 

mechanisms involved in the uptake of nanomaterials in these cell barriers. However, the 

transport inhibitors used for this purpose, in most cases, caused a loss of barrier integrity 

and therefore were not suited for this model system. This is another challenge in 

characterizing uptake mechanisms. Different techniques should be developed and 

optimized on similar cell barriers to be able to address this question.  

Given the strong effect of the development of a cell barrier on nanoparticle uptake levels, 

other aspects could be further implemented to develop in vitro models that resemble more 

closely the real complexity of endothelial cell barriers that nanomedicines encounter in vivo. 

This could be achieved, for instance, by mimicking the extracellular matrix or adding 

myocytes and connective tissue, which are known to be fundamental in sustaining 

endothelial cells in vivo, or using 3D cultures to further promote cell differentiation by 

allowing the formation of endothelial tubes.35 Similarly, the addition of a microfluidic 

system mimicking the blood flow and the resulting shear stress on the cells are also known 

to affect the expression of endothelial cell receptors,36 and all these factors can also affect 

nanoparticle uptake.37–42  

In conclusion, this project aimed at providing the basis for a more rational design of 

nanomedicines by studying in more detail how nanomaterials interact with cells. In 

particular, this thesis is a first step towards a more detailed description of the molecular 

mechanisms leading to the cellular interaction and internalization of nanomaterials. The 

results obtained open up the possibility that other mechanisms, beside the most classical 

ones, might be involved, with an important role for the mechanisms of membrane curvature 

generation for the uptake of nano-sized cargoes, such as nanomedicines. Further studies 

are needed to continue in this direction and elucidate the precise pathways and regulators 

of internalization, as well as to determine whether and how some of the findings 

summarised here translate to different cells, different nanoparticles and different exposure 

(corona) conditions.  
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