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 Chapter 1 

1.1. Nanotechnology applied to medicine 

Nanotechnology is defined by the European Commission as ‘the areas of science in which 

phenomena taking place at the nanoscale dimension are studied to design, characterize, 

produce or apply materials, devices or systems. One of the great challenges that 

nanotechnology has deeply embraced is the development of medical products, which is 

commonly known as nanomedicine. Nanomedicine emerged more than thirty years ago as a 

new approach to improve medical diagnosis and treatment, by exploiting unique phenomena 

occurring at the nanoscale1–3. One of the biggest applications of nanomedicine in the area of 

therapy is the use of nano-sized materials, also known as nanocarriers, to deliver bioactive 

molecules in order to improve their therapeutic efficiency. Nowadays, three principle fields 

of study can be distinguished: i) drug delivery which focuses on the development of 

nanocarriers to deliver  small organic drug molecules4, ii) gene delivery which consists on the 

use of nanoparticles to transfect cells with genetic materials such as DNA or RNA5 and iii) 

protein delivery which aims to transport and release proteins with therapeutic or catalytic 

potential6. 

Several advantages of nanocarriers have been envisioned : i) the solubilization of 

hydrophobic payloads such as small organic drugs; ii) the protection of the encapsulated 

molecule, very relevant in the case of nucleic acid and proteins; iii) the controlled release of 

the cargo, reducing dose and repeated administrations and iv) the possibility to target only 

diseased cells for a more specific treatment7,8. Overall, each of these advantages result in 

extending the half-life of the molecules inside the body, providing improved biodistribution 

profiles and significantly reducing side effects. Lastly, the possibility to co-encapsulate 

different molecules opens exciting possibilities for their co-delivery, to make more efficient 

combination treatments or to perform a simultaneous diagnostic measurement, an approach 

known as theragnostic9. 

 Materials for nanomedicine 

The first nanocarriers to be used as drug delivery system were liposomes10, in the early 

1970s (Figure 1.1). After 20 years of their introduction, the first nanocarrier, Doxil11, was 

approved, Figure 1.1. Following this, a few other liposomes were clinically translated. 

However, it was not until the end of the 2000s that the first gene delivery carriers were 

introduced into clinical trials, the first translated system being Onpattro in 201812.  

Currently, a huge array of nanocarriers with precise control of size, shape and surface 

characteristics are under investigation. We can differentiate between three core families 

depending on the main material used for their formulation: lipidic, polymeric and inorganic 

nanosystems as schematically represented in Figure 1.2. The most studied lipidic nanocarriers 

are liposomes, mentioned earlier, which are nano-sized vesicles composed from lipid bilayers 
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to form an inner hydrophilic core. The typical sizes of liposomes comprise of structures from 

30 nm to few µm, depending on the formulation method13, which also grants precise control 

on the lipid composition, and on the external functionality. A similar vesicular morphology 

can be synthesised by means of amphiphilic block copolymers, which are known as 

polymersomes14. This type of nanocarrier is proposed as an improvement over liposomes 

thanks to the enhanced chemical versatility and the higher stability.  

Micelles are supramolecular core-shell systems formulated by the self-assembly of 

amphiphilic molecules in an aqueous environment15. The hydrophobic core of these structures 

allows the encapsulation of lipophilic molecules while the hydrophilic outside provides water 

solubility and cargo protection. Moreover, the size, drug loading and release can be tuned by 

changing the hydrophobic-hydrophilic ratio of the amphiphile. Depending on the material of 

the amphiphile, we can distinguish between lipidic micelles, which are in general composed 

by phospholipids or cholesterol and polymeric micelles formulated using block co-polymers.  

Solid nanoparticles (NPs) are nanostructures characterized by a crystalline or amorphous 

core and can be classified as a function of their material, that being lipidic, polymeric or 

inorganic. A wide variety of hydrophobic lipids and polymers can be formulated into 

nanoparticles with sizes ranging from tens of nanometre to microns16–18. Their advantage is 

easy scale-up and low production costs thanks to their facile formulation.  On the other hand, 

inorganic nanoparticles can be formulated using ceramic or metallic materials. Ceramic 

nanoparticles are made of inorganic, non-metallic materials, such as alumina, silica or 

titania19. They can be prepared with the desired size, shape and porosity, as well as 

Figure 1.1 Chronogram of nanomedicine evolution.  This chronogram shows schematically the more 

important moments and discovers in the development of nanocarriers for drug and gene delivery, 

including the formulations introductions or their approval.  
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modifications with functional groups that can be easily incorporated at their surface.  Metallic 

nanoparticles20 (eg. iron oxide, gold or silver) main characteristic is their very small size, less 

than 50 nm, which provides them with a high surface area. Moreover, thanks to their intrinsic 

optical and magnetic properties, these nanoparticles can also be used as imaging agents being 

a good example of theragnostic nanocarriers, and for direct treatments such as hyperthermia.  

Complexes are nanostructures composed of two materials with reciprocal affinity. In 

particular electrostatic complexes between a cationic molecule and an anionic nucleic acid are 

employed for gene delivery21. We can distinguish between lipoplexes, which use cationic 

lipids, and polyplexes22 which are composed using cationic polymers. Lipoplexes so far have 

been more explored in the clinic due to their ease of formulation. However, polyplexes are 

very attractive because of their immense chemical diversity and potential functionalization, 

representing a promising alternative.  

Finally, unimolecular systems are among the simplest carriers and consist of single 

polymeric chains conjugated with therapeutic molecules. They have the advantage of a very 

small size and low cost.  Recently, dendrimers have been proposed as new unimolecular 

carriers. They consist of a perfectly repeating hyperbranched polymer. The main 

Figure 1.2 Nanocarriers based on different structures and materials.  Nanocarriers can be classified into 

lipidic, polymeric and inorganic. Moroever, inside each of these groups a range of nanosystems can be 

formulated. By differing their structural properties and morphology we can distinguish between vesicles, 

micelles, solid NP, complexes and unmilecular systems.  
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characteristics of these nanocarriers are their small sizes from 1 to 20 nm and their low 

polydispersity23. The therapeutic payload can be incorporated to dendrimers in multiple 

ways, such as physically encapsulated into the inner core, or covalently linked to the 

dendrimer surface as all of the active groups on the branches faces outward, as can be 

observed in Figure 1.2.  

1.2. Nanocarriers in cancer treatment 

Nanocarriers are being investigated as useful delivery systems in different medical areas. 

They have recently shown their potential in improving the outcome in cardiovascular 

diseases24, thanks to the possibility of treating chronic inflammations such as atherosclerosis 

that currently require surgical intervention. Moreover, nanoparticles have shown to be useful 

against infectious diseases25, improving the release of antibiotics, as well as for their intrinsic 

antimicrobial properties (e.g. metallic NPs). In addition, the poor bioavailability of 

therapeutic molecules in the brain makes nanocarriers attractive to improve treatments of 

neurological diseases26, such as Alzheimer or Parkinson. In this framework, nanocarriers can 

facilitate the crossing of the Blood Brain Barrier (BBB). BBB is a key barrier for preventing 

toxins or pathogens to reach the Central Nervous System, but at the same time making it 

inaccessible to therapeutic drugs.  Finally, the field in which the use of nanocarriers as drug 

or gene delivery systems is more widely exploited is oncology27,28. As this is the application 

field of this thesis, the use of nanomedicine for oncology will be extensively discussed in the 

next sections.  

 Advantages of nanocarriers for cancer therapy  

Cancer is one of the major causes of death worldwide, increasing every year mainly due 

to the growth in life expectancy29. Current treatments beyond surgery include chemotherapy, 

radiotherapy and immunotherapy which, in many cases, have limited success because of their 

toxicity or low effectivity.  The effectiveness of these drugs is often limited by poor solubility, 

low half-life and very toxic side effects30. 

If we look at the chemical nature of the therapeutic molecules used in oncology, the 

potential benefit of nanocarriers clearly appears. Most chemotherapy treatments are 

performed using very hydrophobic molecules such as paclitaxel or docetaxel. These 

therapeutic molecules have very strong activity but poor solubility and bioavailability which 

results in the administration of high doses to achieve the therapeutic dose at the tumour site. 

The high concentrations of chemotherapeutic molecule are responsible for the numerous side 

effects, due to non-controllable drug distribution through the body and the toxicity of 

surfactants currently used to increase their bioavailability. In this framework, the use of 

nanocarriers to encapsulate drug molecules can increase the solubility of the 

chemotherapeutic drugs, thus, reducing the administered concentrations. In addition, 



 

 
14 

 Chapter 1 

controlled delivery of multiple molecules is a promising therapy, in this sense, the co-

encapsulation into the same nanocarrier can improve their coordinated delivery. Recently, 

new therapies based on silencing oncogenes using small interfering RNA (siRNA) molecules 

have been described. However, these molecules are highly susceptible to nucleases 

degradation and, additionally, are highly negatively charged, preventing their ability to cross 

negative membranes and so their internalization into cells. The encapsulation of siRNA 

molecules into nanocarriers offers them high protection, significantly reducing their 

degradation and increasing the ability to pass over negative barriers. Also, the use of nucleic 

acid molecules induces a high number of side effects due to the non-specificity of the 

treatment, therefore affecting both healthy and diseased cells (e.g. gene mutations). The 

possibility to functionalize nanocarriers with targeting moieties that can recognize 

overexpressed antigens in cancer cells allows us to specifically target those cells. This both 

reduces toxicity (side effects) and increases the accumulation of delivered molecules into the 

tumour tissue31,32.   

 Current clinical translated nanomedicines for cancer treatment 

The first nanomedicine approved, Doxil33, consisted of a liposome encapsulating 

Doxorubicin, a chemotherapeutic drug. The main advantage of Doxil versus the free drug is 

an increased circulation time as well a reduction of side effects such as cardiotoxicity. The 

approval of this nanocarrier became a milestone in the nanomedicine world, delivering the 

promised benefits for cancer treatment. Since then, other liposomes based-therapies had been 

approved for the treatment of different cancers. However, it was only after 10 years of the 

approval of Doxil for clinical use that the first non-lipid based nanosystem was also 

authorized, Abraxane, which consists of an albumin-based nanoparticle encapsulating 

Paclitaxel, another chemotherapeutic drug34. A few years later, the first and only polymer-

based nanocarrier, Genexol-PM35, a PEG-PLA polymeric micelle, was accepted for clinical use. 

Overall, all of these systems reduce the side effects or allow a decreased dosage to be 

administered. Only recently, the first nanocarrier to improve survival rates has been 

approved, CPX- 351, a combination liposomal formulation shown to improve from 5 to 9 

months the life expectancy of patients with leukemia36 compared to standard drug treatments. 

These successes show the potential of nanomedicine to impact the clinic setting, but the 

very limited number of approved NPs compared to the billions in monetary funds invested 

for pre-clinical investigations highlights a significant problem in the field. In the last 15 years, 

the interest in the field has continuously grown, exemplified in the number of publications 

which have increased from 100 per year to more than 4000 in 2018. However, this increase did 

not result in more nanocarriers clinically approved. The unbalance in investigations and 

clinical translated systems demonstrates the importance of identifying and overcoming the 

challenges that limit nanomedicine application. 
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 Challenges in clinical translation 

Recently, Chan and co-workers carried out a metadata analysis on drug delivery data 

published in the last 20 years, with the purpose to analyse the cause of the lack of 

nanomedicine translation37.  Few clear conclusions arose from the study. First the overall 

accumulation of NPs to tumour site is very low, only around 0.6% of the injected dose reaches 

the tumour site. Moreover, current NPs concentrations detected in the tumour did not 

significantly improve compared to 20 years ago. Finally, the tumour accumulation of both 

active and passive nanocarriers is very similar, 0.6 vs 0.9%, respectively. Each of these 

observations manifested the lack of improvement of NPs, starting an important discussion in 

the field to to rethink the nanocarriers design38, 39.  

Different critical points to improve the clinical translation of nanocarriers need to be 

addressed and their importance has been extensively recognized following the publication of 

Chan’s metadata analysis. From the chemistry point of view complex nanocarrier 

formulations with multiple steps have a low chance of being translated. The batch size of 

nanocarriers synthetized on the bench to characterize their properties and to carry out pre-

clinical assays is infinitely lower than the quantity needed to be used in a hospital as a daily 

treatment. Therefore, the scalability of the system should be one of the main focus when 

synthetizing new nanocarriers37,40. The more complex the system, the higher the production 

cost which will in turn restrict the chances to reach the clinics.  Moreover, it is important to 

study processes such as long-term stability of large batches, polydispersity and drug release 

of long-haul storage. Overall, the field should focus in increasing the simplicity of the 

nanocarrier formulation to heighten the chances of their clinical translation.  

Another current limitation is the lack of appropriate models to test the nanocarriers. Pre-

clinical studies performed using 2D cell cultures which show very high anti-tumour activity 

fail to fully recapitulate the in vivo environment. Indeed, these 2D models do not encompass 

flow, different compartments or immune response making impossible to understand the 

biological challenges and to test newly designed nanocarriers.  

Finally, we believe that the difficulties of nanocarriers to reach the tumour are due to multiple 

undesired biological interactions occurring in the complex media of the body. The different 

biological barriers in the body are designed to restrict the entering of exogenous material. 

These barriers are essential systems in the body’s defence against pathogens and viruses, but 

consequently, they also restrict the penetration of nanocarriers. In general, the lack of 

knowledge and the failure in controlling the biological interactions of NPs are the main 

reasons of their low performance. At any moment after injection, an adverse interaction can 

take the material off target, therefore, complete and specific studies on these interactions 

should be performed to preselect those nanocarriers with increased favourable outcomes. 
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1.3. Life of a nanocarrier inside the body: biological interactions  

 Nanocarriers intravenously (i.v.) injected have a long journey inside the body before they can 

reach the cancer cells, as represented in Figure 1.3. In each step of this voyage, different 

interactions with biological components may occur39,40 dictating the nanocarrier performance. 

In the next paragraphs the key interactions occurring during circulation, tissue diffusion and 

tumour detection will de detailed.  

 Interactions of nanoparticles in circulation 

The majority of nanocarriers under investigation are designed to be injected 

intravenously. This delivery route implicates a number of biological interactions occurring in 

the blood vessels; as blood is a very complex media which contains proteins, lipids and small 

metabolites, as well as a variety of circulating cells. In the moment in which a NP is in contact 

with this complex environment it starts interacting with it. As schematically represented in 

Figure 1.3 Schematic representation of the life of a nanocarrier inside the body. Nanocarrierss are in 

most cases injected i.v., therefore, they start their journey inside the body in the circulation where multiple 

interactions can occur. Once they are able to extravasate, they need to penetrate the tumour tissue to reach 

the cancer cells and then through the tumour mass. Moreover, the detection of cancer cells will help the 

retention, adding extra interactions. In some cases, nanocarriers need to penetrate the cancer cells and in 

those cases the intracellular behaviour is also very important.  
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Figure 1.4, multiple interactions may occur in the blood vessels, highlighting the need of 

detailed understanding.  

1.3.1.1. Interactions with serum molecules: protein corona formation 

The first interactions occurring after administration are mainly with serum proteins and 

other biomolecules that can adsorb to the nanocarrier’s surface due to the high surface free 

energy of the nanomaterial and the high concentration of proteins and biomolecules in 

plasma, as shown in Figure 1.3. The adsorption of serum biomolecules on nanocarriers forms 

a layer known as the protein corona (or more recently renamed as biomolecular corona), as 

shown in scheme of Figure 1.4. The proposed theory describes the formation of the corona as 

a dynamic phenomenon41,42. It starts with the initial adsorption of those proteins highly 

concentrated in the blood (e.g. albumin), followed by an exchange with other species that 

have a higher affinity but are less concentrated in serum. Moreover, it is hypothesized that 

the corona consists of a multilayer arrangement of proteins around nanoparticles.  The first 

layer (hard protein corona) is formed by tightly bonded proteins followed by a soft corona 

multilayer, consisting of an outer layer of weakly interacting proteins which evolves and 

changes in time as a function of the media environment. Protein corona formation gives a new 

biological identity to the nanocarrier which will guide their localization, their toxicity and 

their pharmacological profile43–46. The attachment of specific immunogenic proteins can 

induce the detection of nanocarriers by the immune system and their consequent clearing47. 

Figure 1.4 The biological interactions of nanocarriers in blood vessels.  After introduction into the blood 

vessels, nanoparticles have to overcome some biological interactions that will determine their 

effectivness. Such interactions include protein corona formation, escaping immune system phagocytosis, 

preserve the assembled state of the system, succesfully marginate to blood vessels walls and extravasate 

to tumour microenvironment. 
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The attachment of complement proteins, for example, activates the complement system, 

which consists on the recruitment and activation of other proteins in a cascade increasing the 

NP clearance. The unfolding of specific proteins in contact with the nanocarrier surface may 

induce binding to specific receptors of phagocytes, which also triggers inflammation. 

Moreover, immunoglobulins, albumin and apolipoprotein adsorption induce phagocytes 

activation, in turn enhancing the nanocarrier sequestration. 

As the protein corona influences the performance of the nanocarrier inside the body, many 

efforts have been spent to prevent the adsorption of proteins to the nanomaterial surface by 

functionalizing their surface with anti-fouling materials48. PEG or zwitterionic materials have 

been shown to significantly reduce the adsorption of serum molecules in a large variety of 

materials, resulting in an increased circulation time49,50.  However, there is currently no 

Figure 1.5 Protein corona formation and techniques to characterize adsorbed proteins. a. Proteins 

present in the blood may adsorb to the nanocarrier surface hiding any functionalization moieties present. 

This covering will significantly reduce the specific interactions with tumour cells46. The most popular 

techniques to study the molecule species adsorbing to the nanocarrier surface are: b. Gel electrophoresis 

SDS-PGAE at different time points63, c.  Quantitative Liquid Chromatography-Mass Spectrometry at the 

indicated time points, grouped according to biological processes of the blood system63. Adapted with 

permission from Springer Nature Customer Service Centre GmbH, Copyright © 2013.   
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strategy that allows the complete avoidance of the protein corona. For this reason, in the last 

decade, focus have been directed to completely characterize, understand and predict the 

formation as well as the biological consequences50–53. One of the major repercussions of the 

protein corona formation is the shielding of specific functionalization moieties, and 

consequently the reduction of specific interactions46, as represented in Figure 1.5a. The 

shielding of active-functionalizing molecules enhances the difficulties of targeting specific 

cancer cells as the protein layer will be now responsible for guiding the interactions with cells. 

Due to the difficulties in completely preventing protein adsorption, recent works have 

proposed the use of protein corona formation to enhance the targeting properties of the 

nanocarrier47,54,55. Different strategies are being exploit such as i) the pre-coating of the surface 

with specific proteins, reducing the reactivity of the nanocarrier in the blood,56 ii) the 

functionalization of NPs with molecules enhancing the protein adsorption of only specific 

proteins with targeting purposes (e.g. transferrin)55,57 iii) the use of self-marker molecules 

which prevents the immune system recognition and elimination58.  

Although the knowledge about the protein corona phenomenon has increased in the last 

decade, it is still of major importance to characterize the formation of the biomolecular corona 

in order to predict all these interactions, both the undesired and the desired. Multiple 

investigations have been carried out in order to understand the role of the nanocarrier 

physicochemical properties on the protein corona formation. Size, shape, surface charge, 

among other properties, has been demonstrated to affect the amount and type of protein 

interactions59. Likewise, other factors such as media temperature, time of incubation, plasma 

source or concentration dictate the number and type of proteins adsorbed60. Distinct methods 

are used to study the protein corona which can be divided into indirect methods which 

measure changes in physicochemical properties of nanocarriers to prove protein adsorption 

(e.g. Dynamic light scattering (DLS), Fluorescence Correlation Spectroscopy (FCS), Isothermal 

titration calorimetry (ITC)); and direct methods which qualitatively or quantitatively detect 

protein adsorption (e.g. sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE), Liquid Chromatography-Mass Spectrometry (LC-MS), Circular Dichroism (CD)) 

(Figure 1.6b-c)52,61–63. Moreover, direct methods can detect proteins either via ex situ 

techniques, separating the nanoparticles from the proteins, or by in situ techniques which 

measures the whole complex. Each of these methods have advantages and disadvantages, 

however they all have a common drawback: they are all ensemble techniques. These studies 

are carried out over a population of nanocarriers, the main conclusions being extrapolated 

from an average of the real adsorption occurring on individual nanoparticles. Therefore, it is 

important to introduce novel techniques to characterized individual nanoparticles to assess 

possible heterogeneities.  Moreover, the small size of nanoparticles together with the 

complexity of serum composition and the dynamic nature of the corona make the study of 

individual nanoparticle-protein interaction and the spatial location and distribution of 

proteins over nanoparticles challenging. Thus, new methods with high spatial resolution will 
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increase the understanding of the protein adsorption complex phenomenon and guide the 

design of more effective nanocarriers. 

1.3.1.2. Immune clearance 

 The immune system is the first line of defence of the body against external agents such as 

chemicals or pathogens and one of the main systems responsible for the low tumour 

accumulation of nanocarriers.  The mononuclear phagocyte system (MPS), a group of 

phagocyte immune cells circulating in the blood stream, identifies NPs as foreign materials. 

This generates an immune response, which sequestrates nanocarriers64,65, as represented in 

Figure 1.4. Biodistribution analysis localize most of the injected nanocarrier dose in the liver 

and spleen, the two main organs of the MPS, demonstrating the significant impact of the 

immune response on NPs tumour accumulation66,67. This response can differ depending on 

the physicochemical properties of the nanosystems e.g. size, shape, surface etc. For example, 

cationic materials are proven to be more immunogenic. Therefore, once again the 

physicochemical properties are critical in guiding the nanoparticle biological interaction. 

Overall, it is important to minimize the interactions of nanocarriers with the immune system 

to increase the concentration of nanoparticles in the blood stream, which will help to increase 

the percentage of injected dose reaching the tumour site. Of notice, a different strategy has 

recently been introduced consisting of employing the high retention of NPs by the MPS to 

activate the immune system against cancer cells and exploit their immunotherapy 

applicability68. The encapsulation of antigens to activate the immune response represents a 

powerful opportunity for cancer nanomedicine and significantly reduces the number of 

barriers to be overcome.  

1.3.1.3. Nanocarrier stability 

The complex blood composition also challenges the stability and the integrity of nanocarriers, 

in particular, self-assembled nanocarriers. Due to their non-covalent nature, supramolecular 

nanocarriers are more vulnerable to biological interactions and struggle to preserve their 

assembled state until they reach the cancer cells. The stability of supramolecular nanosystems 

is dependent on two different parameters: their thermodynamic equilibrium and their 

dynamic behaviour, i.e. their kinetic stability. Thermodynamic equilibrium is expressed by 

the critical micelle concentration (CMC) where the lowest CMC is preferred.  Kinetic stability 

is expressed by the monomer Koff, i.e. the rate at which the nanocarrier disassembles when it 

is infinity diluted. Notably, both parameters can be affected in physiologically relevant media 

by not only pH, salt concentration and material dilutions69–71 but also by the interactions with 

blood molecules and cells. Therefore, all of these interactions need to be addressed when 

designing new supramolecular nanocarriers as in vitro stability is not predictive from aqueous 

stability. Indeed, supramolecular nanosystems are in dynamic equilibrium i.e. they 

continually assemble and disassemble, exchanging monomers. In the complex blood 
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environment serum components can interact with the monomers, sequestering them, 

therefore changing the equilibrium and preventing re-assembly, as schematically illustrated 

in Figure 1.6. In addition, proteins can also interact with the assembled nanocarrier by 

adsorption or penetration which can led to an increase of the Koff, and therefore, to a faster 

disintegration of supramolecular nanocarriers.  

Due to the difficulties of studying such assemblies in complex biological media, the 

challenges associated with preserving the stability of supramolecular systems are often 

overlooked in the literature. In the last years, few research groups investigated the stability of 

micellar systems in contact with serum proteins and under high dilutions using methods such 

as size exclusion chromatography, DLS or SLS69.  In these studies, the size of the micelles was 

measured before and after being incubated with serum protein to understand if they were 

still forming complexes. FRET studies were also carried out72–75 to study the release of the dye 

molecules from micelles after serum incubation. A weakness of those studies is they only 

focused on the dye release and did not provide information on the assembly state of the 

micelles. 

A particular case in which the stability plays a pivotal role in the success of the nanocarrier 

is represented by complexes (e.g. lipoplexes or polyplexes). These supramolecular materials 

are composed of two types of molecules that assemble into a kinetically trapped, charged 

complex lead by their electrostatic interactions. The upholding of stability is a major issue for 

complexes because of two main reasons: i) the building blocks are hydrophilic and therefore 

have higher Koff, ii) the highly charged cationic components favour interactions with blood 

Figure 1.6 Equilibrium of micelles under circulation as an example of supramolecular system stability. 

a. Dynamic equilibrium between the unimer and the self-assembled nanocarrier. b. Upon i.v. injection 

the high dilution may compromise the stability of the micelle c. Interactions bewteen the proteins and the 

monomer d.  and/or the micelles. Each interaction may shift the equilibrium to the non-assembled state. 
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molecules promoting disassembly of the nanocarrier, as schematically illustrated in Figure 

1.7.  

Up to now, there is little information regarding the integrity of polyplexes in full serum. 

Therefore, there is a need of suitable quantitative methods to track the stability of the system 

in a complex biological media76–78. Gel electrophoresis can be performed after incubating 

polyplexes with serum, see an example in Figure 1.7b. Using this method, the mobility of 

nucleic acid molecules through the gel can be visualized which varies depending on their 

complexation with other molecules. However, when proteins are present the results of the gel 

are difficult to interpret, as nucleic acid molecules bound to proteins may give similar bands 

to the genetic material forming the polyplexes. Also, new bands appearing into the gel 

increases the difficulty of interpretation of the results and therefore the understanding of the 

interplay between the molecules78. A few years ago, a new method based on fluorescence 

fluctuation spectroscopy was proposed76,79 to quantify the amount of free labelled siRNA 

molecules in complex media such as serum. Even though it is possible to follow the 

decomplexation of the system, it is not possible to directly quantify the number of nucleic acid 

molecules in each complex. The method only quantified the free siRNA molecules that are not 

complexed, and it requires a complicated analysis to interpret the results.  

Figure 1.7 Polyplexes stability under circulation. a.  Polyplexes are formulated based on electrostatic 

interactions bewteen cationic polymers and nucleic acid molecules (Top). After being i.v. administered 

the interactions with serum proteins may induce the decomplexation of the system (Bottom). b.  SDS-

PAGE of complexes prepared at different charge ratios (+/-, 10 to 1). In the top  gel the complexes were 

incubated with Human Serum and the bottom with  Hepes buffer. Bands observed in the gel indicate 

siRNA molecules which run distinclty through the gel when free compared to complexed forming 

nanosized particles. Reprinted from Reference 74 with permission from Elsevier B.V, Copyright © 2007. 
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Overall, we believe that new methods that allow for a comprehensive study of the stability 

of drug and gene delivery systems in complex biological media can guide the design of more 

promising systems and bridge the translational gap.  

 Extravasation: the endothelial barrier 

A crucial step to achieve tumour accumulation of NPs is the selective extravasation from 

the cancer vasculature. Therefore, NPs must reach the vessel wall and be able to cross the 

endothelial barrier. To achieve this, preferentially in the tumour, two strategies can be 

employed: i) a passive mechanism based on the different permeability of tumour vasculature 

or ii) an active pathway exploiting the endothelium transport processes. 

The passive accumulation of colloidal particles to tumour cells was first discovered by 

Maeda and co-workers in 1980’s, when they described the Enhanced Permeability and 

Retention effect (EPR effect)80. This phenomenon is based on the fact that tumour vasculature 

is morphologically different. Normal blood vessels are characterized by the presence of tight 

junctions between endothelial cells that restrict the permeability of molecules. These 

structures are disrupted in the vessels surrounding tumours due to rapid and abnormal blood 

vessel formation during cancer progression which creates fenestrae between endothelial cells 

with sizes varying from tenths of nm to few microns (1.5 um). Nanocarriers, thanks to their 

size, in the order of magnitude of the endothelium fenestrations, can extravasate to tumour 

sites while they do not escape from healthy vessels. Reports have shown the ability of 

nanocarriers up to 200 nm to extravasate in animal models with solid tumours 81. Moreover, 

the poor lymphatic drainage in the tumour environment induces tissue retention of the 

nanosystems. Overall, it is believed that the EPR effect favours the enhanced accumulation of 

NPs in the tumour site, thus, increasing their therapeutic outcome31.  

Most of the nanocarriers currently under development rely on the EPR effect to effectively 

escape the blood vessels and reach the tumour malignant cells. However, it has been reported 

that the EPR effect is oversimplified82. It is not a universal feature of every tumour but is 

highly dependent on tumour type, stage and even patient. This high heterogeneity may be 

due to the huge variety in tumour microenvironment, vascular density and stage of 

progression (primary, metastatic or relapse)83,84. Likewise, the size of the inter-endothelial cell 

gaps are also heterogenous, which complicates the prediction of the optimal size of the 

nanocarrier 84,85. A recent example of the importance of this is BIND-014 a targeted 

nanoparticle that showed great promise in pre-clinical investigations,  but failed clinical trials 

in phase II85. The NP was design to passively extravasate to EPR, however, Langer and co-

workers demonstrated later that the EPR heterogeneity between patients was the main reason 

of non-significant tumour recession observed in the clinical trial86. Similarly, Harington et. al. 

had recently proven that the tumour accumulation of liposomes in patients with advanced 

cancer is very heterogenous, with retention variabilities from 5 to 30%87. Following these 

observations, Merrimack Pharmaceuticals conducted studies to predict the response of 
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patients to liposomes by detecting the accumulation of iron nanoparticles (MRI detected), 

which proved to be predictive of liposomes performance88. All of the observations raised 

proves that the existence and extent of EPR effect should be further investigated in humans, 

and the stratification of patients based on their EPR ability could pre-select patients to be 

treated and enhance nanomedicine applicability89. Another interesting perspective is to 

artificially enhance EPR through chemical and pharmacological treatments81.  

Recently, active strategies to increase the extravasation of nanosystems have been 

proposed. They consist on taking advantage of the traditional transport solute pathways: i) 

the paracellular route (used for small solute transport through intercellular gaps) and ii) the 

transcellular route (used by nutrient protein transport across the cell via receptor-mediated 

transcytosis) of endothelial cells90,91. The ability of nanoparticles to induce opening of 

paracellular gaps have been recently highlighted. Tight junction modulators, such as cationic 

polymers have been demonstrated to induce leakiness of the vascular endothelium which 

favours nanoparticles extravasation92. Moreover, some nanocarriers, such as TiO2 

nanoparticles, interact with VE-cadherin which induces an intercellular gap formation in the 

range of microns, also granting nanocarriers extravasation93. Despite that at first glance these 

strategies seem very appealing, they also present major complications.  Lately, a study 

demonstrated that the gap opening induced by inorganic nanoparticles promotes cancer cell 

intravasation that could facilitate metastasis94. Therefore, a more mechanistic understanding 

is needed before being able to exploit these phenomena. A more promising strategy to 

enhance the extravasation of nanocarriers to tumour tissue is to exploit the transcytosis 

mechanism. To induce the transcellular pathway, the first step is to induce internalization in 

the endothelial cells, therefore, physicochemical properties and ligand functionalization will 

strongly impact on this process. For example, NPs can be modified with ligands promoting 

receptor-induced transcytosis, which are generally associated with nutrient transport (e.g. 

albumin, transferrin, insulin)95. Noteworthy, some receptors are overexpressed both on the 

cancer endothelium and in the cancer tissue, allowing for dual targeting (e.g. PSMA receptor 

or integrins). 

The extravasation of nanoparticles from the blood vessels is in most cases overlooked, except 

for the case when nanoparticles are designed to treat glioblastoma. In this last case, 

nanocarriers must cross the Blood Brain Barrier (BBB) which is known to be a tighter 

endothelial barrier than the one in the normal vasculature. A lot of efforts have been taken to 

increase the ability of NPs to cross the BBB. However, the mistaken belief of the EPR effect 

existence in any other cancer and patient is the main cause of the low number of investigations 

regarding nanoparticles extravasation. We consider that an increase in the understanding of 

the biological arrangement of tumour vasculature is needed. Together with expanded 

knowledge about the interactions between specific nanocarriers and the cancer endothelium, 

it will facilitate the design of nanocarriers with high accumulation rates.   
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 Tumour tissue penetration  

Once nanocarriers escape the blood vessels, they must diffuse through the Extracellular 

Matrix (ECM) to reach their final target: the tumour cells. This is challenging as the ECM is a 

dense complex 3D network composed of proteins and carbohydrates which act as a barrier 

for the freely diffusion of nanocarriers. The main interactions affecting this diffusion are i) the 

physical barrier of small pore size of the ECM96 ii) the chemical interactions with the ECM 

components57(e.g. collagen, glycosaminoglycan, proteoglycans, etc99,58. FRAP experiments 

and two photon confocal imaging have revealed high variability of the ECM properties 

depending on the tumour type99–101. Moreover, there are evidences that the ECM of the tumour 

microenvironment is denser than those of healthy tissues, which limits the penetration of the 

NPs to the initial microns.  Therefore, it is important to understand the effect of the 

nanocarrier physicochemical properties, such as size and surface charge, have on these 

interactions to rationally design translatable nanocarriers. Confocal studies in mice have 

revealed a size-dependent penetration across the ECM of solid tumours, which indicates a 

restricted diffusion of larger carriers96. In addition, Jain and collaborators proved that the 

shape influence can also play a role, demonstrating a faster diffusion of nanorods comparing 

to nanosphere of similar sizes in a tumour-mimetic collagen gel102. Finally, it has been shown 

that neutral systems have higher diffusion capacities than both anionic or cationic, due to 

reduced electrostatic interactions with ECM components103.   

Moreover, cancer cells themselves form a tight, densely and packed mass of cells together 

with a very dense ECM, which decreases the chance of nanocarriers to penetrate to the 

internal tumour layers. In recent years, this difficulty has been gaining attention, and different 

studies using 3D cancer cell models (e.g. tumour spheroids) have been used to investigate the 

effect of physicochemical properties on solid penetration into spheroids104. The size of NPs, 

for example, is a major parameter determining tumour penetration. An improved penetration 

of nanoparticles smaller than 100 nm has been proven, while no significant differences were 

observed when tested in 2D models43,104–108. Moreover, shape can also affect the penetration of 

nanocarriers into solid tumours, where a higher aspect ratio seems to promote an enhanced 

penetration104,107,109. Overall, the need to investigate all of these parameters in more complex 

pre-clinical 3D models before performing clinical assays is clear, due to the challenges in 

predicting and extrapolating the interactions from 2D assays  

ECM and tumour tissue interactions add further limitations in the design space of NPs. 

Additional restrictions regarding size, shape or surface charge to successfully penetrate the 

tumour narrow down the optimal physicochemical properties a nanocarrier must possess to 

be a promising candidate for clinical translation.  
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 Active targeting 

Active targeting consists of functionalizing nanocarriers with moieties that possess a 

specific affinity for the tumour cells. This strategy has been projected as the magic bullet to 

effectively differentiate cancer cells from healthy ones and, consequently, provide therapies 

with absolute selectivity. Frequently, cancer cells overexpress specific antigens on their 

surface providing the possibility to distinguish them from healthy cells. The first ligands used 

to functionalize nanocarriers were monoclonal antibodies, followed by proteins, peptides, 

and aptamers31,110,111. Despite the increasing interest in functionalizing NPs to actively target 

cancer cells, there is still no clinically approved system. The reason of this can be seen in the 

complexity of this strategy, which is not as straightforward as it was first proposed. The first 

reason, as previously explained, is the shielding of the ligands due to the adsorption of 

molecules in blood, which decrease the effectivity of the targeting. Another motive for the low 

efficiency of active targeting is the fact that overexpression of antigens by cancer cells is not a 

black or white condition, in a lesser extent, healthy cells also express these antigens. Therefore, 

healthy cells are not invisible for the actively-targeted nanocarriers. Moreover, the high 

variability between patients, and stage of the cancer enhance the difficultly to optimize these 

carriers.    

To choose the most effective targeting ligand two major parameters should be considered. 

The affinity for the cancer antigen, both in terms of thermodynamics (Kd) and kinetics (Kon 

and Koff) should be deeply studied. Secondly, the density of ligands per particle plays a pivotal 

role due to possible multivalent interactions. Importantly, the ligand density can not only 

influence the binding but also perturb the cell, for example through receptor clustering112. 

 Cell internalization 

Once tumour accumulation is achieved the nanocarriers need to release their cargo, thus, 

it can respond against cancer cells. Depending on the therapeutic molecules encapsulated the 

release outside the cells is sufficient as chemotherapeutic molecules, for example, can 

internalize the cells without any extra guidance. However, nucleic acid molecules do not have 

the ability to penetrate cells on their own therefore the use of vectors, in this case, nanocarrier 

internalization into cancer cells is essential.  Understanding the internalization of these NPs 

together with the trafficking and intracellular interactions is crucial to design effective 

systems. Extended information on these interactions can be found elsewhere113, as it is out of 

the purpose of the current thesis. Importantly, nanocarriers for drug delivery can increase 

tumour accumulation if the physicochemical properties of the system minimize their 

biological interactions. In addition, nanocarriers for gene delivery are essential not only to 

increase the retention but to deliver the molecules inside the cancer cells to modify protein 

expression. 
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1.4. Novel methods to study nanoparticles biological interactions  

In the previous sections, complex biological interactions which determine the success or 

failure of nanomedicine have been reviewed. However, the mechanisms underlying these 

interactions are poorly understood, limiting the rational design of nanomedicine. Therefore, 

the development of methods able to dissect the behaviour of NPs in the biological milieu is a 

key aspect to advance in nanomedicine research. One of the main challenges limiting the 

information obtained from the available methods is the small size of nanocarriers which 

requires high spatial resolution. Moreover, the polydispersity within a NP population impel 

the study of individual nanoparticles, still, the current ensemble techniques cannot provide 

this detailed information. Importantly, the visualization of heterogeneities within a 

population will help to identify the nanoparticles carrying the properties with the higher 

chances of success. In addition, the complexity of biological environments represents extra 

challenges, as there is a need to identify multiple objects within the same measurement. 

Fluorescence microscopy is a promising technique to overcome the current methodological 

limitations due to several reasons: i) imaging of nanoparticle-cell interactions can be 

performed with minimal invasiveness of the specimen (e.g. live cell); ii) it allows for very 

sensitive and high signal-to-noise measurements, down to single molecule detection; iii) it is 

endowed with a fairly good spatial resolution (about 200 nm) that can be enhanced down to 

10 nm in the case of fluorescence super resolution methods; and iv) fluorescence labelling of 

molecules gives chemical specificity and multicolour ability. Altogether, these properties 

render fluorescence imaging among the most powerful tools for the study nanoparticle 

biological interactions. 

In light of the content of this thesis the following paragraphs focus specifically on spectral 

imaging and super-resolution microscopy, while a more extended review of fluorescence 

microscopy methods can be found elsewhere114.  

 Spectral imaging 

Spectral imaging is based on the acquisition of the emission spectrum of the fluorophores 

at each pixel imaged. This is typically achieved with a confocal setup equipped with a prism 

and able to image the different colours sequentially or simultaneously. The main advantages 

are the possibility to detect different fluorophores that have overlapping emission spectrum 

and to perfectly distinguish the signal of interest from background or autofluorescence of the 

sample being image, see Figure 1.8. Moreover, a very beneficial use of spectral imaging is its 

combination with sensing molecules able to change their emission wavelength depending on 

a specific factor (i.e. pH). This is a key feature of this technique as it enables functional 

imaging: providing complementary information about the state and behaviour of NPs and 

not only its localization in space.  
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 Spectral imaging has been used to understand the uptake mechanisms of different 

fluorescently labelled nanoparticles into live cancer cells. Arsov et. al. localized and 

discriminated fluorescent NPs of different sizes from the labelled plasma membrane which 

was impossible to distinguish using confocal imaging due to emission spectra overlapping115. 

Moreover, in the same work the fusion of lipidic NPs with the membrane was studied. This 

was possible using a solvatochromic dye, whose emission spectrum shifts depending on the 

microenvironment. Spectral imaging has been also used to investigate the impact of lipidic 

nanocapsule internalization on the mitochondria integrity and metabolic activity by using a 

sensor dye which changes emission spectrum depending on the membrane potential116. 

Confocal spectral imaging was also used to follow the intracellular release of doxorubicin and 

to determine its kinetics thanks to different emission spectra of doxorubicin depending on the 

intracellular microenvironment 117,118 (Figure 1.8b). Similarly, internalization of nanocarriers 

and their drug release profile has been measured in skin119, or in live animals120,121. Using 

spectral imaging the emission fluorescence corresponding to the nanoparticle can be clearly 

distinguish from the autofluorescence of the tissues or the crosstalk, a main problem when 

studying biodistribution. 

Figure 1.8 Spectral microscopy as an imaging tool to study biological interactions of nanocarriers. a. 

Spectral confocal measures the fluorescence emission spectra per imaged pixel which allows the 

distinction of dyes with overlapping spectra115. b.  Example of spectral imaging used to distinguish the 

different doxorubicin emission depending on the cellular environment performed by Gautier and co-

workers117. Reproduced with permission from Reference 115 and 117.  Elsevier and Copyright Clearance Center.  
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Despite these preliminary reports investigating the release kinetics and profile of drugs within 

cells, spectral imaging can be further exploited to answer several questions about the 

biological interactions of nanocarriers. 

 Direct Stochastic Optical Reconstruction Microscopy 

Fluorescence microscopy, as stated above, is a powerful technique to analyse the 

interactions between nanocarriers and biological structures and molecules. However, its 

spatial resolution is limited by light diffraction to a few hundreds of nanometres according to 

Abbe’s criteria. This restriction hampers the use in the field of nanomedicine as the imaging 

of nano-sized carriers is impossible. Super resolution microscopy (SRM), or nanoscopy, has 

recently surfaced as a powerful technique to overcome the diffraction limit, enabling imaging 

at the nanoscale122,123. The SRM family encompasses a range of far-field optical techniques that 

exploit a number of chemical and physical principles. Three main families can be 

distinguished: structured illumination microscopy (SIM)124, stimulated emission depletion 

(STED)125 and single molecule localization microscopy (SMLM)126. In the present thesis SMLM 

have been chosen due to its higher spatial resolution, single-molecule sensitivity and its 

potential in enabling quantitative molecular counting. SMLM achieves sub-diffraction 

resolution by the accurate localization of individual fluorophores under a wide field 

illumination, where the detection of each emitter is separated in time126,127. The procedure is 

schematically represented in Figure 1.9. The imaging process consists of a series of cycles, in 

each one, only a small subset of single isolated fluorophores emits, and therefore, can be 

detected.  The fluorescence of single markers can then be fitted with a gaussian profile and 

the position of the dye accurately identified from the gaussian centroid, Figure 1.9b. After 

multiple iterations a subdiffractional resolved image can be reconstructed by the molecule’s 

positions, as exemplified in Figure 1.9c.  

 Several SMLM methods including Photoactivated Localization Microscopy (PALM)128, 

Stochastic Optical Reconstruction Microscopy (STORM)126, and Points Accumulation for 

Imaging Nanoscale Topography (PAINT)129,130 are available and differ in procedure to achieve 

the temporal separation of emitters. In direct Stochastic Optical Reconstruction Microscopy 

(dSTORM) the emission of single fluorophores is achieved thanks to the photoswitching 

behaviour of the dyes used131. During the image acquisition most of the dyes are transferred 

to an “off” state by a photochemical reaction, allowing the acquisition of sparse single 

emitters. This reaction is reversible and in the following frames other dyes switch to the “on” 

state. To control this photoswitching the sample is embedded into a special buffer solution 

containing redox reagents to induce photochemical reactions and an oxygen scavenging 

system to reduce photobleaching. dSTORM can achieve among the best spatial resolution 

attainable with optical techniques, down to 20nm, only limited by the accuracy of the fitting132. 

Moreover, the possibility to localize single molecule events can provide quantitative 

information such as molecule counting133. 
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Initially, dSTORM had a wide impact in cell biology, to molecularly resolve the 

intracellular structure and organization of different proteins with nanometric detail upon 

different stimuli134. More recently, it has become influential in chemistry and material science 

as a means to unveil the structure and dynamics of complex materials135. As a relevant 

example of dSTORM, Albertazzi and Meijer reported the first example of supramolecular 

polymer imaging using dSTORM to achieve dynamic information such as the exchange of 

monomers between fibres 136. This study was followed by several other reports on the use of 

the 2-color STORM method to unveil how the dynamics of supramolecular polymers is 

influenced by hydrophobicity and chirality and by the presence of functional groups137–139. 

Notably, tracking and locating specific monomers in a mixture of different components can 

be performed only thanks to the combination of nanometric resolution and specific labelling. 

In parallel, other polymer-based nanostructures were imaged for the first time, Gramlich et 

al. used STORM to image the nanoscale morphology of polystyrene and polymethyl 

methacrylate blends. Interestingly, not only the inner structure, but also the surface properties 

of polymer materials can be investigated with nanoscopy140. Moreover, studies on the 

nanostructure of lipid carriers have been performed to assess their encapsulation and 

compartmentalization where the precise distribution of drugs was monitored141.   

Since dSTORM was initially developed to study cellular structures, it opens the possibility 

to study biomaterials in situ, for example in cellular environments, Figure 1.10. Recently, the 

use of this technique to study material–cell interactions have been explored.  Internalization 

Figure 1.9 Principle of single molecule localization microscopy. a. Fluorescent dyes are difraction 

limited which limits the resolution of fluorescent imaging. SMLM circumvent this limitation by switching 

on and off the different dyes in multiple cycles, which allows the specific localization of the emitter in 

each cycle. This process allows the reconstruction of the structure with nanometric resolution. b.  Emision 

of a single dye can be fitted to 2D Gaussian function to accurently localize the position of the dye. c. 

Example of dSTORM image of a synthetic material.  
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of polystyrene particles down to 80 nm by STORM has been assessed in combination with 

image analysis tools to assess the possibility of accurately measuring NPs size in different cell 

types142. The results showed an excellent agreement with in vitro TEM measurements for 

nanoparticles ranging from 80 nm to 800 nm, demonstrating the potential of such techniques 

to evaluate the nanoparticle interactions inside cells. Moreover 2-color dSTORM has made 

possible the localization of polystyrene and polymeric nanoparticles in contact with specific 

subcellular organelles with nanometric precision as observed in Figure 1.10b143.  

Overall, the nanometric resolution of dSTORM, together with the molecular specificity of 

the multi-colour imaging overcome the limitations of ensemble techniques. Moreover, it 

presents dSTORM as a suitable technique to investigate nanocarrier biological interactions, 

both at the molecular and cellular level, also overcoming the challenges of molecular 

complexity and specificity. The possibility to characterize the physicochemical properties 

(size, shape or functional ligands) of NPs in complex biological environments can guide the 

understanding of protein interactions, stability, endothelial interplay during extravasation, as 

well as the study of ECM component interactions, and targeting precision. Altogether, this 

knowledge will grant the identification of the most promising nanocarrier to be clinically 

translated.  

1.5. Thesis aim and content 

The previous sections have highlighted the need for understanding the nanocarrier 

biological interactions occurring during their life inside the body. The comprehension of these 

critical steps together with an in-depth study of the structural composition of nanoparticles 

can guide the rational design of delivery systems, increasing their translation into the clinics.  

Figure 1.10 Single molecule localization microscopy to image nanocarriers in action. a. Schematic 

representation demonstrating the improved resolution of the technique115. Reproduced with permission from  

Reference 115. Elsevier and Copyright Clearance Center.  b. dSTORM imaging of polystyrene  nanoparticle 

internalization into cells allows determination of the prescie organelle interactions of the system142. 

Reproduced with permission from Reference 142.  Copyright © 2016, American Chemical Society. 
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Currently, one of the main limitations of these investigations is the lack of experimental 

approaches able to provide information of nanoparticle behaviour on the nanoscale, as well 

as, those conducted in complex biological media.  

Thus, the main aim of this thesis is the use of novel advanced optical microscopy 

techniques to unveil the biological interactions of nanocarriers in complex biological 

media at the single-particle and single-molecule level.  

For this purpose, Chapter 2, describes the use of dSTORM imaging as a new methodology 

to obtain an in-situ characterization of protein corona on individual nanoparticles. The study 

unveils the time evolution of the protein corona as a function of surface properties.  Overall, 

it reveals a high interparticle heterogeneity regarding the number of proteins per 

nanoparticle, which may be one of the causes of their poor clinical performance. Moreover, a 

relation between corona formation and targeting properties of the nanocarrier is 

demonstrated.  

In Chapter 3, dSTORM imaging is used to visualize the exact molecular composition of 

polyplexes. Using two-colour dSTORM it is possible to detect differences in the stoichiometry 

of individual polyplexes, revealing a heterogeneity inside the same population. Once the 

system is fully characterized, this complexation can be followed in serum to study its stability. 

This new method provides mechanistic insights into the disassembly process of polyplexes in 

blood. 

In Chapter 4, micelles able to change their fluorescent emission upon disassembly are 

characterized under different blood-like conditions using a combination of fluorescence 

spectroscopy and microscopy techniques. The stability of micelles in different biologically 

relevant conditions (e.g. proteins media, extreme dilutions, temperature) is followed thanks 

to the use of spectral imaging. Finally, an interplay between stability, interactions with cell 

and internalization pathway has been discovered using this methodology.  

Chapter 5 reports the development of a microfluidic chip mimicking the vascular tumour 

microenvironment to study the ability and stability of supramolecular structures during 

extravasation by means of advanced imaging. The stability of the nanocarriers can be 

correlated to the specific biological interactions occurring thanks to the micelles fluorescent 

properties presented before. The integration of spectral confocal imaging and the 3D 

microfluidic tumour blood vessel-on-a-chip represents a robust and promising platform to 

investigate the performance of nanocarriers mimicking in vivo environments. Low penetration 

of non-targeted micelles into spheroids is observed, together with a destabilization of the 

system in the tumour surroundings, which cannot be predicted investigating only 2D culture 

cells.  
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Chapter 2 . 

 

Super-resolution Microscopy 
Unveils Dynamic Heterogeneities 
in Nanoparticle Protein Corona 

 

 

 

The adsorption of serum proteins, leading to the formation of a biomolecular corona, 

is a key determinant of the biological identity of nanoparticles in vivo. Therefore, 

gaining knowledge on the formation, composition and temporal evolution of the 

corona is of utmost importance for the development of nanoparticle-based therapies. 

Here, we show that the use of super-resolution optical microscopy enables the 

imaging of the protein corona on mesoporous silica nanoparticles with single 

protein sensitivity. Particle-by-particle quantification reveals a significant 

heterogeneity in protein adsorption under native conditions. Moreover, the 

diversity of the corona evolves over time depending on the surface chemistry and 

degradability of the particles. We investigate the consequences of protein adsorption 

for specific cell targeting by antibody-functionalized nanoparticles providing a 

detailed understanding of corona-activity relations. The proposed methodology is 

widely applicable to a variety of nanostructures and complements the existing 

ensemble approaches for protein corona study.  

 

                                                           
  Part of this work has been published as: 

N. Feiner-Gracia, M. Beck, S. Pujals, S. Tosi, T.  Mandal, C. Buske, M. Linden, L. Albertazzi.  Super-

Resolution Microscopy Unveils Dynamic Heterogeneities in Nanoparticle Protein Corona. Small, 2017, 

13, 1701631. 
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 Chapter 2 

 Introduction 

Nanoparticles (NPs) interact with biological fluids after in vivo injection, leading to the 

formation of a biomolecular corona that determines the biological identity of the 

nanomaterial. The adsorption of serum proteins, lipids and small metabolites affects the 

stability, targeting abilities and immunogenicity of injected NPs with dramatic consequences 

for their therapeutic potential as already explained in Chapter 11–5. Therefore, it is of major 

importance to understand the formation and the dynamics of nanoparticle protein corona, 

permitting the design of effective nanostructures for biomedical applications6–9. Up to date, 

the most commonly used methods to quantify protein adsorption are gel electrophoresis 

(SDS-PAGE) and liquid chromatography mass spectrometry (LC-MS)10–15 that allow for high-

throughput identification of corona composition. However, both are ensemble techniques that 

do not allow the study of inter-particle variation. Moreover, the small size of nanoparticles 

together with the complexity of serum composition make challenging the study of 

nanoparticle-protein interaction3. Likewise, the corona is believed to be dynamic, changing in 

composition in time3,10. For these reasons advanced techniques are required to investigate the 

composition of the corona of biomedical nanomaterials, thence, imaging-based 

methodologies have been very recently proposed14–17. In particular, the pioneering work of 

Dawson and co-workers made use of transmission electron microscopy to image the 

distribution of serum protein epitopes enabling the understanding of the spatial organization 

of the corona14. Despite these advances, the small size and polydispersity of NPs together with 

the complexity of serum composition make the study of nanoparticle-protein interaction very 

challenging and new methods are required to achieve a full understanding of such relevant 

phenomenon. Recently super resolution microscopy and single molecule imaging are 

emerging as powerful tool to probe the formation and composition of protein corona in 

microparticles16–18. The high sensitivity, resolution and the ability to measure particle-by-

particle are particularly suitable to complement the existing techniques and extend our 

understanding of the biomolecular corona and the use of super resolution microscopy to 

nanoparticles.  

In this chapter, we introduce the use of super-resolution optical microscopy for the 

imaging of the heterogeneity and dynamics of nanoparticle protein corona. dSTORM imaging 

revealed that the formation of the biomolecular corona is highly heterogeneous inside the 

same nanoparticle population and this heterogeneity evolves in time depending on the 

physicochemical properties of the NPs. This is a crucial finding as this variability will strongly 

influence the in vivo behaviour of therapeutic particles. Moreover, we show that adsorption 

and degradation processes are of great relevance for the targeting ability of these NPs. The 

high resolution, molecular specificity and the ability to measure on a particle-by-particle basis 

make dSTORM a powerful technique to look at the fine details of the protein corona, 

complementing the existing high-throughput methods in the identification of the nanoparticle 

biological identity. Here dSTORM allows highlighting hidden features of nanoparticles 
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behaviour in biological fluids contributing to the understanding of drug delivery and to the 

rational design of novel and improved nanocarriers. 

 dSTORM imaging of nanoparticles protein corona 

2.2.1. Mesoporous Silica Nanoparticles  

Mesoporous silica nanoparticles (MSN), a relevant nanostructure for medical 

applications19–21,  are gaining wide interest for biomedical applications such as targeted drug 

delivery19. MSN are based on inorganic material which exhibit beneficial properties over other 

inorganic NPs. The possibility to highly tune their pore and particle size allows a fine control 

of drug encapsulation and release, as well as, an easy functionalization thanks to the high 

specific surface area. Moreover, distinct studies have shown a remarkable high 

biocompatibility, as well as, biodegradability in physiological conditions22. Despite the 

promising pre-clinical studies, the clinical translation of this systems is still a challenge which 

needs to be further investigate. Therefore, we aimed to characterize the protein corona 

formation into individual MSNs to provide tools to finely tune the system to improve its 

clinical benefits.  

MSNs with an average diameter of 170 nm and different surface chemistries (MSN1-3), 

varying in hydrophilicity and charge were prepared. Amino-functionalized MSNs (MSN1) 

were synthesized according to literature procedures23 a. Two additional particles, MSN2 and 

MSN3, were synthesized by partial conversion of amino-groups to carboxylic acid groups in 

order to tune the surface charge of the particles keeping the particle size identical in all cases.  

2.2.2. Optimizing STORM imaging of MSN protein corona formation 

In this Chapter, a new methodology was optimized to be able to prove the interactions of 

blood proteins with MSN, Figure 2.1a schematically shows the super-resolution method 

applied. First, nanoparticles and proteins were labelled with two spectrally separated STORM 

dyes, Alexa488 and Cy5, respectively. Then, nanoparticles were incubated at 37 °C with 

fluorescently labelled proteins for a desired amount of time, and subsequently imaged with 

STORM. Following previously reported studies we imaged NP either in full serum24–26 or in 

single protein solution14,16,27, e.g. bovine serum albumin (BSA). In both cases, we spiked the 

native solution with a low fraction (1-10%) of fluorescently labelled protein of interest. After 

                                                           
a MSN formulation, functionalization and characterization was performed by M. Berck in Ülm 

University. 
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the desired incubation time NPs were deposited on a glass coverslip for STORM imaging 

without the need of sample manipulation such as centrifugation or surfactant addition used 

in other techniques when studying protein corona formation. Figure 2.1b-c shows a 

conventional fluorescence image (b) of MSN1 incubated with Cy5-labelled BSA in full serum, 

compared to the corresponding dSTORM image (c). Due to the increased resolution of 

dSTORM microscopy, it is possible to resolve individual nanoparticles and to visualize the 

surrounding protein layer. Figure 3.1d-e shows a section containing three nanoparticles in 

conventional (d) and dSTORM (e) images, highlighting the structural details of the protein 

corona and allowing determining its size on a single particle basis. 

To achieve optimal dSTORM imaging of nanoparticles-protein corona different parameter 

regarding sample preparation needed to be optimize. As stated in Chapter 1, good image 

reconstruction in dSTORM is determined by the photoswhitching behaviour of the dye, which 

can limit the resolution achieved28,29. In the present work, we used Cyanine5 and Alexa488 

Figure 2.1. STORM imaging of protein corona formation in mesoporous silica nanoparticles. a. 

Schematic representation of the protocol followed: i) labelling of nanoparticles (Alexa488, green) and 

proteins (Cy5, red); ii) incubation of nanoparticles in serum to form protein corona; iii) STORM imaging 

and iv) protein quantification. b-c. MSN1 NPs (green) incubated with 10%mol BSA-Cy5 (red) in full 

serum imaged using conventional wide-field (b) and STORM (c). Scale Bar: 1 µm. d. Zoom of the wide-

field image and (e), Zoom of the STORM image. Scale Bar: 400 nm. 
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although, Alexa647 and Atto488 are normally considered the best performing far-red and 

green dyes respectively.  It is worth noting, that most of the investigations on dSTORM 

imaging have been performed in biological samples, such as cells28. However, the 

photophysical properties of the dyes are different when interacting with synthetic materials 

as published recently30–32. Synthetic materials offer to the dye a different microenvironment 

for example a different hydrophobicity and charge than an antibody used for 

immunolabelling of biological samples. This difference in the microenvironment can affect 

the dSTORM performances. As an example, we observed that the performance of Alexa 647 

was not improved compared to Cy5. Figure 2.2 shows that the photon counts of BSA-Alexa647 

is similar to the photon counts of BSA-Cy5, also demonstrated in the work of Dempsey et. al.28   

Another significant issue we observe when using Alexa647 labelled BSA was an impact of the 

labelling on the behaviour of corona formation (that do not match with our label-free 

controls). Moreover, the choice of the dyes should take in account the effect on the 

nanoparticles´ properties. In particular, we did not use Atto488 because of its hydrophobicity, 

which would be more impactful on the NP surface. Also, because other biological studies 

where performed in the past on these nanoparticles using Alexa488.  

Another important parameter, which had to be optimized, is the amount of fluorescent 

protein in order i) to optimize dSTORM imaging and obtain the most realistic image 

reconstruction and ii) to minimize the effect of the labelling on the corona formation15.  

Different percentages of labelled and non-labelled protein were used, and the corona formed 

studied. First, we aimed to minimize the background signal due to the non-corona-bound 

proteins that are adsorbed onto the glass slide. At 1% of labelled-protein, the corona was 

clearly distinguishable from the surrounding background while at higher concentrations the 

background influenced the accuracy in the identification of proteins forming the corona 

Figure 2.2. Histogram of number of photons per localization. MSN1 incubated for 1 hour in 1% BSA-

labelled/BSA either with Cy5 or Alexa647. The number of photons obtained for each of 647 localization 

in each condition (BSA-Cy5 and BSA-Alexa647) are plotted. 
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(Figure 2.3a). Notably, we corroborated the linearity in number of localizations detected at 

increasing concentrations of labelled protein, which is crucial for quantification as shown in 

Figure 2.3b. Linearity was tracked down between 0.1% and 5% BSA-Cy5/BSA, for this reason 

1% of labelled protein perfectly sits in the linearity range, whereas, we observed a sublinear 

number of localizations at 10% of labelled protein. We attributed the latter to multiple 

simultaneous blinking events that are discarded during the analysis among other 

photophysical effects. 

Finally, we verified that under the proposed conditions the use of labelled proteins does 

not significantly alter the protein corona formation. DLS analysis demonstrated the size of the 

complex MSN-protein corona was the same when using labelled and non-labelled proteins, 

Figure 2.4a. Moreover, Bradford Protein assay (BCA) test was used as a bulk method to 

Figure 2.3. The percentage of labelled protein was tuned to distinguish the protein corona form the 

free protein in the solution. a. Representative images of MSN1 incubated with 10% BSA-Cy5/BSA v/v 

for 30 minutes (left) or incubated with 1% BSA-Cy5/BSA v/v during 30 minutes (right), at this percentage 

it is possible to distinguish the localizations of the protein corona from those of the free protein. Scale 

bar 200 nm. b. Median number of localizations with increasing percentages of labelled BSA (±S.E.) 

detected in MSN1 incubated for 1 hour at 37 °C with BSA-Cy5/BSA.  
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quantify the concentration of proteins which turn out to be also similar for both conditions as 

shown in Figure 2.4b.  

 STORM quantification of protein corona 

2.3.1. Quantitative approach for nanoparticle and protein localization 

In dSTORM, the image reconstruction is based on single molecule localization, allowing 

us not only to visualize the molecular organization of the protein corona, but also to estimate 

the number of proteins interacting with each nanoparticle30,33,34. To allow for automatic 

quantification of the dSTORM images, we developed an analysis tool able to extract the 

number of localizations obtained from proteins attached to each NP and to measure the 

thickness of the coronab.  

The image analysis procedure, schematically represented in Figure 2.5, first separated and 

plot both channels, nanoparticle localizations (green) and protein localizations (red). Next, 

Figure 2.5b, MSN were localized by applying the mean shift cluster algorithm35 only to the 

localization of the channel corresponding to the nanoparticles. The result from the algorithm 

was a set of clusters, each expected to correspond to a given MSN (further details on 

parameters used are described in Experimental Section). After that, nanoparticles were 

validated according to their geometry; they were expected to be spheres of about 170 nm in 

                                                           
b The software was developed in collaboration of S. Tosi from IRB. 

Figure 2.4 Labelling of protein does not affect protein corona-nanoparticle complex formation. a. DLS 

measurements of MSN incubated with 10% BSACy5/FBS and 10% BSA/FBS for 1 hour at 37 °C, following 

3 washing steps. Correlation coefficients (left) were obtained from 3 independent runs for each condition 

and hydrodynamic size (right) was calculated by number based in 3 independent runs for each 

condition. b. Protein quantification based on a BCA test on MSN with 10%BSA-Cy5/FBS for 1h a 37 °C 

compared to MSN incubated with 10%BSA/FBS. The mean of 4 independent samples is shown together 

with an error bar of the S.D. 

 



 

 
52 

 Chapter 2 

diameter, but we allowed some deviation both in size and shape to account for NP synthesis 

and experimental variability. Too large or too elongated NPs were likely clusters of NPs, or 

NPs that rolled during acquisition, therefore, they were discarded from the quantification. To 

further limit the risk of grouping several close NPs and hence assign wrong protein corona 

localizations to them, any valid NP which centre of mass was closer than 300 nm to the centre 

of mass of another valid NP is also discarded.  Finally, valid NPs were fitted a disk to 

accurately estimate their size and NPs, adapting a previously described procedure developed 

by Zwaag et.al.36  

Figure 2.5 Schematic representation of the analysis procedure to quantify proteins localization per 

nanoparticle. a. Plot of MSN (green) and protein (red) localizations. b.  Clustering of localizations and 

identification of individual nanoparticles. c. Nanoparticles validation as a function of elongation, size 

and aggregates. Pink ellipse indicates valid nanoparticle, cyan ellipse indicates big or elongated particle 

and yellow ellipse aggregates. d. Two field of views of nanoparticles fitted to a sphere to obtain their 

size together with the protein localizations (in red).  

 



 

 
53 

 Super-resolution Microscopy Unveils Dynamic Heterogeneities in Nanoparticle Protein Corona 

Once MSN were localized, analysed and validated, the molecule localizations in the 

protein channel are assigned to each validated NP. To this end, we considered a distance equal 

to 3 times the estimated cluster size corresponding to a NP from its centre of mass and 

assigned it the closest protein localizations up to 98% of the total number of protein 

localizations falling in this region. Finally, the radius of the complexes (NP-protein corona) 

was estimated as the distance between the centre of mass of the nanoparticle and the farthest 

protein localization that was assigned to it. 

2.3.2. Blinking behaviour of single proteins 

To estimate the number of proteins adsorbed on each nanoparticle one must consider that 

its associated dye (Cy5) can be localized several times during acquisition since fluorophores 

are subject to blinking29. To take this effect into account it is necessary to calibrate the 

measurements by estimating the statistical distribution of these blinking events. A 

schematically representation of the procedure used is shown in Figure 2.6. Since this 

phenomenon is known to highly depend on the chemical environment37 the number of 

localizations per individual molecule were estimated from measurements performed under 

same conditions than during the main experiments (i.e. with nanoparticles and serum). 

Nevertheless, proteins were this time labelled at a ratio of 0.01% instead of 1% and 10% for 

the main experiments. At this concentration protein localizations appeared as clearly isolated 

clusters, facilitating the analysis. 

Figure 2.6. Single protein estimation. a. Schematic representation of the challenge in estimating number 

of proteins from number of localizations. From a single protein on a nanoparticle the number of 

localizations per protein can be estimated, being easier to extrapolate then the number of proteins in 

other experiments. b. Frequency histograms showing the number of localizations per protein, from left 

to right, BSA, Fib, IgG, Tf.  

 



 

 
54 

 Chapter 2 

The images obtained for this experiment were analysed using the NIS-Elements Nikon 

software configured with the exact same parameters as for the main experiments. The list of 

localizations was exported and analysed by another Matlab script as illustrated in Figure 2.6 

implementing the following steps. i)The proteins localizations were clustered applying the 

meanshift clustering algorithm35. ii)The size of the cluster is estimated by measuring the 

distance between the two farthest localizations it has been assigned. Clusters larger than 50 

nm were discarded as this distance is quite larger than the expected accuracy of STORM for 

such sample.  Then, we built a histogram of localizations per single protein from thousands 

of measurements (Figure 2.6b).  Since blinking follows a geometric distribution38,39 we 

estimated the average number of localizations per single protein as the mean of a decreasing 

exponential function fitted to this histogram34. 

2.3.3. Estimating number of proteins per nanoparticle 

The number of localizations per single labelled protein obtained in the previous section 

was used to estimate the total number of proteins in the corona, following similar methods 

previously reported for the dSTORM-based quantification of molecules in biological 

structures34,37,40. The number of proteins adsorbed by a NP was estimated by dividing the 

number of protein localizations assigned to each MSN by the corresponding mean number of 

recurring localizations due to blinking for this protein (as estimated from the histograms of 

Figure 2.6b). Notably, we acknowledge that due to the stochastic nature of dye blinking there 

is an uncertainty for the measurements of nanoparticles with a very low number of proteins 

Figure 2.7 Representative images of MSN1 incubated with BSA. Reconstruction of different MSN1 

nanoparticles with the corresponding protein corona, showing the heterogeneity present. The number 

of labelled-proteins counted on the surface of each nanoparticle is indicated. Scale bar: 200 nm. 
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adsorbed while this effect is minimized for larger corona. Thanks to the automatic detection 

and quantification, a large number of NPs can be identified, providing an estimation of the 

average number of proteins per particle, of the particle-by-particle distribution and of the 

dependency of the corona on time and surface chemistry. 

Figure 2.7 shows six representative MSN1 NPs identified and quantified by the software. 

As it can be observed in these images, the same nanoparticle type displays a very 

heterogeneous behaviour where some of the nanoparticles have none or a very small corona 

and others have a considerable amount of proteins adsorbed onto their surface. The 

heterogeneity in protein adsorption has been hypothesized2 but, due to the lack of suitable 

techniques, poorly investigated experimentally. In the next sections, the dSTORM 

methodology was used to unveil the effect of nanoparticle structure on the time evolution of 

this molecular diversity. 

 Time-dependent growth of the protein corona 

Having established this powerful methodology, we studied the time evolution of the 

protein corona, a key factor considering the different in vivo circulation time of NPs. Recent 

proteomics analysis reported that the corona is formed within seconds after exposure to 

serum and grows over time both in thickness and protein amount11. Here we expand the scope 

of these ensemble studies using dSTORM to investigate the time evolution of the corona on a 

particle-by-particle basis.  

Figure 2.8 shows representative super-resolution images of different MSN1 nanoparticles 

(green) after exposure to 10 mg/mL of BSA (1%mol labelled, red) for different incubation 

times. As clearly shown in Figure 2.8, the quantity of adsorbed BSA per nanoparticle rises in 

time with a maximum at the longest incubation time studied (12 hours), in good agreement 

with previous studies11. We utilized our automated analysis tool to quantitatively investigate 

Figure 2.8. Protein corona evolution in time. MSN1s were incubated at 37 °C with 1%mol BSA-Cy5 in 

a 10 mg/mL BSA solution and the complexes imaged at different times. Representative images of the 

evolution of the corona from 1 minute to 12 hours (left to right). Scale bar: 100 nm. 
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the evolution of the protein corona on a particle-by-particle basis. Figure 2.9a-c shows the 

distributions of the number of proteins adsorbed (b), NP size (c) and NP-corona size (d) for 

each time point studied. The number of proteins adsorbed did not significantly increase in 

the first 15 minutes but subsequently raised at 1h and 12h time points.  Knowing the surface 

area of both, BSA molecules (28 nm2 and 32 nm2, rectangular and triangular cross section)41 

and the mean outer surface area of the MSNs (90,792 nm2/particle), we calculated the 

theoretical number of BSA required to cover the whole NP surface42 to be around 3,000 

molecules. From dSTORM data, we detected 42 labelled BSA molecules (mean value) after 1 

hour of incubation, from which, taking into account the labelling ratio of 1%, we estimated a 

total of 4,200 BSA molecules forming the protein corona. This is an indication that already at 

this time point the nanoparticle surface is fully covered and the formation of a protein 

multilayer occurs. Notably we cannot rule out unfolding processes occurring during the 

formation of the protein corona which modifies the surface area of the BSA7. 

Interestingly, the inter-particle differences increased after 1h as demonstrated by the 

broader distribution of the protein-per-particle histogram. This was even stronger after 12h 

incubation where particles with almost no corona (< 20 labelled BSA per particle) coexisted 

with particles with very large corona (> 200 labelled BSA per particle). This heterogeneity was 

also observed in the thickness of the corona that showed a broader distribution after 12h of 

incubation (see Figure 2.9c). Recent studies postulated the heterogeneity of protein absorption 

Figure 2.9. Kinetics of the BSA protein corona formation over time on MSN1. a. Distribution of the 

number of labelled BSA molecules detected per nanoparticle at each time point studied (1 minute, 15 

minutes, 1 hour and 12 hours, top to bottom). The mean and standard deviation of the number of BSA 

molecules at each time point is indicated. b. Size distribution of MSN c. Size distribution of MSN-protein 

corona complex 
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on NPs2.  Here, the direct observation of this heterogeneity highlights the importance of 

studying the biomolecular corona on a single particle level and provides crucial information 

about the biological behaviour of these particles, which will reflect this molecular diversity43. 

Most of the studies carried out to determine the protein corona composition require 

purification steps of the nanoparticle-protein complex, allowing the detection of strongly 

adsorbed proteins only. It is known that different layers of proteins, varying in adhesion 

strength, are present; this can be simplified assuming a strong layer of high-affinity proteins 

known as hard corona44 and a layer of loosely bound proteins indicated as soft corona as 

already explained in Chapter 1. Due to the difficulties in preserving the soft corona its 

biological relevance is poorly understood11,27,45,46. The method we propose quantifies proteins 

adsorbed to the nanoparticles surface with minimal processing, allowing the investigation of 

loosely adsorbed proteins. Figure 2.10a shows representative dSTORM images of MSN1 

nanoparticles after the centrifugation procedure commonly used in the literature24,27,44 (left, 

hard corona) and without any centrifugation (right, hard+soft corona). As quantified in Figure 

2.10b we identified significantly more labelled BSA proteins in the non-centrifuged samples 

(pvalue<0.0001 in all cases) (see Figure 2.11 for the frequency histograms), as well as, a small 

increase in the average thickness. The difference in the number of proteins present in the total 

corona and the number of proteins present in the hard corona remained constant for different 

incubation periods. Whereas, the total amount of adsorbed protein increased with time, 

indicating a constant soft corona present on a growing hard corona. 

Figure 2.10. dSTORM imaging of both soft and hard corona. a. Representative MSN1–protein corona 

STORM images comparing the corona observed with washing steps to remove the loosely bound 

proteins (hard corona) and without the washing steps, in situ, (hard + soft corona). b. Median and 

standard error of the number of BSA molecules quantified (left) and size of the complexes protein 

corona-MSN (right) for both conditions, non-centrifuged and centrifuged in each time point. 
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 Nanoparticle surface chemistry influence on corona formation 

Several studies have shown that physicochemical properties such as size, shape, surface 

chemistry and hydrophobicity determine the type and the number of proteins adsorbed to 

the nanoparticle surface3,8. In this framework, the hydrophilicity and the charge of the NP 

surface play a pivotal role. To identify whether the surface charge of MSN particles influences 

the corona formation in time, we studied 3 different types of nanoparticles with different zeta 

potentials: amino-functionalized MSNs (MSN1 – ζ =-9mV); and two MSNs where the amino-

groups were carboxylated to different extents (MSN2 – ζ =-29mV and MSN3 – ζ =-38mV). 

Figure 2.12a shows representative dSTORM images of nanoparticles of each type after 

being incubated for 1 hour with 10 mg/mL BSA solution (1mol% labelling). dSTORM imaging 

proved a clear correlation between the number of proteins adsorbed and the surface charge 

of the NPs. The presence of carboxylic acids surface groups implies a more negative zeta 

potential but also a more hydrophilic nature, reducing protein adsorption to MSN2 and MSN3 

particles in comparison to MSN1 particles. Figure 2.12b shows the quantification of protein 

adsorption for each particle type over time. At the 1-minute time point the number of proteins 

detected was very low for the three studied NPs. However, after 1-hour MSN1 adsorbed 

significantly more proteins than MSN2 and MSN3 (pvalues<0.0001). MSN1, as described 

before, showed a very heterogeneous distribution. These results are in good agreement with 

the literature, which shows that nanoparticles with positive surface charge adsorb more 

proteins (e.g. BSA molecules) than negatively charged particles24,47. Interestingly, also for 

Figure 2.11 Histograms of number of BSA molecules comparing Hard vs Hard + Soft corona. The 

histograms represent the normalized frequency of the number of proteins detected for MSN1 after being 

incubated at 37 °C with 1% BSA-Cy5/BSA. Top graphs were measured just after the incubation time and 

bottom graphs MSN were centrifugated to eliminate the soft corona.  
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MSN2 a dramatic change in protein adsorption behaviour was observed after 12h of 

incubation in the direction of a very heterogeneous population with larger coronas. After 12h 

MSN1 and MSN2 displayed a similar behaviour while MSN3 still showed a negligible 

increase in the number of adsorbed proteins.  We therefore hypothesized that the particle 

underwent changes in their chemistry over time influencing the extent of the protein 

adsorption.   

Figure 2.13a shows the zeta potential evolution of the three particles measured in protein-

free HEPES buffer as a function of time. Notably, all particles showed a relatively rapid 

change in zeta potential towards less negative values during the initial hours of incubation. 

However, while the zeta potential values measured for MSN1 and MSN2 after 3 days of 

incubation reached very similar values of about 11 mV, the zeta potential of MSN3 remained 

Figure 2.12 Surface charge strongly influences corona composition. Comparing protein corona 

formation between NPs with different surface charges. All 3 types of NPs were incubated at 37 °C with 

1%mol BSA-Cy5 in a 10 mg/mL BSA solution for 1 minute, 1 hour and 12 hours and the complexes 

obtained were imaged in situ. a. Images of MSN1, MSN2 and MSN3 after incubation with BSA for 1 

hour. Scale bar: 200 nm. b. Distribution of the number of labelled-BSA molecules detected in each NPs 

type at 1 min, 1 hour, 12 hours (top to bottom). Distributions are fitted to single or double Gaussians. 

Distributions are normalized to the total number of nanoparticles quantified in each condition to 

simplify the comparing. 

 



 

 
60 

 Chapter 2 

strongly negative during the whole course of the experiment. We propose that this change is 

related to the degradable nature of silica materials which leads to detachment of some of the 

silane molecules, and/or to time-dependent changes in the degree of counter-ion adsorption48. 

Strikingly, the evolution of zeta potential in time of the three nanoparticles followed the same 

trend than the change in the protein adsorption behaviour as shown in Figure 2.13b. As an 

example, only when the zeta potential of MSN2 raised towards neutral we observed an 

increase in the protein corona. While MSN3 maintained a pronounced negative zeta potential 

within the whole observation window, and consistently exhibited a low extent of protein 

adsorption. These results indicate that the formation and dynamics of the protein corona 

strongly depend on the surface charge and that changes in the surface chemistry of the 

nanoparticles due to hydrolysis clearly affect the composition of the corona. We anticipate 

that this phenomenon will affect not only the amount of biomolecules adsorbed but also the 

relative affinity for different serum proteins. We highlight for the first time that changes in 

corona composition occur over time due to the degradation of the nanoparticle surface adding 

a further element of complexity towards increased understanding of the biological identity of 

nanomaterials. The alteration of the NP surface chemistry with time introduces a further 

factor of heterogeneity to the corona formation – i.e. a dynamic heterogeneity. We speculate 

that this is a general phenomenon for degradable particles and suggest that the evolution of 

the properties of resorbable nanoparticles should be taken into account when studying 

biomolecular corona formation. 

 Evolution of the protein corona composition 

The blood serum comprises thousands of distinct proteins that compete for binding to the 

nanoparticle surface. The establishment of the protein corona depends on both the affinity 

Figure 2.13. Changes on surface charge over time guides changes in protein corona. a. Changes in zeta 

potential for each type of NP as a function of time in aqueous solution. b. Kinetic of corona formation in 

each nanoparticle type, the mean of the distribution is represented ± Standard Error (S.E.). 



 

 
61 

 Super-resolution Microscopy Unveils Dynamic Heterogeneities in Nanoparticle Protein Corona 

and the abundance of individual serum components. It has been proposed that most 

abundant proteins (e.g. albumin) are absorbed first but in time displaced by proteins with 

higher surface affinity8,12,13,49,50. However, a recent report using proteomic analysis showed 

that the corona is qualitatively established within minutes and its composition (i.e. the ratio 

of the different proteins) does not change in time for several types of nanoparticles11. The 

understanding of this controversial issue is of great importance for the control of nanoparticle 

behaviour in vivo. Here, we made use of our dSTORM methodology to investigate the time-

dependent changes in protein corona composition. We therefore incubated MSNs with serum 

containing a specific labelled protein (10%mol of the physiological serum concentration: i) 

BSA at 10 mg/mL, ii) Transferrin (Tf) at 3 mg/mL, iii) Fibrinogen at 1 mg/mL and iv) 

Immunoglobulin G (IgG) at 10 mg/mL) and acquired dSTORM images at two different time 

points (1 minute and 1 hour). This method allowed us to follow single protein species in a 

complete serum medium (fetal bovine serum, FBS) with single molecule and single particle 

sensitivity. Therefore, it represents an ideal complement to the high throughput proteomic 

methods. Albumin, fibrinogen, IgG and transferrin were chosen because of their high 

concentration in blood, their biological relevance (e.g. binding to transferrin receptor, or 

activation of immune system) and their reported affinity for silica nanoparticles51–54.  

Figure 2.14 shows the dynamic changes in the corona composition of MSN2 in time 

indicating an interplay between fast-adsorbing and strongly-adsorbing species. BSA 

molecules adsorbed on the surface of MSN2 at short exposure times, but their concentration 

significantly decreased (pvalue<0.0001) after one hour of incubation. This supports the idea 

that abundant serum proteins are the first interacting with nanoparticles after injection, which 

is accepted by the community. In contrast, the mean number of transferrin molecules 

adsorption increased with exposure times indicating a stronger affinity for the MSN2 surface 

than those of BSA. It is worth mentioning that the analysis of individual nanoparticles instead 

of the full population studied (see the histogram of frequency in Figure 2.14) indicated the 

Figure 2.14. Dynamics of protein corona in full serum. The composition of the protein corona was 

studied at 2 different time points to understand the dynamics of its formation. a. BSA, b. Tf, c. Fibrinogen 

and d. IgG were labelled and incubated separately with MSN2 at 37 °C in full serum (FBS) to study the 

dynamics of each protein in blood-mimic medium. Bars indicate the mean number of molecules detected 

after 1 minute and 1 hour of incubation for each protein type; BSA, Tf, Fibrinogen, IgG (from left to 

right). Error bars represent the S.E. 
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increase in the mean value is mostly due to a low percentage of nanoparticles which displayed 

a very high adsorption of transferrin, while most of the nanoparticles had little or none. These 

observations highlight the importance of studying corona formation on a single-particle basis 

and again points towards a heterogeneity in protein corona formation which may lead to 

different behaviour in vivo.  

Lastly, the concentrations of fibrinogen and IgG remained largely constant over time, 

having a low adsorption of fibrinogen molecules and a higher number of IgG molecules per 

nanoparticle. Similar kinetic trends were observed for MSN1 and MSN3 as shown in Figure 

2.16 where the adsorption of BSA, Transferrin and Fibrinogen in full media was studied. 

Fibrinogen, despite being one of the most abundant proteins in blood, displayed low 

Figure 2.15 Heterogeneity of protein corona formation in full serum. The composition of the corona 

was studied at two different time points to understand the dynamic of its formation. 10%vol labelled 

BSA, Tf, Fibrinogen or IgG in full FBS with MSN2 for one minute and one hour and STORM images 

were acquired. Histograms show the number of the specific labelled protein detected in each condition 

a. BSA b. Transferrin c.  Fibrinogen d. IgG. Data were normalized for the total number of nanoparticles 

quantified. 
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adsorption. This feature is in agreement with previous studies which revealed that fibrinogen 

binds to NPs only under less competitive conditions (e.g. 10% FBS)54 and it is displaced by 

other proteins in full serum. On the contrary, Tf and Immunoglobulins are reported to have 

high affinity54 resulting in higher adsorption under competitive conditions. It is worth noting 

that the high abundance of Tf could be advantageous to target cancer cells, due to the fact that 

multiple cancer types overexpress Tf receptors at early stages of cancer progression55. 

These results resemble previous observations on the binding competition occurring 

during the corona formation where more abundant proteins adsorbed first but are later 

displayed by proteins with high affinity49. Nevertheless, the dynamic composition changes 

detected in this work are probably due not only to the binding competition between the 

different species but also to the degradation of the particles over time we previously 

demonstrated (Figure 2.13). The combination of all these phenomena results in a complex and 

heterogeneous evolution of the nanoparticle biological identity which is important to 

determine to rationally design effective systems. 

 Proteins adsorbed to NPs affect their targetability 

The ability of functional nanomaterials to target specific cell types is of utmost importance 

in nanomedicine. Recent studies showed a strong effect of protein adsorption on nanoparticle 

selectivity towards different cell types26,56–58. The protein corona may shield NPs 

Figure 2.16 Protein corona composition changes in time. The composition of the protein corona was 

studied at 2 different time points to understand its dynamic formation. BSA, Tf and Fibrinogen were 

labelled and incubated separately with MSN1 (a,b,c) or MSN3 (d,e,f)at 37 °C at a concentration of 10%vol 

in full serum (FBS) to study the dynamic of each protein in a complete serum media to mimic blood. 

Mean number of molecules detected per nanoparticles after incubation with a. and d. BSA b. and e. 

Transferrin c. and f.  Fibrinogen 
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functionalities, reduce cell selectivity56,58 and influence cell uptake efficiency and kinetics5,57. 

Therefore, it is of major importance to study the uptake of nanoparticles in presence of serum 

and to understand the effects of corona formation on NPs internalization by the cell.  

In the present study, we correlated the results from our super-resolution investigation of 

the protein corona with the targeting capabilities of antibody-functionalized mesoporous 

silica nanoparticles. Interestingly, we first observed that corona formation was influenced by 

the presence of antibodies (Ab) on the NP surface. Figure 2.17a shows a comparison of protein 

adsorption on MSN2 and MSN2 functionalized with an antibody to confer targeting 

properties (Ab-MSN2) after 1 hour of incubation with 10%v/v BSA-Cy5/FBS. The Ab-MSN2s 

adsorbed about twice the amount of BSA due to the physicochemical changes of the surface 

induced by the presence of the large targeting ligand (e.g. change of zeta potential: 

ζMSNB220= -17.8 mV, ζMSN2 = -29 mV). These results proved the importance of studying 

the corona formation directly on the biologically relevant-nanoparticles; because changes in 

the surface composition upon functionalization can strongly affect the corona formation. In 

parallel, we studied the loss of Ab over time, we hypothesized the biodegradable nature of 

the MSN surface may induce changes in the number of Ab per MSN in time. We 

functionalized MSNs particles with an Alexa488-labelled Ab and we quantified with 

dSTORM the amount of Ab attached to the nanoparticles as a function of incubation time. 

Figure 2.17b shows a minimal loss of Ab during the first 12 hours (around 10%) which became 

more significant (up to 40%, pvalue<0.0001) after 18 hours of incubation.  

Figure 2.17 Influence of Ab functionalization on protein corona formation in MSN2 particles. (a) 

Comparison of the BSA protein corona formed (10% labelled-BSA in FBS) after 1 hour of incubation 

between functionalized (right) and non-functionalized MSN2s (left) in 10%BSA/FBS. (b) Antibody 

detachment kinetics for MSN2 in fetal bovine serum (FBS) due to degradability of the nanoparticles.  
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The formation of a significant corona together with the loss of the Ab foreboded a serum-

induced effect on targetability. To verify this hypothesis, we compared the targeting ability 

of Ab-functionalized MSN2 particles pre-incubated with serum for different amounts of time, 

as schematically shown in Figure 2.18a. Specifically, we measured the ability of MSN2 to 

target leukaemia cells when functionalized with an antibody against B220 (anti-

human/mouse B220, 60% cells positive), an antigen overexpressed in B cells during 

lymphoproliferative disordersc.  

                                                           
c Targeting studies were performed by T. Mandal in University Hospital Ulm, Germany. 

Figure 2.18 Influence of protein corona formation on the selectivity of Ab-functionalized MSN2 

particles. a. Schematic representation of the corona formation over functionalized MSNs in time and its 

consequences for their targeting ability. b. Representative image of MSN2-B220 nanoparticles taken up 

by CALM/AF10 cells (B cells) after 12 hours, nucleus is shown in blue, eGFPs proteins in green 

(indicating CALM/AF10 gene positive) and MSNs in red. Scale bar = 10 µm. e. Quantification of MSN2-

B220 and MSN2-CD9 taken up by cells after being pre-incubated different times with serum to mimic 

different states of the corona formation (left axis) and targeting ratio of the MSN2-B220, calculated by 

dividing the percentages of cells with MSN2-B220 and MSN2-CD9. Both experiments were carried out 

independently.  
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As a control, we studied the same particle functionalized with less specific Ab against 

murine CD9 (anti-human CD9, 10% cells positive). MSN2-B220 were taken up in murine B 

cells (see confocal microscopy image in Figure 2.18b) and a quantification of nanoparticles 

internalized or strongly bound to the membrane, performed by means of flow cytometry, as 

shown in Figure 2.18c. The uptake of both NPs raised with increasing serum pre-incubation 

time, suggesting that the new biological identity of the NPs improved their level of cellular 

uptake. Moreover, the targeting ratio, i.e. the ratio between the specific internalization of 

MSN-B220 versus the non-specific uptake of MSN-CD9, decreased dramatically after 12h of 

pre-incubation in serum when the two NPs show the same uptake efficiency, i.e. complete 

loss of selectivity. It is striking that the decrease of targeting efficacy occurred at 12 hours, as 

we previously showed a strong increase in protein adsorption on MSN2 at that time point 

(see Figure 2.12). This suggests that serum proteins covered the surface of the MSNs hiding 

the Ab and making the targeting ligand ineffective. This is crucial information for the in vivo 

use of such nanosystems, providing information about the “targeting lifetime” in serum, i.e. 

the time during which the NPs retain their targeting ability, and offering design rules for 

novel and more effective NPs. An interesting perspective is the synchronization of the in vivo 

circulation time of the NPs with the “targeting lifetime” that will maximize selective 

localization over non-specific detrimental accumulation in healthy tissues.   

 Conclusions 

In the present Chapter, a new method based on dSTORM super-resolution imaging has 

been presented to investigate the interactions between silica nanoparticles and serum proteins 

at the single particle level with nanometric accuracy. Despite here we focused on the study of 

protein corona formation on silica nanoparticles, the method is widely applicable to both 

organic and inorganic materials. However, plasmonic materials such as gold may quench 

fluorescence, therefore, special considerations should be taken when working with these 

types of nanomaterials.  The ability of our methodology to measure inter-particle variability 

allowed us to unveil heterogeneity in corona formation over time and to relate it to the surface 

chemistry and degradability of the nanoparticles studied. We speculate that small initial 

differences in surface chemistry among particles could lead to different protein adsorption 

amplifying particle diversity and resulting in the co-existence of particles with very different 

protein layers. This heterogeneity dramatically increased in time and it was enhanced by 

particle degradability. We showed the relevance of corona formation for nanoparticle cancer 

cell targeting, showing the importance of understanding these phenomena to design targeted 

nanoparticles, a key issue of nanomedicine1. Super-resolution microscopy represents a 

complementary tool to the current ensemble techniques for the study of protein corona 

formation.  
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 Perspectives 

2.9.1. Versatility of dSTORM protein quantification 

The versatility of the method developed in this Chapter allows to study the protein corona 

formation on a variety of other nanocarrier types. Following the previous studies, we 

investigated the protein corona formation on lipid nanoparticles (Quatsomes59) and polymeric 

nanoparticles (PEG-PLGA-based). Full serum was used to investigate the possibility to follow 

the overall growth of the protein corona in time. Figure 2.19 shows the number of localizations 

corresponding to the serum proteins detected per nanoparticle after few minutes or 1 hour 

for each particle type. We can observe that in the case of lipidic nanoparticles (Figure 2.19a) 

the amount of proteins attached is lower compared to the polymeric NPs and that protein 

corona did not grow in time. In contrast, the amount of protein adsorbed to polymeric 

nanoparticles increased significantly after 1 hour of incubation (Figure 2.19b). Overall, we 

demonstrate the possibility to use dSTORM image to understand and quantify the protein 

corona formation in time for different nanoparticle types.  

2.9.2. Dynamic environment affects corona formation 

An important difference between in vitro and in vivo is that the nanoparticles are exposed 

to the serum under flow upon injection, while most of the in vitro corona experiments fail to 

recapitulate this.  Studies have recently showed differences in number and molecule species 

forming the protein corona of nanocarriers under flow60,61. To verify this, we quantified the 

amount of proteins adsorbed to the surface of nanoparticles when incubated in static 

Figure 2.19 Protein corona formation on lipid NPs and polymeric NPs. a. Histogram of frequency of 

number of protein localizations detected per lipidic nanoparticle. Quatsomes were incubated with 

1%FBS-Cy5/FBC v/v for 1 minute and 1 hour. b. Histogram of frequency of number of protein 

localizations detected per polymeric nanoparticle. PLGA-PEG nanoparticles were incubated with 1% 

FBS-Cy5/FBS v/v for 5 minutes and 1 hour.  
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conditions compared to dynamic conditions, using a fluidic system to mimic blood flow. In 

figure 2.19 the results obtained after 30 minutes of incubation proved a small but significant 

difference between the adsorption of serum proteins in the two conditions. Similarly to 

previous literature reports, the number of proteins localized in the protein corona under flow 

were lower than the static one. This preliminary data demonstrates the importance of testing 

our nanosystems using more realistic conditions in order to predict more accurately the in 

vivo behaviour.  We envision future experiments to characterize the molecular diversity of 

adsorbed proteins in dynamic or static environments to help in the rational design of stealth’s 

carriers.   

2.9.3. Characterization of heterogenous protein corona using CLEM 

The heterogeneity in the protein corona formation revealed in the present study suggest a 

single nanoparticle batch does not contain a monodisperse population of particles, but a 

rather polydisperse one. We hypothesis that polydispersity in the physiochemical properties 

of the nanoparticles may be leading to distinct interactions with serum proteins resulting in a 

heterogenous corona formation. Therefore, it is of interest to understand which features are 

the responsible of the diversity, in order to predict the population of nanocarriers with high 

chances to succeed in the clinic. To further investigate this, we propose the use of correlative 

light and electron microscopy (CLEM). We believe electron microscopy can give insights on 

the nanoparticles’ size, shape and surface morphology, which may be correlated to a 

heterogenous number of proteins, detected using fluorescence microscopy. Here, we 

exploited the possibility to obtain CLEM images of mesoporous silica nanoparticles 

Figure 2.20 Different protein corona formation occur in dynamic enviroment.  For dynamic conditions 

MSN were flow througth a PTFE tubing and mixed using a cross conector with 10% FBS-Cy5/FBS v/v at 

continous flow of 250 µL/min mimicking blood flow for 10 minutes. a. Frequency histogram of number 

of localizations per MSN compring dynamic vs static conditions. b. Mean number of localizations ±S.E.  
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interacting with serum proteins using AiryScan and Scanning Electron Microscopy (SEM). 

Figure 3.20 demonstrates the potential use of this technique to further investigate on the origin 

of the protein corona heterogeneity. The fluorescence of both the MSN (in green) and the 

protein (magenta) can be detected, and the morphology of the nanoparticle can be observed 

in the SEM image. Future experiments will be performed to correlate the fluorescence 

intensity with morphological differences of each nanoparticle and determine those 

physicochemical properties more relevant on the protein corona formation.  

 Experimental section 

2.10.1. Nanoparticles synthesis, functionalization and characterization 

Synthesis. Particles (MSN1) were synthesized according to literature23. 

Cetyltrimethylammonium bromide (CTAB) (7.9 g; 21.6 mmol) was dissolved in a solution of 

methanol (640.0 g; 20.0 mol), water (962.3 g; 53.5 mol) and caustic soda (2.3 mL; 2 M; 4.6 

mmol). Tetramethoxysilane (TMOS) (2.2 mL; 14.8 mmol) and 3-aminopropyltrimethoxysilane 

(APTMS) (360.0 µL; 2.1 mmol) were mixed under inert conditions and added to the solution 

Figure 2.21 CLEM imaging of protein corona formation on MSN.  MSN (green) were incubated with 

10% FBS-Cy5/FBS (magenta) O/N.  Samples were prepared using the same protocol than dSTORM 

imaging but adsorbed to an ITO coated glass coverslip. First Airy-Scan Imaging was performed, following 

by air-drying of the sample and SEM imaging.  The images were correlated manually. Scale bar 100 nm. 
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while stirring (500 rpm). Reaction mixture was stirred for 45 min at 500 rpm and 24 h at 300 

rpm at room temperature and particles were separated via centrifugation. Surfactant removal 

was performed via three times extraction with ammonium nitrate in ethanol (6 g L-1) for 1 h 

in an ultrasonic bath. Particles were washed three times with ethanol afterwards and dried 

overnight at 60 °C. Succinic anhydride functionalization (to obtain MSN2 and MSN3) was 

performed in dry ethanol at room temperature. Therefore, amino functionalized particles 

(MSN1) were dried in vacuum at 80 °C for 3 h prior to functionalization. The dried particles 

were dispersed in ethanol (15 mg mL-1) and a solution of succinic anhydride in ethanol 

(MSN2: 40.0 µg mg-1; 0.4 mmol g-1; MSN3: 400.3 µg mg-1; 4 mmol g-1) was added. After 24 

h of continuous shaking at room temperature the particles were separated via centrifugation, 

washed three times with ethanol and dried in vacuum for 24 h at room temperature. 

Functionalization. Particles were labelled either with Alexa Fluor® 488 (for STORM 

imaging) or ATTO 594 (for in vitro analysis). Therefore, particles were dispersed in HEPES 

buffer solution (pH 7.2; 25 mM) (20.0 mg mL-1) and either a solution of Alexa Fluor® 488 

tetrafluorophenyl ester (1.0 µg mg-1; 1.1 nmol mg-1) or ATTO 594 NHS ester (1.8 µg/mg 

particles; 1.3 nmol mg-1 particles) in DMSO (1 mg mL-1) was added. After a reaction time of 

30 minutes the particles were separated via centrifugation, washed twice with ethanol and 

dried overnight in vacuum at room temperature. 

Antibody functionalization (MSN2-B220, MSN2-CD9) was performed in HEPES buffer 

solution (pH 7.2; 25 mM) by EDC and NHS coupling. The COOH groups of the antibodies 

anti-human/mouse CD45R (B220), anti-human CD9 and anti-human/mouse CD45R (B220) 

labelled with Alexa Fluor® 488 was activated by suspending the antibody in HEPES buffer 

solution (pH 7.2; 25 mM) (10 µg mg-1; 20 µg mL-1) followed by the addition of N-

hydroxysuccinimide (NHS) (2,3 mg mL-1; 19,9 µmol mL-1) and N-(3-dimethylaminopropyl)-

N’-ethylcarbodiimide (EDC) (3.4 µL mL-1, 19.2 µmol mL-1). After 30 minutes of rotation at 

room temperature a dispersion of MSN2 in HEPES buffer solution (pH 7.2; 25 mM) (2 mg mL-

1) was added and rotated for another 90 minutes. Particles were washed twice with HEPES 

buffer solution (pH 7.2; 25 mM) and directly used without further drying steps. 

Characterization. For dynamic light scattering and zeta potential measurements particles 

were dispersed in HEPES buffer solution (pH 7.2; 25 mM) (100 µg mL-1) in a focused 

ultrasonicator (Covaris, USA) for 10 minutes prior to analysis. Measurements were performed 

on a Zetasizer Nano-ZS ZEN 3600 (Malvern Instruments, Germany). 

Transmission electron microscopy imaging was performed on a JEM-1400 (Jeol, Japan) 

with a working voltage of 120 kV. 

To compare antibody functionalized particles and particles without Ab, MSN1, MSN2 and 

MSN3 were treated the same as during the functionalization step (90 min incubation in 

HEPES at room temperature; 1 mg mL-1) prior to dissolution studies. Dissolution studies of 
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MSN2-B220, MSN1, MSN2 and MSN3 were performed in DMEM + 15 % FCS at 37 °C, 

particles were dispersed (100 µg mL-1). Silicon concentration in the supernatant was 

measured via ICP-OES and resulting silica concentration was calculated based on these 

measurements. 

2.10.2. Protein labelling 

The proteins were dispersed in Sodium Bicarbonate (pH=8.5, Sigma Aldrich) at different 

concentrations depending on the protein: BSA at 10 mg mL-1 (Bovine Serum Albumin from 

Sigma Aldrich,purity  ≥96%), Tf at 3 mg mL-1 (Human Transferrin from Sigma Aldrich, 

purtity ≥95%), IgG at 10 mg mL-1 (IgG from Human Serum from Sigma Aldrich, purity ≥98%) 

and Fibrinogen at 1 mg mL-1 (Fibrinogen from Human plasma from Sigma Aldrich, purity 

50-70% protein) following by the addition of 1.5 eq. of Cy5-NHS  (Lumiprobe). All the 

reactions were shaken at 300 r.p.m. for 4 hours at room temperature. The proteins were then 

dialyzed with 1kDa pore size (Spectrum Lab) against PBS pH= 7.4 during 24 hours. The 

concentration of dye per protein was then quantified using a Nanodrop ND-1000 

Spectrophotometer, by measuring the adsorption at 280 nm (protein) and 650 nm (dye), to be 

1.09 molecules Cy5/molecule BSA, 1.46 molecules Cy5/molecule Tf, 1.53 molecules 

Cy5/molecule IgG and 1.85 molecules Cy5/molecule Fib. 

2.10.3. Protein corona formation  

To study the protein corona formation MSNs were dissolved in DMSO at a concentration 

of 1 mg/mL and sonicated in a bath sonicator during 5 minutes to disperse the particles. Then 

MSNs were dissolved in a pre-warmed protein solution (final MSNs concentration 100 µg 

mL-1), gently mixed, and incubated at 37°C for the desired time (from 1 minute to 12 hours 

depending on the experiment).  

The protein solutions used were solutions of single BSA (10 mg mL-1) or full fetal bovine 

serum (FBS, Thermo Fisher), with a percentage of a labelled protein depending on each 

experiment. Specifically, for the experiments studying the time evolution of the protein 

corona and the influence of the surface chemistry on the formation of the corona, the solution 

used were   1%mol BSA-Cy5/BSA (10 mg mL-1). While for the studies of the corona 

composition the solutions used were 10% BSA-Cy5/FBS v/v (BSA at 10 mg mL-1, 100% FBS), 

10% Tf-Cy5/FBS v/v (Tf at 3 mg mL-1, 100% FBS), 10% IgG-Cy5/FBS v/v (IgG at 10 mg mL-1, 

100% FBS), 10% Fibrinogen-Cy5/FBS v/v (Fibrinogen at 1 mg mL-1, 100% FBS).  

In some experiments, those where FBS was used, the non-attached proteins were removed 

by washing 3 times by centrifuging the mixture at 16,100 g for 5 minutes and redispersing the 

NPs-complexes with PBS (pH 7.4).  

For protein quantification, a Pierce™ BCA Protein Assay Kit (from Thermo Fisher) was 

used following the enhanced protocol described in the kit, together with the protocol of 
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Monopoli et. al. [60] MSN2 were incubated with 10% BSA-Cy5/FBS v/v and 10% BSA/FBS v/v 

for 1 hour at 37 °C, following 3 washing steps consisting on 5 min centrifugation at 16100 g 

and redispersion of the pellet in PBS to obtain the complexes hard corona-MSN. Samples were 

mixed with the Working reagent (A:B, 50:1) at a ratio 1:15 and incubated at 60°C for 30 

minutes. The samples were then cooled at RT for 45 minutes and centrifuged 5 minutes at 

16100g. The absorbance of the supernatant was measured at 562 using an Infinite M200 PRO 

Multimode Microplate Reader from Tecan. 

2.10.4. Kinetic of antibody detachment 

The loss of the antibodies present in the nanoparticles due to the degradation of the 

particles was determined in full FBS media. MSN2-B220-Alexa488®  (100 µg mL-1) were 

incubated at 37 °C in complete FBS for different time points ( 15 minutes, 1 hour, 12 hours and 

18 hours) and then the samples were imaged under STORM microscope (see protocol below). 

The change in the number of localizations upon increasing incubation times was analysed. 

2.10.5. STORM sample preparation and imaging 

To perform direct STORM (dSTORM) imaging NP-protein complexes, or NP alone, were 

immobilized by adsorption onto the surface of a flow chamber assembled from a glass slide 

and a coverslip (24mm x 24 mm, thickness 0.15 mm) separated by double-sided tape. After 

being incubated for 10-15 minutes unbound complexes and proteins were removed by 

washing the chamber twice with PBS. Then, TetraSpeck™ Microspheres (0.1 µm, Life 

Technology) were added and immobilized by adsorption onto the surface to correct the drift 

during acquisition.  Finally, non-adsorbed TetraSpeck™ Microspheres were removed by 

washing the chamber twice with STORM buffer. STORM buffer contains PBS, an oxygen 

scavenging system (0.5 mg mL-1 glucose oxidase, 40 µg mL-1 catalase), glucose (5% w/v) and 

cysteamine (100 mM).  

STORM images were acquired using a Nikon N-STORM system configured for total 

internal reflection fluorescence (TIRF) imaging. Cy5 labelled proteins were imaged by means 

of a 647nm laser (160 mW) and MSNs-Alexa488 were imaged by means of a 488nm (80 mW). 

The TetraSpeck™ Microspheres were imaged by a 561nm laser (80 mW). No activation UV 

light was employed. Fluorescence was collected by means of a Nikon 100x, 1.49 NA oil 

immersion objective and passed through a quad-band pass dichroic filter (97335 Nikon). 

Images were acquired onto a 256x256 pixel region (effective pixel size 0.16µm) of a 

Hamamatsu ORCA- Flash 4.0 camera at 10 ms integration time. For the protein corona 

measurements 20,000 frames were acquired for the 647 channel and 10,000 frames for the 488 

channel, the total time required to acquire one image was about 5 minutes. And for the 

antibody losing measurements 20,000 frames were acquired for the 488 channel. In both 

experiments every 100 frames a frame for the 561 channel (drift correction) was acquired. The 

absence of background localization was checked recording images of NPs with unlabelled 
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proteins (see Figure S143). STORM images were analysed with the STORM module of the NIS 

element Nikon software. 

2.10.6. Data analysis  

During STORM-imaging, the NIS elements Nikon software generates a list of localizations 

by Gaussian fitting of blinking dyes in the acquired movie of conventional microscopic 

images. This analysis takes around 2 minutes per image and can be run in a batch mode. To 

avoid overcounting blinkings detected in consecutive frames are counted as single by the 

software. The number of photons per localization was quantified in different conditions to be 

sure of the reproducibility of the imaging resolution between conditions (see Figure S154). 

The generated localization list was filtered to remove background due to free protein attached 

to the glass, by applying a density filter of 50 localization in a radius of 60 nm on both channels 

together (see Figure S165). The list of filtered localizations was imported and analysed by a 

Matlab script we developed to quantify the number of molecules forming the corona of each 

nanoparticle as well as the size of the complexes. The code is extensively described in 

supporting material.  

The total number of nanoparticles analysed in each experiment is reported in its 

corresponding figure capture. The time required to process each image using the Matlab code 

(extensively described in Supporting Information), goes from seconds to 1-2 minutes per 

image, obtaining the number of localizations and sizes of both nanoparticles and complexes. 

2.10.7. In vitro analysis 

B220 positive CALM/AF10 ex vivo murine suspension cells were created according to 

Deshpande et al. [61] This murine leukemic cell line was derived by single-cell-sorted 

B220+/Mac1- cells. Cell culture was performed in Dulbecco’s modified eagle medium 

(DMEM) supplemented with 15 % fetal bovine serum (FBS) containing 1 % 

Penicillin/Streptomycin and recombinant mouse interleukin3 (RMIL310, 10 ng mL-1) at 37 °C 

with a relative humidity of >80 % and a CO2 level of 5 %. 

To study the influence of protein adsorption on the selectivity of antibody conjugated 

particles, ATTO 594 labelled particles (MSN2-B220 and MSN2-CD9) were incubated for 

several hours (0.25, 1, 4, 12, 18 and 24 h) in 100 % FCS at 37 °C (1 mg mL-1). The particles/FCS 

mixture was then diluted with DMEM supplemented with 5.5 % FCS to gain dispersions 

containing 200 µg mL-1 particles and 15 % FCS. CALM/AF10 ex vivo murine cells were 

seeded at an initial density of 106 mL-1 and treated with the pre-incubated particle 

dispersions for 24 h ( 100 µg particles mL-1). Afterwards the cells were washed with 1x 

Dulbecco’s phosphate buffered saline (DPBS) (w/o Mg2+/Ca2+) containing 0.01 % Tween-20 

and twice with DPBS.  
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Particle uptake was quantified by flow cytometry.Fluorescence activated cell sorting for 

B220+/Mac1- cells was performed on a BD FACS ARIA II (BD Bioscience, USA) and particle 

uptake was quantified) on a BD LSRFortessa cell analyzer (BD Bioscience, USA). Analysis of 

the data was done using BD FACSDiva software v8.0.1 (BD Bioscience, USA). 

Confocal laser microscopy was performed on cells treated with ATTO 594 labelled MSN2-

B220. An initial density of CALM-AF10 ex vivo cells of 106 mL-1 was treated with ATTO 594 

labelled MSN2-B220 (10 µg mL-1) for 24 h. Cells were washed once with DPBS containing 

0.01 % Tween-20 and twice with DPBS before fixed with 4 % paraformaldehyde in DPBS for 

30 minutes at room temperature. Afterwards cells were washed twice with DPBS and fixed to 

positively charged slides (Fisherbrand™ Superfrost™ Plus Microscope Slides). The coverslips 

were mounted with Vectashield® containing DAPI (Vector Labs, USA) and visualized with a 

Leica TCS SP8 (Leica Microsystems, USA) (Leica Application Suite X (LAS X)). 

2.10.8. dSTORM imaging of protein corona on lipid nanoparticles 

Quatsomes (QS) were incubated in a BSA-Cy5 solution of 10 mg/mL containing 1% v/v of 

labelled protein (at 37°C) for 1 minute and 1 hour.  Then, QS were immobilized by adsorption 

onto the surface of a flow chamber assembled from a glass slide and a coverslip (24mm x 24 

mm, thickness 0.15 mm) separated by double-sided tape. After being incubated for 10-15 

minutes unbound complexes and proteins were removed by washing the chamber twice with 

PBS. Then, TetraSpeck™ Microspheres (0.1 µm, Life Technology) were added and 

immobilized by adsorption onto the surface to correct the drift during acquisition.  Finally, 

non-adsorbed TetraSpeck™ Microspheres were removed by washing the chamber twice with 

STORM buffer. STORM buffer contains PBS, an oxygen scavenging system (0.5 mg mL-1 

glucose oxidase, 40 µg mL-1 catalase), glucose (5% w/v) and cysteamine (100 mM). STORM 

images were acquired using a Nikon N-STORM system configured for total internal reflection 

fluorescence (TIRF) imaging. Cy5 labelled proteins were imaged by means of a 647nm laser 

(160 mW) and DiI-QS were imaged by means of a 561 nm (80 mW). The TetraSpeck™ 

Microspheres were imaged by a 488 nm laser (80 mW). For the protein corona measurements 

20,000 frames were acquired for the 647 channel and 20,000 frames for the 561 channels. The 

images were analysed using the NIS Nikon software and proteins quantified using the same 

Matlab software.  

2.10.9. STORM imaging of protein corona on PLGA-PEG nanoparticles  

Nanoparticle preparation. Block copolymers PLGA-PEG (PolySciTech AK102, Mw PEG: 

PLGA 5:30 kDa, L: G in PLGA 50:50. Lot: 50331SMS) and PLGA (PolySciTech AP082, L:G  

50:50,  acid  endcap,  Mw.  25–35 kDa.  Lot:  70201AMS-A) were used at a ratio 65/35 PLGA-

PEG/PLGA. Polymers were dissolved in ACN at a final concentration of 10 mg/mL. DiI was 

firstly dissolved in Acetonitrile to obtain a 1.1 mM stock solution, which was then added to 

the solvent phase, reaching a final concentration of about 7.1 µM. Nanoparticles were 
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prepared using the nanoprecipitation method: 300 µL of solvent phase (polymer solution) 

was injected dropwise into a solution of 3 mL of anti-solvent phase (aqueous solution) under 

continuous stirring to provide constant mixing of water (100-200 rpm). The solution was 

maintained under magnetic stirring for about 5-6 hours to accelerate the solvent extraction.  

Afterwards the vial was capped, and the sample was stored in  the  fridge  at  4°C  until further 

experiments. 

Nanoparticles were diluted 1:100 into a solution of 1%FBS-Cy5/FBS v/v and incubated at 

37 °C for 5 minutes or 1 hour. The complexes where centrifugated 3 times at 16000g for 10 

minutes to remove unbound proteins. Then they were immobilized into a glass coverslip and 

sample preparation and dSTORM imaging performed following the same protocol explained 

for MSN and lipid-naoparticles. PLGA-PEG nanoparticles were imaged using 561nm laser 

and FBS-Cy5 proteins using 647 nm laser, while Fiducial Markers for drift correction were 

imaged using 488 nm laser. 20000 frames of each channel were acquired. NIS elements and 

the custom-made Matlab software were used to process the images.  

2.10.10. Dynamic protein corona formation 

MSN2 at a concentration of 0.5 mg/mL were incubated into a solution of 10% FBS-Cy5/FBS 

v/v for 10 minutes for static conditions. To mimic   the dynamic environment of blood flow 

the solution of MSN2 was loaded into a 1 mL syringe and the solution of proteins into another 

1 mL syringe. Each syringe was connected to a PTFE tube of 0.75mm inlet diameter, both 

tubes were connected using a T connector were the solutions were mixed. Flow was applied 

using a syringe pump at 250 µL/min mimicking blood flow in arteria.   After 10 minutes of 

continuous flow the MSN2 were collected and purified to separate from unbound proteins 

washing 3 times by centrifuging the mixture at 16,100 g for 5 minutes and redispersing the 

NPs-complexes with PBS (pH 7.4).  dSTORM imaging was performed as described in section 

2.10.5.  and analysed as MSN in static conditions.  

2.10.11. CLEM of protein corona on MSN 

MSN were incubated O/N at 37 °C in continuous agitation with a solution of  10% FBS-

Cy5/FBS v/v.  The mixture was then centrifugated 3 times at 16,100 g for 5 minutes and 

redispersed in PBS (pH 7.4).  To immobilize the nanoparticles 20 µL of solution was added to 

an ITO coated glass coverslip where a defined scratch was made to help in the correlation. 

After 15 minutes the coverslip was washed 3 times with water and mounted into a self-

designed low drift magnetic imaging chamber.  Airyscan images were acquired using a Zeiss 

LSM 900, MSN were excited using 488 nm laser and proteins using 633 nm laser. Bright field 

images of the same field of view were acquired to facilitate the correlation of the images.   

After Airyscan images the coverslip were air dried O/N and SEM images where acquired 

without any coating. SEM imaging was performed in a Zeiss Sigma 300 microscope (Carl 
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Zeiss AG, Jena, Germany) equipped with the ATLAS 5 external scanner and software (Fibics, 

Canada) and the shuttle and find option in the Zeiss ZEN Blue software. SEM images were 

acquired using 3 kV voltage, 7 mm working distance.    Big field of view images including the 

scratch in the coverslip where acquired together with magnified images of individual 

nanoparticles in order to localize each nanoparticle and facilitate the correlation with the 

AiryScan images.  Both images were manually aligned using ImageJ. 
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Chapter 3 . 
 

Studying the molecular 
composition and stability in 

serum of single oligonucleotide 
polyplexes 

 

 

The successful application of gene therapy relies on the development of safe and 

efficient delivery vectors. Cationic polymers like cell-penetrating peptides (CPPs) 

can condense genetic material into nanoscale particles – polyplexes – and induce 

cellular uptake. To this point, several aspects of the nanoscale structure of polyplexes 

have remained elusive due to the difficulty to visualize the molecular arrangement 

of the two components with nanometre resolution. This limitation has hampered the 

rational design of polyplexes based on direct structural information. Here, we used 

super-resolution imaging to study the structure and molecular composition of 

individual CPP-mRNA polyplexes with nanometre accuracy. We used two-colour 

direct stochastic optical reconstruction microscopy to unveil the impact of peptide 

stoichiometry on polyplex structure and composition and to assess their 

destabilization in blood serum. Our method provides information about the size and 

composition of individual polyplexes allowing the study of such properties on a 

single polyplex basis. Furthermore, the differences in stoichiometry readily explain 

differences in cellular uptake behaviour. Thus, quantitative dSTORM of polyplexes 

is complementary to the currently used characterization techniques for 

understanding the determinants of polyplexes activity in vitro and inside cells.5F5F

   

                                                           
  This work has been published as:  

N. Feiner-Gracia, R. A. Olea, R. Fitzner, N. El Boujnouni, A.H. van Asbeck, R. Brock and L. Albertazzi, 

Nano Lett., 2019, 19 (52) 784-2792. 
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 Introduction 

Protein interactions are not only responsible of reducing specific interactions (as shown in 

Chapter 2) but can also dramatically affect the stability of nanosized delivery systems. 

Therefore, it is important to study their stability in the blood complex environment to predict 

their behaviour in vivo. A field of application particularly affected by this is the use of gene 

delivery systems such as polyplexes. As presented in Chapter 1, polyplexes are nanocarriers 

characterized by the electrostatic interactions between the polymer and the nucleic acid which 

guides the formation of complexes. The design of the polyplexes is still very challenging and 

activity varies greatly among different studies and systems1. Nowadays, mainly their 

physicochemical structure is investigated, and in vitro cell studies are performed to determine 

their ability to transfect cells. Surprisingly, a great number of these investigations are 

performed in serum free medium to optimize their functionality. The differences in 

transfection abilities may be attributed to the interplay between blood proteins or other blood 

molecules and polyplexes, which can lead to a reduction of the polyplexes stability. Therefore, 

to be able to design successful polyplexes is of utmost importance to understand the 

complexation efficiency of these systems in blood like conditions. 

The study of the complexation efficiency of polyplexes in complex biological media 

requires a previous deep understanding of the structural properties and variations of the 

formulated polyplexes. Nowadays, the knowledge on these structural properties is very 

limited, in fact, only a handful of methods for polyplex characterization are currently 

available. The average hydrodynamic size and charge of the polyplexes can be measured 

using DLS and Zeta-potential or electrophoretic shift assays, respectively2. Also, images from 

EM or AFM can indicate the polyplex size and shape3, thus providing information on 

morphological changes4,5. The efficiency of complexation is evaluated using gel 

electrophoresis, by detecting the presence of free oligonucleotides, while the affinity is 

currently measured using dye exclusion assay1. Overall, each of the current methods brings 

valuable information; however, they exhibit two main limitations: i) they are mostly ensemble 

techniques providing an average information of the polyplexes; ii) they are not able to 

distinguish between the two components of the polyplex and therefore they miss quantitative 

and qualitative aspects of the composition and inner organization of individual polyplexes. 

Therefore, only very limited data is available to compose molecular models of the structure 

and composition of polyplexes6–8. Even less information is available regarding the integrity of 

polymer carriers and genetic material in full serum. Some attempts have been made either 

using electrophoretic shift assays or method based on fluorescence fluctuation spectroscopy, 

as detailed in Chapter 1. However, following these techniques is not possible to directly 

quantify the exact composition of individual polyplexes, which will help to optimize their 

design.   
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In this chapter we report the use of two-colour dSTORM to unveil the structure and 

composition of polyplexes on a single particle basis to be able to follow their complexation on 

complex media such as serum. In Chapter 2 we have demonstrated the possibility to image 

single nanocarriers as well as their interactions with serum proteins. Here, we want to exploit 

the possibility to understand the organization of single nanocarriers and use this information 

to predict their stability in blood like conditions. With the appropriate knowledge of the 

photophysical properties of the dye such as duty cycle and bleaching rate, dSTORM provides 

the possibility to obtain quantitative information about stoichiometries and absolute 

molecular numbers. Therefore, dSTORM can also contribute to the quantitative 

understanding of polyplexes. Despite this potential, to the best of our knowledge, the use of 

super-resolution for the study of gene delivery carriers has not been explored. 

 dSTORM imaging of polyplexes 

3.2.1. Cell-penetrating peptides based polyplexes 

Cell-penetrating peptides (CPPs), also known as protein transduction domains, are a very 

promising class of vectors for gene delivery14 because of their ability to facilitate cell entry of 

conjugated molecules15,16. Moreover, due to their positive charge, CPPs are ideal candidates 

for non-covalent complexation of negatively charged oligonucleotides into nano-sized 

particles named polyplexes3. The potential of polyplexes to deliver different oligonucleotide 

cargo such as plasmid DNA or RNA into cells for gene therapy has been widely explored2,17,18. 

Only recently, mRNA has been emerging as another promising option19–21. Polyplexes of 

mRNA only need to penetrate cells and escape from the endosomes or lysosomes to the 

cytoplasm, where mRNA gets translated immediately into proteins. This route avoids the 

complicate nuclear penetration that DNA therapies need. Furthermore, mRNA is only 

transiently active, without risk of insertion into the host genome and it is fully degraded via 

physiological mechanisms. Therefore, mRNA loaded polyplexes have recently been proposed 

as efficient carriers for oligonucleotide therapy19–21.  

Figure 3.1 Schematic illustration of the followed procedure. Representation of polyplex formation 

from mRNA-Cy5 and Alexa488- L-nona-arginine peptide (Alexa488-r9), imaging and analysis. 
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3.2.2. Optimizing dSTORM imaging of polyplexes  

For our dSTORM analysis we prepared polyplexes formed by the CPP L-nona-arginine 

(r9) with a 1929 nucleotide long mRNA coding for firefly luciferase, as a model system to 

investigate the power of our methodology. r9 is a well-known cell-penetrating peptide and 

its capacity to complex and induce the cellular uptake of oligonucleotides has been previously 

studied1,22,23 An overview of our procedure is reported in Figure 3.1a. To perform dSTORM 

imaging, both components were labelled using the dSTORM-compatible, spectrally well-

separated dyes, AlexaFluor488 and Cyanine 5 for r9 and mRNA, respectively. The peptide 

was labelled at the N-terminus. The mRNA was stochastically labelled with Cy5-UTP with an 

average labelling ratio of 27 dyes per molecule, estimated from UV/Vis absorption 

measurements (as detailed in Experimental Section). After complexation, the polyplexes were 

deposited on a glass coverslip for dSTORM imaging. Figures 3.2 show representative images 

of r9-mRNA polyplexes. The direct comparison between conventional (a) and dSTORM (b) 

microscopy images demonstrates how the improvement of resolution allows individual 

Figure 3.2 Imaging of polyplexes using dSTORM microscopy. a. Conventional fluorescence image of 

polyplexes at N/P 5 (red represents mRNA molecules and green R9 molecules) b. dSTORM imaging of 

polyplexes, same field of view as in a. Scale bar 2 µm c. Zoom-in of two different areas of a. and b. to 

distinguish single polyplexes structure. Scale bar 400 nm. d.  Hydrodynamic radius of polyplexes 

prepared at N/P 5.  
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polyplexes to be resolved, while in the conventional image it is impossible to distinguish a 

single polyplex from clusters. Images revealed complexes of 50-75 nm in radius, in agreement 

with DLS measurements (Figure 3.2d). The labelling ratio, i.e. the proportion of labelled 

molecules, was optimized to obtain an optimal signal density for dSTORM. Moreover, 

dSTORM images of polyplexes with non-labelled molecules were acquired as a control, 

showing almost no localizations (Figure 3.3). 

Interestingly, from the dSTORM images of Figure 3.2 we detected a large amount of green 

signal (which corresponded to the peptide) which was not associated with the polyplexes but 

freely distributed into the slide. This observation indicates that not all peptides used in the 

complexation procedure were incorporated into the polyplexes’ structure. This observation is 

of special interest because most of the other characterization methods used, e.g. DLS, TEM, 

Figure 3.3 dSTORM control of images of a. non-labelled vs b. labelled polyplexes. Polyplexes at N/P 5 

were prepared with non-labelled mRNA and non-labelled r9 and image using dSTORM (a) and 

compared to dSTORM images of labelled polyplexes (b) to demonstrate the signal detected was specific 

of our labelled-structures.  Scale bar 2 µm(left) and 200 nm (right).  
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AFM and gel electrophoresis, cannot detect individual peptides and are strongly biased 

towards the macromolecular assemblies. Notably, free cationic moieties may have a role in 

the transfection and/or toxicity. As an example, previous studies of Vaidyanathan et al. 

proved enhanced pDNA endosomal escape of polyplexes due to the addition of free PEI 

polymer24. In addition, for acylated TP10 analogues, non-incorporated peptide at higher N/P 

ratios showed enhanced toxicity25. Therefore, being able to visualize the non-complex 

materials is of crucial importance. 

In addition, dSTORM imaging allowed studying the distribution of the peptide and the 

mRNA within the polyplexes as magnified in Figure 3.2c. The observed overlap of the two 

colours indicated that mRNA and r9 molecules are homogenously intertwined inside the 

polyplex, at least within the resolution of dSTORM. A dSTORM 3D image was acquired to 

prove these observations and rule out the effect of the projection. A middle stack of a polyplex 

is shown in Figure 3.4 showing both molecules were indeed intertwined. This result proves 

that mRNA molecules are not exposed on the polyplexes surface but shielded within the 

structure. This information is of utmost importance when designing effective gene delivery 

systems, as confined mRNA will be more stable than exposed26 and cannot easily be 

Figure 3.4 mRNA and r9 are homogenously entwined inside polyplexes. a.  Localizations of a center Z 

slice of 100 nm of a 3D dSTORM image b. Localizations of a center Z slice of 50 nm. Scale bar 200 nm. 
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determined with other characterization techniques introducing dSTORM as a new tool in the 

field.   

3.2.3. Imaging structural differences between N/P ratios 

One of the most important experimental degrees of freedom in polyplex generation is the 

ratio of cationic moiety and nucleic acids, which determines the N/P ratio, the ratio of positive 

over negative charge. The N/P ratio determines several key properties of the formed 

polyplexes such as net charge, size and stability1,27. We considered the N/P ratio an ideal test 

case to establish a direct quantitative analysis of polyplex composition using super-resolution 

dSTORM microscopy. Therefore, having successfully obtained super-resolution images of 

polyplexes formed at N/P 5, we further aimed to compare the structure and distribution of 

mRNA and r9 molecules for different N/P ratios. 

For this purpose, we imaged polyplexes formed at N/P 1, 3, 5 and 7. The mRNA concentration 

was maintained constant in order to follow the complexation of the same number of 

oligonucleotides. In Figure 3.5 a representative image of each condition is shown. At N/P 1, 

the mRNA-Cy5 signal was not clustered, resulting in more spread structures compared to the 

images obtained for N/P 5. Moreover, only minimal mRNA signal colocalized with the 

Alexa488-r9 signal and mostly free mRNA and free peptides were present, suggesting that 

the amount of r9 present at N/P 1 was not sufficient to condense mRNA into polyplexes. The 

distribution of mRNA changed dramatically at N/P 3, for which clear rounded clusters of 

mRNA-Cy5 were present. Therefore, we concluded that the r9 concentration present at N/P 3 

was enough to compact the mRNA into polyplexes. The N/P 5 and N/P 7 polyplexes clearly 

contained more r9 than the N/P 3 ones. Both, N/P 5 and N/P 7 were very similar to each other, 

which indicated that the charges of the mRNA were already saturated and the extra r9 

remained in solution and was not incorporated into the polyplexes. Overall, this qualitative 

evaluation of dSTORM images of polyplexes formed at different N/P ratios already provided 

important structural information regarding the mRNA and r9 interplay in the formation of 

polyplexes. 

Figure 3.5 Polyplexes structural differences at varying N/P ratios. dSTORM images of polyplexes prepared 

at N/P ratios 1, 3, 5 and 7 from left to right. Scale bar 200 nm.  

  

 

 



 

 
88 

 Chapter 3 

 Molecular composition of polyplexes: quantitative dSTORM  

In dSTORM the image reconstruction is based on single molecule localizations detected 

during the imaging as introduced in Chapter 1. Therefore, dSTORM provides a highly 

powerful approach to analyse the polyplexes not only qualitatively but also quantitatively28. 

Using an adapted version of the previously developed MatLab script, explained in detail in 

Chapter 2, the localizations in the mRNA-Cy5 channel were clustered in order to remove the 

free r9 localizations on the glass coverslip and to provide an estimation of the localizations of 

mRNA and CPP molecules per polyplex at different complexation ratios (the exact procedure 

is described in Experimental section). Moreover, the size of the polyplexes could be estimated 

for each N/P ratio, which in all conditions matched the DLS data (Figure 3.2d). In Figure 3.6 

the size of the polyplexes quantified for each N/P ratio are plotted into a frequency histogram. 

The radius of the polyplexes was between 60 and 80 nm for all conditions, however, the 

polydispersity of N/P 1 was significantly higher compared to the one of the other ratios. N/P 

1 polyplexes had a significant population of polyplexes exceeding 100 nm in size indicating 

that at this condition most of the mRNA molecules were not packaged. For N/P 3 to 7 the 

formation of polyplexes reduced the size of the structures obtaining also more monodisperse 

populations with no significant differences between N/P 3-7.  

3.3.1. Stochastic simulation to predict number of molecules 

As previously shown in literature29, stochastic simulations can predict the expected 

number and distribution of localizations of a set number of molecules. Therefore, comparing 

the number of localizations per polyplex that were experimentally detected to simulated data 

can provide a more accurate estimation of the composition of individual polyplexes.  To gain 

further insight we designed and implemented a program that can simulate the underlying 

process of stochastic photoactivation to compare its output to our imaging measurements 6F6F

a, 

                                                           
a The simulation program was developed by R. Fitzner based on our inputs and suggestions 

Figure 3.6 Size of polyplexes at different N/P. Frequency histograms of the radius of the polyplexes 

quantified from the dSTORM images for each N/P ratio. 
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as shown in Figure 3.7. We modelled each polyplex as a cluster of dyes considering they were 

all at the same spot. We made the reasonable assumptions that each dye within the cluster 

behaved independently and each could randomly be activated, deactivate or bleached. We 

simulated the blinking of dyes that are allocated within polyplexes. The radius of the 

polyplexes is smaller than the optical resolution limit; while dSTORM can distinguish the 

location of individual dyes, it can do so only when just one dye is blinking within one frame. 

If more than one dye in the same polyplex were blinking in the same frame, the image 

processing will register that the detected light comes from more than one sources and 

discarded the localization. For this reason, the precise location of a dye within the polyplex 

was irrelevant for our result which only focusses on the detection likelihood. In all our 

simulations of polyplexes we used a Poisson distribution to account for the heterogeneity 

across different polyplexes. Also, we assumed the number of peptides and mRNA are 

independent from each other to simplify the simulation.  

To obtain the simulated data presented in Figure 3.8 the following steps were performed: 

i) we acquired dSTORM images of polyplexes with a single labelled r9 molecule from which 

we estimated the photophysical parameters of the AlexaFluor488 dye; ii) we introduced these 

parameters together with the known experimental data such as number of frames, number of 

polyplexes to be simulated; iii) we simulated the blinking behaviour of a single-r9 molecule 

and verified that the output number of localizations per cluster corresponded to the 

Figure 3.7 Output generated from the Simulator of the r9 dye blinking in our structures. The simulator 

provides information about the number of detected localizations per frame (upper graphs), as well as, 

the number of localizations per single polyplex detected in the whole time simulated (lower graphs). 

Here two different conditions are represented a. 1 dye per polyplex and b. 50 dyes per polyplex. 
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experimental one (detailed information on the simulation can be found in the Experimental 

Section).The distributions of simulated and experimentally detected localizations were 

compared to determine which simulated peptide number matched the peak of the 

experimental data (Figure 3.8). Notably, for mRNA no simulation was conducted due to the 

heterogenous labelling of the mRNA which together with the stochastic nature of the 

detection could not be approximated.  

3.3.2. Revealing molecular composition differences for each N/P ratio 

As stated before, after our quantitative analyses we could estimate the number of 

localizations of each component, mRNA and CPP, for each imaged condition. In Figure 3.9 

the median number of localizations per polyplex detected for each N/P ratio, which is 

proportional to the number of molecules of the specific component, is plotted to unveil the 

Figure 3.8 Comparation of experimental data of polyplexes prepared at N/P 5 with simulated data of 

polyplexes with different number of r9 molecules. Each graph represents a histogram of frequency of 

the number of localizations per polyplexes comparing the simulated with the experimental data (green). 

The simulated condition which fits better our experimental data is represented in blue, while other 

simulated conditions are represented in orange.  
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composition of the polyplexes for the different conditions. More than 15,000 polyplexes were 

measured per N/P ratio.  In order to better understand the data in Figure 3.9 the median 

number of localizations per polyplex was plotted together with two more conditions: i) data 

of polyplexes with only one labelled mRNA molecule or only one labelled r9 molecule; ii) 

simulated data obtained from the stochastic blinking model. The results for polyplexes with 

only one labelled molecule were crucial to interpret the data from the measured polyplexes 

as they provided a reference for the estimation of the number of molecules per polyplex, e.g. 

distinguish single uncomplexed RNA strands from multiple RNAs in a particle. On the other 

hand, the simulations could unmask the stochastics of the dSTORM blinking, one of the main 

issues of STORM quantification, and provided the possibility to compare the median number 

of localizations that was detected experimentally with a theoretical framework.  

From the experimental and simulated data presented in Figure 3.9 comprehensive 

information on the polyplexes structure and composition was obtained. For N/P 1 the number 

of mRNA localizations was comparable to the one for a single molecule supporting the 

hypothesis that single mRNA molecules were present which were not able to be complexed 

Figure 3.9 Stoichiometry differences of polyplexes at distinct N/P ratios. Box plot comparing the 

number of localizations of mRNA and peptide quantified for each N/P ratio (1, 3, 5 and 7) together with 

the quantification of single molecules and the number of localizations obtained from the simulations. 

Statistical analyses were run (Mann-Whitney test) showing significant differences between the peptide 

content in NP3 and NP5 (p<0.0001) and the mRNA content between NP1 and NP3 (p<0.0001).  
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into polyplexes. From N/P 3 the experimentally determined median number of mRNA 

localizations significantly increased to about 2-3 times the single molecule and remained more 

or less stable at N/P ratios 5 and 7. These results indicate that inside each polyplex there were 

only few mRNA molecules. Interestingly, from N/P 3 to N/P 5 the box width was enlarged 

which indicates a high polydispersity with respect to the number of encapsulated mRNAs. 

The exact number of mRNA molecules per polyplexes could not be obtained due to the 

heterogenous labelling of the mRNA molecules which was not represented by the simulation. 

In contrast, the density of the peptides followed a different behaviour than the one of the 

mRNA molecules. At N/P 1 the number of r9 localizations per polyplex was very low and 

similar to the one of a single peptide. Considering the labelling density (about 1.25 % of 

labelled peptides were mixed with 98.75 % unlabelled ones) this is compatible with individual 

mRNA molecules with about one hundred peptides attached, an insufficient number to 

compact the oligonucleotides into a polyplex. At N/P 3 the number of r9 localizations slightly 

increased but it was not until N/P 5 that the number abruptly grew and remained stable for 

higher ratios. At N/P 5 and N/P 7 also the box widths were similar and again larger than the 

one at N/P 3. The median number of simulated localizations matched the experimental data, 

demonstrating the validity of our model. The number of peptides for which the simulated 

number of localizations best matched the experimental data were about 25-30 labelled 

peptides per polyplexes; considering that 1.25% of the peptides were labelled we could 

estimate approximately 2000-2400 peptides per polyplex. Still, for N/P 5 and 7 the box plot 

was very broad. The simulated data always corresponded to the lower range of the plots. 

Frequency histograms of the number of localizations of experimental and simulated data were 

plotted in Figure 3.10. From the graphs the presence of a major population in the experimental 

sample, which fitted the simulated data, together with a tail of polyplexes with higher number 

of molecules that could not be fitted to the simulated data is observed. The fact that the 

experimental data was always broader demonstrates heterogeneity in the samples which the 

simulation did not recapitulate. Thus, the measured heterogeneity could not be simply 

explained with the stochastic behaviour of the dye blinking.  Therefore, it can be concluded 

that the polyplex formulation did not consists of a single monodisperse population but to a 

rather mixture where polyplexes of different sizes and molecules number co-exist.  

To summarize these data into a molecular picture, r9 binds mRNA at N/P 1 but only from 

N/P 3 this binding is sufficient to condense the mRNA into polyplexes. Polyplexes from N/P 

3 to N/P 7 are similar in size and amount of mRNA but change significantly with respect to 

the amount of peptide present in the particles. Moreover, a significant heterogeneity of the 

molecular composition is present, especially at N/P 5 and 7. Notably, the differences between 

the last three conditions and the heterogeneity in the samples would have been difficult or 

impossible to measure with other methods, showing the potential of dSTORM to complement 

existing technique for polyplexes characterization. 
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3.3.3. Correlation between the number of mRNA and CPP localizations 

Above, the median number of localizations per component and condition was analysed to 

determine the approximate number of molecules per polyplex and the polydispersity of the 

samples. However, dual colour dSTORM simultaneously provided information regarding the 

number of localizations for each component and the size for each individual polyplex. Figure 

3.11 shows a correlative analysis of these three variables. The scatter plots in Figure 3.11a 

represents the data from over 15,000 polyplexes: every dot in the chart represents one 

polyplex that is positioned in the graph depending on its amount of r9 or mRNA localizations. 

Moreover, every point was plotted in a different colour depending on the size of the polyplex. 

With this representation, we could draw conclusions on the relationship between size and 

Figure 3.10 Simulation vs experimental data of polyplexes at different N/P. For each experimental 

condition different number of r9 molecules per polyplex were simulated to approximate the number of 

molecules per structure. In all cases a central population of the experimental data could be fitted to a 

simulated data, however, the experimental data had always a broader population which increases with 

higher N/P.  
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amount of the two components on a single particle basis, and thus, on the heterogeneity of 

the sample.  

Figure 3.11 Correlation between the number of mRNA localizations and R9 localizations.  a. Scatter 

plots of the number of mRNA localizations versus number of R9 localizations, together with a colour 

code representing the size for each polyplex. b. Number of localizations is plotted as a function of 

polyplexes size for both mRNA (red) and r9 (green). 
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At N/P 1 the mRNA localizations were rather monodisperse compared to other samples, 

corresponding to the presence of single mRNA molecules. At N/P 3 the number of mRNA 

localizations significantly increased as well as the polydispersity of the mRNA content, 

indicating the existence of polyplexes with multiple mRNA molecules. Moreover, a 

correlation between the amount of r9 and mRNA is present. This is even more evident for the 

N/P ratios 5 and 7 where the number of r9 localizations increased overall. In particular, the 

polyplexes with higher mRNA localizations were the ones that show a pronounced increase 

in the number of r9 localizations. Following this pattern, at N/P 5 the polyplexes with high 

mRNA localizations displayed an increase in the r9 localizations and at N/P 7 similar 

correlation was observed suggesting the charges were saturated at N/P 5. These results 

proved a clear correlation in the number of molecules of each component inside individual 

polyplexes. Moreover, the colour code provided information on the interplay between 

composition and size. In all the N/P studied, higher amounts of mRNA and r9 were found in 

polyplexes with larger size (green-blue colour). The plots in Fig. 3.11b, where the RNA and r9 

content is plotted against size, also confirm this. However, the data also indicated that the 

density of the packing inside the polyplexes must be heterogeneous. Within the size category 

of 65 – 85 nm radius, polyplexes differed in volume by maximum a factor of 2.2 while the 

number of localizations varied by up to a factor of eight. Similarly, with increasing N/P more 

localizations for both mRNA and peptide were found for polyplexes of the same size. 

Figure 3.12 Mean number of R9 localizations/mRNA per polyplex as a function of the radius. For each 

polyplex the number of R9 localizations was divided by the number of mRNA localizations in the same 

polyplex; then all the polyplexes with the same radius were clustered and the mean number of R9 

localizations/mRNA localizations was calculated and plotted.   
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Moreover, we calculated the ratio of r9 localizations per mRNA localizations and found 

that it was constant for N/P 1 and 3, but slightly increased with higher radius at N/P 5 and 7 

(Figure 3.12). These results indicate that the density of polyplexes prepared at the same N/P 

is overall similar, although there is a trend of higher ratios at higher radii. Altogether our 

measurements depict some important structural aspects of polyplexes: i) a significant 

heterogeneity is present, with polyplexes varying significantly in size and composition; ii) a 

correlation between the two component is present, with more r9 necessary to pack a higher 

copy number of mRNA inside the same polyplex; iii) higher mRNA content results in larger 

sizes.  

 Bio-interactions of polyplexes 

3.4.1. N/P ratio formulation guides cell internalization 

Next, we aimed to assess whether the dSTORM analyses could lead to a better 

understanding of cell biological experiments. For this purpose, polyplexes were formed with 

Cy5-mRNA and fluorescein-labelled r9. We had shown before that fluorescein and alexa488-

labelled r9 yield equivalent results30. Hela cells were incubated with polyplexes at constant 

concentrations of mRNA resulting in increasing concentrations of peptide. Then, intracellular 

fluorescence was recorded by confocal microscopy after 1 h incubation (Figure 3.13). This 

concentration was proved to be non-cytotoxic for cells at any of the N/P (Figure 3.14). For N/P 

Figure 3.13 Dependence of cellular nanoparticle uptake on N/P ratio. HeLa cells were incubated for 1 

hour with polyplexes consisting of Cy5-mRNA and fluorescein-labelled R9 at the indicated N/P ratios 

followed by washing and confocal microscopy of living cells. Scale bar 20 µm.  
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1, corresponding to a concentration of fluorescein labelled peptide of 0.05 µM hardly any cell-

associated fluorescence could be detected. From N/P 3 vesicular fluorescence was presented 

that further increased to an N/P ratio of 5 with no further increase at N/P 7 (Figure 3.13). 

Quantitative image analysis demonstrated that both, the mean intensity of vesicular 

fluorescence (Figure 3.15a) as well as the total number of vesicular pixels per cell as a measure 

for the number of endosomes increased from N/P 1 to N/P 5 (Figure 3.13b). At N/P 1 almost 

no polyplex was internalized while at N/P 3 the amount increased, and it further did at N/P 5 

and 7. These data demonstrated that from N/P 5 the polyplexes had the right composition to 

be internalized. Even though the cells were washed in order to reduce extracellular out-of-

focus fluorescence, there was still some fluorescence left (Figure 3.15c).  

For the peptide, this extracellular fluorescence strongly increased with increasing N/P 

ratio, consistent with the dSTORM results that demonstrated incomplete incorporation of 

peptide from N/P ratios larger than 3 (Figure 3.15c). Moreover, we divided both mean 

fluorescence intensities (peptide vs mRNA) to assess the ratio of peptide per mRNA in the 

internalized poyplexes (Figure 3.15d). Interestingly, from N/P 3 to 7 this value remained 

constant. This observation proved that a specific composition of the polyplexes is needed to 

be internalized by the cells. From our dSTORM data we demonstrated that at N/P 3 most of 

the polyplexes had a lower number of peptide incorporated packing the mRNA; therefore, 

we hypothesis that only a small population of polyplexes at N/P 3 had the right composition 

which corresponds to the lower internalization observed. Finally, the higher ratio at N/P 1 

was consistent with the absence of polyplex formation so that only free peptide was being 

internalized.  

Figure 3.14 Cytotoxicity study of polyplexes at different N/P. The polyplexes were incubated with cells 

for 1 hour and cytotoxicity was tested after 24 hours, controls were added where cells were incubated 

with PBS (C-) and 30% ethanol (C+). 
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3.4.2. Serum proteins induce polyplexes decomplexation 

Having established the methodology to measure polyplex size and composition, we 

exploited the ability of dSTORM to perform analyses in complex media such as blood serum. 

Polyplexes are designed to be intravenously injected into the blood stream, being in contact 

with proteins and other biomolecules that can destabilize the complex. Therefore, it is of major 

importance to understand the stability of the polyplexes in serum. Classically, gel retardation 

assays are used to assess the release and decomposition of polyplexes1.  Using dSTORM 

imaging we expected to obtain information on the mechanism of decomplexation because it 

was possible to track the composition and size of polyplexes.  

To this end, we incubated polyplexes formulated at N/P 5 at 37ºC with FBS at 

concentrations of 1%, 20% and 100% for 1 minute and 1 hour followed by deposition on cover 

Figure 3.15 N/P ratio of polyplexes guides cellular uptake. a. Average pixel intensities for vesicular 

fluorescence. b. Fluorescent pixels per cell as a measure for the number of endocytic vesicles with 

polyplexes. c. Average pixel intensity for fluorescence outside cells, recorded at higher detector gain. d. 

Ratio of peptide over mRNA fluorescence intensity inside cell. Ratios were calculated for the vesicular 

intensities of each analyses image and averaged. Error bars correspond to the standard deviation for 

normalized data of four independent experiments. 
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slides. Then, dSTORM images of the complexes were acquired (Figure 3.16 shows 

representative images of polyplexes behaviour incubated with 20% FBS). We observed that 

after 1 minute complexed polyplexes were still observed together with free peptide while after 

1 hour of incubation only free mRNA and free peptide was observed. To understand the 

behaviour of polyplexes in serum all the images were quantitatively analysed in order to 

approximate the molecular composition in each condition (Figure 3.17). Interestingly, the 

behaviour of the polyplexes was similar when incubated with 1% or 20% of FBS. In these 

conditions, after 1 minute the mRNA content in the polyplexes remained stable compared to 

the initial composition, indicating that the polyplexes were not releasing their payload. 

However, we observed a decrease in the number of peptide molecules. After 1 min of serum 

incubation only half of the initial peptide localizations were detected. After 1 hour of FBS 

Figure 3.16 Imaging stability of polyplexes in complex medium. dSTORM image of the N/P 5 polyplexes 

were acquired before and after the polyplexes were incubated with 20% FBS for 1 minute and 1 hour. 

Scale bar 200 nm. 
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incubation both the number of mRNA and r9 molecules abruptly dropped in 20% of serum 

(Figure 3.17). In contrast, polyplexes incubated with 100% of serum where immediately 

destabilized and any intact polyplex was detected after 1 minute neither 1 hour of incubation.  

Altogether, these results indicated that the serum proteins interact with the polyplexes in 

two stages as schematically represented in Figure 3.18: i) serum rapidly removed peptides 

from the polyplexes without compromising the mRNA compacted inside the particle (minute 

time-scale); ii) proteins destabilized the complexes causing the release of mRNA molecules 

(hour time-scale). This mechanistic study proved the importance of understanding the 

stability of polyplexes, or other nanocarriers formulated based on electrostatic interactions, in 

complex media mimicking in vivo environments. The pre-screening of systems in vitro will 

improve the rational design of systems and select more relevant nanocarriers to be further 

studied. We envision that the ability of dSTORM to provide additional information about the 

mechanism of polyplex disassembly will support the study and design of gene carriers with 

improved serum stability.   

Figure 3.17 Stability of N/P 5 polyplexes in serum at different concentrations. Number of localizations 

after 1 and 60 min of incubation with (a) 1% FBS, (b) 20% FBS, and (c) 100% FBS in comparison to the 

initial polyplexes. Upper graphs correspond to the median number of mRNA localizations (± S.D.) and 

lower graphs to the median number of R9 localizations (± S.D.). 
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 Conclusions 

In this Chapter, an in-depth study of the structure and composition of polyplexes 

containing mRNA and the cell-penetrating peptide r9 using dSTORM imaging has been 

presented as a new tool to study polyplexes stability in complex media. The results showed 

both, qualitative and quantitative differences in the mRNA and peptide content of individual 

polyplexes formed at different N/P ratios. Importantly, a minimum excess of peptide was 

required to condense the mRNA into polyplexes as at N/P 1 no distinct clusters could be 

observed. At N/P 3 the number of peptides was sufficient to pack the mRNA into compact 

polyplexes. With an increase of N/P to 5 the r9 content and peptide to mRNA ratio in the 

polyplexes further increased reaching a plateau around N/P 5. The possibility to image 

individual polyplexes allowed us to dissect the relationship between the relative content of 

the two components and the size of the polyplexes. These observations demonstrated a 

positive correlation of both components also with respect to size, as well as, some 

heterogeneity in packing density and an increase in packing density with increasing N/P ratio. 

Our analyses clearly demonstrated that the insights gained through the STORM analysis of 

the polyplexes directly translated into a better understanding of cellular uptake experiments. 

From N/P 5 to N/P 7 the characteristics of the polyplexes were the same which explained why 

they showed the same cellular uptake efficiency. At N/P 3 sufficient mRNA encapsulation 

was achieved for only a fraction of polyplexes as evident from the large heterogeneity of 

polyplexes at the molecular level, demonstrated by dSTORM. Finally, the imaging of the 

destabilization of polyplexes in the presence of serum provided mechanistic insights into the 

disassembly mechanism, a crucial aspect for the in vivo performance of gene carriers. Our 

study highlights the potential of multicolour super-resolution microscopy to shed new light 

onto the nanoscale structure and stoichiometry of polyplexes in complex media, a key aspect 

for the understanding of gene delivery carriers.  

Figure 3.18 Schematic representation of the destabilization of the polyplexes in time in the presence 

of serum. First serum proteins adsorb to the complex and displace few r9 localizations, but the structure 

of the complex is preserved. With increasing incubation times or serum concentrations the polyplexes are 

totally decomplexed.   
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 Perspectives 

3.6.1. Stability of APA polyplexes in serum 

To provide insights into the broad applicability of dSTORM to understand the stability of 

polyplexes in the presence of serum, polyplexes formulated with amphiphilic alkylated 

poly(α)glutamate amine (APA) complexed with siRNA or siRNA and miRNA were studied. 

Both formulations were imaged after being incubated for 1 hour with 10% FBS and 75% FBS 

and compared to the plain polyplexes, as shown in Figure 3.19. Interestingly, polyplexes 

formulated with both siRNA and miRNA were forming bigger aggregates than those 

formulated using just siRNA. After being incubated for 1 hour in 10% FBS the big aggregates 

of miRNA/siRNA polyplexes disappeared and smaller complexes were observed. Moreover, 

in 75% FBS there were still complexed polyplexes, however, also free siRNA was observed. 

In contrast, polyplexes formulated only with siRNA were stable for 1 hour in 10% FBS but 

mostly free siRNA was observed when incubated with 75% FBS. Of notice, both formulations 

were more stable than r9-peptide polyplexes which after 1 hour completely decomplexed at 

any FBS content.   

Figure 3.19 Stability of APA polyplexes in complex medium.  APA polyplexes formulated using only 

siRNA or a mixture of siRNA and miRNA were images before and after serum incubation (either 10% or 

75% v/v). Red corresponds to siRNA molecules and green to APA molecules. Scale bar 1 µm.  
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Overall, our studies demonstrate the applicability of dSTORM to follow the stability of 

another polyplexes type in complex media. In addition, the low stability observed for all 

investigated systems at high FBS concentrations evidences the need of understanding the 

stability of polyplexes in serum prior to cell internalization and in vitro and in vivo transfection 

studies.  

3.6.2. Imaging decomplexation of polyplexes upon internalization 

Another interesting applicability of dSTORM imaging is to correlate the release of nucleic 

acid molecules with the transfection efficiency of the system. In this framework, it has to be 

considered that dSTORM imaging is possible only in fixed cells and therefore optimization of 

the fixation procedure to retain the polyplex structure is necessary.  Therefore, the study of 

r9- mRNA polyplexes internalization was not possible due to the poor fixability of the 

peptide.  This observation on CPPs has already been reported elsewhere before32. We 

therefore concluded that r9 polyplexes are not suitable for dSTORM cell internalization 

analysis. However, we exploited the possibility to perform similar measurements using 

polymer-based polyplexes, specifically Poly(β-amino ester)s. In these cases, the polymers are 

Figure 3.20 Polyplexes decomplexed in time inside cells. Polyplexes were incubated for 30 minutes with 

Cos7 cells, followed by washing steps to remove non-internalized nanostructures. To follow the 

decomplexation of the polyplexes, cells were further cultured and fixed at different time points. 

Representative images of internalized polyplexes (red-polymer, green-DNA) obtained after the washing step 

(t0), after 2 hours and after 24 hours. Scale bar 1 µm.Lower row corresponds to a zoom in section of the upper 

row. Membrane and nucleus of the cells are indicated using dashed lines. Scale bar 400 nm.  
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fixable and the structure of the polyplexes preserved, allowing for stoichiometry 

quantification in cells in time. dSTORM images acquired after a pulse of 30 minutes and 

different chase times of 2 hours and 24 hours are shown in Figure 3.20. In the figure the 

polymer is represented in red and DNA molecules in green. At time 0, right after the 

washings, we observed clusters of both colours internalized, mainly in the membrane or close 

to it. With time we saw that polyplexes were trafficking towards a region closer to the nucleus, 

and the polymer was lost or degraded. This experiment proves the applicability of dSTORM 

to study not only stability of polyplexes in complex media but decomplexation of the system 

inside the cells, which can be correlated with the transfection efficiency of the nanocarrier. In 

conclusion, we believe that super-resolution microscopy can nicely complement the current 

techniques for polyplexes characterization contributing to guide the design of more effective 

oligonucleotide therapeutics. 

 Experimental section 

3.7.1. Reagents  

N-terminally acetylated r9 and AlexaFluor488-r9 were purchased as peptide amides from 

EMC microcollections (Tübingen, Germany). Firefly luciferase-coding mRNA (L6107 and 

L6401 from Trilink, San Diego, USA) was 1929 nucleotides in length, capped with Cap 0, 

polyadenylated and modified with 5-methylcytidine and pseudouridine, with or without 

Cyanine 5 fluorescent labelling (Cyanine5-UTP:Pseudo-UTP 1:3). The mRNA was kept in the 

original 10 mM Tris-HCl buffer, pH 7.5. The approximate number of Cy5 labels per mRNA 

was determined from the ratio of Cy5 and mRNA concentrations extrapolated from 

measuring the extinction of a 10x dilution in water using a NanoDrop ND-1000 (Thermo 

Fisher, Massachusetts, USA) detailed information can be found in the Supplementary 

Information. The mRNA and Cy5 concentrations in the sample were calculated from the 

absorption profile using the MicroArray function of the NanoDrop 1000 (Thermo Fisher). 

3.7.2. Polyplex preparation   

The N/P ratio was calculated by dividing the positive charges of the side-chain amino 

groups of the peptides (9 for r9) through the number of negative charges of the mRNA 

phosphate backbone (1929). For r9 polyplexes of N/P 5, the final peptide concentration was 

set to 50 µM. The N/P ratio for nona-arginine polyplexes was varied by maintaining the 

mRNA concentration at 0.045 µM (1160 ng).   

For polyplex formation, equal volumes of diluted solutions of CPP and mRNA were 

prepared in water. The mixing was performed by simultaneous expulsion of the fluid from 

two identical micro-pipettes arranged to create an obtuse angle on the wall of an Eppendorf 
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tube. For optimal imaging of r9 polyplexes, the AlexaFluor488 labelled r9 was pre-mixed with 

unlabelled r9 at 1.25% final labelling percentage.     

3.7.3. DLS measurements  

Several dilutions were prepared from non-fluorescently labelled polyplexes in RNase-free 

water and measured using a Zetasizer Nano-ZS ZEN 3600 (Malvern Instruments, Germany).  

3.7.4. Microscopy sample preparation  

Oxygen depleting dSTORM buffer was prepared fresh for every experiment using RNase-

free MilliQ water, glucose (5% w/v), glucose oxidase (0.5 mg/mL), catalase (40 µg/µL) and β-

mercaptomethylamine (100 mM; all Sigma Aldrich).    

The microscopy slide was prepared using two stripes of double-sided adhesive tape that 

secured the coverslip on the glass slide. Polyplex solution was pipetted in the remaining 

space, requiring ~ 35 µL of sample solution. After 10-15 min incubation at room temperature, 

unbound polyplexes were washed by flushing 2 times 40 µL STORM buffer, followed by the 

addition 35 µL water-based solution of TetraSpeck Microspheres (0.1 µm, Life 

Technologies/Thermo Fisher, Massachusetts, USA) for drift-tracking. After 5-10 min of 

incubation, unbound particles were removed by flushing again 2 times 40 µL of dSTORM 

buffer. The sample was placed in the microscope upside-down, for imaging through the 

cover-slip (150 µm thickness, 24x24 mm size).     

3.7.5. dSTORM microscopy   

Microscopy was performed on a Nikon N-STORM system (Nikon Europe, Amsterdam) 

using three laser-lines: 488 nm (∼80 mW) for AlexaFluor488, 561 nm (∼80 mW) for TetraSpec 

Microspheres, and 647 nm (∼160 mW) for Cy5 fluorescence. The sample was illuminated 

using a total internal reflection fluorescence (TIRF) alignment system and the z-level was kept 

constant by Nikon perfect focus system. Fluorescence was captured using a 100x Nikon oil-

immersion objective with 1.49 NA and passed through a quad-band pass dichroic filter (9733 

Nikon). Images were captured by the in-built Hamamatsu ORCA-Flash 4.0 camera on a 

256x256 pixels field (170 nm/pixel) at a rate of 20 ms/frame. dSTORM images contained 20,000 

and 40,000 frames for the 647 nm and 488 nm channels respectively at 100% laser power. 

TetraSpec Microspheres were imaged once every 100 frames using 5% laser power in the 561 

nm channel. Total imaging time was approx. 25 min/image.    

3.7.6. Image analysis  

Identification of individual blinks in each frame was performed by fitting a 2D Gaussian 

function on the intensity profile in NIS Elements software (Nikon). For all experiments, the 

identification thresholds (the difference between the number of photons of the detected pixel 
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and the surrounding pixels) were kept constant: 250 photons for the 647 nm channel (mRNA-

Cy5), 200 photons for the 488 nm channel (r9-Alexa Fluor 488) and 700 photons for the 561 

nm channel (TetraSpec Microspheres for drift correction). In order to exclude non-blinking 

molecules from consecutive frames, the trace length was set from 1 to 5, meaning that a 

molecule “on” for less than five consecutive frames was counted as a single localization, while 

a molecule “on” for more than five consecutive frames was discarded. No filter for the number 

of photons was applied.   

The dSTORM image was exported as a list of localizations in “.txt” format and analysed 

using a MatLab script previously described in Chapter 2. The first 500 frames of the Cy5-

mRNA and 1000 of the Alexa488-r9 were excluded to let the blinking equilibrate after the 

initial sample illumination. The mRNA-Cy5 localizations were clustered using a mean shift 

cluster algorithm with a bandwidth of 65 nm. An ellipse was fitted on the obtained clusters 

in order to apply filtering with the following parameters: minimum 10 localizations, 

minimum 10 nm for the small diameter, maximum 225 nm diameter for the longest axis, 

maximum elongation factor of 2.3 (representing the ratio of the long and short axes of the 

ellipse) and minimum 150 nm distance between cluster density centers. Using the cluster 

centers, circles to determine the polyplex size were fitted on the mRNA-Cy5 localizations to 

contain 90% of the points in each cluster. The circle radius was further checked to be minimum 

5 nm and maximum 125.5 nm. The analysis output consisted of the number of localizations 

per cluster for mRNA-Cy5 (all clustered points) and Alexa488-r9 (the localizations within 1.2 

times the circle radius) as well as the radius of the fitted circle for each identified cluster.  

3.7.7. Polyplex internalization experiments  

For cell biological experiments, a 10-fold lower mRNA concentration than for the 

dSTORM analysis was used. Polyplexes were formed at an mRNA concentration of 45 pM 

and peptide concentrations of 5, 15, 25 and 35 µM in increasing order of N/P ratio. For cellular 

uptake studies, the polyplexes were diluted 1:10. Fluorescein-labelled r9 was pre-mixed with 

unlabelled r9 at a ratio of 1:10. Polyplexes were formed as described previously and a 1:10 

dilution of polyplex solution in RNase-free water was used for DLS measurements.   

HeLa cells (DSMZ ACC-57) were maintained in sterile conditions in Dulbecco’s Modified 

Eagle’s medium (DMEM,Gibco) supplemented with 10% fetal calf serum (FCS, PAN-biotech, 

Aidenbach, Germany). HeLa cells were seeded in an 8-well chambered coverslip one day 

prior to the experiment (4.5*104 cells/well). On the day of the experiment, cells were incubated 

with 250 µL of polyplex solution in FCS-free DMEM for 60 minutes at 37 °C, 5% CO2. Cells 

were then washed three times with FCS-free DMEM and kept in Opti-MEM 1 reduced serum 

medium. Live cells were imaged directly using a Leica SP5 + FCS confocal microscope (Leica 

Microsystems), equipped with an HCX PL APO 63x 1.2 water immersion lens. Fluorescein 

was excited at 488 nm using an Argon ion laser and emission was collected between 495 and 
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545 nm. Cy5 was excited at 633 nm using a HeNe laser and emission was collected between 

640 and 720 nm.  

Images were quantitated with Fiji image analysis software37. In brief, noise was reduced 

with a low pass filter followed by generation of threshold-based binary masks for extraction 

of vesicular fluorescence. Thresholds were adjusted independently for both channels. The 

pixel numbers of the binary masks were divided by the number of cells to determine average 

cellular pixel numbers. Average extracellular intensities were extracted from regions-of-

interest outside cells from images acquired at higher detector sensitivity. Data for both 

independent experiments were normalized to the sum of all conditions and averaged. Error 

bars correspond to standard deviations of the means.  

3.7.8. Quantification of the number of Cy5 molecules per mRNA molecule  

First, the theoretical number of Cy5 molecules per mRNA molecules were calculated 

based on the data obtained from the provider. The mRNA contains a ratio of 1 pseudo-UTP: 

3 UTP; the total number of mRNA bases is 1929 and considering 1 in every 4 bases is UTP we 

obtain 482 UTP bases. Therefore, theoretically we should have 125 Cy5 per mRNA molecule.  

To experimentally verify the number of Cy5 dyes per molecule, a solution of mRNA-Cy5 

at 20 ng/µL in MiliQ water was prepared and the absorbance at 260 nm and 280 nm (to 

calculate the real mRNA concentration) and at 647 nm (to calculate the Cy5 concentration) 

was measured in triplicates using a Nanodrop. We measured to have 0.973 µg/mL mRNA in 

the stock solution, which was close to the theoretical 1 µg/mL, and 40.5 µM Cy5. Then, using 

these concentrations we calculated the mean number of Cy5 molecules per mRNA molecule 

to be 27, therefore we have one labelled base every 70 bases.    

3.7.9. Polyplexes with single labelled-molecules  

To get to quantitative molecules count per polyplexes using dSTORM, one must consider 

that the dye can be localized several times during acquisition since fluorophores are subject 

to blinking. To take this effect into account it is necessary to calibrate the measurements by 

estimating the statistical distribution of these blinking events. Since this phenomenon is 

known to highly depend on the environment the number of localizations per individual 

molecule were estimated from measurements performed under similar conditions than 

during the main experiments. In the present work, to independent measurements were done, 

the first to detect single mRNA molecules and the second to detect single r9 molecules. In 

these experiments, the labelled mRNA-Cy5 or Alexa488-r9 respectively were diluted with 

unlabelled mRNA or r9 molecules until reaching a concentration where only one labelled 

molecule remained per polyplex. In each sample, the opposite compound, which was not 

diluted, was used as a reference for polyplex identification during image quantification. 
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3.7.10. Simulation. Parameters estimation  

To gain further insight we designed and implement a program that can simulate the 

underlying process of stochastic photoactivation to compare its output to the measurements. 

Agreement of simulation and experiment for a particular condition demonstrates that the 

correct assumptions on likelihood of photoactivation were made, a prerequisite for a 

quantitative analysis.  

The simulation requires the input of parameters, that should be chosen in a reasonable 

manner. Here we discuss how we estimated the required parameters. Most of these 

parameters are straight forward to estimate, such as i) number of frames for each kind of dyes, 

ii) number of clusters = polyplexes to be simulated in one run, iii) number of green-dyes = 

labelled peptides in each cluster, iv) number of mRNA on average in each cluster. These 

quantities can be chosen to be deterministic for each polyplexes or to follow a Poisson 

distribution, where in this case the input corresponds to mean. In all our simulations of 

polyplexes we use a Poisson distribution to account for the heterogeneity across different 

polyplexes. Also, we assumed the number of peptides and mRNA are independent from one 

another to simplify the simulation. Only the probabilities of changing the state of a dye remain 

to be estimated.  

For the peptide for which each peptide carried exactly one label, the probability of 

activation of the dye was calculated by using the data obtained from imaging polyplexes 

containing a single AlexaFluor488-r9. This was achieved by diluting the AlexaFluor488-r9 

sample with non-labelled r9 down to 0.0002%. We compute the average number of times these 

single dyes were active and divide this by the total number of frames to obtain a probability 

of activation of 0.0000548. The probability of deactivation was estimated using the average 

number of consecutive frames a dye stays ON once it is activated, which is one of the outputs 

of the NIS-elements software used to process the images. This number was estimated from 

the experimental data of the single AlexaFluor488-r9 and found to be 1.85 frames. Then, we 

used the simulator to simulate the blinking behaviour of single peptides and we calculated 

the cumulative mean of this same value (number of consecutive frames a dye stays ON once 

it is activated) using different deactivation probabilities from 0.25 to 0.8. After comparing the 

different simulations, the probability of deactivation was estimated to be 0.37, as the 

cumulative mean number of consecutive frames was stable at 1.855 close to the 

experimentally calculated one 1.85.    

Having establish the probability of activation and deactivation the probability of 

bleaching was determined. The number of detected dyes per time frame of experimental and 

simulated data considering 0.1 as the probability of bleaching were plotted and compared. 

The data was binned every 1000 frames and a linear fitting was applied to compare simulation 
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and experimental data. The slope of the curve was similar for both being -0.008 and -0.006 for 

the simulated and experimental data, respectively, Therefore, 0.1 was considered the 

bleaching probability of the Alexa488 dye in r9 molecules.   

3.7.11. dSTORM imaging APA polyplexes in FBS 

Eighty-four µL (0.84 mg) of APA (from a 10 mg/mL stock) were diluted in a mixture of 

1037 µL ultra-pure water (UPW) and 1120 µL of filtered 20% glucose solution in UPW and 

pipetted. One hundred and seventy-one µL (34.2 nmol) of siRNA from a stock solution of 200 

µM were diluted in 2070 µL UPW and pipetted. Both solutions were mixed and incubated for 

10 minutes before further experiments. Incubation with FBS was carried out at 37ºC for 1 h.  

To perform direct STORM (dSTORM) imaging polyplexes were immobilized by 

adsorption onto the surface of a flow chamber assembled from a glass slide and a coverslip 

(24mm x 24 mm, thickness 0.15 mm) separated by double-sided tape. The flow chamber was 

previously treated with unlabelled APA for 1 h to favor polyplexes adsorption and washed 3 

times with PBS to remove the unbound APA before polyplexes addition.  After polyplexes 

being incubated for 10-15 min unbound structures were removed by washing the chamber 

with STORM buffer. Then, TetraSpeck™ Microspheres (0.1 µm, Life Technology) were added 

and immobilized by adsorption onto the surface to correct the drift during acquisition. 

Finally, non-adsorbed TetraSpeck™ Microspheres were removed by washing the chamber 

twice with STORM buffer. The STORM buffer used was a new imaging buffer, OxEA, 

described by Nahidiazar et al.  

STORM images were acquired using a Nikon N-STORM system configured for total 

internal reflection fluorescence (TIRF) imaging. APA-FITC was imaged by means of a 488nm 

laser (80 mW), siRNA Rac1-Cy5 was imaged by means of a 647nm laser (160 mW) and 

TetraSpeck™ Microspheres were imaged by means of a 561nm (80 mW). No activation UV 

light was employed. Measurements of 20,000 frames for the 488 channel and 12,000 frames 

for the 647 channel were acquired and every 100 frames a frame for the 561 channel (drift 

correction) was acquired. Fluorescence was collected by means of a Nikon 100x, 1.49 NA oil 

immersion objective and passed through a quad-band pass dichroic filter (97335 Nikon). 

Images were acquired onto a 256x256 pixel region (pixel size 0.16µm) of a Hamamatsu ORCA- 

Flash 4.0 camera at 10 ms integration time. STORM images were analysed with the STORM 

module of the NIS element Nikon software. The NIS elements Nikon software generates a list 

of localizations by Gaussian fitting of blinking dyes in the acquired movie of conventional 

microscopic images.  

3.7.12. dSTORM image of pBAE polyplexes cell internalization 

Polyplexes were prepared as detailed before31. In brief, they were formulated by mixing 

equal volumes of pGFP and pBAE polymer at a 1 : 25 weight ratio (w/w) in NaOAc buffer 
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solution (12.5 mM, pH 5.0). pGFP was added over the polymer solution, mixed vigorously by 

pipetting, and the mixture was incubated for 30 minutes at 25 °C. Then, the mixture was 

added into an equal volume of Milli-Q H2O, followed by another equal volume of HEPES 

buffer (20 Mm, pH 7.4) with 4 wt% of sucrose. Polyplexes were lyophilized and stored at −20 

°C. On the day of use, they were redispersed in the initial preparation volume of Milli-Q 

water. For optimal dSTORM imaging, polyplexes were prepared using 1% Cy5 labelled pBAE 

and 25% Cy3 labelled pDNA.  

COS-7 cells (ATCC® CRL-1651™) were cultured in DMEM containing 10% FBS, 2 mM l-

glutamine, 100 units per mL penicillin and 100 µg mL−1 streptomycin. Cells were seeded at a 

density of 30 000 cells per well with 400 µL of media in an 8-well Nunc™ Lab-Tek™ (Thermo 

Fisher Scientific®) and were allowed to grow overnight at 37 °C and 5% CO2, to reach 70–

90% confluence. Cells were incubated with 400 µL of diluted polyplexes at a concentration of 

3.75 ng pGFP µL−1 in full media for 30 minutes in a standard CO2 incubator, washed with 

PBS and grown for 0 h, 2 h, and 24 h before fixation. Then, cells were fixed for 15 minutes 

using 4% PFA at room temperature under stirring conditions and washed 3 times with PBS. 

For imaging purposes, 200 µL of dSTORM buffer was added to each well.  

Images were acquired using NIS-Elements software in a Nikon Eclipse Ti microscope 

(Nikon Europe, Amsterdam). Cy5-labelled pBAE was imaged with a 647 nm laser (160 mW), 

Cy3-labelled pDNA was imaged with a 561 nm laser (80 mV) and GFP was imaged with a 488 

nm laser (1.6 mW). The sample was illuminated using a total internal reflection fluorescence 

(TIRF) alignment system and the z-level was kept constant using a Nikon perfect focus 

system. Fluorescence was recorded using a Nikon 100×, 1.49 NA oil immersion objective and 

passed through a quad-band pass dichroic filter (97335 Nikon). Images were acquired onto a 

256 × 256 pixel region (pixel size 0.16 µm) of a Hamamatsu 19 ORCA-Flash 4.0 camera at 10 

and 50 ms integration time for dSTORM and GFP imaging, respectively. For dSTORM images, 

21 000 and 20 000 frames were obtained for the 647 nm and the 567 nm channels, respectively. 

NIS Elements software was used to obtain the super resolution image.  

. 
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Chapter 4 . 
 

Micellar stability in biological 
media dictates internalization in 

living cells 

 

 

The dynamic nature of polymeric assemblies makes their stability in biological 

media a crucial parameter for their potential use as drug delivery systems in vivo. 

Therefore, it is essential to study and understand the behaviour of self-assembled 

nanocarriers under conditions that will be encountered in vivo such as extreme 

dilutions and interactions with blood proteins and cells. Herein, using a combination 

of fluorescence spectroscopy and microscopy, we studied four amphiphilic PEG-

dendron hybrids and their self-assembled micelles in order to determine their 

structure-stability relations. Using micelles that change their fluorescent properties 

upon disassembly, we observed that serum proteins bind to and interact with the 

polymeric amphiphiles in both their assembled and monomeric states. These 

interactions strongly affected the stability and enzymatic degradation of the 

micelles. Finally, using spectrally-resolved confocal imaging, we determined the 

relations between the stability of the polymeric assemblies in biological media and 

their cell entry. Our results highlight the important interplay between molecular 

structure, micellar stability, and cell internalization pathways, pinpointing the high 

sensitivity of stability-activity relations to minor structural changes and the crucial 

role that these relations play in designing effective polymeric nanostructures for 

biomedical applications7F7F

  

                                                           
This work has been published as:  

N. Feiner-Gracia, M. Buzhor, E. Fuentes, S. Pujals, R. Amir and L. Albertazzi, j. Am. Chem. Soc., 2017, 139 

(46), 16677-16687.  
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4.1. Introduction 

Recently, self-assembled nanomaterials such as micelles and other polymeric assemblies 

have been gaining attention as smart drug delivery systems,1,2 as introduced in Chapter 1. The 

use of micelles as delivery systems presents several advantages: i) improved solubility of 

lipophilic drugs; ii) sustained release of encapsulated molecules in the body, and iii) the ability 

to target cells and/or tissues of interest in order to reduce side effects and increase therapeutic 

effectiveness. The potential and feasibility of using polymeric delivery systems has been 

recently demonstrated by the clinical approval of a micellar system: Genexol-PM.3 The system 

is used in Europe and Asia for the delivery of paclitaxel in patients with metastatic breast 

cancer and small cell lung cancer. Despite this clinical success, Genexol-PM remains the only 

clinically approved micellar delivery system and new strategies to enhance the performances 

of micellar nanocarriers are currently under investigation.4  

One of the crucial challenges in using self-assembled nanomaterials as drug delivery 

systems is their stability in the biological media, (e.g., blood and serum). The importance of 

studying the stability of nanocarriers in complex media has been evidenced in Chapter 3, 

where we demonstrated that electrostatic interactions forming polyplexes can be disrupted 

due to blood proteins adsorption.  The supramolecular stability of micelles may be also 

consequently affected by the interactions of multiple biomolecular species present in the 

blood with the polymeric assemblies which may affect their structure and functionality.5,6 

Moreover, serum proteins can prematurely disassemble the micelle and lead to non-selective 

release of the cargo in healthy tissues.  These issues are often overlooked in the literature, 

most likely due to the difficulties of studying micellar assemblies in complex biological media, 

as reflected in Chapter 1. Previous studies on stability of micelles in FBS, globulin, and BSA 

solutions were carried out using spectral analysis of two dyes, which form a FRET pair, 

encapsulated in polymeric micelle.7–10 However, these studies focused only on the dye release 

and did not provide information on the assembly state of the micelles. Due to the dynamic 

nature of self-assembled delivery systems, another key parameter that needs to be addressed 

when designing supramolecular nanocarriers is the extreme dilution that these self-assembled 

systems face when administrated intravenously.11 Whereas many studies report the CMC 

values as an indicator of stability, these values are often measured in water or PBS and hence 

they do not provide information on the behaviour in serum. Therefore, understanding how 

dilution and blood proteins affect micellar stability and degradation is of crucial importance 

for designing the next generation of delivery systems.  

It is clear that in addition to high micellar stability, nanocarriers should also have a well-

defined release mechanism that will allow them to selectively release their molecular cargo in 

a controlled manner only at the target site of disease. One very interesting possibility is to use 

enzymes or proteins to trigger the degradation and disassembly of micellar assemblies and 

the release of active cargo. The overexpression of enzymes such as matrix metalloproteinases 
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(MMPs)12 and cathepsin B6 in tumours can potentially be used to design micelles that will 

effectively release drugs only in the disease tissues but not in healthy ones.13 MMPs, for 

example, were used to release paclitaxel covalently linked to micelles formed from diblock 

copolymers14,15 and polymers coupled to metalloprotease sensitive peptide (PVGLIG). In 

addition, several groups, including the Wooley,16,17 Heise,18,19 Thayumanavan20–22 and Amir23–

25 groups, have independently reported the utilization of esterase and amidase degradable 

amphiphiles to trigger micelle disassembly and cargo release. The Thayumanavan group has 

also explored specific protein binding for triggering the disassembly of dendritic 

amphiphiles.26,27 

In Chapter 4, we study the interactions of a series of four different enzymatically 

degradable amphiphiles and their micellar assemblies with serum proteins to understand the 

stability of these systems in serum and the consequent effect on cellular internalization. 

Carrying out a variety of fluorescence spectroscopy measurements in protein solutions and 

serum allowed us to understand the stability of the different micelles in biological media, as 

well as, the differences in enzymatic responses of the nanosystems induced by the presence 

of proteins. In Chapter 2 and 3, super resolution imaging was used which provided high 

resolution but only static information. In this chapter we aimed to study the time evolution of 

micelles’ stability, therefore, we used confocal microscopy which can be performed on live 

cells. Using spectral confocal microscopy, we were able to determine whether the labelled 

polymeric hybrids were internalized in their self-assembled (micellar) or disassembled 

(monomeric) forms, to track their intracellular localization, and to follow micelle disassembly 

inside the cell in real time. These data revealed the interactions of dynamic supramolecular 

systems with cells, paving the way to a better understanding of these interactions and to a 

rational design of micelle-based delivery systems with high stability, controllable release 

rates, and adjustable cellular internalization mechanisms.   

4.2. Design and synthesis of enzyme-responsive micelles 

The micelles used in this work were composed from PEG-dendron amphiphiles with 

enzymatically cleaved dendritic end-groups. Enzymatic degradation of the hydrophobic end-

groups can increase the hydrophilicity of the hybrids, leading to their disassembly. The 

utilization of PEG-dendron hybrids as the polymeric amphiphiles granted us ultimate control 

over the monodispersity of the hydrophobic dendritic block,28,29 allowing fine tuning of the 

amphiphilicity of the hybrids to enable a high-resolution study of structure-stability relations. 

A series of four fluorescently labelled amphiphilic PEG dendron hybrids that can report their 

self-assembly and disassembly through spectral response were synthesized following a 
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previously reported methodology 8F8F

a (Figure 4.1)30. The hybrids were labelled with 7-

diethylamino-3-carbocy coumarin, which was shown to form excimers when the hybrids self-

assemble into micelles, leading to a significant red-shift of the emission peak, from 480 nm to 

approximately 560 nm. Hence labelling the polymeric hybrids with this dye allowed us to 

distinguish easily between the micelles (Em ~ 560 nm) and the non-assembled monomeric 

hybrids (Em ~ 480 nm) even in complex biological media by obtaining fluorescent spectral 

information (Figure 4.2). All hybrids were composed of dendrons with four lipophilic end-

groups and differed by the type of enzymatically cleavable end-groups. Hybrids 1 – 3 had 

                                                           
a Synthesis and characterization of all hybrids polymers was performed by M. Buzhor of R. Amir 

group in Tel Aviv University after designing together with them the structures of interest.  

Figure 4.2 Hybrids’ properties a. Schematic presentation of the monomer-micelle equilibrium and the 

difference in fluorescent emission wavelength due to formation of excimers only at the assembled state. 

b. Fluorescence spectra example at different time intervals during the enzymatic disassembly of hybrid 

3 in PBS showing the differences in the emission spectrum of assembled and non-assembled hybrid. 

1.1.  

Figure 4.1 Molecular structure of the amphiphilic PEG-dendron hybrids and the hydrophilic hybrids 

formed after enzymatic degradation of the hydrophobic end-groups. PEG used was 5 kDa. 
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undecanoate, octanoate, or phenyl-acetate end-groups, respectively, which could be cleaved 

by an esterase (PLE) (Figure 4.2b). The undecanoate end-groups of hybrid 1 were selected 

based on previous results for non-labelled hybrids with similar end-groups, which showed 

remarkable stability toward enzymatic degradation24. To systemically decrease the 

hydrophobicity of the dendrons, we synthesized hybrids 2 and 330, which had eight carbon 

atoms in each of their end-groups; the end-group of 2 was aliphatic end-groups, and that of 3 

was aromatic. We expected that the dendron with the aromatic end-groups would be slightly 

less hydrophobic due to the higher polarity of the aromatic rings in comparison with the 

aliphatic chains. 

In addition to the esterase-responsive hybrids, we prepared hybrid 4,30 which had four 

phenyl acetamide end-groups that could be cleaved by the enzyme penicillin G amidase 

(PGA).31 All hybrids were synthesized following a recently reported modular approach30 

based on accelerated divergent growth32 of the dendron. In general, the synthetic 

methodology was based on growing the dendron from PEG-Lysine(Boc)Fmoc after 

deprotection of the Fmoc group, followed by conjugation of the labelling dye at the last step 

Figure 4.3 Characterization PEG-dendron hybrids. a, Gel permeation chromatography of hybrids 1 (top 

graph) and 2 (bottom graph). b,  CMC characterization using Nile Red of hybrids 1 and 2. c, DLS data to 

characterize the hydrodynamic size of the hybrids 1-4 (green) and 5 (blue, monomer form). d, TEM 

image of hybrid 1 at 160 µM   
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of the synthesis. All hybrids were synthesized in high overall yields and their characterization 

data correlated well with the expected theoretical values (Figure 4.3, more information can be 

obtained in the Experimental Section). Besides the four amphiphiles, hybrids 1 - 4, we also 

synthesized hybrid 5 with four hydroxyl end-groups,30 which is the expected degradation 

product of the three esterase-responsive hybrids 1, 2, and 3 after complete enzymatic 

hydrolysis of all the hydrophobic end-groups. After the synthesis of the hybrids was 

completed, we determined their CMCs (Figure 4.3b) by using the solvatochromic dye Nile 

red33. The obtained values (in the range of 2 to 6 µM) were found to increase as the 

hydrophobicity of the dendrons decreased. DLS and TEM were then used to measure the size 

of the formed assemblies for hybrids 1 - 4, and diameters of 22 - 36 nm were observed (Figure 

4.3c-d), fitting well with the expected diameters of core-shell micellar assemblies. Importantly, 

DLS data for hydrophilic hybrid 5, showed the sizes of around 3 nm (Figure 4.3c, blue curve), 

which correlated well with the expected size of individual non-assembled polymeric hybrid. 

4.3. Stability of micelles in complex serum media 

 Interactions of monomers and micelles with serum albumin  

In supramolecular systems, such as micelles, monomers and assemblies are in equilibrium 

and are both always present during their use as drug delivery systems; therefore, it is 

important to study the interactions of serum proteins with both the assembled and non-

assembled states. In this sense, our system is unique as the coumarin label allows 

Figure 4.4 Albumin interacts with both monomer and micelles. a. Scheme of interaction BSA with the 

monomer. b. Scheme of interaction of BSA with micelle. c. Fluorescence emission spectra of hybrid 4 at 

a concentration of 2 µM in the absence or presence of BSA showing a solvatochromic effect. d. 

Fluorescence emission spectra of micelles of hybrid 3 (160 µM) in the presence of Cy5-labelled and 

unlabelled BSA show energy transfer from coumarin excimers in the micelles to the Cy5 on the BSA. 
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identification and study of both states of the system. First, we wanted to study whether there 

were any interactions between serum proteins and the micelles and/or the monomeric state 

(Figure 4.4a and b).  To do this, we designed two different assays based on either 

solvatochromism or FRET effect. These assays aimed to dissect the interactions of serum 

proteins with the monomers and the assemblies, respectively. To examine the interaction of 

monomers with BSA we used hybrid 4, which should have the highest hydrolytic stability of 

hybrids synthesized due to its amidic bonds, at a concentration slightly below its CMC. We 

mixed BSA (360 µM, close to blood concentration) with the hybrid and measured changes in 

fluorescence spectrum. At this low concentration of hybrid 4, the polymeric amphiphile was 

only in its monomeric form as confirmed by the emission at 480 nm in its fluorescence spectra 

(Figure 4.4c), which is characteristic for the non-assembled state.30 After BSA addition, we 

observed a significant increase in fluorescence emission intensity and a 15-nm blue-shift in 

the spectra. These alterations in the fluorescence spectra of the coumarin dye can be attributed 

to a solvatochromic effect due to the direct interaction between the monomer and BSA 

molecules. The interactions may be causing changes in the polarity of the microenvironment 

surrounding the dye upon protein binding which caused the spectra shift. Interestingly, our 

observations were in good agreement with previous reports using coumarin dyes as protein 

sensors.34 In addition, similar studies using the hydrophilic hybrid 5, which can only be in the 

monomer form, further confirmed the interactions of the labelled hybrid with the protein 

(Figure 4.5). 

Next, to investigate the interactions of BSA with the micellar state, we labelled BSA with 

the dye Cy5, which served as a FRET acceptor for the excimer of the coumarin dyes. An energy 

transfer would indicate that the assembled hybrids interact with the BSA molecules, due to 

overlap of the fluorescence emission spectra of the coumarin excimer with the excitation 

spectra of the Cy5. Micelles of hybrid 3 were incubated with either native BSA or Cy5-labelled 

Figure 4.5 Interaction of monomer with BSA. Hybrid 5 at a concentration of 160 µM was incubated 

with BSA at a concentration of 400 µM. An increase in the emission intensity can be observed attributed 

to the solvathocromic effect of coumarin when interact with the monomer. 
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BSA (Figure 4.4), and the emitted fluorescence after micelle excitation was measured. The 

fluorescence spectra in Figure 4.4, clearly showed the appearance of a new emission peak at 

675 nm when the micelles were incubated with the Cy5-labelled BSA. This peak was produced 

by the energy transfer from the coumarin excimers inside the micelles to the Cy5 dye on the 

BSA, which were in close proximity. The energy transfer was further supported by the 

observed decrease in intensity in the fluorescence emission of the micelles only in the presence 

of labelled BSA as well as by the non-fluorescence emission of BSA-Cy5 alone when excited 

in the same conditions. Due to FRET’s high dependence on distance (1-10 nm), this 

experiment proves the direct interaction of BSA with micelles. This interaction may be 

produced by i) protein penetration inside the micelle due to the flexibility of the PEG shell or 

ii) proteins adsorption onto the PEG shell forming a protein corona.35,36  

Based on both the increase in fluorescent emission of the non-assembled hybrids and the 

FRET results, we conclude that the BSA molecules directly and effectively interact in close 

proximity with both the monomeric hybrids and their micelles. We envision that these 

interactions may influence the stability of the system. 

 Supramolecular stability in contact with serum proteins 

Supramolecular stability toward disassembly of micelles in serum-like conditions is of 

major importance to optimize the in vivo performance of nanocarriers.  To evaluate the 

potential of the studied polymeric micelles to serve as delivery vehicles for in vivo experiments 

in the future, we aimed to study their micellar stability by mimicking these conditions in vitro. 

First, we determined the stability of the four types of micelles in the presence of increasing 

Figure 4.6 Supramolecular stability of the micelles as a function of BSA con-centration. a. Ratio of 

emitted fluorescence of monomer (~ 480 nm) versus micelle (~ 560 nm) at increasing concentrations of 

BSA of all hybrids subtypes. b.   Fluorescence emission spectrum of hybrid 4 at increasing concentrations 

of BSA, from 0 to 1000 µM.  
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concentrations of BSA, as albumin is the most abundant protein in the blood. The 

concentration of BSA was systematically increased up to 1000 µM (two-fold higher than its 

concentration in blood), while the concentration of hybrids was kept constant at 160 µM. 

Fluorescence emission spectra were collected, then, the ratios of the emission intensities for 

monomer to micelle were calculated to follow the stability of the micelles, where low ratios 

indicated micelle hybrids were mostly assembled and high ratios indicated the destabilization 

of the micelles and a  higher presence of monomer state (Figure 4.6).  

The obtained results showed that at low BSA concentrations (<10 µM of BSA, 160 µM of 

hybrid), all hybrid subtypes had similar low ratios due to a major presence of micelles. Upon 

further increase in BSA concentration, the ratios for hybrids 2, 3, and 4 slightly increased, 

which may indicate that the BSA molecules started to interact with the monomer, leading to 

the solvatochromic effect that enhanced the fluorescence intensity of the monomer as 

discussed above. Interestingly, at concentrations higher than 100-200 µM, the ratios for 

hybrids 2, 3, and 4 increased more profoundly as the micelles started to disassemble. The 

complete disappearance of the excimer peak at 560 nm (Figure 4.6b) confirmed that the 

disassembly of micelles formed by 2, 3, and 4 took place at around 100 µM BSA. In contrast, 

the ratio for hybrid 1 started to slightly increase only above 100 µM BSA, indicating that these 

micelles were resistant toward disruption by the interaction with BSA. These findings also 

suggest that micelles with aliphatic groups are more stable than those having aromatic 

groups, as micelles of hybrid 2 were found to be more stable than the micelles of hybrid 3. 

Although a plateau was expected to be obtained in these experiments, indicative of the full 

disassembly of the micelles, it was not observed, most likely due to the solvatochromic effect 

of the coumarin dye in the monomeric form. The solvatochromic effect can continuously 

enhance the emitted fluorescence intensity as discussed earlier. 

Next, we investigated the supramolecular stability of the micelles in time in the presence 

of serum (Figure 4.7). The experiments were performed either in 10% FBS, mimicking cellular 

assays conditions, or in BSA solution (10 mg/mL, 151.52 µM), mimicking its concentration in 

Figure 4.7 Supramolecular stability of the micelles as a function of time. Ratio of emitted fluorescence 

of monomer versus micelle of all hybrid’s subtypes at different time intervals in a. PBS, b. 10 mg/mL 

BSA, and c. 10% FBS. 
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the blood. The stability of the micelles in PBS was measured as control, and the emission 

fluorescence spectra of micelles were recorded over time in the different conditions for all the 

hybrids subtypes. All four types of micelles were stable for more than 14 hours in PBS, 

whereas in 10% FBS and in BSA conditions they slightly disassembled, and micelles of 

different subtypes had different behaviours. 

In both cellular assay mimicking and blood mimicking conditions, we observed an 

increase in the ratio as a function of time for all the micelles, corresponding to a mild 

disassembly of the structures. Interestingly, for hybrids 4 and 3 in BSA media, it resulted in 

slightly higher monomer/micelle ratio than it did in FBS. Moreover, kinetics of disruption 

were different for each hybrid. A rapid disassembly was observed for hybrid 4, which reached 

the equilibrium state within 15 minutes, after which changes in the monomer/micelle ratio 

were less than 7.5% the total change. Hybrids 3 and 2 showed slower kinetics and need longer 

times to equilibrate, 45 and 75 minutes respectively, after the addition of the proteins’ 

solutions. The ratio of hybrid 1 showed no significant change over time, confirming the 

Figure 4.8 Stability as a function of time in PBS and 10% v/v FBS at 37 °C shows a smooth constant of 

the stability in every condition compared to the stability at 25 °C. The graphs represent the ratio of 

monomer emitted fluorescence vs micelle emitted fluorescence a. Hybrid 1 b. Hybrid 2 c. Hybrid 3 and 

d.  Hybrid 4. 
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previous results and demonstrating that hybrid 1 is not only the most thermodynamically 

stable but also kinetically the most stable. Lastly, the same experiment was performed at 37 

°C, mimicking body conditions, and we observed a reduction in stability at higher 

temperature, but the same behaviours in PBS and FBS than at R/T (Figure 4.8). Overall, these 

results illustrated how relatively small changes in molecular structure can lead to substantial 

differences in micellar stability, with hybrid 1 being the most stable, followed by hybrids 2, 3, 

and 4. 

 Supramolecular stability upon extreme dilution 

When micelles are administered intravenously, they undergo a strong dilution in blood, 

which may severely affect their supramolecular stability. However, PBS, which is often used 

as the solvent in testing the effects of dilution and determining the CMC as reported in the 

literature,11 does not mimic in vivo conditions. Hence, it is of crucial importance to investigate 

the effect of dilution in biologically relevant media. Taking advantage of the fluorescent 

reporting mechanism, we investigated the resistance of micelles, formed by hybrids tested 

Figure 4.9 Supramolecular stability of the micelles upon dilution into PBS or 10% FBS. a-c. Ratio of 

emitted fluorescence of monomer versus micelle as a function of micelle concentration when diluted 

either with PBS or 10% FBS for hybrids a. 2, b. 3, and c. 4. d. Representation of the concentrations of 

aggregation (CA), concentration in which hybrids start to assemble in both PBS and FBS for hybrids 2, 

3, and 4. 

 

. 



 

 
126 

 Chapter 4 

here, to dilution into two different media: PBS and 10% FBS. As detailed before, we measured 

the fluorescence spectra to determine the stability of micelles and plotted the ratio between 

the monomer peak and the micelle peak for different concentrations as shown in Figure 4.9. 

Notably, we did not use an external probe for measuring the micellar stability as typically 

reported (e.g., Nile red or pyrene) but measured directly the intrinsic fluorescence of the 

labelled monomers as indication of the aggregation state of the system. The data obtained 

show a sigmoidal profile with three characteristic regions: i) at low concentrations of the 

hybrids, the structures were completely disassembled and showed constant ratio of monomer 

to micelle and the lack of the peak of the micelles; ii) as the concentrations increased, the 

structures self-assembled and the ratio of monomer to micelle decreased; and iii) at high 

hybrid concentrations the ratios were again stable and characteristic of the excimer 

Figure 4.10 Kinetics of disassembly upon dilution, Stability of the micelles upon dilution (in 10% v/v 

FBS) showed hybrid 4 and hybrid 3 disassembly occurs immediately after dilution but hybrid 2 and 

hybrid 1 disassemble is much slower. Graphs represent the emission fluorescence spectra at different 

time points after dilution from 0h to 12h. a. Hybrid 1 at 80 µM in FBS b. Hybrid 2 at 80 µM in FBS c. 

Hybrid 3 at 40 µM and d. Hybrid 4 at 80 µM. 

 

. 
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equilibrium. As expected, the data showed dramatic differences between diluting the micelles 

into PBS or 10% FBS. In FBS the disassembly began at much higher concentrations than in PBS 

(Figure 4.9). The disassembly of hybrid 1 could not be followed as it was under the limit of 

detection of the technique. The resistance of the micelles to dilution in PBS followed the 

expected trend, with hybrid 1 being the most stable, followed by hybrids 2, 3, and 4, with 

aggregation concentrations of 380 nM, 440 nM, and 1,6 µM respectively. Interestingly, in FBS 

the observed differences between hybrids 2, 3, and 4 were significantly attenuated, and all the 

three types of micelles showed an aggregation concentration of around 10-20 µM (Figure 

4.9d). These results highlight the importance of studying the stability of the micelles toward 

dilution under blood-like conditions as our data confirmed that the resistance of the micelles 

to dilution can dramatically change due to the interactions with serum proteins. In the case of 

FBS, the interaction pushed the equilibrium toward the disassembled state.  Moreover, the 

observed kinetic behaviours of the four micelles were very different (Figure 4.10). Whereas 

hybrids 3 and 4 disassembled rapidly upon their dilution, hybrids 1 and 2 took 12 hours to 

reach their equilibrium state, demonstrating higher kinetic stability. Under the measured 

conditions, we conclude that hybrid 1 is both kinetically and thermodynamically stable, 

hybrid 2 is kinetically stable but not thermodynamically, and hybrids 3 and 4 are not stable, 

as indicated by their rapid disassembly. 

 Covalent stability 

As previously discussed, the polymeric amphiphiles synthesized in this work present 

dendritic end-groups that can be enzymatically degraded in order to trigger the disassembly 

of the micellar nanocarrier. This principle has been extensively proven for similar 

amphiphiles in buffer solutions;24,25,30,37 however, from our previous results is clear the 

importance of studying the enzymatic response of the micelles in complex media as a better 

mimic of the in vivo behaviour. To verify if serum proteins affect the enzymatic-

responsiveness, we compared the enzymatic degradation rates (i.e., the covalent stability of 

the amphiphiles) of all micelles in three different environments: PBS, BSA, and FBS. The 

monomer/micelle ratios as a function of time obtained from fluorescence emission spectra are 

plotted in Figure 4.11. A marked difference in the kinetic responsiveness between the different 

micelles was observed. Interestingly, the enzymatic degradation rates followed the same 

trend observed for micellar stability. Hybrids 1 and 2 did not fully disassemble even after 40 

days at the enzyme concentration used (270 nM PLE), whereas micelles formed from hybrids 

3 and 4 disassembled in about 4 and 2 hours, respectively. To further evaluate the enzymatic 

degradability of hybrids 1 and 2, we carried out a control degradation experiment with 

significantly higher concentration of PLE (2 µM PLE) and followed the degradation and 

disassembly by HPLC and fluorescence spectroscopy, respectively.  The results showed that 

at this high concentration of the activating enzyme, hybrid 2 was degraded in 160 hours 

(Figure 4.12c and d), whereas for hybrid 1 micelles almost no degradation or disassembly was 

observed (Figure 4.12a and b), further supporting its high micellar stability.  
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This result supports the hypothesis that enzymatic degradation takes place in the 

monomeric state, therefore, the disassembly of the micelles and enzymatic cleavage follow 

the same trend.24,37,38 In light to future in vivo studies, it is important to note that in all cases 

both BSA and FBS in the medium accelerated the enzymatic degradation, although in 

different magnitude depending on the hybrid type. This enhancement of the micelle 

degradation also supports the hypothesis that the enzymatic degradation occurs in the 

monomer form, and hence due to the displacement of the equilibrium by the serum proteins, 

the enzymatic cleavage is accelerated in comparison with the PBS conditions.  Once again, the 

observed results highlight the importance of studying micellar assemblies and other 

nanocarriers in in vivo-like conditions to screen for the most suitable systems prior to any 

animal study. Moreover, this data suggests reasons that could induce in vivo failure of 

supramolecular systems in animal models when not tested pre-clinically.  

Figure 4.11 Changes in enzymatic response of micelles due to the presence of serum proteins. Ratio 

of emitted fluorescence of the monomer and the micelle in presence of PGA (910 nM) or PLE (270 nM) 

and PBS, 10 mg/mL BSA, or 10% FBS for micelles formed from a. hybrid 1, b. hybrid 2, c. hybrid 3, and 

d. hybrid 4. Data for hybrids 3 and 4 were normalized to follow the disassembly, 1 indicate the ratio 

were the micelles were fully disassembled and 0 the ratio of the micelles prior to any enzymatic activity. 

 

. 
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4.4. Stability of micelles upon internalization 

Finally, we explored the role of micellar stability in cell internalization, a key step in drug 

delivery. We first confirmed the lack of toxicity of the hybrids at the concentration to be used 

(160 µM in PBS, see Figure 4.13). Then, we studied internalization into cells using spectral 

confocal laser scanning microscopy. This tool allowed us to obtain the full fluorescence 

spectra and the monomer/micelle ratio for every pixel of the confocal image and, therefore, to 

identify the two states of the different systems in space and time.  After a 30-minute incubation 

we observed internalization of all micelles, however, with very different subcellular 

localizations as shown in Figure 4.13.  Hybrid 1, which formed the most stable micelles, was 

mostly observed in intracellular vesicle-like structures, whereas hybrid 2 was observed both 

in vesicle-like structures and also showed significant accumulation on the membrane of the 

cells. Interestingly, hybrids 3, 4, and 5 showed mostly diffuse perinuclear fluorescence, 

attributed to localization on the endoplasmic reticulum (ER, see also co-localization 

Figure 4.12 Overlays of the change in fluorescence (λ=540nm) and HPLC analysis of the enzymatic 

degradation. a. Hybrid 1, 685 nM PLE b. Hybrid 1, 2 µM c. Hybrid 2, 685 nM PLE d. Hybrid 2, 2 µM. 
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experiments in the next section). Moreover, hybrids 3 and 4 were also observed in smaller 

amounts in a vesicular localization, whereas hybrid 5 was not. These notable differences in 

localization are striking when one takes into account the relatively small structural changes 

between the different hybrids and the very similar sizes and surface chemistry (PEG5000k) of 

the various micelles. We therefore hypothesize that the variations in intracellular trafficking 

are related to the differences in monomer/micelle equilibrium and micellar stability.  

To shed more light on the origin of the observed differences in cell internalization, we 

performed spectral imaging to follow the monomers and micelles separately. In this technique 

the fluorescence emission of the monomer and micelle were collected using a multichannel 

photomultiplier detection technology and the following were determined: i) the overall signal 

localization (Figures 4.14a); ii) a ratiometric map highlighting the monomer/micelle ratio for 

every pixel (Figure 4.14b) using a pseudocolor map, and iii) a full fluorescent spectra for every 

pixel of the image (Figure 4.14c). This detailed information provided a full picture of the 

assembly behaviour in space and time. We discuss in detail the spectral imaging for hybrid 2 

as an example. The confocal image in Figure 4.14 shows the presence of the hybrids outside 

the cell as well as their accumulation in the membrane and in intracellular vesicles. Both the 

ratiometric map (Figure 4.14b) and the fluorescence spectra (Figure 4.14c) highlight that the 

Figure 4.13 Internalization of hybrids 1 - 5 into HeLa cells. Confocal images obtained after 1 hour of 

continuous incubation with hybrids at a concentration of 160 µM a. Hybrid 1 b. Hybrid 2 c. Hybrid 3 d. 

Hybrid 4 d. Hybrid 5 e.  Viability of HeLa cells incubated with hybrids 1-5 for 24 hours at a concentration 

of 160 µM.  Scale bar 5 µm. 
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different localizations correlate with different assembly states. Outside the cell, the micelles 

were fully assembled; both 470 nm and 560 nm peaks were present, similarly to the in vitro 

results.  Interestingly, in the membrane the hybrids seemed to be in their monomeric form as 

indicated by the fluorescent spectra (major peak at 470 nm and slight component at 560 nm). 

We attributed this disassembly of the micelles to intercalation of the monomeric hybrids into 

the bilayer membrane of the cells. We were then fascinated to see that inside the intracellular 

vesicles, we could distinguish between vesicles with only monomer (peak at 470 nm) and 

vesicles with micelle (both 470 nm and 560 nm components present). This coexistence was 

also observed in the ratiometric image (Figure 4.14b).  

Motivated by the comparable detailed results of ratiometric imaging and spectral imaging, 

we obtained ratiometric images of all the hybrids after different incubation times with cells 

(10 and 30 minutes) to compare their behaviour, as shown in Figure 4.15.  As expected, 

hydrophilic hybrid 5 was in its monomeric form at both time points and regardless of its 

Figure 4.14 Stability of micelles in space. a. Internalization of hybrid 2 into HeLa cells b. Ratiometric 

image obtained by analysis of monomer signal and micelle signal in image shown in panel a c. Spectra 

measured outside and inside cells obtained from spectral images of the cells in image b. Scale bar 5 µm. 
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localization. Hybrids 3 and 4 were mostly in their monomeric state after 10 minutes with some 

vesicle-like regions in the cell containing the self-assembled hybrids (blue-green colour), 

which was in good agreement with their poor micellar stability as discussed before. After 30 

minutes, all the internalized hybrids 3 and 4 were in their disassembled monomeric form. 

These results suggest that the hybrids enter the cells both in their monomeric state, probably 

by intercalation into the membrane, and in their assembled micellar state, probably by 

endocytosis and then disassemble inside the endocytic vesicles. Very differently, hybrid 2 was 

observed in the membrane both as a monomer and micelle after a 10-minute incubation, 

which may indicate that the system disassembled once in contact with the cell. However, the 

images also clearly showed the presence of assembled micelles inside vesicle-like structures 

in the intracellular region. After 30 minutes, the amount of disassembled hybrids detected in 

the membrane strongly increased and most of the hybrids inside the cell were disassembled 

into their monomeric form. Finally, hybrid 1, after 10 minutes of incubation, was internalized 

significantly less than the other hybrids. Moreover, all the internalized hybrids were in 

vesicle-like structures and seemed to be in their assembled micellar state. After 30 minutes, 

the number of internalized hybrids increased and both assembled and disassembled 

Figure 4.16 Stability of the micelles inside the cells. Ratiometric images of the different hybrid subtypes 

1-5 in HeLa cells after 10 and 30 minutes of incubation. Green indicates micelle assembled ang magenta 

monomer. Scale bar 5 µm. Zoom in scale bar 1 µm. 
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structures were detected inside the cells. These results further confirm the high micellar 

stability of hybrid 1. The observed disassembly after 30 minutes inside the cells highlighted 

its potential to specifically release cargo intracellularly.  

To assign the localization of the hybrids inside cells to specific organelles, we performed 

colocalization studies with cellular markers of the Endoplasmic Reticulum (ERtracker Red) or 

lysosomes (Lysotracker Red). We focused on the hybrids 1 and 4, due to their diverse 

behaviours as described above. HeLa cells were incubated 1 hour with the micelles before 

Figure 4.17 The intracellular locations of hybrids 1 and 4 studied after 1 hour of incubation with HeLa 

cells. Hybrids were added at a concentration of 160 µM. ER or lysosomes were stained using ERtracker 

Red and Lysotracker Red, respectively. Hybrid signal is shown in green and tracker signals in red. Scale 

bar 5 µm and zoom in scale bar 2 µm. 



 

 
134 

 Chapter 4 

adding the cellular markers. The acquired confocal images are shown in Figure 4.17. The 

images show that hybrid 4 colocalized with both Lysotracker and ERtracker (Figure 4.18). 

This indicates either a release from the lysosomes to the ER or, more likely, a parallel entrance 

through membrane permeability as hypothesized based on lambda stack images. These 

results suggested that monomers and micelles have different internalization mechanisms, 

micelles through endocytosis and monomers by direct cell permeability, resulting in two 

different intracellular localizations. In contrast, hybrid 1 colocalized with Lysotracker but not 

with ERtracker (Figure 4.17), suggesting a unique uptake mechanism of this hybrid by 

endocytosis. Based on these images, we assumed that hybrid 1, which formed the most stable 

micelle, entered the cells only by endocytosis, followed by trafficking to the lysosome while 

slowly disassembling inside. 

Interestingly, we confirmed membrane permeability of the monomer by performing the 

incubation of micelles for 1 hour followed by washing to remove the non-internalized 

structures before confocal imaging (Figure 4.19). Under these experimental conditions none 

of the hybrids colocalized with ERtracker but they did co-localize with the Lysotracker. These 

Figure 4.18 Confocal images of the localization of hybrid 4 (a and b) and hybrid 5 (c and d) in HeLa 

cell (green) after 1 hour incubation and addition of ERtracker (red). Scale bar 5 µm. The intensity profile 

of both hybrid and ER tracker in the pink line of the images have been plotted normalized to be able to 

compare both dyes fluorescence. The graphs show similar profiles for ER and hybrid which indicates 

colocalization. 
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results suggest a high membrane permeability of the monomer, and a tendency to equilibrium 

of the monomer concentration in the ER and extracellularly, which produced the release of 

the hybrid. To further confirm the colocalization of the monomeric hybrids with ERtracker, 

we also performed the same experiment for hybrid 5 (Figure 4.18 and 4.20), which only co-

localized with ERtracker. These results show that the complex network of monomer-micelle 

equilibria is crucial for the intracellular localization of the carrier as illustrated in Scheme 1.  

Overall, the present study suggests a complex equilibrium between the monomer, the 

micelles, and the serum proteins, which depending on the chemical structure of the hybrid 

Figure 4.19 The intracellular location of Hybrid 4 and Hybrid 1 was studied after 1 hour of incubation 

in HeLa cells. Cells were washed and then ER or lysosomes were stained using Red ERtracker and Red 

Lysotracker respectively. Scale bar 5µm. Zoom in scale bar 2 µm 
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strongly affects the micelle stability and dictates the interaction with the cells. We observed 

different internalization pathways of the hybrids depending on assembly state. The monomer 

form intercalated through the membrane and localized in the ER but could also enter by 

endocytosis, whereas the micelles entered by the endolysosomal pathway and with time 

disassembled as illustrated in Scheme 1.  

4.5. Conclusions 

In this chapter, we showed the importance of thermodynamic and kinetic stability of 

dynamic polymeric micelles, which are the main determinants of their biological behaviour. 

Using various in vitro measurements, we demonstrated that serum proteins interact with both 

the monomeric and the micellar states and that these interactions affect both the 

supramolecular and covalent stabilities of the structures. Therefore, the presence of serum 

will likely strongly shift the monomer-micelle equilibria by introducing protein-bound 

species into the equation. Micellar stability was studied by varying incubation times, micelle 

dilution, and protein concentration in order to mimic in vivo conditions.  The obtained results 

clearly showed that hybrid 1 formed the most stable system under the studied conditions. We 

observed a clear stability trend: hybrid 1 > hybrid 2 > hybrid 3 > hybrid 4. The utilization of 

Figure 4.20 The intracellular localization of hybrid 5 in HeLa. Hybrid was added at a concentration of 

160 µM. ER or lysosomes were stained using ERtracker Red and Lysotracker Red, respectively. Hybrid 

signal is shown in green and tracker signals in red. Scale bar 5 µm and zoom in scale bar 2 µm. 
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dendrons as the hydrophobic blocks allowed us to achieve unprecedented molecular control 

over these structures and to fine tune their amphiphilicities. This high molecular precision 

enabled us to precisely evaluate structure-stability relations for these polymer-dendron 

hybrids. Very interestingly, we showed that the cell internalization strongly depended on the 

stability of the micelles and that there were multiple possible internalization mechanisms that 

depended on the micellar stability. We observed that the monomeric state could intercalate 

with the membrane and directly entered the cell, mainly localizing at the ER. In contrast, 

assembled structures enter by endocytosis and were dissembled inside the endolysosomal 

system. Overall, hybrid 1 was the most promising system from the present study as it showed 

both supramolecular and covalent stability in vitro, entered the cell in its assembled state, and 

disassembled inside the cells to potentially release cargo. Moreover, the identification of 

Figure 4.21 Stability of micelle in the presence of proteins and internalization pathways elucidated 

in this study. In complex media, such as serum, hybrids studied in this work are in equilibrium not only 

between their assembled and disassembled states but with serum proteins, which modifies the 

monomer-micelle balance and can induce dissociation of nanocarriers. Moreover, each state internalizes 

differently into cells, while micelle internalize by endocytosis the monomer can both intercalate through 

the membrane or use the endolysosomal pathway. 
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different mechanisms of internalization for the monomer and the micelle paves the way 

towards the design of novel delivery strategies where the cargo could be delivered to different 

intracellular locations depending on the internalization mechanism. In this framework, stable 

micelles can be loaded non-covalently to release the payload after endocytosis, and covalent 

loading of monomers with drug molecules may be an effective strategy in which slightly 

fewer stable micelles disassemble outside the cell and the cell-permeability of the drug-linked 

monomers will result in delivery of the drug directly into the cytosol.  

4.6. Experimental section 

 Hybrids synthesis  

Coumarin labelled amphiphilic PEG dendron hybrids were synthesized by Marina 

Buzhor following a previously reported methodology30. 

 Characterization of hybrids 

Gel permeation chromatography (GPC). Hybrids were dissolved in mobile phase (DMF + 

25mM NH4Ac) to give final concentrations of 10mg/ml. Solution was filtered through a 

0.22µm PTFE syringe filter. The columns used were 2 x PSS GRAM 1000Å + PSS GRAM 30Å 

at 50 °C. 50 µL of mobile phase were injected at a flow rate of 0.5ml/min. Refractive index 

detector was set at 50 °C. 

Critical micelle concentration (CMC) measurements:  Diluent solution was prepared as 

followed; 10 mL Phosphate buffer solution (pH 7.4), 4.5µL of Nile red stock solution 

(0.88mg/mL in Ethanol) were mixed to give a final concentration of 1.25µM. To measure CMC 

for compounds 1 and 2 a 500µM solution of each hybrid was prepared in diluent and 

sonicated for 15 minutes. This solution was repeatedly diluted by a factor of 1.5 with diluent. 

150µL of each solution were loaded onto a 96 wells plate. The fluorescence emission intensity 

was scanned for each well, by exciting at 550 nm and measuring the emission spectra from 

580 to 800nm. Maximum emission intensity was plotted vs. hybrid concentration in order to 

determine the CMC. All measurements were repeated 3 times. 

Dynamic Light Scattering (DLS). Hybrids 1 - 5 were separately dissolved in phosphate 

buffer (pH 7.4) to give final concentration of 160µM.  The Solutions were sonicated for 15 

minutes and filtered through a 0.22µm nylon syringe filter.  

Transmission Electron Microscopy (TEM). Hybrid 1 was prepared at a concentration of 160 

µM and 0.5 µM in MiliQ water and let stabilize for 72 hours. Then, samples were deposited 

onto a glow discharged C-only grids and negative staining was performed using uranyl 

acetate at 2%. All electron micrographs were obtained with a Jeol JEM 1010 MT electron 
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microscope (Japan) operating at 80 kV. Images were obtained on a CCD camera Megaview III 

(ISIS), Münster, Germany. 

Comparing HPLC and fluorescence monitoring of enzymatic degradation. For the HPLC analysis 

of degradation a Phenomenex, Aeris WIDEPORE, C4, 150x4.6mm, 3.6µm column was used 

at a temperature of 30 °C, and the UV detector set at 256nm, 2Hz detection rate. Three mobile 

phase were used i) solution A: 0.1% HClO4 in H2O:Acetonitrile 95:5 V/V,  ii) solution B: 0.1% 

HClO4 in H2O:Acetonitrile 5:95 V/V and iii)  solution C: THF. A gradient program in time 

was used were percentage of solutions A/B/C was changed from 95/0/5 at 1 min to 0/95/5 at 

20 min and from 0/95/5 at 23 minutes to 95/0/5 at 23.1 minutes. For HPLC monitoring hybrids 

1 and 2 were separately dissolved in phosphate buffer to give a concentration of 160µM. Each 

solution was sonicated for 15 minutes. 30µL of hybrid solution were injected to the HPLC as 

t=0 injection. PLE enzyme stock solution (36.0µM or 72.0µM in phosphate buffer pH 7.4) were 

added to each solution of the tested hybrid (160µM) and mixed for 10 seconds (vortex mixer) 

to give final PLE concentration of 685nM or 2µM. Enzymatic degradation was monitored by 

repeating 30µL injections from the same vail over 15 hours. All measurements were repeated 

3 times (Figures S17-S20)9F9F

b. 

 The fluorescence monitoring of micelle disassembly rate by enzymes was performed 

using an Agilent Technologies Cary Eclipse Fluorescence Spectrophotometer.  Hybrids 1 and 

2 were prepared the same as for HPLC measurements (160µM, PBS). For each hybrid 600µL 

were accurately transferred to a quartz cuvette. A fluorescence emission scan was performed 

(t=0). For enzymatic degradation 600µL were transferred to quarts cuvette and mixed with 

the enzymes at either 685nM or 2µM final concentration.  Hybrids were excited at 420 nm and 

emission scan was measured from 440 to 700 nm at a scan rate of 590 nm/min, all 

measurements were carried out at 37 °C (Figures S13 and S14). Repeating fluorescence scans 

were performed either every 30 minutes or 2 hours for about 15 hours or 160 hours 

respectively. All measurements were repeated 3 times (Figures S13-S16). 

 Micelle – blood proteins interaction  

Interaction of monomer and blood proteins.  Hybrid 4 was prepared at 2 µM in filtered 

Phosphate Buffered Saline (PBS) 0.16M, the fluorescence emission spectrum of the micelles 

was monitor using Tecan infinite M200Pro microplate reader. The measured emission 

wavelength ranged from 450 nm to 650 nm, using an excitation wavelength of 420 nm. BSA 

was added at a final concentration of 10 mg/ml, modifying the micelle concentration to 1,82 

µM. The Fluorescence emission spectrum was measured for 9 cycles every 40 s.  

                                                           
b All HPLC, CMC and GPC characterization analysis were performed by M. Buzhor from R. Amir 

group in Tel Aviv University.  
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Förster Resonance Energy Transfer (FRET) was used to measure the interactions between the 

dye of the hybrids (coumarin) and Cy5 conjugated. Micelles at a final concentration of 145,5 

µM were mixed with BSA (10% v/v Cy5 labelled) at a final concentration of 5.5 mg/mL. The 

sample was excited at 420 nm wavelength (coumarin excitation, donor), and the fluorescence 

emission spectra was measured from 450 nm to 750 nm to include Cy5 emission. The spectra 

were measured before the addition of BSA and 3 more times every 15 minutes after the 

addition.  

 Supramolecular stability 

BSA titration. All hybrids were prepared at a final concentration of 40 µM (in PBS).  BSA 

was added at increasing concentrations from 0 to 1mM in PBS. Emission fluorescence spectra 

of each condition was measured using Tecan infinite M200Pro microplate reader. Samples 

were excited at 420 nm and emission spectra was collected from 450 nm to 650 nm. 

Stability in time. To perform studies on stability of micelles in time, hybrids solutions were 

prepared at a concentration of 160 µM of monomer (in PBS). Each hybrid was mixed with 

BSA at a final concentration of 10 mg/mL in PBS, FBS at a final concentration of 10% v/v or 

PBS as a control. Then, Tecan infinite M200Pro microplate reader was used to measure 

emission fluorescence spectra in time every hour, for 12 hours. Samples were excited at 420 

nm and emission spectra was collected from 450 nm to 650 nm. 

Resistance to dilution. To determine the stability of micelles against dilution each hybrid 

was prepared at a concentration of 160 µM (in PBS). Then, it was sequentially diluted either 

in PBS or FBS up to 78 nM. Then, Tecan infinite M200Pro microplate reader was used to 

measure emission fluorescence spectra every 15 min for 4 hours. Samples were excited at 420 

nm and emission spectra was collected from 450 nm to 650 nm. 

 Enzymatic response 

The enzymatic response of the micelles was studied in presence of BSA and FBS 

comparing to control conditions without proteins. Each hybrid was prepared at a 

concentration of 160 µM (in PBS).  Then, each hybrid was mixed with BSA at a final 

concentration of 10 mg/mL, FBS at a final concentration of 10% v/v or PBS as a control and let 

stabilize for 1 hour. Fluorescence emission spectra were measured for each condition before 

and after the addition of the protein. Then, PLE at a concentration of 5 µM in the ester 

responsive micelles and PGA at a concentration of 50 µM in the amidase responsive sample 

were added to a final concentration of 270 nM and 910 nM respectively. Following by the 

measurement in time of the spectrum for 15 hours.  The enzyme concentration was selected 

considering the concentrations used in previous works30.  
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 Hybrids- cell interactions 

Cytotoxicity. The cytotoxicity of all the samples was evaluated with PrestoBlue assay on 

HeLa cells culture. HeLa cells were seeded in a 96-well plate at a density of 5.000 cells/well 

and cultured overnight at 37 °C and 5% CO2. Hybrids were added to the cells in full medium 

to a concentration of 160 µM, the same volume of PBS was added to the negative controls, 

Triton X-100 0,1 %v/v was added to the positive controls. The hybrids were incubated for 24 

hours at 37 ° and 5% CO2.Then, PrestoBlue reactive was added at 10 % v/v. The emitted 

fluorescence at 600 nm of each well was measured after exciting at 550 nm. The wells at the 

boundary remained untested with micelles. Each sample had 3 replications. Fluorescent 

signal was normalized with negative and positive controls to 0 and 100% respectively. 

Internalization. HeLa cells were seeded in a 8-wells Nunc™ Lab-Tek™ II Chamber Slide™ 

(ThermoFisher) and cultured overnight at 37 °C and 5% CO2, 17000 cells/well. Hybrids at a 

final concentration of 160 µM in complete medium supplemented with 20 mM Hepes were 

added and live imaging of cells at a 37 °C was performed in a Zeiss LSM780 Spectral Confocal 

Microscope. Hybrids were excited using 405 nm laser and emission spectra was collected after 

10 and 30 minutes of incubation using two approaches. i) Two different PMT detectors were 

used to collect emission of monomer and micelle separately and simultaneous, windows of 

detection were set as following, monomer 446-500 nm and micelle 526-589nm. ii) Spectral 

images were acquired using a 32 PMT GaAsP array detector, with allowed to collect a lambda 

stack with steps of 9 nm from 411 nm to 695 nm. Ratiometric images were obtained from 

dividing the monomer image by the micelle image, after applying a mask to each image were 

noise was removed. Experiments were localization of micelles was studied micelles were 

incubated for 1 hour and then a cellular compartment tracker was added, LysoTracker was 

used at a concentration of 1nM and ER-Tracker at a concentration of 40 nM. Confocal images 

were acquired by exciting hybrids with 405 nm laser and Red Tracker with 561 nm laser.  
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The performance of supramolecular nanocarriers as drug delivery systems depends 

on their stability in the complex and dynamic biological media. After administration, 

nanocarriers are challenged by confronting different barriers such as shear stress and 

proteins present in blood, endothelial wall, extracellular matrix and eventually cancer 

cell membranes. One of the key challenges is that current 2D in vitro models do not 

provide exhaustive information, as they do not fully recapitulate the 3D tumour 

microenvironment. This deficiency of the 2D models’ complexity is the main reason for 

the differences observed in vivo when testing the performance of supramolecular 

nanocarriers. Herein, we present a real-time monitoring study of self-assembled 

micelles stability and extravasation, combining spectral confocal microscopy and a 

microfluidic tumour-on-a-chip. The combination of advanced imaging and a reliable 

organ-on-a-chip model allow us to track micelle disassembly by following the spectral 

properties of the amphiphiles in space and time during the crucial steps of drug 

delivery. The spectrally active micelles were introduced under flow and their position 

and conformation followed during the crossing of barriers by spectral imaging, 

revealing the interplay between carrier structure, micellar stability and extravasation. 

Integrating the ability of the micelles to change their fluorescent properties when 

disassembled, spectral confocal imaging and 3D microfluidic tumour blood vessel-on-

a-chip, resulted in the establishment of a robust testing platform, suitable for real-time 

imaging and evaluation of supramolecular drug delivery carrier’s stability. 
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 Introduction 

One of the main challenges with the use of supramolecular nanocarriers is the control of 

their dynamic nature, i.e. their assembly-disassembly equilibrium, which can determine in 

vivo success, as reviewed in Chapter 1. Nanocarriers have to withstand an exposure to diverse 

environments affecting their properties during their life in the body. Interactions with blood 

proteins, high dilution in blood, the continuous flow present in the vessels1,2, but also the 

interactions with endothelial barrier3 or the ECM can compromise the stability of 

supramolecular systems4. Therefore, it is important to optimize the properties of the 

nanocarriers to be able to ensure the stability once they are injected into the body, avoiding 

premature disassembly and drug release. The predictability and understanding of 

supramolecular assemblies’ stability within these changing conditions, can pave the way to 

an improved design of nanosystems to be translated into the clinics. Therefore, a 

comprehensive study of NPs behaviour in complex and dynamic environment requires a 

reliable, precise and versatile method. 

Due to the difficulties in real-time monitoring and studying of NPs in physiologically 

relevant milieu many aspects are not addressed when screening new nanocarriers. In Chapter 

4 we have studied the stability of PEG-dendron micelles in blood-like conditions using 

spectroscopy and microscopy techniques thanks to the inner fluorescent properties of the 

system.  As explained in Chapter 4, few other stability studies had been carried on in other 

supramolecular systems exposed to serum proteins in vitro5–8. Nevertheless, all these in vitro 

assays consisted mainly of 2D systems, which lack the dynamic and spatial/geometrical 

arrangement of environment present in human body. Despite of being high throughput and 

rapid, they did not provide complete information reflecting the in vivo conditions. To 

overcome these limitations, microfluidic technology emerged few years ago as a new 

advancement to re-create cancer-on-a-chip models, which may lead to a real paradigm shift 

in preclinical trials and drug (carrier) development9,10. Microfluidic technology aims to enrich 

conventional 2D studies by investigating 3D arrangement and transport phenomena in blood 

vessel and tumour microenvironment (TME) to provide additional screening before use of 

animal models11–13.  

The first studies showed new microfluidic models in which only some of the barriers had 

been recreated13–15. Recently, more complex healthy and tumour blood vessel-on-a-chip have 

been designed in order to assess the differences in nanoparticles permeability in various 

conditions16–18, demonstrating the appearance of increased endothelial permeability when 

cancer cells were present16. However, all microfluidics models developed up to now, were 

used for studying only the end time point of nanoparticles incubation, lacking time-resolved 

monitoring of their performance. We believe that it is very important to close the gap in 
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understanding the crucial changes occurring in the supramolecular nanocarriers throughout 

their journey. 

Herein, we continuously monitor in real-time the spectrally active polymeric micelles 

used in Chapter 4 under flow using ratiometric confocal microscopy imaging combined with 

a 3D cancer blood vessel-on-a-chip model. The major aim of this Chapter is to reveal the 

stability of micelles in the various barriers and screen for the best performing candidate. We 

prepared a chip with a perfusable blood vessel and 3D arranged tumour cells, separated by 

endothelial cells’ wall. We designed the method to map the nanocarrier stability in time and 

space using spectral confocal microscopy thanks to the unique fluorescent properties of the 

micelles. The designed cancer-on-a-chip setup with our mapping method opens the way 

towards a new testing tool for optimizing the pre-clinical screening of nanoparticles. 

 The system 

5.2.1. Amphiphilic PEG-dendron micelles 

The stability of three of the amphiphilic PEG-dendron hybrids used in Chapter 4, 1-3, 

differing by their lipophilic end group in the hydrophobic block has been studied, structures 

are represented in Figure 5.1a. The micelles were labelled with a responsive dye, 7-

diethylamino-3-carboxy coumarin, which forms and excimer when the hybrids self-assemble 

into micelles. The excimer formation caused a red-shift of the emission spectra of the dye 

allowing us to discriminate the assembled state (micelle) from the disassembled state 

(monomers), as shown in Figure 5.1b. The responsive properties of these micelles in serum 

Figure 5.1 Schematic representation of the properties of our supramolecular system. a. Molecular 

structure of the amphiphilic PEG−dendron hybrid polymers (left). b. Fluorescence emission graph for 

micelle-monomer equilibrium (right). In magenta monomer (fully disassembled structure) and in green 

fully assembled micelle.  
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and cells, have been demonstrated in Chapter 4. Here we aim to exploit these spectrally active 

micelles as a model system to study stability in a more complex cancer-on-a-chip platform. 

5.2.2. Microfluidic cancer-on-a-chip 

 With the microfluidic cancer-on-a-chip we aimed to recapitulate the four important 

barriers that the micelles have to overpass when injected into the body: 1) the blood vessel 

circulation; 2) the endothelial barrier; 3) the ECM, and 4) the tumour spheroids (Figure 5.2). 

To establish our platform and recreate these environments we used 3D cell culture chip19, 

consisting of 3 microfluidic channels: the central channel with 1.3 x 0.25 mm (w x h) and the 

two media channels with 0.5 x 0.25 mm (w x h) dimensions (see Figure 5.3). The middle 

channel is separated from the two lateral channels by rows of triangular posts distant by 100 

µm from one another, as shown in Figure 5.2 and 5.3 right. In our model, one of the lateral 

Figure 5.2 Cancer blood vessel-on-a-chip model with the reconstructed barriers marked. Left shows a 

schematic drawing of the model and in the right the microfluidic chip with the barriers recreated, blood 

vessel, endothelial barrier, ECM and solid tumour. Scale bar 100 µm 

Figure 5.3 Microfluidic chip used to reproduce cancer-on-a-chip. It consists of three microfluidic 

channels the central channel with 1.3 x 0.25 mm (w x h) and the two media channels with 0.5 x 0.25 mm 

(w x h) dimensions. The middle channel is separated from the two lateral channels by rows of triangular 

posts distant by 100 µm from one another 
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channels represented the blood vessel and the interface between the pillars reconstituted the 

endothelial barrier. Human Umbilical Vein Endothelial Cells (HUVECs) were seeded on the 

upper and lower plane of the channel which induced the formation of a lumen-alike 

geometry. The created EB separated the inner lumen of the blood vessel from the central 

microchannel, where we introduced preformed HeLa spheroids embedded into the Type 1 

Collagen Gel. Importantly, co-culture of endothelial and cancer cells in the same systems 

added complexity to the model, therefore, growth kinetics of HeLa cells and HUVEC cells 

were previously evaluated to determine the optimal medium for the healthy growth of both 

cell lines (Figure 5.4). HUVEC cells did not grow in DMEM medium but they did when using 

both HUVEC optimized media. While, HeLa cells grow was similar using both endothelial 

cell’ optimized media. Therefore, HUVEC media was chosen to be used for co-culture 

experiments.  Overall, we recreated a cancer-on-a-chip microenvironment where micelles 

stability can be evaluated during perfusion through the blood vessel channel.  Moreover, the 

geometry of our model, where one channel is parallel to the other, enables continuous 

imaging of the interactions of nanosystems with all barriers. This real time imaging cannot be 

done in other channels conformations proposed previously in which only end time points 

studies could be performed18.  

 Reconstructing the barriers in microfluidic cancer-on-a-chip 

The evaluation of supramolecular stability using organ-on-a-chip requires a thorough 

design and characterization of the 3D model prior to further studies. Therefore, we performed 

a series of experiments aiming to validate the integrity and functionality of our chip. Figures 

5.5 show transmission images of our model focusing on the two different channels with Figure 

Figure 5.4 Growth kinetics of HUVEC and HeLa. a. HUVEC cell viability test performed after 1, 3 and 4 

days of incubation in different cell medium. The absorbance at 570 nm is plotted as a function of time. b. 

HeLa cells viability test was performed at 1, 3 and 4 days. The graph shows the absorbance intensity at 

570 nm as a function of time after adding PrestoBlue cell viability reagent.  Every condition was 

performed in sextuplicate, error bar represents S.D. between wells.    
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5b upper zooming into the vessel channel and Figure 5b lower into the gel embedded cancer 

spheroid, while Figure 5.5a shows a zoom-out image of the two channels. 

To validate our model, first we aimed to characterize the formation of an endothelial 

barrier separating both channels. The magnified transmission image of the vessel channel, 

(Figure 5.5b) demonstrates the arrangement of a HUVEC monolayer after 3 days of 

unidirectional medium perfusion, which provided nutrients in a dynamic manner, mimicking 

physiological conditions, in both the lower and the upper plane of the channel. The formation 

of the confluent endothelial monolayer was further validated by fixating and staining the cells 

as shown in confocal image in Figure 5.6, where actin, nucleus and formation of tight junction 

can be observed. The endothelial cell to cell contact results in the expression of tight junction 

zonula occludens-1 (ZO-1, green) protein, which is essential in forming these junctions and 

corroborate the creation of a healthy endothelial barrier. Moreover, 3D confocal imaging 

allowed us to demonstrate the appearance of the EB on the interface of the blood vessel and 

ECM channel (Figure 5.6b). This vertical endothelial monolayer physically separates the 

lumen of the vessel channel from the collagen gel, mimicking the in vivo barrier. Interestingly, 

HUVECs in our chip aligned parallel to the flow direction due to the shear stress mimicking 

physiological conditions20,21(Figure 5.7). In contrast, cells cultured in static conditions show 

random arrangement following similar observations reported previously22. Subsequently, we 

tested the structural integrity of the HUVECs barrier by measuring the retention of 

Figure 5.5 Tumour vessel-on-a-chip model. a, Transmission image showing central and lateral channel 

of the chip with HUVEC in lateral and HeLa in central channel. Scale bar 200 µm b, Cell growth in the 

microfluidic chip after 2 hours, and 72 hours. Transmission images of the same chip are shown: upper 

row is a magnified image of the lateral channel were HUVECs were seeded to form the ‘blood vessel’ and 

part of the middle channel. Lower row shows magnified images of the middle channel consisting on the 

ECM and the HeLa spheroids. Scale bar 200 µm 
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fluorescently labelled 10 kDa Dextran perfused through the “blood vessel”. The fluorescence 

signal was detected in the lumen of the lateral channel but not in the collagen gel (Figure 5.6c) 

indicating proper functionality of the endothelial barrier. Altogether, these measurements 

indicate the formation of a functional EB with good structural integrity. 

Finally, the transmission image of gel-embedded HeLa cells allowed us to observe their 

3D spheroid conformation (Figure 5.5) This arrangement implies less available surface area 

per cell, than in 2D cell culture models23 and it recapitulates important aspects of geometry 

present in physiological conditions that cannot be studied in 2D cultures. The spheroids were 

introduced into the chip with sizes of 50-100 µm, and after 3 days of culturing they grew up 

2-3 times of their original size, as shown in Figure 5.5b. A live/dead staining assay revealed 

that the cells are viable within the spheroid after 3 days of culture (Figure 5.6d), indicating 

Figure 5.6 Integrity and functionality of cancer-on-a-chip. a, Confocal image of HUVEC confluent 

monolayer (red: Phalloidin, blue: Hoechst, green: ZO-1). Scale bar 20 µm, b, 3D confocal image of 

HUVECs/gel interface (red: Phalloidin, blue: Hoechst, green: ZO-1), scale: axis ticks 40 µm, c, Epi 

fluorescence image of Dextran perfused during 10 minutes into the lateral channel lined with HUVEC 

monolayer, retaining the 10 kDa Dextran. In this experiment there were no HeLa cells in the collagen gel. 

Scale bar 150 µm, d, Confocal image of stained HeLa spheroid live – green (calcein), dead – red 

(Propidium iodide). Scale bar 50 µm 
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that the nutrients of the culture medium and oxygen diffuse through the spheroids and are 

able to sustain the cell growth. Overall, we recreated a functional, microfluidic platform of a 

3D tumour microenvironment, with perfusable blood vessel and cancer cells conformed into 

spheroid, more accurately resembling physiological conditions than previously proposed 

platforms 16–18,24.  

 Increased extravasation of micelles is induced in cancer blood 

vessel chip 

Having established our cancer vessel-on-a-chip microfluidic model, we aimed to 

investigate the ability of the micelles to permeate the blood vessel into the ECM channel. 

Previous studies using microfluidic models reported enhanced permeability of endothelial 

cells when exposed to specific molecules such as TNF-α18 or when co-cultured with cancer 

cells16, leading to the formation of “leaky vessels” which recapitulate the EPR effect. However, 

the majority of these microfluidics models were used for studying only the end time point of 

nanoparticles permeation, lacking the intermediate progress of their extravasation. Herein, 

taking advantage of the design of our chip, we could continuously monitor the perfusion of 

our micelle system under three different experimental conditions: i) no HUVECs as negative 

control; ii) HUVECs barrier as healthy blood vessel and iii) HUVECs barrier with proximate 

HeLa spheroids mimicking a tumour blood vessel.  

Figure 5.7 HUVECs align with the direction of the flow. a. Confocal images of HUVEC in the vessel 

channel. Two independent chips were prepared as explained, however, one of the chips was incubated 

in static conditions, with medium change every 24h, meanwhile the other was continuously perfused 

with cell medium. After 72 hours the cells were fixated and actin stained, confocal images of actin were 

acquired using Zeiss LSM 800. Scale bar 40 µm. b. Orientation graph. The images were analysed using 

the OrientationJ plugin of ImageJ to obtain the distribution of the orientation’s graphs. It can be observed 

that the cells without flow are oriented randomly having components in all directions, while the cells 

cultured under flow have a dominant direction coinciding with the medium flow . 
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 First, we aimed to test the ability of the micelle to cross the endothelial barrier, therefore, we 

perfused hybrid 1 into the three different models. In Figure 5.8a it can be observed that the 

hybrid immediately penetrates the collagen gel in the negative control (without HUVEC). 

This experiment proves that the properties of our NPs (e.g. small size of the micelles of about 

20 nm25) allow their free diffusion through the ECM4.  In contrast, hybrid 1 was successfully 

retained in the healthy blood vessel channel where HUVEC barrier blocks the permeation. 

Finally, if cancer cells were cultured in the collagen gel (mimicking the TME), we observed 

diffusion of hybrid 1 through the EB into the ECM channel after few minutes of infusion. 

These observations resemble experiments performed by Tang and co-workers where co-

culture of cancer endothelial cells and breast cancer cells increased the permeation of 

nanoparticles through the EB16. Using quantitative analysis, we could define the percentage 

of polymer able to cross the barrier in each model as a function of the detected fluorescence 

intensity in the perfused channel. We observed that close to 100% of the labelled hybrid 

fluorescence was detected in the collagen gel after less than a minute when there was no 

endothelial barrier. However, within the first 30 minutes of hybrid perfusion only an 

Figure 5.8 Extravasation of PEG-dendron hybrids in healthy and cancer models. Confocal image of 

hybrid 1 extravasation in a control chip (no HUVEC barrier), a healthy model (HUVEC barrier formed in 

the interface of the collagen gel) and cancer model (HUVEC barrier formed with presence of HeLa 

spheroids in the collagen gel). The images show emitted intensity between 446-700 nm, which include 

both monomer and micelle signal. Scale bar 100 µm b. Confocal image of hybrid 4 extravasation in the 3 

corresponding models. Scale bar 100 µm  
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equivalent of 10% of the perfused polymer intensity was detected across the endothelial wall 

in the case of the healthy blood vessel, while at the same time point about 80% of the hybrid 

was detected in the ECM region in the tumour blood vessel. These results indicate that the 

HUVEC monolayer in the healthy model significantly restricts the hybrid from crossing the 

EB and penetrating the ECM. However, the barrier function is undoubtedly affected when 

HeLa spheroids are present in the gel (tumour model), where only a fraction of the perfused 

hybrid was retained by the endothelial wall.  Interestingly, we hypothesized that the 10% of 

hybrid detected in collagen gel of the healthy model could origin from the permeation of the 

smaller monomer form (~3-5 nm) and not the assembled micelle (~20 nm), considering the 

healthy EB permeability26. 

To investigate this proposed possibility of the monomer form to extravasate in the healthy 

model we perfused hydrophilic hybrid 4, which has four hydroxyl end-groups and hence 

doesn’t self-assemble into micelles, as reported previously25. This hybrid was used as a control 

Figure 5.9 Extravasation of hybrid 4 in healthy model. A healthy microfluidic model was prepared and 

hybrid 4 was flow for 25 minutes to study its extravasation a.  Confocal images of the hybrid 4 being flow 

through the ‘blood vessel’ at 5 and 25 minutes. In the images the ‘blood vessel’ channel (right) and part 

of the ECM (left) can be observed. Look-up table “fire” is used for visualization purposes. Scale bar 

100µm. b. Plot profile of a horizontal line across each image showing the intensity detected in each 

position. After 5 minutes hybrid was detected in both the gel and the channel, but the intensity in the gel 

was only 15% the channel one while after 25 minutes it was 40%. 
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to study the behaviour of the labelled monomeric form. The perfusion of hybrid 4 was 

followed in time in the three different models and the experiment was ended when the hybrid 

was observed to infiltrate into the collagen gel (like in Figure 5.8b). As expected, the monomer 

penetrates into the ECM in the control and the cancer models, but also, in the healthy one. 

HUVEC barrier partially retained the monomer in healthy blood vessel model for 25 minutes 

of continuous perfusion, limiting its concentration in the gel to ~40% of its concentration in 

the blood vessel channel. It is worth noting that after 5 minutes some hybrid could already be 

detected in the gel of healthy blood vessel (Figure 5.9).  However, the time required was 

significantly shorter when HeLa cells were co-cultured in the gel. In case of tumour blood 

vessel, the penetration of hybrid 4 was almost immediate after inflow started, we measured 

similar concentrations of the hybrid in all regions after 5 minutes.  Therefore, we hypothesize 

that the monomer form can cross into the ECM even in the healthy blood vessel model due to 

its small size, which may allow it to penetrate the ECM region through paracellular transport.   

Next, we aimed to visually determine the morphological effect of co-culturing cancer cells 

on the structural integrity of the endothelial monolayer, to understand if a loss of integrity 

was the reason for the increased micelles permeation in the tumour blood vessel model. Tight 

junctions and adherent junctions are crucial structural elements formed between endothelial 

cells, they are essential part of the endothelial barrier, regulating paracellular diffusion. These 

junctions’ main function is to restrict the permeation of molecules bigger than ~2 nm27 from 

extravasation outside blood vessels. To further confirm that the enhanced permeability of the 

barrier in our microfluidic model was induced by the presence of cancer cells, we studied the 

expression of ZO-1, an essential protein forming tight junctions. Both, healthy and cancer 

blood vessel models were prepared as mentioned previously. After 3 days of continuous cell 

culture medium flow the cells were fixed in the chip and ZO-1 protein stained as shown in 

Figure 5.10. ZO-1 was clearly and uniformly expressed in the interface between HUVECs of 

our healthy model. However, the expression of ZO-1 was reduced when HeLa spheroids were 

co-cultured with endothelial cells (cancer blood vessel-on-a-chip model). These observations 

indicated that cancer cells impact the HUVEC cell-cell interaction, reducing the tight junction 

formation, therefore, making the blood vessels leakier. All these observations further confirm 

the existence of an enhanced permeability in our cancer models.  Similarly, previous studies 

by Kaji et al.28 reported that HUVEC and HeLa co-culture affects the endothelial cells growth 

through either direct cell-cell contact as well as transmission of information via culture 

medium (paracrine communication). The cytokines excreted by HeLa can repulse HUVECs 

from their proximity and released reactive oxygen species lead to malfunction and even death 

of HUVECs, thus inducing leakiness of the endothelial barrier, permitting transportation of 

normally retained particles. However, it is worth noting that the permeation of micelles in the 

tumour blood vessel model was heterogenous and not always occurred at the same time 

point. We observed that small differences in number of spheroids or the proximity between 

spheroid and HUVECs monolayer impairs their retention capacity, which could be due to a 

variable concentration of signalling molecules. These observations reflect the heterogeneity of 
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the EPR effect, which has been extensively discussed recently and is related not only to the 

type of cancer but also to the stage of the diseases29.  

 Time- and space-resolved micelle stability revealed in 3D tumour 

microenvironment model 

The major aim of the current work was to study the stability of our micelles systems when 

introduced into our microfluid based 3D TME model. In Chapter 4 the internalization of both 

micelles and monomer was studied thanks to the ability of the labelling coumarin dyes to 

change their emission wavelength upon disassembly. This self-reporting capabilities allowed 

to use confocal fluorescence microscopy to study the internalization pathway of different 

hybrids and correlate to them to their assembled state25. Herein, we hypothesized that the 

added complexity and dynamicity of the vessel-on-a-chip model may induce premature 

disassembly due to multiple possible interactions. To evaluate these critical interactions, 

hybrid 1, which was previously reported as the most stable system, was perfused in culture 

medium into the blood vessel channel. Then, we monitored in real time the micelles’ stability 

Figure 5.10 Confocal images of monolayer of HUVECs formed lining the healthy (left) and cancer 

(right) blood vessel channel. Actin (blue) and ZO-1 (green). Scale bar 40 µm. b. Plot profile of ZO-1 

expression of the section highlighted in (a) of cancer vs healthy model 
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in key regions: the “blood vessel”, the endothelial barrier, the ECM and the HeLa spheroids 

as shown in Figure 5.11. Notably, micelles are represented in cyan and monomers 

(disassembled form) in magenta. 

Figure 5.11 Space and time-resolved stability of hybrid 1. Ratiometric confocal images of real-time 

monitored presence of micelle (green) and monomer (magenta) at reconstructed barriers (1 - blood vessel, 

2 - HUVECs barrier, 3 - ECM and 4 - cancer Spheroid) during constant perfusion of the hybrid 1. Scale 

bar 15 µm.  
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In the first minutes of perfusion fluorescence was detectable only in the lateral perfused 

channel, coated with the monolayer of HUVECs (Figures 5.11 and 5.12), and indicated 

assembled micelles (Figure 5.12). Progression of hybrid penetration into the depth of the ECM 

was observed over time. After 15 minutes of continuous flow the hybrid started to reach the 

endothelial barrier but based on the fluorescent intensity at the wavelength corresponding to 

the monomeric coumarin, we could observe that mostly the monomer prevailed in passing 

through the ECs wall and entering the ECM as shown by the prevalence of the magenta signal 

in the central compartment. This is likely related to the smaller size of the monomer, allowing 

much better passage through the EB. After 25 minutes we observed the assembled micelles 

starting to traverse the EB, while the deep penetration into ECM (towards the tumour area) 

was still achieved mostly by the disassembled polymers. This observation could be attributed 

to two factors: i) the micelles progressively overcame the endothelial barrier or ii) the 

monomer form, which entered the ECM through the EB previously, accumulated and reached 

the critical micelle concentration (CMC), thus re-assembling into micelles. Figure 5.12b 

demonstrates that both, micelle and monomer forms coexist in the endothelial barrier, and in 

the ECM as the mean ratio is 0.6 and 0.4 respectively, not corresponding to the completely 

assembled neither the completely disassembled form. The assembled structures were not 

detected in the surroundings of the spheroids until more than half an hour of continuous 

perfusion. In addition, we observed only a weak penetration of the hybrid 1 into the depth of 

HeLa cells spheroids after 1 hour, but also after 2 hours of constant perfusion of micelles 

Figure 5.12 Stability of hybrid 1 in cancer-on-a-chip a. Time-resolved intensity of fluorescence signal 

originating from the sum up of both micelle and monomer channels at each barrier from images of Figure 

5.11 b. Normalized ratio of fluorescence signal between micellar and monomer form monitored in time 

at different barriers from images of Figure 5.11. Green dashed line indicates the ratio of fully formed 

micelles in equilibrium and the magenta dashed line indicates the ratio of fully disassembled (monomer) 

form. 
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through the cancer blood vessel, as presented in Figure 5.13. We observed the stabilization 

monomer/micelle equilibrium in all monitored regions after 1h from the beginning of the 

perfusion, excluding the spheroid. 

Interestingly, hybrid 1 in contact or in close proximity to HeLa cells was always detected 

as monomer, Figure 5.14. This observation contrasts to the reported internalization behaviour 

in 2D cell cultures observed in Chapter 4, where it is demonstrated that assembled hybrid 1 

was taken up by HeLa cell via endocytosis, and its disassembly progressed in time25. This 

discrepancy can be attributed to the 3D conformation of the cells, as spheroids, which could 

promote different endocytosis processes related to the new 3D cells confluency and 

conformation, highlighting the importance of going beyond 2D cell culture models. Other 

preceding works investigated the penetration of nanosystems into tumour spheroids as a 

function of nanocarrier size, shape, charge and functionalization30–32. Likewise, the 

penetration of cross-linked and non-cross-linked micelles into spheroids has been compared, 

showing an improved tumour penetration for the cross-linked ones, which was linked with 

their higher stability48–50. Therefore, we hypothesized that the lower penetration into our 

model can be caused by a premature disassembly in the periphery of the spheroid. 

 Here, for the first time, we can demonstrate the real-time interactions of dynamic 

supramolecular systems with cells in a dynamic 3D environment, which are different than the 

interactions in a static 2D cell cultures. Therefore, the system stability at different 

physiological barriers can be evaluated and correlated to its final penetration into the cancer 

cells. These results highlight the importance of selecting adequate screening models, which 

resemble to much greater extent the in vivo cell arrangement and features, to rationally 

evaluate and optimize supramolecular nanocarriers design. This approach sheds light on how 

nanocarriers stability affects their accumulation in solid tumours in vivo. Overall, by 

combining confocal imaging and a microfluidic 3D cancer-on-a-chip model the high stability 

of hybrid 1 against induced flow shear stress and interactions with the ECM is demonstrated. 

While a low stability/penetration in contact with 3D arranged cancer cells is observed. This 

Figure 5.13 Space resolved stability of hybrid 1 after 2 hours of continuous perfusion. Ratiometric 

confocal images of real-time monitored presence of micelle (green) and monomer (magenta) at 

reconstructed barriers (1 - blood vessel, 2 - HUVECs barrier, 3 - ECM and 4 - cancer Spheroid). Scale bar 

20µm. 
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low stability impedes the assembled state to penetrate the solid tumour in the current more 

realistic model along with general low penetration of the perfused structures into the HeLa 

spheroids. 

Figure 5.14 Penetration and stability of hybrid 1 in the HeLa spheroids after 2 hours of continuous 

perfusion. Ratiometric confocal images of real-time monitored presence of micelle (green) and monomer 

(magenta). a. Z-stack images of spheroid 1 b. Z-stack images of spheroid 2 c. Z-stack images of spheroid 

3. Scale bar 20µm 
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 Stability of hybrids dictates their infiltration/extravasation 

Finally, we aimed to investigate the interplay between molecular structure and micellar 

stability and the consequent ability to extravasate. Therefore, we compared the stability of 

three hybrids, with decreasing length of the hydrophobic end-groups starting from four 

undecanoate tails for hybrid 1 to four octanoate alkyl chains for hybrid 2 and four phenyl 

acetate for hybrid 3, which have also eight carbons but differ by the presence of the more polar 

aromatic ring. Using the cancer vessel-on-a-chip model, we wanted to identify the factors 

affecting their performance in the new 3D system. In Chapter 4, it has been observed that 

stabilities of hybrid 2 and 3 were similar when diluted with serum, however, the kinetics of 

their disassembly were significantly different. While hybrid 3 disassembles rapidly upon 

dilution, hybrid 2 needed hours to reach the equilibrium. In contrast, hybrid 1 was stable both 

in the presence of serum proteins and upon dilution. Here, we aimed to understand how these 

differences in thermodynamic and kinetic stability are reflected in a complex model, where 

the micelles face the reconstructed barriers of the tumour microenvironment. Experiments 

with each one of the three hybrid systems were performed by perfusing a solution of culture 

media containing the micelles through the blood vessel channel of the chip. In Figure 5.15 we 

show representative images of two different areas of the chip for each of the perfused micelles. 

First, we investigated the ability of each hybrid to cross the endothelial barrier. We observed 

extravasation of all hybrids 1-3 when HeLa spheroids were located close to HUVECs (Figure 

2.15b). In contrast, in the regions where spheroids were further away (hundreds of microns), 

only hybrid 3, which has the least hydrophobic dendron in comparison with hybrids 2 and 1, 

was able to significantly extravasate to the ECM. Thus, we conclude the endothelial barrier 

“leakiness” can be heterogenous, depending on the amount, distance and distribution of 

tumour spheroids in the ECM. 

We next tested the stability of the three hybrids, under flow conditions when perfused 

through the vessel-like channel (Figure 5.15a and c). Based on the ratios between the emitted 

intensity of the coumarin dye at 480 nm and 550 nm, corresponding to the disassembled and 

assembled state of the labelled polymers, we could study the assembled states of the different 

hybrids. We did not observe disassembly of hybrid 1 in the vessel channel, with mean ratio 

of fluorescence signal between micellar and monomer form equal to 1, which is indicative of 

the presence of micelles, while we observed slight disassembly of hybrid 2 and significant 

disassembly of hybrid 3, with mean ratios of 0.8 and 0.5 respectively.  Previous 

investigations25 showed hybrid 2 and 3 were slightly unstable in presence of serum proteins, 

but the degree of disassembly based on the fluorescent ratio was the same for both. Therefore, 

we hypothesized the enhanced disassembly rate of hybrid 3 is not only due to interactions 

with serum proteins but also affected by the flow.  This result indicates that the flow-induced 

shear stress can drastically affect the stability of supramolecular nanocarriers. 

Further, we monitored the stability of each hybrid at the previously defined barriers and 

observed significant differences among them. Interestingly, in regions far from spheroids only 
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the monomeric form of hybrid 3 was able to efficiently extravasate. This phenomenon could 

occur due to the increased disassembly of the micelle in contact with the HUVEC barrier, 

which allowed the monomer i) to paracellularly extravasated due to its small size or ii) to 

transcellularly cross the EB. Noticeably, among all the tested hybrids only monomer of hybrid 

3 extravasates efficiently, most likely due to the low stability of this hybrid in contact with 

cells.  In contrast to that, in regions close to HeLa, hybrid 3 crossed the EB mostly in the semi-

assembled state (as it appeared in the blood vessel channel), probably due to the increased 

wall leakiness. These results indicated that the disappearance of the tight junctions allowed 

the assembled micelles to cross the barrier. Differently, extravasation of micelles formed from 

hybrid 2 in regions close to HeLa had a time dependent response; first only monomer crossed 

the EB whereas, assembled micelles were detected in the ECM only after more than 30 

minutes.  Finally, we observed that hybrid 1 behaves similarly to the hybrid 2, where 

Figure 5.15 Stability of different hybrids in blood vessel-on-a-chip. a. Ratiometric confocal images of 

the different hybrids inside the chip in two different regions. Hybrid 1 and 2 are shown at 2 different time 

points: less than 15 minutes and after more than 30 minutes of continuous perfusion.   Scale bar 75 µm. 

b. Intensity of fluorescence signal originating from the sum up of the intensity of both the monomer and 

the micelle channels. Intensity was measure in the vessel channel and in the ECM region c. Normalized 

ratio of fluorescence signal between micellar and monomer form for each hybrid and in each region. 

Green dashed line indicates the ratio of fully formed micelles in equilibrium and the magenta dashed line 

indicates the ratio of fully disassembled (monomer) form. 
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monomer molecules extravasated first, followed by the later penetration of the assembled 

micelles. Interestingly, while hybrid 2 and 3 accumulated in the endothelial barrier only as a 

monomer, hybrid 1 monomeric form accumulated only in areas far away from the HeLa cells. 

We hypothesize a relationship between the micelles’ stability and the different internalization 

behaviour of hybrids, while 3 and 2 were observed to internalize as monomer in the previous 

work, 1 internalized as a micelle and disassembled over time25. The results obtained 

corroborate our previous observations, where hybrid 1 is proven to be the most stable system, 

but also, demonstrate the high stability of hybrid 2 in complex systems. Overall, we could 

correlate the interplay between stability of the micelles and their performance in a 3D model, 

as well as their ability to extravasate to reach the tumour regions.   

 Conclusions 

In the present work, we introduced the combination of spectral confocal imaging and a 

microfluidic 3D cancer-on-a-chip model as a new approach to study the stability of 

supramolecular nanocarriers. The unique fluorescence properties of our micelles allowed us 

to track their assembly state across the changing conditions and correlate their stability with 

the ongoing biological interaction. The cancer-on-a-chip introduced here, enriches the study 

thanks to its similarities to physiological conditions, introduced especially via the 3D 

dimension in cellular distribution and through active flow in the blood vessel channel. This 

approach helps to recapitulate the barriers to be overcome (e.g. blood flow, endothelial wall, 

ECM and 3D cancer spheroids) that cannot be successfully reconstructed in a 2D cell culture. 

The results obtained show the formation of leaky vasculature in the presence of cancer cells, 

but also, a high heterogeneity among different chips or even across distant regions of the same 

chip, related to number of cancer cells and distance from the endothelial cells. Importantly, 

these features resemble to a great extent the in vivo pathologies of many tumours. Moreover, 

we obtained a precise and direct information about the performance and stability of the 

micelles in each of the barriers, thanks to the time and space-resolved imaging. We 

demonstrate the ability of hybrids 1 and 2 to extravasate from ‘blood vessel’ as assembled 

micelles, while the complex interactions of EB and the ECM induce the disassembly of 

micelles of hybrid 3. Interestingly, we observed the loss of stability of hybrid 1 in close 

proximity to spheroids, as well as, a very low penetration into the tumour. These results 

demonstrated the importance of screening nanocarriers stability in more complex 3D based 

systems to accurately predict their potential to be translated into the clinic. Our approach of 

combining spectrally responsive supramolecular structures with a platform reconstructing 

cancer-on-a-chip has the capacity to provide new knowledge about nanoparticles 

performance, stability and accumulation in tumour, which will allow to bridge the gap 

between in vitro and in vivo testing of new drug delivery systems. 
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 Experimental Section 

5.8.1. Microfluidic device 

Microfluidic 3D culture chip DAX-1 (AIM Biotech) was used as a platform to reconstruct 

tumour microenvironment. LUC-1 connectors (AIM Biotech) were used to connect the chip 

inlets with  luer connector ended PTFE tubing. The other end of the tubbing was connected 

to a syringe placed in a double syringe pump (Nexus Fusion 200) and filled with HUVEC 

(EndoGRO, Millipore) basal medium, used to constantly perfuse the chip for 48 – 72h. 

5.8.2. Cells and reagents 

Human Umbilical Vein Endothelial Cells (Promocell) were used to recreate blood vessel 

lining and HeLa cells were used in to create tumour spheroids. HUVECs were cultured in 

EndoGRO Basal Medium (Millipore) supplemented with SCME001 kit (EndoGRO-LS 

Supplement 0.2%, rh EGF 5 ng/mL, Ascorbic Acid 50 µg/mL, L-Glutamine 10 mM, 

Hydrocortisone Hemisuccinate 1 µg/mL, Heparin Sulfate 0.75 U/mL, FBS 2%) and 

penicillin/streptomycin 1% (Biowest). HeLa cells were cultured in DMEM (as received with 

L-Glutamine, 4.5 g/L D-glucose and pyruvate, Gibco) supplemented with FBS 5% (Gibco) and 

penicillin/streptomycin 1% (Biowest). HUVEC were cultured in 75 cm2 flasks and HeLa in 25 

cm2 flasks at 37⁰C and 5% CO2. Cells were harvested using trypsin-EDTA (0.25%, Gibco) 

when reached 70-80% confluence. 

5.8.3. Growth kinetics of HUVEC and HeLa 

HUVEC cells or HeLa were seeded in a 96 well plate at a density of 2500 cells/well and 

incubated with three different medium types: DMEM medium 10%FBS which is used for 

HeLa cell grown and Promocell or Millipore media optimized for HUVEC. PrestoBlue cell 

viability test was performed after 24, 72 and 96 hours. The absorbance at 570 was measured 

after PresoBlue reagent addition using  Tecan Microplate Reader.  

5.8.4. Cell culture in the Microfluidic device   

Collagen gel at concentration of 2.5-3.0 mg/mL was prepared, introduced and 

polymerized according to the general protocol v5.3 (AIM Biotech). In brief, Rat tail collagen 

Type I (Corning Life Science) was mixed on ice with 10x PBS (Sigma Aldrich) and Phenol Red 

(Sigma Aldrich), and pH of the mixture was adjusted between 7-8 using 0.5 M NaOH (NaOH 

in pellets PanReac dissolved in MiliQ water), final volume was adjusted with MiliQ water (for 

healthy model) or suspension of HeLa clusters (for cancer model). 

For preparation of cancer model microfluidic chip HeLa cells were seeded into 96-well 

ultra-low attachment plate (Corning) at 0.5 – 1.5 k cells/well and cultured for 48-96h. Formed 

cell spheroids were harvested, centrifuged and resuspended in previously prepared collagen 
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gel, resulting in few clusters (30-200 µm) per 10 µL of the gel. Prepared collagen was inserted 

into the central channel of 3D culture chip and allowed to polymerize during 30 min at 37⁰C 

and 5% CO2. After gel polymerization one of the lateral channels was prepared for HUVECs 

culture, by coating the channel with 50 µg/mL fibronectin (FN) from bovine plasma (Sigma 

Aldrich) during about 2h at 37⁰C. Remaining lateral channel was filled in with DMEM (HeLa 

culture medium) and closed using luer caps. 

After the incubation time, the FN was washed away using 1x PBS (Gibco) and EndoGRO 

HUVEC medium. HUVECs were seeded to the prepared lateral channel at a density of 2.5-

3.5M cells/mL. The 3D culture chip was flipped upside down to allow cell adhesion to the 

upper plane during 1.5-2.5h at 37⁰C and 5% CO2. Second batch of HUVECs cultured in another 

flasks was harvested and introduced to the same lateral channel at the same concentration as 

previously. The cells were then incubated for minimum 2h at 37⁰C and 5% CO2 in the upright 

placed chip to allow their attachment to the lower plane. Next, the chip was perfused with 

EndoGRO HUVEC medium at a flow rate 3-5 µL/min during 48 - 72 hours (as described 

above), until HUVECs reached confluency.  

5.8.5. Hybrids perfusion setup 

Hybrids were prepared at a concentration of 480 µM in filtered PBS, sonicated for 5 

minutes and let to equilibrate for at least 10 minutes. Prior to hybrid flowing into the chip 

they were mixed with EndroGRO HUVEC medium resulting in final concentration of 160 µM.  

The microfluidic chip was placed into the on-stage incubator of a Zeiss LSM 800 Confocal 

microscope at a temperature of 37⁰C and 5% CO2, and connected to peristaltic pump (Ismatec, 

Reglo Digital, ISM597) with a silicon tubing (Tygon, Kinesis) to perfuse hybrids at real-time, 

at 15 uL/min, while imaging. Hybrids were excited using 405 nm laser and emission spectra 

was collected using two different PMT detectors to detect both monomer and micelle 

separately and simultaneous. The windows of detection were set as following: i) monomer 

446-500 nm and ii) micelle 500-700 nm. Ratiometric images were obtained from dividing the 

micelle image by the monomer image, after applying a mask to each image were noise was 

removed.  

To calculate the amount of hybrid able to extravasate we first sum up the signal of both 

windows. Next, we calculated the mean intensity signal of the vessel channel and used this 

value as the maximum concentration. Next the mean intensity signal of the gel channel was 

calculated and divided by the maximum signal concentration. 
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5.8.6. Dextran perfusion 

10kDa Dextran labelled with AlexaFluor568 (Thermo Fisher Scientific) was diluted in 

HUVEC (EndoGRO) medium at a final concentration of 1 µg/mL. The solution was perfused 

into the “blood vessel” of the chip at a flow rate of 5 µL/min using a syringe pump. The 

perfusion of dextran was monitored using Nikon Eclipse Ti2 epifluorescent microscope. The 

chip was placed in the on-stage incubator (Okolab) at a temperature of 37⁰C and 5% CO2, the 

perfused fluorophore was excited at 525 nm and emission collected at 650 nm. 

5.8.7. HeLa spheroid viability assay 

The viability of HeLa cells within the spheroids were evaluated using Calcein (Fluka, 

Sigma Aldrich) and Propidium Iodide (Sigma Aldrich) to stain live and dead cells, 

respectively. First, cells were incubated with 10 µM Calcein solution for 20 min. at 37⁰C and 

5% CO2 and then. Next, the cells were incubated with 10 µg/mL Propidium Iodide solution 

for 5 min. at 37⁰C and 5% CO2 and then washed with 1x PBS (Sigma Aldrich). The imaging 

was performed using Zeiss LSM 800 Confocal microscope. The Calcein and Propidium Iodide 

stained spheroids were excited at laser wavelength of 488 nm and 561 nm respectively and 

detection windows set at 400 – 600 nm for Calcein and 600 – 700 nm for Propidium Iodide. 

The 3D image was reconstructed (ZEN, Confocal microscope software) from slices acquired 

in a Z-stack mode with a plane interval of 1,5 µm. 

5.8.8. Immunostaining, labelling and Confocal Microscopy (Confocal Imaging 

Labelling) 

Cells in the microfluidic chip were washed with 1x PBS (Gibco) and fixed with 4wt% 

solution of paraformaldehyde (PFA, Sigma Aldrich) in 1x PBS. After 10 minutes the fixative 

was washed away with 1x PBS, cells were permeabilized during 10 minutes with 0.1% 

solution of Triton X-100 (Sigma Aldrich) in 1x PBS and exposed for 1h to a 3% Bovine Serum 

Albumin (BSA, Sigma Aldrich) blocking solution in 1x PBS. 

Next, the HUVECs’ tight junctions were stained using 5 µg/mL ZO-1 (Zonula Occludens-

1) Monoclonal Antibody conjugated with Alexa Fluor 488 (Thermo Fisher Scientific) solution 

in previously prepared 3% BSA during O/N incubation at 4⁰C. In the next step the cells were 

washed with 3% BSA solution and incubated with 1x Phalloidin-iFluor594 (Abcam, stock 

1000x) solution (in 1% BSA) for 30 min. at RT to stain actin filaments. The cell nuclei were 

stained after washing the cells with 1x PBS, using Hoechst 33258 stain at concentration 5 

µg/mL. After 10 min. of incubation at RT the cells were washed with 1x PBS and imaged at 

RT using Zeiss LSM 800 Confocal microscope. Nuclei, tight junctions and actin were excited 

using 405 nm, 488 nm and 561 nm laser, respectively. The 3D images were acquired scanning 

the sample in a Z-stack mode, with an acquisition plane each 1 to 10 µm and later 

reconstructed into 3D image using the ZEN (Confocal microscope) software. 
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 Epilogue 

 

The main aim of this thesis is to use advance optical microscopy to understand the 

interactions of nanoparticles in biological environments, with a specific focus on the 

interactions occurring under systemic circulation. We believe this is of crucial importance 

because interactions determine the success or failure of drug nanocarriers. One of the reasons 

of our current limited understanding is the lack of proper techniques to study nanomaterials 

in the biological environment. Here we used a combination of super-resolution microscopy 

and spectral imaging to provide new knowledge on NPs behaviour in complex milieu. Using 

these techniques, detailed information about protein corona formation (Chapter 2), carrier 

stability (Chapter 3 and 4) and extravasation (Chapter 5) have been obtained. Moreover, the 

use of organ-on-a-chip as 3D multicellular cancer model for drug delivery research has been 

proposed (Chapter 5).  Together with the detailed information described in each Chapter, we 

recognized a number of overarching conclusions that we believe will be important for the 

design of more efficient nanocarriers in the future. This “take home messages” are described 

in the following paragraphs.     

Heterogeneity of individual nanoparticles: more than size polydispersity 

Nanoparticles populations have been always treated as a homogenous population, 

assuming each of the NP exhibit the same physicochemical properties. However, due to 

imperfect synthesis, NPs have a significant polydispersity in size, molecular composition, 

surface chemistry or roughness, and number of therapeutic molecules encapsulated, among 

others. In the past, only size polydispersity has been investigated, while all other factors were 

overlooked.  This happened because most of the studies are performed using ensemble 

techniques, studying only the average of a population, which made the results blind to any 

degree of heterogeneity. In the present thesis, dSTORM has been introduced as a new tool to 

study nanoparticle behaviour on a single particle level. The possibility to overpass the optical 

resolution limit facilitates the measurement of specific properties of individual NPs as they 

can be easily distinguished from each other. In this thesis, the importance of polydispersity 

characterization has been demonstrated by revealing the existence of surface and composition 

heterogeneities within the same population. In Chapter 2, NPs with almost no protein corona 

were detected in coexistence with others with thousands of molecules adsorbed. This 

heterogeneity is probably related to structural differences of individual nanoparticles, most 

possibly to surface chemistry differences. In Chapter 3, 2-color dSTORM unveiled a broad 

composition heterogeneity in polyplexes where the two components of the complex are 

present in a different proportion in each nanoparticle. We believe that these heterogeneities 

may be responsible for the low success in their clinical translation. It is likely that only a small 

population of the nanoparticles has the right properties to avoid unspecific interactions and 
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reach the cancer cells while most of the injected material is inert or worse toxic. The 

identification of this unique population together with its specific physicochemical properties 

will improve the design of clinical translatable nanosystems. 

The complex role of protein interactions: Interplay between phenomena 

The biological interactions of nanocarriers described in this thesis are not independent 

phenomena but they are interconnected. Traditionally, biological interactions such as stability 

or targeting ability are studied separately which results in misleading conclusions. 

Throughout this thesis we have observed several cases in which two biological interactions 

had major consequences on each other. This interplay demonstrates the importance of not 

studying them individually but together in a complete research approach. An example of this 

has been reported in Chapter 2, where the stability towards hydrolysis of silica particles 

induced changes in their surface chemistry with significant consequences on the protein 

corona formation. Also, in Chapter 2, we illustrated the relations between protein corona 

formation and losing of targeting abilities. Being aware of the mechanism of the interplay 

between corona and targeting will allow to exploit this phenomenon to improve NP 

performance. In Chapter 3 and Chapter 4, we discussed how the stability of polyplexes and 

micelles is affected by the interactions with serum proteins. In addition, we showed how the 

stability of the polymeric micelles dictated their internalization mechanisms. This is very 

relevant as different drug loadings can be utilized depending on both the stability and the 

internalization behaviour. Altogether these findings demonstrate the importance of not 

focusing in a single phenomenon, but instead, adopting a comprehensive approach to 

understand the multiple interactions and their interconnections when optimizing functional 

nanocarriers.  

The biological model matters 

In this thesis we have also demonstrated the benefit of studying biological interactions 

using complex models mimicking as much as possible the in vivo environment. In Chapter 4 

for example, the stability of micelles to dilution was demonstrated to be significantly reduced 

in serum media compared to PBS, which is often the media used to study the CMC of 

supramolecular systems. Another example of the importance of the model was proven in 

Chapter 5.  A new 3D cancer-on-a-chip device was established, including critical barriers that 

can lead to undesired interactions and the loss of stability; the continuous flow, the 

endothelial barrier, the ECM and the 3D tumour arrangement of the cancer cells. The 

importance of using more real models was exemplified in the study of the PEG-dendron 

micelles, that showed different behaviour between 2D cultured cells and the 3D model. While 

in the simplified model the micelles reached the target cancer cells, in the organ-on-a-chip the 
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nanocarriers were not able to pass assembled the multiple barriers, thus resulting in poor cell 

internalization. 

The loss of stability of the micelles observed in Chapter 5 could not be predicted from our 

2D in vitro studies in Chapter 4, highlighting the importance of using more complex 

arrangements, thus, bridging the gap between in vitro and in vivo testing.  

Biological interactions in time and space  

 

Along the present thesis we have also recognized that different phenomenon take place at 

distinct rate, but also, they occur at different spatial scales as shown in Figure 6.1. Here, we 

want to emphasize the need to choose the right technique of analysis that matches each 

phenomenon of interest. For instance, the protein corona formation occurs in a nm spatial 

scale, but it evolves over hours. Thus, the nanometric resolution of dSTORM make it a 

convenient technique to study this interaction. In contrast micelles disassembly occurs in 

seconds over a large space, as demonstrated in Chapters 4 and 5, therefore a faster technique 

such as confocal microscopy is required. Another example of the differences in time and space 

scales of each phenomenon has been observed in Chapter 3. We demonstrated that the 

polyplexes decomplexation occurs in minutes after protein interactions but to understand the 

molecular destabilization we need to study it at the nanometric level, once again confirming 

that the use of super resolution imaging was the optimal choice.  

Figure 6.1. Distinct biological interactions occur not only in different time scales but in different 

locations and space scales. The graph shows the extent at which each of the biological interactions 

studied in the present thesis occurs and evolves. Thus, demonstrating that employing a combination of 

multiple techniques studying different spaces but also time scales will help us in understanding the 

complex nanocarriers biological interactions. 
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Altogether, the findings presented in this thesis demonstrate the benefit of using advanced 

microscopy techniques to study nanoparticles biological interactions in all relevant scales. 

Combining techniques with high resolution and specificity together with methods able to 

provide functional information will improve our understanding of nanomedicine and 

provide key elements for the design of new effective delivery systems. 
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Summary 

“Reaching the tumour: nanoscopy study of nanoparticles 

in the biological environment” 

 The precise delivery of therapeutic agents to their specific site of action is a big challenge 

in cancer treatment, which would enhance the efficacy and reduce the side effects of 

treatments. In this framework, nanotechnology can greatly contribute to the development of 

novel drug delivery systems. Nowadays, a large number of nanoparticles, differing in 

chemical nature, have been synthesized and evaluated for their therapeutic performances. 

However, most of the newly developed delivery systems are ineffective in the clinic because 

they don’t reach the specific cancer cells. One of the main reasons of this failure is the lack of 

knowledge about the interactions between the designed nanocarrier and the biological media 

through their life inside the body, the so-called nanoparticles’ biological interactions. In 

particular, undesired interactions with blood proteins and other molecules in vasculature are 

often responsible for the poor performance of nanocarriers. Further research about the 

biological interactions occurring in the blood vessels is needed in order to design novel and 

improved therapeutic nanoparticles. We believe that the understanding of these critical steps 

together with an in-depth study of the structural composition of nanoparticles will guide a 

rational design of systems, increasing their applicability and performance in the clinic. 

The current knowledge of biological interactions is reviewed in Chapter 1 of this thesis 

demonstrating that the low understanding of these phenomena is mainly due to the lack of 

proper techniques. To accomplish a comprehensive study, we propose the use of advanced 

optical microscopy techniques to investigate the chemical and biological identity of 

nanomaterials and to understand their role with a nanometric precision. The specificity 

obtained by optical microscopy provides molecular information to the imaging. The 

possibility to overpass the optical resolution limit, one of the main restrictions in the use of 

optical microscopy to study nanomaterials, using super resolution microscopy allows to 

resolve individual nanoparticles. Finally, spectral imaging can provide functional information 

and at the same time operate in complex dynamic systems; thanks to its low time resolution, 

and its minimal phototoxicity it allows live-cell imaging of nanoparticles biological 

interactions. 

One of the first biological barriers nanoparticles encounter when introduced 

intravenously to the body are proteins which travel through the blood stream in the 

circulation. These molecules form the so-called protein corona: a shell of proteins attached to 

the surface of the nanoparticle. One of the main drawbacks caused by protein corona 
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formation is the hindering of the nanoparticle’s surface, reducing the specific interactions of 

nanosystems with the cancer cells they are targeting. Currently, protein corona formation is 

mainly studied using ensemble techniques which give only an approximate idea of the 

molecules interacting with the surface of the nanoparticles. In Chapter 2, dSTORM imaging 

of corona is presented as a new methodology to obtain an in-situ characterization of protein 

corona on individual nanoparticles. Mesoporous silica nanoparticles, a promising 

nanocarrier, are used as a model to evaluate this phenomenon; protein corona formation is 

followed in time under different conditions (e.g. incubation time, physicochemical properties, 

protein species). This study reveals a high interparticle heterogeneity regarding the number 

of proteins per nanoparticle, which may be one of the causes of their poor clinical 

performance. Moreover, protein corona formation is observed to be a highly dynamic 

phenomenon as it evolves and grow in time. Finally, the consequences of protein adsorption 

for specific cell targeting by antibody-functionalized nanoparticles are investigated providing 

a detailed understanding of corona-activity relations. 

Protein interactions are not only responsible of reducing specific interactions but can 

dramatically affect the stability of nanosized delivery systems. Therefore, it is important to 

study the stability of nanocarriers in the blood complex environment. In Chapter 3, 

polyplexes, nanocarriers characterized by the electrostatic interactions between the carrier 

and the nucleic acid, are studied. These systems need to be fully complexed during their 

circulation in the blood vessels in order to protect their cargo from degradation. Up to now, 

the challenges in characterizing the molecular distribution of the individual components have 

limited their rational design. In this chapter, dSTORM imaging is used to visualize the exact 

molecular composition of polyplexes. dSTORM imaging unveils important differences in the 

stoichiometry of individual systems, revealing a heterogeneity inside the same population. 

While it also revealed a significant number of non-complexed cationic molecules, which 

cannot be observed using traditional methods. Once the system is fully characterized, its 

complexation is followed under different blood-like conditions thanks to the molecular 

resolution of the technique. This new method allows to determine the real molecular stability 

of the system in contact with serum proteins and provides mechanistic insights into the 

disassembly process in complex biological environments. The possibility to image both 

molecular components of the polyplexes grants the determination of stability as a function of 

time and serum composition disclosing a complex interplay between proteins and polyplexes.  

The stability in complex biological media is a determining factor of the good performance 

of drug delivery systems, especially in the use of supramolecular structures, due to their 

dynamic nature. Therefore, it is necessary to understand the behaviour of self-assembled 

nanoparticles in conditions close to the ones they would confront in vivo. Serum proteins can 

prematurely disassemble the system, as seen in the previous chapter, and lead to non-selective 

release of the cargo in healthy tissues.  Another critical issue of self-assembling systems is the 

strong dilution they undergo when injected in blood, which may severely affect the 
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supramolecular stability. Hence, it is of crucial importance to investigate the effect of dilution 

in biologically relevant media. These issues are often overlooked in the literature, most likely 

due to the difficulties of studying supramolecular assemblies in complex biological media. In 

Chapter 4, micelles that change their fluorescent properties upon disassembly are 

characterized under different blood-like conditions using a combination of fluorescence 

spectroscopy and spectral confocal microscopy. This study helps to predict the system with 

the best properties, demonstrating small and molecularly precise changes in the 

amphiphilicity of the polymer can lead to substantial differences of their micellar stability. In 

addition, the role of micellar stability in cell internalization, a key step in drug delivery, is 

studied, showing a direct interplay between the stability of the polymeric assemblies in 

biological media and their cellular entry. 

A last critical step nanoparticles face when injected into the blood vessels is the flow, 

which may also affect the stability of the system. Moreover, their efficiency is directly 

proportional to the ability of extravasation from the blood vessel across the tight endothelial 

layer before reaching the cancer cells. In each of these barriers, the stability of supramolecular 

systems may be compromised. In Chapter 5 a microfluidic chip mimicking the vascular 

tumour microenvironment is optimized to study the ability and stability of supramolecular 

structures during extravasation. In addition, the use of complex 3D models accurately predict 

the interactions mimicking closely in vivo conditions. A monolayer of human umbilical vein 

endothelial cells is grown in the microfluidic device forming a blood-vessel-like channel. In 

addition, a second channel of tumorigenic cells embedded into a collagen matrix is optimized 

to test the stability of the nanocarrier in the extracellular matrix close to cancer cells after 

extravasation.  Taking advantage of the spectrally active polymeric amphiphiles studied in 

Chapter 4, in combination with spectral confocal microscopy and the microfluidic tumour-

on-a-chip, in Chapter 5 a real-time monitoring study of self-assembled micelles stability and 

extravasation is presented.  Here we demonstrate that small molecular differences in the 

hybrids are determinant in the distinct abilities of hybrids to resist the complex interactions 

with the endothelial barrier and the extracellular matrix. A loss of stability of micelles in the 

3D model cannot be predicted from 2D in vitro studies demonstrating the importance of using 

complex systems to test the nanocarriers under study, thus, bridging the gap between in vitro 

and in vivo testing. 

Finally, four overarching conclusions obtained through the thesis are discussed. The 

importance of nanoparticles heterogeneities beyond size, the interplay between phenomena, 

the importance of the model and the need to use proper techniques to focus into the right 

space and time scales. The consideration of all these points will be important for the design of 

more efficient nanocarriers.  
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Glossary 
Ab  Antibody 

AFM  Atomic Force Microscopy 

APA  Amphiphilic alkylated poly(α)glutamate amine 

BCA  Bradford Protein Assay 

BSA  Bovine Serum Albumin 

CD  Circular Dichroism 

CLEM Correlative Light and Electron Microscopy  

CMC  Critical Micelle Concentration 

CPPs  Cell-penetrating peptides 

DLS   Dynamic light scattering  

DMEM Dulbecco's Modified Eagle Medium 

dSTORM direct Stochastic Optical reconstruction Microscopy 

EB  Endothelial barrier  

ECM  Extracellular Matrix 

EM  Electron Microscopy 

EPR effect Enhanced Permeability and Retention effect  

ER  Endoplasmic Reticulum 

FBS  Fetal Bovine Serum 

FCS  Fluorescence Correlation Spectroscopy 

FRAP Fluorescence Recovery After Photobleaching  

FRET  Förster Resonance Energy Transfer  

HPLC High Performance Liquid Chromatography 

HUVEC Human Umbilical Vein Endothelial Cells 

IgG  Immunoglobulin G 

ITC  Isothermal titration calorimetry 

LC-MS Liquid Chromatography Mass Spectrometry  

LDL  Low-density Lipoprotein 

MMPs Matrix metalloproteinases  

MRI  Magnetic Resonance Imaging 
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MSN  Mesoporous silica nanoparticles 

N/P ratio Ratio of positive over negative charge in complexes  

NPs   Nanoparticles 

PEG  Polyethylene glycol 

PGA  Enzyme penicillin G amidase 

PLE  Esterase enzyme 

PSMA Prostate-Specific Membrane Antigen  

r9  L-nona-arginine 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis  

SEM  Scanning Electron Microscopy 

SIM  Structured Illumination Microscopy 

SLS   Static Light Scattering 

SMLM Single Molecule Localization Microscopy   

SRM  Super Resolution Microscopy 

STED  Stimulated Emission Depletion 

Tf  Transferrin 

TME  Tumor microenvironment 

ZO-1  Zonula occludens-1 
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