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Abstract 

Nanoparticles (NPs) are versatile tools for nanomedicine and tuning features such as material, 

size and charge, imaging and targeting can be accomplished. However, NPs behaviour in vivo 

is modified upon interaction with the biological matter and formation of a protein corona (PC) 

coating the NP. The PC determines the NP biological identity and it is the ultimate interface 

with the surrounding environment. Therefore, a deep characterization of the NPs in biological 

media is important to predict adverse effects and improve NPs design. 

The aim of this thesis was to understand the effect of the PC formation from different 

biological fluids on NP- membranes interactions. For this purpose, core-shell gold and 

magnetite NPs coated by poly-maleic anhydride and pegylated were characterized my means 

of scattering, microscopic and spectroscopic techniques. 

Such NPs were characterized in serum and PC complexes were isolated. Sucrose-gradient 

ultracentrifugation (UC) was used guaranteeing quantitative recovery of homogeneous NP PC 

populations, simultaneously present in situ, and a lower impact on the in situ structures 

compared to conventional centrifugation protocols.  

NP interactions with supported lipid bilayers (SLB) were investigated by QCM-D and neutron 

reflectometry allowing resolving at the sub-nanometer scale any structural reorganization of 

the SLB upon NP application. Carboxylated NPs generally caused lipid hydration with 

different mechanisms, while HC NPs compared to in situ NPs and pure FBS had a lower 

impact on the bilayers possibly indicating a major impact of the soft corona.  

The last part of the project was focused on the PC evolution during simulated in vitro digestion 

with NPs. UC was suitable to isolate PC complexes from gastric and intestinal phases and 

SDS-PAGE and LC-MS suggested a PC ability to protect peptides from digestion 

degradation. The biological impact of the PC complexes was studied by confocal microscopy 

on Caco-2 cells revealing cells morphological alterations. 
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Chapter 1. Introduction 

1.1 Nanotechnology and nanomedicine  

Nanotechnology is the branch of science that studies the development and the manipulation of 

matter at the nanoscale. By definition, engineered nanomaterials (ENMs) have at least one 

dimension between 1 and 100 nm. They find applications in many aspects of human life and 

according to the BCC research report “Nanoparticles in biotechnology, drug development and 

drug delivery” of 2014 (www.bccresearch.com), nanotech market is expected to reach $79.8 

billion by 2019. Nanotechnology fields span from health and safety to IT, industry, energy, 

environment, transports and aerospace.  

Nanomedicine, nanotechnology applied to medicine, is gaining more and more interest and it 

accounts for over the 5% of nanotechnology research reports worldwide. In fact, ENMs 

present peculiar features with respect to the correspondent bulk materials that can be exploited 

to improve diagnostics and therapeutics for the treatment of various diseases. While in the last 

century, progress in medicine was due to the discovery of new drugs, nowadays the tendency 

is to improve the pharmacokinetic and pharmaco-dynamic properties of existing molecules by 

combining them with ENMs.1 Nanotechnology can help to overcome some limits that make 

drugs unsuitable for the market such as chemical-physical stability, toxicity, dosage, lack of 

effective targeting and short circulating time in the body.  

Cancer treatments, for example, can benefit from the employment of ENMs. In fact, 

drawbacks of cancer therapy are due to drugs toxicity, non-specificity and development of 

cellular resistance to several drugs (MDR).2 The most effective drugs such as doxorubicin, 

paclitaxel and cisplatin also affect normal cell functions inducing cell death and blocking 

proliferation. Unfortunately, conventional chemotherapeutics are not able to distinguish 

between healthy and compromised tissues, especially affecting high proliferative cells 

including hair and bone marrow.3 Moreover, in most cases the therapy is effective only if the 

disease is treated at an early stage, thus the possibility to design ENMs that work both as drug 

carriers and diagnostic and imaging tools is fundamental.  

1.2 Nanocarriers for drug delivery  

Theranostic drug delivery systems are nanocarriers that combine diagnostic and therapeutic 

actions.4 Nanodevices used in medicine need to meet some requirements: biocompatibility, 

http://www.bccresearch.com/
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physical and chemical stability, long circulation time to reach the target inside the body, higher 

uptake in the selected site with respect to other cells and tissues. The final goal is the 

enhancement of the drug pharmacokinetic and absorption profiles. The design of such a device 

leads toward the development of personalized treatments and prognoses improvement.5  

Nanoparticles (NPs), nano-capsules, nano-emulsions, micellar systems and dendrimers can be 

numbered among nanocarriers. In Fig. 1.1 is represented an ideal model of a nanocarrier 

bearing many different functionalities that can be tuned depending on the desired use. The 

core, the surface layer and the ligands offer multiple solutions to regulate targeting, drug 

loading, and imaging properties. 

 

Figure 1.1 Model of a nanocarrier. The core (orange sphere) can be an inorganic particle coated by a hydrophilic 

layer (blue layer), a nanocapsule, a micelle, a liposome, a polymer self-assembling system or a dendrimer. The 

coating layer carries hydrophilic ligands as PEG chains (red curves), targeting peptides (grey curves) that can be 

functionalized by optical and targeting molecules (green semi-circles and yellow arrows respectively). Drugs can 

be embedded in the hydrophobic region of the NPs (red and yellow crystals).  

There are already some nano-formulations on the market and many more in clinical trials.6 

Liposomes and polymeric formulations are available for the treatment of several diseases with 

embedded drugs, such as doxorubicin and paclitaxel reducing their cytotoxicity and 

prolonging their blood circulation to increase the drug concentration at the desired site (Doxil® 

and Abraxane®). These formulations exploit passive targeting to accumulate in the tumoral 

tissues. The passive targeting is based on the enhanced permeability and retention effect 

(EPR),7 a phenomenon due to the physiological conformation of diseased tissues (cancer and 

inflammation). These tissues exhibit leaky vasculature and a less efficient lymphatic drainage 

system that allow a preferential accumulation of NPs with a longer permanence than in normal 

tissues. Active targeting is a complementary way to achieve accumulation of the nanocarrier 

at the desired site: NPs are coated with a ligand that binds specifically to a receptor particularly 

abundant on the cells of interest with respect to the others present in tissues or organs. 
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Targeting agents take advantage of specific interactions between ligand-receptor and antigen-

antibody common pairs with high affinity: targeting agents can be proteins, peptides and 

antibodies (Fig. 1.2).  

 

 

Figure 1.2 Schematic representation of targeting mechanisms involving cancer tissues. A) Passive targeting. 

Thanks to the leaky vasculature and the poor lymphatic drainage, NPs from the blood stream, diffuse in the tumor. 

B) Active targeting. NPs are functionalized by ligands that specifically bind receptors overexpressed on cancer 

cells.1 

A receptor widely used for cancer cell targeting is the transferrin receptor (TfR): many 

colloidal formulations are functionalized with transferrin and anti-transferrin receptor 

antibodies because the receptor is overexpressed on tumour cells and proliferating primary 

malignant cells. The conjugation with transferrin of several drugs (doxorubicin, chlorambucil, 

oxaliplatin) showed improved cytotoxicity and less side effects with some of them in clinical 

trials (MPB-426 and SGT-53).8 Transferrin was used to modify liposomes carrying two drugs 

for melanoma treatment and to overcome MDR. The combination with TAT peptide enhanced 

the targeting efficiency and the therapeutic action in vivo.9 Furthermore, Tf targeting has been 

shown to increase blood brain barrier (BBB) NP translocation that is a major obstacle for the 

treatment of brain pathologies. Transferrin modified NPs were shown to be very efficient in 

targeting glioblastomas: Tf-coated Gadolinium NPs where tested as labelling and imaging 

agents.10 Recently Dixit et al. developed transferrin-peptide gold NPs (Au) co-coated with 

growth epidermal factor for glioblastomas photodynamic therapy.11 Kim et al. studied anti-

TfR antibody coated liposomes to deliver temozolomide chemotherapeutic to glioblastomas.12 

In both cases, in vivo tests showed enhanced and faster accumulation of NPs in the tumour 

with an extension of animal survival period. In the case of Au NPs the accumulation increase 

was of 5-6 folds with respect to untargeted NPs, while for liposomes, the encapsulated drug 
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was 4-fold more effective in controlling tumour growth by using a dose 2.7–fold lower than 

the free drug. 

Endocytosis via folic acid receptor (FR) is another well explored route to improve targeting 

toward epithelial cancer, myeloid leukaemia and activated macrophages during 

inflammation.13 The FR binds the folic acid or folate with a very high affinity (KD~10-9).14 

Many nanoformulations based on folate-functionalized NPs are under investigation in clinical 

trials (Hapten15, folate-pRNA16, Docetaxel loaded folic acid-liposome17).  

Antibodies have been extensively adopted in cancer therapy and there are many antibody 

based treatments commercially available.18 Herceptin and Rituxamab have been on the market 

since 1997. They are employed as ligands in many nanosystems.19 Herceptin binds the human 

epidermal growth factor receptor ((HER)-2), overexpressed in breast cancer cells and it has 

been used in multimodal treatments exploiting the synergy with iron oxide hyperthermia 

therapy and the chemotherapeutic docetaxel. Herceptin plays the double role of targeting agent 

and anti-tumour drug.20  

Peptides of 10-15 aminoacids are a valid alternative to antibodies because they are much 

simpler to synthesize, cheaper and were shown to be less immunogenic with respect to proteins 

and antibodies. They can be divided into three main groups: antimicrobial, cell penetrating 

and targeting peptides.21 Antimicrobial peptides act forming holes in membranes and are 

suitable to treat infections such as Pseudomonas in the lungs: they have been associated to 

polymeric NPs to achieve penetration in bacterial biofilms.22 Cell penetrating peptides can 

cross cell membrane without inducing toxicity and when associated with NPs, e.g. liposomes, 

the uptake efficiency can increase over 1000-fold compared to the free TAT peptide.23 The 

RGD motif is a targeting peptide that was widely used to functionalize Au24,25 and albumin 

NPs,26 liposomes27 and dendrimers.28 RGD-motif binds to integrin receptors that play an 

important role in angiogenesis and are overexpressed in endothelial cancer cells but not in 

normal ones.29 Another example is the bombesin peptide that binds to gastrin-releasing peptide 

(GRP) receptors overexpressed in prostate, breast and small-cell lung carcinoma. Chanda et 

al.30 studied bombesin-functionalized conjugated Au NPs in vivo and they found a selective 

uptake of the functionalized NPs in prostate cancer cells and a minor accumulation in reticulo-

endothelial system (RES) organs. Bombesin-dextran coating was used recently on 

superparamagnetic iron oxide NPs to image breast cancer cells and the increased contrast of 

tumour cells was associated to the prolonged circulation time in blood that allowed higher 

targeting efficiency.31 The increased expression of fibronectin in micrometastasized cell 
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membrane was exploited for early imaging of breast cancer metastasis: a pentapeptide was 

linked to gadolinium NPs and metastasis smaller than 0.5 mm could be imaged.32  

1.3 Rationale to develop nanoparticles for biomedical applications  

Nanocarriers for medical applications need a careful design because biodistribution, cell 

internalization and toxicity depend primary on their physical-chemical properties such as size, 

material, shape, charge and surface functionalities. All those properties together with the 

environmental conditions combine to determine NPs fate in vivo. It is difficult to study the 

effects of these parameters independently, but some general considerations can be done. 

1.3.1 Colloidal properties of nanoparticles  

Nanoparticles in solution are a dispersion. The nanometer dimensions give features to the 

particles that distinguish them from bulk material. First, at room temperature NPs have a 

kinetic translation energy that is sufficient for causing NPs to move randomly in solution, 

while this energy is negligible for macroscopic objects. The second feature is the absence or 

almost of inertia. It means that the response to any impulse can be considered immediate for 

NPs. This property allows, for example, the movement of particles applying an external field 

(e.g. magnetic or electric). NPs interact with light and, according to their shape, composition 

and size, they can show interesting optical properties.33 Among forces acting on NPs, 

gravitational force is negligible compared to other forces as it decreases with the third power 

of the mass. Intermolecular forces are long-range forces that act in distances of tens of 

nanometers. Because of the inter-particles forces, NPs in solution tend to stick together. To 

benefit from NPs properties and have a uniform response in terms of reactivity, bioavailability 

and toxicity, it is desirable to prevent NPs aggregation. Aggregation can occur as a 

consequence of either Brownian motions, if NPs collide and stick together, or gravitational 

agglomeration that occur when slowly settling NPs are “captured” by bigger particles during 

sedimentation. One of the most applied theories to explain colloidal stability is the DLVO 

theory. It was developed by Derjaguin, Landau, Verwey and Overbeak and bases aggregation 

on attractive and repulsive forces, namely van der Waals (vdW) and electrostatic double layer 

(EDL) forces. VdW interactions depend on the rotation and oscillation of dipoles of atoms and 

molecules and generally are attractive forces that act at short range. The surface charge and 

the surrounding solvent determine electrostatic double layer interactions. The ionic strength 

of the solution affects the extension of the EDL: while low ionic strengths assure its maximum 
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extension, high ion concentrations mask charges and the EDL is reduced. In Fig. 1.3 the theory 

is applied to two spheres. VdW forces determine interactions at the short and long range, while 

EDL interactions act at medium range distance. Net attraction is represented by two minima: 

a primary one for which aggregation is irreversible and a shallow one for which aggregation 

is reversible. 

 

Figure 1.3 DLVO energy diagram. Van der Waals (dashed line) and electrostatic double layer (dotted line) 

contribute to total DLVO forces (full curve) represented versus the separation distance between two spheres (d). 

Low charge and high ionic strength enhance the vdW contribution; high surface charge and 

low salt concentration enhance EDL forces.  

Classical DLVO theory is not always able to explain inter-particles interactions especially for 

small ones. Forces other than vdW and EDL have been introduced in extended DLVO 

theories.34 Hydrophobic, steric and osmotic forces are repulsive, while bridging and magnetic 

interactions are attractive and often more than one exists to determine NPs colloidal status. 

They are due to particular materials, coatings or media.  

1.3.2 NP Size effects on the interaction with the biological matter 

The optimal size of NPs suitable for biomedical applications is considered generally to be 

between 10 and 150 nm: smaller NPs are removed very quickly by extravasation and renal 

clearance, while the bigger ones accumulate mainly in the spleen, liver and bone marrow and 

are more exposed to the action of macrophages. Smaller NPs penetrate better hypovascular 

and hypopermeable solid tumours (pancreatic tumour for example) showing a more effective 

EPR effect.35 NP size is one of the factors that influence the pathway of cellular uptake, the 

control of NP dimensions guarantees a better prediction for the final fate of the NP inside the 
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cell (Fig. 1.4).36 One example in the literature where the authors took advantage of the 

environmental conditions is the work of Kim et al.37 in which “smart” ENMs such as 

poly(ethylene-oxide)-b-poly(methacrylic-acid) (PEO-b-PMA) pH-responsive block- 

copolymers were developed. In fact, cross-linked PEO-PMA polymers at physiologic pH form 

micelles whose core is anionic. These micelles were loaded with doxorubicin that is a weak 

base at pH 7.4 achieving a loading efficiency of 50% w/w. Lysosomes are characterized by an 

acidic pH (~ 4.5-5.5) and in this environment, carboxylic groups on micelle cores were 

protonated causing micelle swelling and release of the drug.  

 

Figure 1.4 Cellular uptake pathways. Phagocytosis (a), Macropinocytosis (b), Caveolar-mediated endocytosis (c), 

Clathrin-mediated endocytosis (d) and clathrin-independent and caveolin-independent endocytosis (e). NPs are 

represented by blue circles (> 1 μm), blue stars (~ 120 nm), red stars (~ 90 nm) and yellow rods (~ 60 nm).36  

Many reports in the literature suggest that particles in the micron range (1-10 μm) enter the 

cells through phagocytosis, mainly in macrophages and neutrophils. In all the other cells NPs 

mostly enter by pinocytosis through the formation of invaginations in the membrane and the 

size of the formed vesicles is the limiting factor for the cargo dimensions.38 NPs of size around 

1 μm will likely be taken up by macropinocytosis; clathrin-mediated endocytosis and the 

following lysosomal degradation occurs mainly for NPs between 120 and 200 nm. Caveolae-

mediated endocytosis involves mainly NPs of about 60-80 nm and the formed vesicles reach 

the endoplasmic reticulum and the nucleus, while NPs smaller than 50 nm use clathrin- and 
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caveolein-indipendent pathways avoiding lysosomal degradation. However, many exceptions 

have been reported mostly due to the combined effects of NP physical-chemical features and 

experimental conditions.39 Zhu and co-workers40 studied the uptake of silica NPs in HeLa cells 

as a function of their size: largest NPs of about 300 nm followed clathrin- dependent and 

caveolin- independent pathways; NPs around 150 nm were internalized through clathrin- and 

caveolin- dependent endocytosis. NPs of 55 nm were subjected of both energy required 

clathrin- and caveolin- dependent endocytosis and energy- independent pathways. The cellular 

uptake of carboxylated polystyrene NPs of diameter ranging from 40 nm to 2 μm was studied 

in different cell lines: it was found size-dependent but the kinetics of uptake varied.41 Cellular 

uptake showed to be size-dependent also for silica NPs,40,42 Au NPs43,44 and iron oxide NPs.45 

Many studies reported that the maximum internalization involves NPs of 50 nm.42,44 

Mathematical modelling is very useful to study mechanisms of internalization. In fact, by 

computational analysis, it was proved that NPs smaller or as big as the membrane width can 

penetrate the hydrophobic core of the lipid bilayer or create pores in the membrane, while NPs 

that are bigger than the thickness of the cell membrane are internalized by wrapping.46 

Adhesion and elastic forces influence the wrapping phenomenon and they are competitive. 

Elastic forces depend on the membrane and involve its bending capacity and its tension and 

they compete against the NPs wrapping. Adhesion forces are favourable forces and can be 

unspecific or specific. Unspecific adhesion is based on electrostatic and vdW interactions. 

Specific forces involve receptor-mediated endocytosis.47 By computational studies48-50 it was 

possible to explain the existence of an optimal diameter for internalization when the adhesion 

forces, and in particular the specific one, are big enough to overcome bending and stretching 

of the membrane and promote the diffusion of receptors to the binding site. Nevertheless, more 

factors such as the NPs shape and the presence of proteins in the environment can influence 

receptors-mediated endocytosis. 

1.3.3 NP Shape effects on the interaction with the biological matter 

Shape is another important NPs’ feature. The effect of the aspect ratio (AR) has been studied 

for many NPs. Au and silver NPs optical properties change with size and shape.51,52 The shape 

affects also the internalization of NPs in cells as different contact area modifies the bending 

energy and receptors distributions. However, the analysis of the AR by itself is not enough to 

draw conclusions. For Chithrani and co-workers spherical Au NPs showed a better 

internalization efficiency than rod-like Au particles with similar volume.43 Instead, 

mesoporous silica NPs with larger AR were found to be taken up faster and in larger amount 

compared to spherical NPs inducing remodelling of cell cytoskeleton and apoptosis in human 
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melanoma cells.53 Ammonium-functionalized carbon nanotubes showed to be internalized in 

mammalian cells through non-endocytic pathways and non-disruptive spontaneous 

penetration in cell membrane,54 like nanoneedles.55 In general filamentous NPs like magnetic 

nanowires56 and nanotubes57 have longer blood circulation times. Geng et al. injected long 

filomicelles in mice and they related their long blood half-life (one week) to the shear of blood 

flow.58 The NPs elongation as consequence of the shear forces made the contact with cells 

more difficult and hence the internalization less for filomicelles than spherical particles. 

1.3.4 Surface charge and functionalities effects on the interaction with the 

biological matter 

NP surface charge and functionalization are key-factors for inter-particle and NP-cell 

interactions. NP surface charge and ligands contribute to NPs stability and/or solubility. 

According to the DLVO theory, spherical particles are stable is solution either because of 

electrostatic repulsions or of a coating that reduces NP surface energy limiting vdW 

attractions. Hydrophilic coatings assure a physical distance among the NPs promoting 

interactions with the solvent molecules. 

Surface hydrophilic moieties minimize the adsorption of proteins in the biological 

environment59,60 and in the blood stream, so that NPs are less exposed to macrophages action 

prolonging their half-life. Polyethylene glycol chains, albumin and carbohydrates based 

coatings help in increasing the hydrophilicity of the NPs.61-63 Furthermore, they help reducing 

intrinsic cytotoxicity of some nanoagents.64 Pegylation density and chain length has been 

shown to affect cell internalization59,65,66 and in vivo biodistribution.67 Low-density pegylation 

(below 10%), in which the chains assume a mushroom conformation, is optimal to reduce 

macrophages action and still get a good accumulation of the NPs in the tumour site. Pegylation 

was shown to be useful for promoting NP transport in mucus.68 

Positively charged NPs have higher affinity to cell surfaces that express a slight negative 

charge and this electrostatic attraction explains the higher uptake and cytotoxicity of cationic 

NPs compared to negative charged NPs.69 Negatively charged NPs, like Doxil (PEG surface), 

mostly penetrate the cell following the caveolae-mediated endocytocis,70 although different 

uptake pathways can be involved when dealing with different cell lines.71 
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1.4 Inorganic nanoparticles 

Inorganic NPs are interesting in cancer treatments because they can confer to the nanocarrier 

additive optical or magnetic properties originating from the NP core. In particular, gold (Au) 

and iron-based NPs also offer biocompatibility and a certain inertness compared to other 

materials. 

1.4.1 Gold nanoparticles 

Gold NPs are plasmonic noble metal NPs that have unique optical properties due to surface 

plasmon resonance (SPR). Upon exposure to light, electrons of the conduction band of Au 

NPs oscillate in a combined coherent way. The oscillation close to NPs surface causes charge 

separation with respect to the regular arrangement and dipole oscillation in the light electric 

field direction. The amplitude of the oscillation is maximum at a particular frequency that is 

the SPR. The SPR produces a strong absorption of the incident light. It depends on the electron 

charge density thus size, shape, structure and surrounding medium can affect it. SPR of 

spherical Au NPs with diameter of 20 nm absorbs light around 520 nm. The SPR decreases 

considerably for NPs smaller than 10 nm, while an increase in NPs size causes red-shift and 

higher band intensity; on the other side, NPs bigger than 100 nm show a broader band.72 When 

the NPs AR is different form 1 as for nanorods, the SPR band is split into two bands: one weak 

in the visible region and one stronger in the near infra-red (NIR) which is red-shifted with AR 

increase.73 Au nanostars can be characterized by multiple bands, one due to the core in the 

visible region and others in the NIR due to tip-core interactions, enhanced electromagnetic 

field at the tip site and less uniform shape.74 The NIR adsorption is particularly interesting 

because it can be exploited in Photodynamic and Photothermal Therapies (PDT and PTT 

respectively). These therapies use photosensitizers to irreversibly damage and kill cells by 

generation of reactive oxygen species or local heat release following electrons excitation. Au 

NPs can do both upon irradiation by NIR light72,75-77 and this is convenient because NIR light 

is the one that can penetrate deeper in tissues and, being less energetic, is less disruptive for 

healthy tissues surrounding the tumour site.  

1.4.2 Magnetic nanoparticles  

Magnetic NPs, as magnetite (Fe3O4), can be used to develop theranostic systems as they 

combine imaging (especially magnetic resonance imaging, MRI), hyperthermal and targeting 

drug delivery properties. Superparamagnetism is the key property related to small magnetic 
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particles (< 25 nm): they can be considered like small magnets that in absence of an external 

magnetic field show an average magnetization of zero as a result of random thermal flipping. 

When a magnetic field is applied, all NPs orientate and exhibit larger magnetic susceptibility 

and saturation compared to other paramagnetic materials.78 Ideally, such NPs could be guided 

to the desired site by a high gradient magnetic field, but one of the main limitations of the 

guided targeting is that the gradient strength decreases going deep inside the body.79 

Superparamagnetic iron oxide NPs (SPIONs) are used as contrast agents for MRI. They act 

shortening the relaxation times of the surrounding water and decreasing the signal intensity to 

enhance the signal difference between the contrast agent and the surrounding water protons. 

The size,80 the colloidal status81 and the coating density82 play an important role in determining 

relaxivity values (1/T) so a careful optimization of the design is always needed. 

Another advantage of superparamagnetic NPs is the ability to accumulate energy by 

application of an external alternating magnetic field and release it as heat in consequence of 

the relaxation of rotating magnetic moments: magnetic hyperthermia is a therapy for controlled 

cancer cell death. Recently Kim and coworkers83 coated Fe3O4 NPs with a pegylated polymer 

and they encapsulated doxorubicin. They combined the chemotherapeutic action of the drug 

to the hyperthermia effect on cells and on modulation of drug release. 

1.5 Protein corona defines the NP biological identity  

The large surface-to-volume ratios that characterize NPs are translated in massive surface free 

energy. The interaction of NPs with the surrounding biological matter (proteins, lipids, natural 

organic matter) decreases this potential. Result of these interactions is the formation of a 

“protein corona” (PC) around the NP surface providing the NP with a novel identity.84,85 The 

factors influencing the PC formation are related to the NP physical-chemical properties (size, 

shape, surface charge and coating) and environmental factors such as media composition, 

temperature and time of exposure.86   

PC constitutes a complex bio-nano interface that is responsible for NPs biological identity.87,88 

Its characterization is essential to understand the interaction of the NP with the biological 

matter, as what the cell “sees” is not the pristine NP but the PC interface.89 Thus, the biological 

identity of the NP determines the biological response and NP cellular fate giving positive or 

negative outcomes, e.g. on colloidal stability and cell uptake.90,91 In Fig. 1.5 PC NPs are 

illustrated in a schematic drawing where their dynamic interactions with the surrounding free 

proteins and the receptors in the cell membrane are highlighted. The PC is composed of a 
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“hard corona” (HC) and a “soft corona” (SC) according to the strength of the proteins binding 

to the NP surface. The formation of the PC strongly affects the NP interaction with cell 

membranes. The comprehensive understanding of PC evolution and its features should lead to 

the development of more efficient and safer nanomaterials prior their application in vivo.92 

 

Figure 1.5 Schematic drawing of the PC NPs interacting with the cell membrane. The red and the blue circles 

around the NP delimit the hard corona and soft corona protein layers, respectively. The blue arrows indicate the 

dynamic nature of the PC where the adsorbed proteins exchange with the free ones. On the right, the PC does not 

hinder the targeting group (green receptor), PC hampers the binding to the receptor (red receptor).93 

1.5.1 Protein corona formation 

The formation of the PC is a thermodynamically driven process. The process has been studied 

extensively, but it is still debated and several models have been elaborated based on 

experimental evidences (Fig. 1.5).  

The first proposed model describes the formation of the PC as driven by proteins adsorption 

and desorption from NP surface with variable rates that depend on the protein binding affinities 

and relative concentrations.94 The coating occurs immediately when NPs enter in the biological 

medium. According to the model, at first, most abundant proteins bind to the NP surface. Over 

time, proteins that have higher affinities to the NP surface displace these proteins. This 

evolution phenomenon is known as “Vroman effect” and it was first observed on flat 
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surfaces.95 The apparent binding constant (Kd) under equilibrium conditions determine which 

protein binds stronger the NP surface.96 HC and SC are defined according to the binding 

strength of the proteins. HC is made of proteins that are strongly bound to the surface and 

exchange very slowly with the surrounding, for that it is quite stable over time and it is able to 

preserve a “protein fingerprint” of the environment in which the NPs transited. HC generally 

is shown to be composed of few tens of proteins that are not often among the most abundant 

in plasma (Fig. 1.6). On the contrary, SC is formed by one or more layers of proteins weakly 

bounded to NP surface or to HC proteins. For that, their exchange with the neighbouring 

proteins is fast. This model, although supported by experimental evidence, is not always able 

to explain some observed behaviours. For example, Jansch et al.97 did not observe the Vroman 

effect when they incubated ultrasmall SPIONs (USPION) in plasma proteins and the same was 

found for nanoemulsions.98 

 

Figure 1.6 Model of PC NP based on the Vroman effect. The PC is made of several proteins layers characterized 

by their own dissociation constants (Kd). The inner layer is the hard corona (HC), the outer layers is the soft corona 

(SC). 

 Docter, Stauber and coworkers99,100 developed a new model for protein corona evolution. 

Their new model is supported by recent studies in which are described PCs enriched with 

hundreds of proteins which evolve over time in quantity rather than quality101as it was assessed 

in Jansch’s work. Furthermore, they found new kinetic trends for some proteins that do not 

follow Vroman effect and have “cup-shape” abundance trends with maximum or minimum 

adsorption at intermediate times.101 In their model, the PC is formed within 30 seconds from 

the exposure to complex biological environment and it is made up of multi-layers of proteins. 

The inner layer is stable while the outer layers are more dynamic and exchange with the 

surrounding with kinetics both Vroman effect dependent and not. The proteins on the outer 
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layers could both weakly interact with the NP surface or establish weak protein-protein 

interactions with the HC proteins (Fig 1.5). Simberg and co-workers102 introduced the concepts 

of “primary” and “secondary binders” to describe the interactions between a first layer of 

proteins strongly attached to the NP surface (primary binders) and an outer layer of proteins 

(secondary binders). In the model, secondary binders are relevant because they can change 

NPs coating properties and mask primary binders and NPs functionalities.  

1.5.2 Intrinsic and extrinsic parameters affecting biomolecular PC 

Coating, size and curvature of NPs can affect PC composition, but univocal correlation among 

all these factors has not been established yet. Sabuncu et al.103 showed that Au NPs of different 

size in complete media formed stable proteins-NP complexes of comparable size, while in 

absence of proteins NPs aggregated. In another study, the analysis of PC compositions of silica 

NPs of different size revealed that the biomolecular corona was similar for all the NPs, while 

the relative amount of proteins varied.104 Smaller NPs adsorbed more proteins (larger total 

surface area) and proteins with Mw below 50 kDa constituted of about 60-80% of the total PC, 

this was true especially for smaller NPs probably due to the more suitable curvature radius. 

On the contrary, PCs associated to larger NPs were more enriched with larger proteins (>100 

kDa).  Furthermore, a little influence of the surface charge on the adsorption of proteins with 

different isoelectric point was observed.101 This observation correlates with the z-potential of 

PC NPs that generally slightly varies between -10 and -20 mV despite the charge of the pristine 

NPs. There are other interactions beyond the electrostatic ones that have been reported playing 

a role in PC composition (e.g. hydrogen bonding, London dispersion, 

hydrophobicity/hydrophilicity). Also charge can be distributed not homogeneously on both 

NP and protein surfaces promoting preferential interactions within specific domains.105 NP 

shape, as the curvature, has a role in protein adsorption as it was shown by Mirsadeghi et al.106 

for sphere-like and rod-like gold NPs. Different PC patterns for the different NPs were 

described and the formation of the PC resulted in decrease of inhibit action on fibrillation of 

some proteins. 

Surface coating of NPs can be modified to achieve a “stealth effect” reducing protein 

adsorption to limit interactions with macrophages and prolonging NPs circulation in blood. 

Polyethylene glycol is the most used anti-fouling coating agent and it has been shown that 

PEG grafting density and chain length modulate NP half-life in blood and interactions with 

target cells.59,60,63,67,68 
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There are factors that are independent of the NP and can affect corona formation and 

composition. Media composition is one of them. Colapicchioni and co-workers107 analysed 

PCs originated from blood of both healthy and cancer donors. While the size of the PC 

complexes were very similar, quantitative and qualitative variations were found. Quantitative 

differences in the PCs were reported for donors within the same groups (healthy, breast, 

pancreatic, gastric cancers) and PCs from pancreatic cancer donors showed a much higher 

total protein content particularly enriched of immunoglobulins that reflects the pathology. This 

result is important in light of development of personalized medical treatments. A dynamic 

environment causes changes in the corona and in NPs colloidal status: for example, cells in 

culture secrete proteins and those proteins are able to alter PC composition and induce NPs 

aggregation. The situation is even more complicated because different cells secrete different 

proteins.108  

As already mentioned, the PC formation is a dynamic process, thus time of exposure is 

a factor to carefully control during the experiments for obtaining comparable results. It has 

been shown many times that according to the exposure duration, HC composition does not 

change in quality but mainly in quantity. An extensive study performed by Tenzer and co-

workers101 revealed that a complex PC forms within half a minute upon exposure to media and 

major modifications happen at early times, while a PC fingerprint persists all along. 

Temperature influence on PC often is ignored, but it has been shown that temperature 

variations especially above 37°C can affect corona composition, structure and cells 

interaction.109,110 In two recent studies, a PC formed in static conditions was compared to a PC 

formed in a dynamic environment keeping all the other parameters unvaried. Pozzi and co-

workers111 used a peristaltic pump to mimic abdominal aortic flow rate. Their findings 

highlighted differences between static and dynamic incubation of cationic liposomes with 

foetal bovine serum (FBS). The differences were in size evolution of the PC complexes and in 

composition. In particular, the dynamic incubation enriched corona with apolipoproteins 

instead of complement proteins with significant impact on targeting rather than interactions 

with macrophages. Another study examined differences in PC complexes structure and 

composition between bare, pegylated and targeted liposome after in vitro incubation with 

blood and in vivo circulation injecting NPs in mice. Overall, both in vitro and in vivo bare 

liposomes adsorbed the biggest amount of proteins. There were proteins common to all the 

PCs, but PCs of pegylated and targeted liposomes were enriched with unique proteins, 

especially for in vivo samples. Interestingly only in vitro PC-NPs complexes were 

characterized by peculiar fibrillary structures probably ascribed to the fibrinogen in the PC, 
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which has the ability to change conformation and form fibrils upon binding the NP surface.112 

Those two studies taken together say that in vitro studies on PC complexes can be a 

simplification of the actual in vivo situation and careful conclusions should be drawn. 

It is evident the need of methodologies that consent the study of in vivo relevant PCs. 

However, the factors listed above can represent limitations in the choice of the protocol. There 

are many approaches that can be used,93 but an optimum protocol should guarantee full 

recovery of complexes resembling in vivo PC NPs by minimum sample manipulation due to 

the PC dynamic nature. NPs’ size and density and the fluids composition can limit the 

efficiency of some methodologies. For example, standard centrifugation is used routinely to 

obtain PC NPs, but partial sample recovery of NPs with density close to 1 mg/ml, and induced 

aggregation in presence of fluids particularly complex limit the efficiency of the process. 

Sucrose-gradient-based techniques and chromatography would guarantee to overcome these 

problems. The optimum approach should allow the separation of the multiple in vivo 

complexes in equilibrium among them, if they are present, but many techniques do not have 

the necessary resolution (e.g. centrifugation). Moreover, if needed for further applications, we 

should be able to recover high-volume samples of PC NPs and chromatography and 

centrifugation would not allow that in a short time. 

1.5.3 Biomolecular-corona composition 

Corona composition was examined in many studies through different techniques. Walkey and 

Chan113 in a review, summarized the results of 26 works on the PC composition of 63 

nanomaterials. They identified an “adsorbome” of 125 proteins that appear in the corona of at 

least one NP. They pointed out that all nanomaterials bind 2-6 proteins at higher amount, but 

they are not the same for all ENMs. In an interesting study,87 it was shown that fibrinogen, 

whose concentration in 55% plasma is 10-27 μmol/L, was displaced from 200 nm silica NPs 

corona and histidine-rich glycoprotein became more abundant despite its low concentration 

(1-3 μmol/L). Hydrophobic sulfonated polystyrene NPs of the same size aggregated and it 

made difficult to determine corona composition, however it was composed mainly by albumin, 

fibrinogen and immunoglobulin that have affinity for hydrophobic regions and fibrinogen can 

enhance NPs clustering.  In another study Jansch et al.97 tested the effect of plasma 

concentration and incubation time on the formation of the PC for USPIONs: at low plasma 

concentration immunoglobulin chains and apolipoprotein A-1 were the most abundant; 

increasing the plasma concentration apolipoprotein A-1 abundance decreased and the PC 

enriched in fibrinogens. Albumin presence was not relevant although it is the most abundant 
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protein in plasma. This trend for albumin was confirmed by Clemments et al.104 for silica NPs 

of various size and density in 10% FBS. It represented less than 4% of the complete PC. 

Serotransferrin, that is also very abundant in FBS, was completely absent in the PC. In 

Sakulkhu work105 the investigation of HC and SC of USPION with positive, negative and 

neutral coatings did not give any correlation among all factors. PVA-coated USPION carried 

more proteins compared to dextran-coated, while most of proteins showed lower affinity for 

neutral coatings. A set of only four proteins was common to all HCs. Hydrophobicity and 

hydrophilicity of the NP plays a role in the PC composition.  

So far, PCs derived from blood and serum proteins has been investigated. Just recently, the 

need to explore PC from other biological media has been stated.99,114,115 That is mainly because 

the wide use of nanotechnology raised toxicological issues due to accumulation of NPs in the 

environment and inside the body through other pathways than intravenous. For example, if 

NPs are used in food and are ingested, the corona will depend on the food and evolve during 

digestive process. Gastrointestinal (GI) fluids are characterized by extreme conditions of pH, 

salts concentration and they are enriched of proteolytic enzymes. Those factors can affect NPs 

colloidal stability and toxicity.116,117  

1.5.4 Impact of PC on NP properties and biological response 

PC formation affects NP physical-chemical properties. For example, SPR bands of Au NPs 

experience a red-shift compatible with the change of the dielectric environment surrounding 

the NP surface.106 Also magnetic properties of SPIONs are affected by the PC formation.118 

The immediate formation of the corona in some cases is exploited to stabilize charged NPs in 

high ionic strength conditions as in physiological and cell culture media.119,120 In fact, the PC 

is able to provide steric stabilization. 

Moreover, it has been reported that PC formation on silica and polystyrene NPs (PS) made 

them less cytotoxic and inhibits haemolytic effect on red blood cells.101 Zinc oxide NPs121 are 

widely employed in food industry and graphene oxide NPs122 are emerging as interesting nano-

objects. For both these kinds of NPs, toxicity is an issue although a pre-formed PC was shown 

to decrease their cytotoxicity. In the case of graphene nanosheets, the reduced cytotoxicity was 

related to a weaker interaction of the NPs with the cell membrane in the presence of the PC. 

In detail, PC reduced NPs uptake, in particular preventing penetration of the NPs in the cellular 

membrane, which caused lipids extraction and thus membrane defects. In other cases, although 
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PC is able to improve both colloidal stability and cytotoxicity, it has also been shown that its 

enzymatic degradation in lysosome might still induce cytotoxicity at different levels.123  

The impact of PC on targeting efficiency and internalization processes can be either positive 

or negative. Serum albumin, for example, is adsorbed on nanoporous-polymer NPs with a 

change of conformation, this change enhanced uptake in macrophages but not in monocytes.124 

For polysorbate-stabilized solid lipid NPs, a selective adsorption of Apolipoprotein E from 

plasma has been found to facilitate the delivery of the drug to the brain improving the crossing 

of the blood brain barrier.125 On the contrary, in many studies it has been highlighted that the 

adsorption of IgG, fibrinogen and complements (opsonins) on the NP surface promotes 

macrophage uptake and NPs removal from blood stream.113 Apolipoproteins that are abundant 

in all coronas are involved in lipid and cholesterol transport in the membrane and consequently 

in internalization process in endothelial cells that implicates membrane proteins and lipid 

reorganization.104 The binding of proteins to the NP surface can induce conformational 

changes in the protein as it has been already pointed out and these structural alterations can be 

either reversible126 or irreversible, as it was reported for transferrin upon interaction with 

SPIONs.127 The conformational changes can lead to the exposure of epitopes that can cause 

adverse effects.128 For example, when fibrinogen binds poly (acrylic acid)-conjugated gold 

NPs is unfolded and interaction with the integrin receptor is promoted causing release of 

cytokines.  

In silico approaches can help in elucidating NP-protein and NP-cell interactions for better 

predicting NPs behaviour in the biological environment in relation to their biological function. 

In this regard, Dell’Orco and co-workers129 developed a model to predict how the PC 

composition affects cell targeting and uptake. They used experimentally derived kinetic rate 

constants, protein concentrations and geometrical factors to build a computational model. 

They concluded that it is possible to predict HC and SC compositions in good agreement with 

the experimental data. Experimentally derived stoichiometric and kinetic parameters, relative 

to specific NP-receptor interactions, are the starting set for building mathematical models and 

reproducing the experimental situation with good accuracy. However, in such a model no-

cooperative effects among the proteins are introduced.  Recently, quantitative structure–

activity-relationship models (QSARs) have been applied to correlate NP-cell interactions to 

NP physical-chemical properties when NPs are coated by PC.130 A dataset of 84 Au NPs 

described by 19 physical chemical features (hydrodynamic diameter, volume, Zp, NP surface 

area, etc.) was built and those NPs were characterized by coronas made of 129 proteins. The 



Chapter 1 

 

19 
 

correlation of all the factors listed above allowed identifying as main determinants for NPs-

cell interactions some proteins such as apolipoproteins and some physical-chemical properties 

such as Zp. The best prediction accuracy got was of R2 =0.895. 

1.6 Project objective  

Gold and Fe3O4 NPs have been largely studied in the past decades because of their 

biocompatibility and their peculiar physical-chemical properties that can be tuned by changing 

size, shape and coating.74,75,78,131 They are ideal candidates to be used as theranostic nano-

objects. Indeed, core properties at the nanoscale, such as optical properties for gold and 

magnetic qualities for magnetite, can be used as imaging tools and for thermal ablation 

therapy. The surface coating is modifiable through an organic shell, which enables targeting 

and imaging. The design of an ideal multifunctional nanocarrier relies on the understanding of 

its basic interactions with the biological matter in an environment resembling as much as 

possible in vivo conditions.  

Keeping this in mind, the objective of this thesis was to investigate the interactions of model 

NPs, designed for biomedical applications, with biological membranes in the presence of a PC 

derived from various biologically relevant media.  

This project was structured in four stages. 

1- Two typologies of NPs were developed and fully characterized using various 

techniques. These techniques are described in Chapter 2. Au and Fe3O4 NPs were 

characterized following their synthesis in organic solvent, their transfer in water environment 

by amphiphilic polymer coating and the surface modifications by PEG and fluorescent 

molecules. This part is reported in Chapter 3.  

2- The characterized NPs were studied in the presence of blood proteins. The formed 

PC complexes were isolated by sucrose-gradient ultracentrifugation (UC) and cycles of 

centrifugation/washing. The versatility and higher resolution of the methodology, compared 

to standard approach, were assessed applying it to several NPs (i.e. carboxylated and pegylated 

polymeric and core-shell Fe3O4 NPs). The physical-chemical characterization of the PC NPs 

and the influence of the approach used to isolate them on their biological response are 

illustrated in Chapter 4.  

3- The interactions between NPs and cell membrane models were investigated. Quartz 

Crystal Microbalance with dissipation monitoring and Neutron Reflectometry were chosen to 

study supported lipid bilayers as model system of cell membranes. The effects of NP size, 
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surface charge and coating, as well PC formation on the interactions with the lipid bilayer were 

explored and outcomes are reported in Chapter 5. 

4- The PC of Fe3O4 NPs derived from gastrointestinal fluids were studied. Sucrose-

gradient ultracentrifugation was applied to recover PC complexes after gastric and duodenal 

in vitro digestion of NPs in the presence of food. An in vitro model of the small intestinal 

mucosa (Caco-2 cells monolayer) was used to investigate the biological response of the 

distinct PC complexes. Physical-chemical characterization of the complexes and their effect 

on Caco-2 cells are reported in Chapter 6.  
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Chapter 2. Materials and Methods 

2.1 Introduction  

Bioengineered nanoparticles (NPs) for nanomedicine are an interesting tool as are 

generally multifunctional objects able to carry out multiple tasks.1 The need comes from the 

difficulty in treating certain diseases, like cancer, for which at the moment the current therapies 

are only effective in a narrow window of patients and at early stages of the illness. As 

extensively discussed in the previous chapter, NPs represent a versatile tool whose 

characteristics can be adapted to the need, tuning material, size, shape, charge and surface 

groups. In this scenario, core-shell NPs attract particular attention due to the possibility of 

exploiting both core and shell properties: for example, the inorganic core for imaging and 

diagnostic purposes and the outer shell for active targeting and drug transport.2-6 For this 

reason, beyond the use of conventional NPs such as polystyrene and silica NPs, core-shell NPs 

based on magnetite (Fe3O4) and gold (Au) cores were also used in this project. 

 In this chapter, the procedures of synthesis and functionalization of core-shell Fe3O4 

and Au NPs are described. Moreover, a theoretical background for all the techniques used 

during the project is provided. Given the multidisciplinary nature of this project, several 

techniques have been used for investigating NP physical-chemical characterization, their 

behaviour in the presence of biological fluids as well as with cell membrane models and cells.   

Fe3O4 and Au cores were synthetized in organic solvent and coated with an amphiphilic 

polymer to achieve water transfer. Pegylation of the NP surface at various extents and drug 

loading were accomplished also. Other commercially available NPs were employed during the 

experiments to have a wider panel of materials and surface chemistries, namely polymeric 

polystyrene beads (PS) and silica NPs (SiO2). Several techniques were used to characterize the 

colloidal properties of these NPs such as Transmission Electron Microscopy (TEM), Dynamic 

Light Scattering (DLS), Nanoparticle Tracking Analysis (NTA), agarose gel electrophoresis, 

Ultraviolet-visible spectroscopy (UV-vis), Inductively Coupled Plasma Atomic Emission 

spectroscopy (ICP-AES), Fourier Transform Infrared- Attenuated Total Reflectance (FTIR-

ATR).  
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Size exclusion chromatography (SEC) and ultracentrifugation through sucrose gradient 

(UC) were used to purify NPs from the excess of polymer. The latter methodology was also 

applied to NPs when dispersed in complex biological environments to isolate protein-corona 

NPs. The PCs were further characterized by SDS-PAGE electrophoresis and liquid 

chromatography- mass spectrometry (LC-MS). 

The interactions between NPs and cell membrane models were investigated through 

Quartz Crystal Microbalance (QCM-D) and Neutron Reflectometry (NR). Fluorescence 

microscopy was used in the presence of fluorescently labelled particles. 

The last part of the project aimed to relate previous findings on cell model systems to NP-cell 

interactions in vitro. Several cell lines were used and NP uptake was assessed using 

fluorescence confocal microscopy. 

2.2 Nanoparticles synthesis and functionalization 

2.2.1 Polystyrene and Silica Nanoparticles 

Polymeric carboxylated polystyrene beads (PS, Invitrogen) were labelled with a yellow- green 

dye (unless specified). Silica NPs (SiO2) were purchased from Kisker. A summary of all the 

commercially available NPs used during the project is presented in Table 2.1. They were 

chosen because of their stability, biocompatibility, low density and the extensive 

characterization in the literature.7,8 

Table 2.1 List of the commercially available NPs employed in the study (nominal size and surface groups are 

reported). 

 d [nm]* Surface groups 

PS-COOH20 20 -COOH 

PS-COOH100 100 -COOH 

PS-COOH100NF** 100 -COOH 

SiO2 50 -OH 

*provided by the manufacturer. **NF not fluorescently labelled 

2.2.2 Magnetite Nanoparticles (Fe3O4) 

Commonly magnetite NPs (Fe3O4) are prepared via co-precipitation of iron salts in alkaline 

water solutions in the presence of stabilizing agents and surfactants, but this method not always 

leads to crystalline and monodispersed NPs.9,10 The synthetic protocol chosen for this work 
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was developed by Sun and coworkers11 and it is based on thermal decomposition of an organic 

Fe salt that provides a better control on the size and size distribution producing small 

monodispersed nanocrystals. 

Iron (III) acetylacetonate (2 mmol, Sigma Aldrich, 97%), 1, 2-tetradecanediol (10 mmol, 

Sigma Aldrich, 90%), oleic acid (6 mmol, Sigma Aldrich, 90%), oleylamine (6 mmol, Sigma 

Aldrich, 70%) dibenzyl ether (20 ml, Sigma Aldrich, 99%) were mixed and stirred 

magnetically under nitrogen flow. The mixture was heated gradually to 100°C in 45 min and 

kept at 100°C for other 45 min. Again, the temperature was raised to 200 °C in 40 min and 

kept constant for two hours. After that, the mixture was kept one hour at 300°C and then cooled 

to room temperature and left stirring overnight. It was transferred using a small amount of 

toluene in falcon tubes and centrifuged for 5 min to 360 rcf to eliminate insoluble aggregates. 

An excess of ethanol was added to the recovered solution and the black precipitate was 

separated via centrifugation (765 rcf, 30 min). The latter was dissolved in the minimum 

amount of toluene (Fluka) and filtered with a 0.22μm pores syringe filter. 

2.2.3 Gold Nanoparticles (Au NPs) 

The first scientific report describing a solution of colloidal gold (Au) solution was published 

in 1857 by Michael Faraday.12 He used a two-phase method reducing an aqueous gold salt 

solution with phosphorus in carbon disulfide and obtained a ruby coloured water solution of 

dispersed gold particles. In 1994 Brust et al.13 presented a two-phase method in which the 

growing nuclei were stabilized by thiols and the gold chloride was transferred in toluene using 

tetraoctylammonium bromide, a phase-transfer reagent. Tetraoctylammonium bromide was 

the phase-transfer agent used to move gold chloride from water to toluene and then reduced 

with aqueous sodium borohydride in the presence of dodecanethiol. In this work, 

dodecanethiol coated gold NPs were synthesised according to the Brust protocol with some 

changes.14 The organic phase of tetraoctylammonium bromide in toluene (66 ml, 50 mM, 

Sigma Aldrich, 90%) was mixed with the aqueous phase of hydrogen tetrachloroaurate (III) in 

MQW (20.8 ml, 30 mM, Alfa Aesar, 99.9%) until the gold precursors were transferred into 

the organic phase forming the tetraoctylammonium-gold pairs. The nucleation of gold clusters 

in toluene was mediated by the reducing agent, sodium borohydride, dissolved in MilliQ water 

(20.8 ml, 0.4 M, Sigma Aldrich, 98%) with vigorous stirring. The excess of sodium 

borohydride was eliminated after one hour of further stirring by shaking with hydrochloric 

acid (20.8 ml, 0.01 M). Once the aqueous phase was removed, the organic one was washed 
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with sodium hydroxide (20.8 ml, 0.01 M), three times with sodium chloride (20.8 ml, 0.01 M), 

twice with MQW. Then, the organic phase was left until stirring for one day. The bromide ions 

were displaced by the addition of the solution of I-dodecanethiol (8.3 ml, Sigma Aldrich, 98%) 

and the mixture was then incubated at 65°C for two hours. After cooling the solution to room 

temperature, larger agglomerates were removed by centrifugation at 225 rcf for ten minutes. 

Methanol was added to the supernatant until the dispersion became cloudy and a precipitate 

was recovered by centrifuging for ten minutes at 725 rcf. The precipitate was dissolved in 

toluene and cold methanol was used again to precipitate NPs. After they were dissolved in 1.7 

ml of toluene, a size-selective precipitation was carried out by adding 17 μl of cold methanol 

in order to improve sample polydispersity, followed by centrifugation (225 rcf, 15 minutes) to 

separate bigger particles and aggregates. The dodecanthiol-coated gold NPs were filtered with 

a 0.22 μm pores syringe filter. 

2.2.4 Core-shell NPs coated by poly (maleic anhydride-alt-1-octadecene)  

NPs in organic solvent were transferred into an aqueous solution to be suitable for biological 

applications. The transfer was achieved obtaining differently surface functionalized NPs. The 

most common mechanisms used for this procedure are the ligand exchange and the 

intercalation of amphiphilic polymers. While the choice of the right ligand to be exchanged 

depends on the nature of the inorganic core,15 the second strategy is generally suitable to 

different NPs. The amphiphilic polymer intercalates with the bound stabilizer on the NP’s 

surface through hydrophobic interactions and simultaneously exposes hydrophilic groups at 

the interface with the water molecules bringing the NPs in the solution. 

For this reason, the intercalation method was chosen (Fig. 2.1) and poly (maleic anhydride-

alt-1-octadecene) (PMAO, average Mn 30,000-50,000, Sigma Aldrich) was selected as 

intercalating agent on the base of previous studies where it showed to be a good coating 

agent.16 PMAO is cheap and the octadecene chains can intercalate with the oleic and dodecane 

chains stabilizing the NP surface forming a stable coating,17 the anhydride ring can be further 

cross-linked18 and easily functionalized with any molecule terminated with an amine group 

through carbodiimide chemistry.14 

In particular, 100 µl of core NPs in toluene (1015 NP/ml) were precipitated with ethanol and 

pelleted by centrifugation (765 rcf, 20 min). The precipitate was dried and re-solubilised in the 

minimum amount of chloroform. An excess of polymer (0.02 mmol monomer units) was 

dissolved stirring for 1 hour in chloroform (10ml). The solutions were mixed and the 
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chloroform slowly removed through evaporation under pressure control and gentle stream of 

nitrogen for 1 hour. An alkaline solution of water and tetramethyl ammonium hydroxide 

pentahydrate (TMAH, 0.13 mmol, Sigma Aldrich) or sodium hydroxide (0.1M, Sigma 

Aldrich) was used to solubilise the dried film sonicating for 15 min and leaving it to stir 

overnight. The solution was then filtered by 0.22μm pores syringe filters and concentrated by 

centrifugation with Amicon filter units with 50kDa cut-off  (Millipore) at 405 rcf.14 

 

Figure 2.1 Schematic representation of the NP transfer in aqueous solutions. NPs in chloroform were mixed with 

an excess of PMAO in organic solvent (in the box the monomer structure) and slowly evaporated under controlled 

pressure. The dry film was dissolved in a basic aqueous solution. 

2.2.5 PEG-functionalization   

Biocompatibility of core-shell NPs through pegylation is nowadays a common practice: 

polyethylene glycol (PEG) coatings make NPs colloidal stable over a wide range of pH and 

salt concentrations, reduce unspecific binding of biological medium molecules, decreasing 

cytotoxicity and extending circulation time of NPs in the blood stream.19-22 

Two strategies of pegylation were followed: partial pegylation of the NP surface was achieved 

using as ring-opening agent, Jeffamine M-1000 polyetheramine15 that is a low molecular 

weight amino-PEG derivative. The terminal amino group acts as a nucleophile to open 

spontaneously the maleic anhydride rings on PMAO following the procedure described in 

paragraph 2.2.4 (0.25 mmol, Jeffamine M-1000 in MQW).  

The second approach was a post-modification of the carboxylic groups exploiting N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide (EDAC, Sigma Aldrich) chemistry in the way 

1) PMAO, CHCl3, r.t. 

2) TMAH, H2O,, r.t. 

PMAO 
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to get a higher degree of pegylation (almost 100% of the COOH groups based on Zp 

measurements). Normally, about 1012 NPs/ml were incubated overnight in PBS with 0.24 M 

EDAC and 6 mM Jeffamine. The excess of reagents was eliminated by 3-5 washings with 

centrifugal filters (Amicon 100kDa MWCO). 

2.2.6 Fluorescent dye labelling 

NPs were fluorescently labelled by functionalizing the polymer coating with a fluorescent dye. 

An amine-dye was used in low percentage to avoid macroscopic effects on the NPs coating 

density. The labelling was achieved with two strategies: in the first approach, the polymer was 

pre-labelled in organic solvent, while in the second the labelling was directly done on the NP 

surface in the aqueous solution.  

Fluorescein-amine (FA, Sigma Aldrich) and BODIPY® FLEDA (Life Technologies) were 

used in the two methods, respectively. Both the approaches were performed to obtain 

theoretically a maximum of 2% of the total maleic anhydride rings labelled.  

In the first strategy, a PMAO stock solution in Tetrahydrofuran (THF, 0.57 M in monomer 

units) was stirred for 30 min until complete dissolution. A stock solution of FA was prepared 

in THF and 10-fold diluted (1.15 mM). 50 μl of PMAO and 500 μl of FA were mixed and 

stirred overnight at room temperature. THF was evaporated under reduced pressure and the 

polymer film dissolved in chloroform ready to be incubated with the NPs.  

In the second approach, core-shell NPs were first synthesized, coated by polymer and purified 

as described in the previous paragraphs and further fluorescently labelled. EDAC chemistry 

was used and in particular, a BODIPY dye was linked to the NP carboxylic groups forming 

amide bonds. Estimation of the dye amount needed was based on theoretical calculations to 

obtain 2% of the COOH groups labelled. The calculations were done considering the total 

volume of the polymer shell and the hydrodynamic volume occupied by a monomer unit 

carrying two carboxylic moieties. The shell volume was obtained considering the NP core 

diameter and assuming that the polymer coating increases the core diameter about 2 nm. These 

parameters were obtained by TEM images, while the volume occupied by a monomer unit was 

calculated by CHIMERA free software. 
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2.2.7 Drug loading 

The hydrophobic nature of the shell surrounding the organic core of the NPs can be 

exploited to encapsulate small hydrophobic drugs, whose application in medicine is limited by 

their poor solubility in water, non-specific accumulation in the tumour site and toxicity for 

healthy tissues.3,4,23 In this work, Leflunomide (Sigma) was choosen as small molecule to 

embed in the NP shell. It was shown to be an anti-rheumatic drug potentially good for 

melanoma treatment.24 Two approaches were used to accomplish drug loading. In the first one, 

Leflunomide was prepared in chloroform (100 µl, 1.5 mg/ml) and added to the NPs (250 µl, 

1015 NPs/ml) and the polymer in organic solvent. The mixture was left stirring for four hours 

and then the solvent evaporated as described in the previous paragraphs.  

In the second route, the chloroform solution of drug (100 µl, 1.5 mg/ml) was added together 

at the water solution used to dissolve the dry film of NPs. After 15 minutes of sonication, the 

dispersion was left stirring overnight to evaporate the small amount of organic solvent. 

Purification was carried out dialysing against PBS for three days (membrane MWCO 100kDa) 

and performing size exclusion chromatography. In parallel, a control sample was prepared.  

2.3 Characterization 

Physical-chemical characterization of NPs is very important to understand and predict their 

behaviour in vivo. In fact, materials at the nanoscale act very differently from the 

corresponding bulk materials. NPs have intrinsically a huge chemical potential and 

environmental conditions can dramatically affect their physical and chemical state, and 

consequently bioavailability and uptake.25 Generally, physical-chemical characterization 

implies the use of more than one technique to get a full picture of the nanosystem.26  

2.3.1 Scattering techniques 

Scattering techniques, being based on the interaction between incident radiations and particles, 

are very powerful to obtain quantitative information about size, shape and organization of 

colloids. In particular, in this study the nano-scale of the systems allowed performing a 

structural characterization by the use of visible light and neutrons.   

2.3.1.1 Dynamic Light Scattering (DLS) 

Dynamic Light Scattering (DLS), or Photon Correlation Spectroscopy, is one of the most used 

techniques to measure the size and the size distribution of particles in a suspension.27,28 
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According to the Rayleigh scattering theory, if particles are smaller than the incident light 

wavelength, they scatter the light in all directions due to their translational and rotational 

degrees of freedom. When a monochromatic and coherent light passes through a particle 

suspension, fluctuations of the scattering intensity are observed and they are time-dependent. 

In fact, particles are in Brownian motions and the distance between them changes continually. 

Constructive and destructive interferences occur, so scattering fluctuations over time carry 

information about the dynamics of the particles.29  

In DLS, intensity fluctuations over time are recorded and correlated: it means that the scattered 

light at a time t is compared to itself at a time t +τ, where τ is the correlation delay time. This 

procedure, repeated for a certain period, generates the autocorrelation function and its decay 

is related to the rate of diffusion of the particles in solution.  

For a monodispersed system of perfectly spherical particles in Brownian motions, the field 

time-dependence autocorrelation function, g2, decays exponentially with τ and can be 

represented as   a single exponential equation: 

𝑔2(𝜏) = 𝐴𝑒
−

𝑡

𝜏𝑐 + 𝐵                                                                                                             (2.1) 

where A is the amplitude, B the baseline and τc (s) is the relaxation time.  

For particles in Brownian motions, the relaxation time depends on q2 according to: 

τc = ½ Dq2                                                                                                                    (2.2) 

With D the diffusion coefficient and q the modulus of the wave-vector transfer Q: 

q = │kf - ki│= 
4𝜋𝑛

𝜆
𝑠𝑖𝑛(

𝜃

2
)                                                                                          (2.3) 

Where θ is the angle between the incident and scattered wave-vectors ki and kf, respectively, 

n is the refractive index of the medium and λ is the wavelength of the incident light. Assuming 

that the particles are spheres and do not interact with each other, it is possible to apply the 

Stokes-Einstein equation and hydrodynamic radius Rh is associated to the diffusion coefficient 

D: 

D = kB T / 6πη Rh                                                                                                       (2.4) 

where η is the solvent viscosity, kB is the Boltzmann constant (1.38x10-23 J/K), T the absolute 

temperature (K). 
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Often real colloidal systems are polydispersed and they can be represented by a distribution of 

particles that scatter in different ways and relax with different times. For a continue 

distribution, the first order correlation function can be expressed as follows: 

𝑔1(𝜏) = ∫ 𝐺(Γ) exp(−Γ𝜏) 𝑑Γ
∞

0
                                                                                           (2.5) 

Where Γ is the decay constant (Dq2) for a size and G(Γ) is the relative intensity scattered by 

the population with decay constant Γ and will depend on the size and the volume fraction of 

the particles population.30 Among the various mathematical approaches to analyse the 

autocorrelation function to extrapolate size information, two are particularly used. The 

Cumulant method is applied for monomodal samples.  It assumes the expansion of the term 

exp(–Γτ) in eq. 2.5 considering a mean value for Γ: 

exp( −Γ𝜏) = exp (−Γ̅τ)exp (−[Γ − Γ̅]τ) = exp (− Γ̅𝜏)[1 − (Γ − Γ̅)𝜏 + (Γ − Γ)̅̅̅2 𝜏2

2!
+ ⋯ ]                                                                                                                                                                      

                                                                                                                                             (2.6) 

The contribution of terms with order higher than three are usually negligible. The second order 

eq. 2.6 can be substituted in 2.5 and assuming by definition the mean (Γ̅) and the variance (µ2) 

expressed as follow: 

Γ̅ = ∫ 𝐺(Γ)Γ𝑑Γ
∞

0
       

𝜇2 = ∫ 𝐺(Γ)(Γ − Γ̅)2𝑑Γ
∞

0

 

Eq 2.7 is obtained: 

𝑔1(𝜏) = 𝑒−(Γ̅𝑡) [1 +
𝜇2𝜏2

2
]                                                                                                    (2.7) 

If 𝜇2𝜏2 ≪ 1, eq. 2.7 becomes: 

𝑔1(𝜏) = 𝑒−Γ̅𝑡+
𝜇2𝜏2

2                                                                                                                (2.8) 

In natural logarithm and adding a background factor (B), we get the final equation used in 

cumulant analysis: 

𝑙𝑛[𝑔1(𝜏)]  =  𝑙𝑛 𝐵 − Γ̅𝜏 +
𝜇2𝜏2

2
                                                                                           (2.9) 
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Fitting  𝑙𝑛[𝑔1(𝜏)] vs τ2, the mean (Γ̅) and the variance (µ2) are obtained, and the ratio of the 

variance to the square of the mean defines the polydispersity index (PdI).  

Another method to fit the autocorrelation function is through the CONTIN algorithm that uses 

the inverse Laplace transform, and is suitable to describe polydispersed systems. This fit is not 

always accurate, mostly when the autocorrelation function baseline is very noisy and the 

Laplace Transform inversion can lead to artefacts. Thus, a manual fitting can be done using 

either stretched mono-exponential decay functions or double exponential decay functions (eq. 

2.10 and 2.11 respectively): 

𝑔2(𝜏) = 𝐴𝑒
−(

𝑡

𝜏𝑐
)

𝛽

+ 𝐵                                                                                                       (2.10) 

𝑔2(𝜏) = 𝐴 [𝐶 𝑒
−

𝑡

𝜏𝑐1 + (1 − 𝐶) 𝑒
−

𝑡

𝜏𝑐2] + 𝐵                                                                        (2.11) 

Where β is the stretching exponent, the coefficient A is the amplitude and B the baseline, C 

represents the weight of the population that relaxes earlier (the smaller); τc1 and τc2 are the 

relaxation times of the two populations in the sample. The stretching exponent takes into 

account the polydispersity of the system. When the stretched function does not fit well the 

autocorrelation function or the stretching coefficient is very different from one, the double 

exponential function fitting was applied instead and compared to the results obtained by 

CONTIN analysis. 

In this study, the instrument used was a Malvern Zetasizer ZS Nano, with HeNe 5 mW laser 

(λ = 633 nm) and fixed collection angle (θ=173°).  DLS was used throughout the thesis to 

monitor NPs size and eventual aggregation. Generally, three measurements were done on the 

same sample with an equilibration time of 120 seconds and each measurement was made up 

of 6 runs. Data were presented as averaged value with relative standard deviation. 

2.3.1.2 Zeta-potential 

The Z-potential (Zp) of a suspension is a key parameter for evaluating the stability of colloidal 

systems.31 If the NPs have a net charge on their surface, this will affect the distribution of the 

ions in the solution at the interface, causing an increase in the counter-ion concentration close 

to the NPs surface. It means that an electrical double layer is formed around the NPs surface. 

This layer is formed by an inner region called “Stern layer”, where counter-ions are strongly 

bound to the surface and form a stable entity with the NP, then there is an outer part of diffuse 



Chapter 2 

 

39 
 

ions (counter ions and co-ions) that are weakly bound (Guoy-Chapman layer).32 The potential 

at the interface between the Stern and the diffuse layer is the z-potential. NPs characterized by 

high negative or positive Zp are stable and have a lower attitude to agglomerate and flocculate. 

When an electric field is applied, charged NPs tend to move toward the electrode with opposite 

charge and their velocity becomes constant when the equilibrium is reached. This velocity is 

called electrophoresis mobility and can be related to the Zp through the Henry equation: 

UE = 2 ε Zp f (Ka)/ 3 η                                                                                                      (2.12) 

where Zp is the zeta potential, UE is the electrophoretic mobility, ε the dielectric constant, η 

the viscosity, and f (Ka) is the Henry function that can be approximated to two values, 1.5 and 

1.0, if Smoluchowski or Huckel approximations are used, respectively. In this work, 

electrophoretic mobility was measured by using Laser Doppler Velocimetry: this technique 

measures the velocity of small particles that move in a fluid under exposure to an electric field. 

The light scattered at an angle of 173° is combined to a reference beam and the originated 

fluctuating intensity signal is proportional to the NPs speed. Zeta potential measures are 

composed of two measurements, one in which the electric field is slowly reversed to avoid 

electrodes polarization and the other in which the field’s turnaround is faster to allow particles 

to reach the terminal velocity. 

Zp was measured to evaluate surface charge of NPs throughout the work and to monitor 

pegylation degree during pegylation optimization in Chapter 3. Measures were performed with 

the Malvern Zetasizer ZS Nano and the sample was injected in a "folded capillary cell", 

equipped with electrodes on both sides. Normally, three measurements of 10 runs each were 

made in 10 mM PBS at pH 7.4 and results were reported as averaged values with standard 

deviation. 

2.3.1.3 Nanoparticle Tracking Analysis (NTA) 

Nanoparticle Tracking Analysis (NTA) is based on the relationship between Brownian 

motions and particle size considering the movements of a single particle. In this technique, 

particles hit by a laser light thanks to their scattering can be live imaged in situ by a high-

resolution camera. The movements of each particle are tracked in a certain number of frames 

by specific software. Particle trajectories and rates are related to the hydrodynamic radius of a 

sphere through the Stokes-Einstein equation.  
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NTA was used throughout the work as a complementary technique to DLS to determine NPs 

size. It was used to follow NPs separation by sucrose-gradient ultracentrifugation as alternative 

to DLS because dilution of a factor from 10 to 50 according to the initial concentration allowed 

to overcome limitation due to the sucrose refractive index (Chapter 4- 6). These measurements 

also provided the number of NPs in the sample. 

Size and concentration of samples were obtained by Nanosight NS500 instrument. Samples 

were diluted with MQW to reach the ideal concentration of 1-3x10-8 particles/ml. With 

fluorescent particles, a fluorescent filter (λ=488 nm) was used. Three videos of sixty seconds 

were collected for each sample and analysed by NTA software. The mean size and standard 

deviation values obtained by the NTA software correspond to the arithmetic average calculated 

over the sizes of all the particles tracked by the software. Then, the data were averaged on 

three different measurements of the same sample. 

2.3.1.4 Neutron Reflectometry (NR) 

Neutrons are subatomic particles that, together with protons, constitute the nuclei of atoms. 

They are very useful to study biological samples because of the nature of their gentle 

interaction with the matter and to their intrinsic properties. In fact, they can penetrate deeply 

the bulk of the material under investigation in a non-destructive way. That is because neutrons 

are uncharged and they only interact with nuclei through strong short-range nuclear forces. 

Moreover, the incident neutron beam can scatter on a spin-based dipole-dipole interaction in 

case of magnetic nuclei having an unpaired orbital electron. Being neutrons interacting with 

the nuclei, the neutron scattering power (cross-section) does not depend on the atomic number 

of the elements (as for X-ray and electrons), but on the nuclei isotope composition and spin. It 

is possible to discriminate among isotopes, and elements close in the periodic table. 

Furthermore, since interaction with neutrons perturb the system very little, theoretical models 

work very well. Drawbacks in the use of neutrons are weakness of the scattering interaction, 

need of large volumes, long time of acquisition and access to the facilities.  

Neutrons are mainly produced in two ways: either by nuclear fission in a reactor-based source 

or by spallation in an accelerator-based one. In the first case, thermal neutrons are absorbed 

by uranium-235 nuclei that, after collision, split in “daughter nuclei” generating a constant 

high-energy neutron flux. The energy of these neutrons needs to be thermalized and “hot 

neutrons” or “cold neutrons” can be made according to the moderator (in ILL self-heating 

graphite block at 2400K, and liquid deuterium at 25K respectively). In spallation sources, 
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neutrons are produced by collision of particles as H+ generated from a high-power accelerator 

and a heavy metal target. In this way, pulses of high-energy protons and neutrons are generated 

with small heat dissipation and hence high neutron brightness compared to the reactor 

neutrons. Thermalization is achieved using hydrogenous moderator around the target and other 

sources to get the desired wavelength (in ISIS, water at 316K, liquid methane at 100K and 

liquid hydrogen 20K are used). The differences between the two sources is that the reactor is 

able to produce high time-averaged flux of neutrons compared to the pulsed source that instead 

can exploit the high brightness of the pulse through the time-of-flight technique to compensate.  

Neutron reflectometry is a technique that exploits thermal neutrons and is useful to get 

structural information at molecular level about surfaces and thin films. Information such ast 

thickness, density, roughness at the interfaces in the normal direction to the reflecting surface 

can be inferred.33-36  

2.3.1.4.1 Neutron reflectometry geometry 

Figure 2.2a shows the geometry of a reflectometer: a beam of neutrons hits the surface with a 

grazing angle (θi). For elastic scattering the modulus of the reflected and incident wave vectors, 

kf and ki, are the same and the angle of reflection, θf, is equal to the angle of incidence. In this 

case, the only component of the wave-vector transfer Q that can be considered is kz, the normal 

to the reflected plane and Qz is the momentum transferred to the neutrons: 

Q = kf - ki                                                                                                                           (2.13) 

│ kf │= │ ki │= 2π / λ                                                                                                       (2.14) 

Qz = 2kz = 
4𝜋 𝑠𝑖𝑛𝜃𝑖

𝜆
                                                                                                                                                                            (2.15) 
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Figure 2.2 A) Geometry of a reflectometry experiment. Θi and θf are the incident and the reflected angles 

respectively and ki and kf the incident and reflected wave vectors. B) Typical profile for a surface in a reflectometry 

experiment: the solid line represented the best fit for the data collected.  

In an experiment, either the beam wavelength or the angle of incidence can be varied keeping 

the other fixed. The resulting output will be the variation of the reflectivity profile, R, defined 

as the ratio of the reflected neutrons to the incident neutrons, in relation to Qz as shown in Fig 

2.3b.  

The refractive index normal to the interface for any material can be defined as in equation 

2.16:   

n = 1 - Aλ2 + iλC                                                                                                                (2.16) 

Where A = Nb / 2π and C = Nσabs / 4π. N is the atomic number density in the medium (number 

of scattering nuclei in the volume unit), b is the atom coherent scattering length (scalar for the 

nuclear potential interaction between a nucleus and neutron that varies for elements and 

isotopes), σabs is the absorption cross-section that is often negligible for neutron reflection. The 

product Nb is often presented as scattering length density, ρ (SLD), and for a material 

composed by M atoms or isotopes, it is: 

𝜌 = ∑ 𝑁𝑗
𝑀
𝑗=1 𝑏𝑗                                                                                                                   (2.17) 

For a single interface, at the critical angle, θc, for which total reflection happens, R(Q) is unity 

and kc, the component of the wave-vector normal to the surface at that particular angle, can be 

defined as follows and it results as a plateau in Fig. 2.3b for any θ≤θc: 

𝒌𝒄 = 2√𝜋𝜌                                                                                                                        (2.18) 
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θc = 𝜆√
𝜌

𝜋
                                                                                                                             (2.19) 

If θ>θc, R(Q) falls with Q-4 (dashed line in Fig. 2.2a). This is the so-called Frensel reflectivity. 

For more complex interfaces, e.g. when a film of a certain thickness is deposited on a substrate 

the R(Q) shows fringes whose frequency depends on the thickness of the film. The beam that 

hits the surface between two different substrates can be reflected and refracted. The refracted 

will be retarded by a phase compared to the reflected beam at the detector and this will 

originate interferences represented as maxima and minima points in the R(Q) curve. The 

distance between two minima can be related to the film thickness, d:         

ΔQ = 2π / d                                                                                                                        (2.20) 

2.3.1.4.2 Neutron reflectometry profile for rough surfaces 

The aim of a reflectometry experiment is to obtain a curve showing the SLD variation in the 

direction normal to the surface. That is achieved by comparing raw data with profiles generated 

by mathematical modelling.  

As already mentioned above, during the experiments, the ratio between the incident and 

reflected neutron beams, R, as a function of the momentum transfer normal to the interface 

(Qz) is measured. In the Born approximation,37 the reflectivity and the SLD perpendicular to 

the interface are linked by the following relationship: 

𝑅(𝑸𝒛)~
16π2

𝑸𝒛
2 |𝜌̂(𝑸𝑧)|2                                                                                                     (2.21)                                                          

where 𝜌̂(𝑸𝒛) is the one-dimensional Fourier transform of ρ(z) that carries information about 

the composition and structure of the each layer in which the original surface can be ideally 

divided. In the data analysis, commonly, each layer is characterized by an average SLD and 

thickness. These parameters, together with a roughness describing each layer, are used to plot 

a reflectivity profile model that is compared to the experimental data. The quality of the fit is 

evaluated by chi square (χ2) and the parameters used in the model are adjusted by the least-

squares method to minimize χ2.  

Complementary R(Qz) profiles can be obtained for different components playing with the 

isotopes composition to tune the SLDs to highlight different parts of molecules or different 

constituent of the system of interest. It was already mentioned that coherent scattering lengths 

varies for isotopes. The difference between hydrogen and deuterium is significant (-
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0.3741x10-12 cm and 0.6671x10-12 cm, respectively) and it is particularly useful because it is 

exploited in the contrast matching technique. The ratio H2O/D2O can be adjusted to tune the 

SLD and match the SLD of parts of the sample making them "invisible" since their scattering 

would be indistinguishable from the buffer one. In Fig. 2.3, the graph shows how the SLDs of 

some macromolecules can be matched by a particular percentage of D2O in the solvent.38 This 

technique allows increasing the confidence in the models. 

 

Figure 2.3 Scattering lengths densities of some macromolecules in relation to the mixture H2O/D2O composition. 

Intersection points give the percentage of D2O in the solvent necessary to match contrast the SLDs of components 

of the system.  

In this study, D17 reflectometer in ILL in Grenoble was used to study the structure of a SLB 

upon interaction with NPs in Chapter 5. D17 is a reflectometer with horizontal scattering 

geometry and a vertical surface operating in time-of-flight mode achieved by a double chopper 

using wavelengths in the range 2-20 Å. Two angles of incidence were used (θ = 0.8°-3°).  A 

flow cell with a chamber of dimension 8x5x1 cm3 was used and the surface was silicon oxide. 

It was cleaned by piranha solution (H2SO4: H2O2 3:1) for 20 minutes at 85°C and then it was 

washed extensively by MQW before assembling the cells and filling it with PBS buffer 

prepared with D2O. Cells were kept at 37°C, aligned and the transmitted intensity measured 

(I0). Silicon oxide surface was characterized in three contrast solutions: D2O, H2O and SMW 

(H2O:D2O 62:38) at the two angles of incidence. A lipid bilayer was formed injecting in the 

cell a 0.5 mg/ml 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) liposome dispersion. 

Briefly, to prepare the liposome dispersion the compound was weighted (20 mg) and 

suspended in 1 ml of chloroform; the solvent was quickly evaporated with a rotavapor and left 

to dry under vacuum overnight. The dry film was hydrated with 1 ml of PBS at pH 7.4 and 

agitated to form a homogeneous suspension. Five cycles of freeze and thaw were performed 

and then the solution was extruded twice through 200 nm and 100 nm pore diameter 
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membranes to obtain a monodispersed vesicle solution. The lipid bilayer was characterized in 

D2O, 4MW (H2O:D2O 34:66), SMW (H2O:D2O 62:38), H2O.  The dispersion with NPs was 

injected and after 30 minutes of incubation, the lipid bilayer was characterized again in the 

four contrasts. The dispersion were at concentration respectively of 0.07 m2/ml for PS-

COOH20 in PBS, in 55% FBS and hard corona NPs; 0.055 m2/ml for Fe3O4 and Fe3O4-PEG. 

Each experiment was conducted without replicates. 

Motofit macro on Igor was used as software to fit the data collected39. It allows fitting 

simultaneously data sets describing the same system under different contrasts. The system 

under investigation is considered like a sum of layers. The first layer (L1) is the silicon oxide 

chip with SLD of 3.41 x 10-6 Å-2 and thickness and roughness evaluated in a preliminary NR 

experiment in which the silicon block was characterized in H2O and D2O. In addition a bulk 

Si subphase (SLD of 2.07 x 10-6 Å-2) and a bulk solvent superphase are present. The four 

matching solvent SLDs were 6.38 x 10-6 Å-2, 4 x 10-6 Å-2, 2.07x 10-6 Å-2 and -0.56 x 10-6 Å-2  

respectively, for D2O, 4MW, SMW and H2O (although sometime values were adjusted due to 

inefficient solvent exchange). The lipid bilayer was modelled considering the lipid made of 

two discrete blocks: the head and the tail, each one characterized by a scattering length density, 

a thickness (t), a solvent penetration degree (φ) and a roughness (σ), which is treated as an 

error function. The resulting model consisted of five layers as represented in Fig. 2.4a. In this 

fitting model the layers parameters are fitted independently from each other.  Another fitting 

model introduces constrains to describe lipids as shown in Fig. 2.4b. In this other model layers 

are described by a thickness (th and tt for head and tail respectively), area per molecule (APM), 

head and tail volumes (Vh and Vt), roughness (σh and σt) and scattering lengths (bh and bt) that 

depend on the molecular composition of the groups. The SLDs for the head and tail layers is 

given by the ratio b/V. The volume fraction for the fragments are Vh,t / A th, t. The volume 

occupied by water is 1-V/At. The SLD for the layer is then: 

𝑆𝐿𝐷ℎ,𝑡 =
𝑉ℎ,𝑡

𝐴 𝑡ℎ,𝑡
×

𝑏ℎ,𝑡

𝐴 𝑡ℎ,𝑡
+ 𝜌𝑠𝑜𝑙𝑣(1 −

𝑉ℎ,𝑡

𝐴 𝑡ℎ,𝑡
)                                                                          (2.22) 

The only parameters that vary during the fit are the area per molecule that is common to the 

two fragments of the lipid, the thickness and the roughness. The other values can be found in 

literature40 and are tabulated in Table 2.2. 
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Figure 2.4 Supported lipid bilayer modelling. A) The SLB is modelled by 5 layers: L1 is the superficial SiO2; L2 

and L3 are the inner head and tail, respectively; L4 and L5 the outer tail and head respectively. A Si subphase and 

a solvent superphase are present in the model. B) Description of the lipid geometry: the head and the tail are defined 

by a thickness (th, t) and a volume (Vh, t), the area per molecule, A, is common to the two fragments. 

Table 2.2 Parameters describing headgroup and tail fragments in DOPC lipid reported in Nagle et al.40 

  DOPC 

Vt [Å3] Tail volume 984 

VL [Å3] Lipid molecular volume 1303 

APM [Å2] Area per molecule 72.5 

Dc [Å] Thickness of the hydrocarbon core 13.5 

Dh [Å] Headgroup thickness 9 

bh
1[Å] Headgroup scattering length 6x10-4 

bt
1 [Å] Tail scattering length -2.1x10-4 

SLDh
2 [Å-2] Head scattering length density 1.88x10-6 

SLDt
2

 [Å-2] Tail scattering length density -0.21x10-6 

1 Calculated by http://sld-calculator.appspot.com/; 2 calculated by the ratio b/V. 

2.3.2 Spectroscopic techniques 

Spectroscopic techniques are based on light absorption and emission. Nanoparticles exhibit 

optical properties tuned by their geometry and composition. Material, shape, size and 

concentration are some of the parameters affecting optical behaviour of nanosystems. 

 

 

http://sld-calculator.appspot.com/
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2.3.2.1 UV-vis Spectroscopy (UV-vis) 

UV-vis spectroscopy measures the interaction between matter and radiation in the range of 

ultraviolet and visible wavelengths of the electromagnetic spectrum (200-800nm).  The energy 

associated to this region of the spectrum is comparable to the one involved in electronic 

transitions. Light in the UV or the visible spectra can be absorbed from molecules that contain 

π-electrons or non-bonding electrons. The light can excite those electrons to the higher non-

bonding molecular orbitals. The wavelength absorbed depends on the entity of the energetic 

gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO): the smaller the gap the lower is the energy needed for the 

transition, the longer is the wavelength that can be absorbed.41 

In this work UV-vis spectroscopy was used to get information about the surface 

functionalization of NPs and measure the relative concentration exploiting the Lambert-Beer 

law (eq. 2.23), which links the absorbance (A) to the concentration (c) through the pathlength 

of the sample (l) and the molar absorptivity (ε): 

A = c x ε x l                                                                                                                        (2.23)                         

In particular, in Chapter 3 and 4, UV-vis measures were exploit to follow NPs separation by 

size exclusion chromatography and sucrose-gradient ultracentrifugation; in Chapter 3, 

fluorescent and drug-loaded NPs adsorption profiles were presented in comparison to the 

starting NPs. The instrument used for UV-vis measurements was Hitachi U-3010 UV-vis 

spectrophotometer and quartz cuvettes with a path length of 10 mm were used. Spectra were 

corrected for solvent absorption automatically recording the baseline.   

2.3.2.2 Fluorescence spectroscopy 

After electrons jump to a higher energetic state absorbing light, they relax to the ground state 

either through small steps (non-radiative relaxation) or through fluorescence emitting photons. 

Emitted photons have smaller energy than the absorbed ones because of the non-radiative 

transitions, which bring electrons to the lower vibrational level of the excited state before to 

reach the ground state. 

The instrument used to characterize fluorescent nanoparticles was Hitachi F-4500 with 150 

watt Xe lamp. Fluorescence emission profiles were used in Chapter 3 to assess NPs labelling 
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efficiency by fluorescent dyes. Moreover, fluorescence emission was linked to NPs 

concentration and calibration curves were built to determine fluorescent NPs concentration. 

2.3.2.3 Inductively coupled plasma- atomic emission spectroscopy (ICP-

AES) 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is a spectroscopic 

technique and is used to determine sample composition. It is based on the emission of 

electromagnetic radiations from atoms and ions generated by inductively coupled plasma. 

Normally samples undergo an acid digestion to assure complete dissolution of the elements 

and destruction of the matrix. Afterwards the solution is dispersed into a gas phase where 

plasma electrons collide with ions that are further broken down and atoms excited. Atomic 

transitions are characteristic for a particular element and their intensity is related to the 

concentration of the specie through a calibration curve.42,43 In this work, the instrument used 

was  Varian Vista-PRO CCD Simultaneous ICP-AES Axial spectrometer with SPS5 Sample 

Preparation System. 100 µl of NP solutions were digested in aqua regia (HNO3: HCl 1:3, 5ml) 

using a microwave reaction vessel for 40 min and then cooled at room temperature before the 

analysis. Au and iron atoms/ions concentrations were determined by ICP-AES for synthesized 

and purified batches of NPs and the obtained elements concentrations were linked to NPs 

concentration in solution by knowing density and size of the NPs as presented in Chapter 3. 

The batches concentrations obtained by ICP-AES data elaboration were used to build 

calibration curves by UV-vis and fluorescence measurements. 

2.3.2.4 Attenuated total reflectance- Fourier transform infrared  

spectroscopy (ATR-FTIR) 

Infrared spectroscopy is used to examine material at a molecular level. The absorption of light 

in the infrared region of the electromagnetic spectrum, from 4000 to 400 cm-1, is associated to 

transition energies of rotational-vibrational modes of molecules. In order to be active in the IR 

the vibrational modes need to be coupled to a dipole change. Common vibrational modes that 

can occur in molecules are symmetric and asymmetric stretching, scissoring, rocking, wagging 

and twisting. Tables and references exist that summarize characteristic peaks wavelengths and 

intensities for common functional groups. 

Fourier transform infrared spectroscopy (FTIR) is based on the use of an interferometer and 

allows the collection of interferograms that are converted in absorption spectrum through 
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Fourier transform approach.  Attenuated total reflectance (ATR) is a coupled technique that 

makes easier the sample preparation. In fact, either solid or liquid samples are deposited on 

the ATR crystal and the IR light hits the crystal with a certain angle to reflect in it a certain 

number of times. The reflections generate evanescent waves that penetrate in the sample for 

0.5 to maximum 2.5 micron. This techniques is particularly useful for nanoparticles because 

they can be just left to dry on the crystal surface without further preparation. 

Nanomaterials can be characterized with this technique especially on the surface because any 

modification of functional groups leads to changes in the spectrum (as for example appearance 

or disappearance of bands).  

In this work, ATR-FTIR spectra were used to monitor drug loading in NPs shell (Chapter 3). 

Spectrum BX spectrometer (Perkin Elmer, UK) fitted with a Golden Gate attenuated total 

reflectance (ATR) accessory (Specac Ltd, UK) was used. Spectrum software was used to 

process data. Samples were measured after placing a drop on the plate and left to dry at room 

temperature. 

2.3.3 Microscopy 

Microscopy is a straightforward method to obtain information about NPs size and shape. 

Optical microscopy is not very useful in nanotechnology due to diffraction effects that limit 

the resolution down to 1µm. Electromagnetic radiations, having shorter wavelengths, allow 

higher resolution and electron microscopy exploits that principle. In particularly, TEM uses 

transmitted electrons generated hitting the sample by an electron beam. Instead, conventional 

fluorescence microscopy exploits fluorescence to image objects (optical resolution) and 

becomes fundamental to image NPs in complex biological systems (i.e. cells). 

2.3.3.1 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) uses electron scattering to get a direct image of the 

sample down to the nanometer scale (0.1 nm). An electron beam is focused on a thin grid that 

contains a thin layer of the sample under high vacuum. From the interaction between the beam 

and the specimen, scattered (elastically and inelastically) and unscattered electrons originate.44 

Those are focused, magnified and projected on a detector on which a diffraction pattern is 

created. The image will be made up of darker and brighter regions according to the scattering 

of electrons. Weakly scattering materials (i.e. polymers) are transparent to TEM and additional 

treatments on the sample are necessary. 
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In this project, the microscope used was Joel 200EX with tungsten filament and acceleration 

voltage of 180kV to 200kV. Few drops of the sample solution, according the concentration, 

were deposited on thin copper carbon film grids and images were taken after solvent 

evaporation. Size distributions were obtained by analysing images of 100 to 500 NPs through 

ImageJ software; frequency and normal distribution of sizes were derived using Excel 

software. Polystyrene NPs were imaged by a Tecnai 20 TEM with AMT cameras, operating 

at an accelerating voltage of 200 kV (John Innes Centre). Particles were dried on carbon-

coated 300 – mesh copper grids (Agar Scientific) and counterstained with 2 % uranyl acetate. 

Results are presented in Chapter 3. 

2.3.3.2 Fluorescence microscopy 

A fluorescence microscope exploits fluorescence from the samples to image them. It is an 

optical instrument in which the sample is illuminated with a light beam of a specific 

wavelength that is absorbed and photons are emitted to a longer wavelength. Filters and 

dichroic mirrors are used to select excitation and emission wavelengths of the beam depending 

on the fluorophore specifics.  

In this work, fluorescence microscopy was used to evaluate fluorescent NPs absorption on 

QCMD chip surface (Chapter 5). The instrument Olympus BX60 microscope was used to 

reveal fluorescently labelled NPs. Blue filter block was chosen with an exciting filter 

wavelength of 470-490 nm and barrier filter wavelength of 515 nm. Images at several 

magnifications were captured. 

2.3.3.3 Confocal microscopy 

Marvin Minsky in the 1950s invented the confocal microscope that essentially differs from a 

normal fluorescence microscope for the presence of a screen with a pinhole. In Fig. 2.5 there 

is a scheme of how a confocal microscope works: there is a laser (blue line) directed to two 

dichroic mirrors that scan the light in the xy plane. The light passes through the objective and 

hits the sample. The fluoresced light (green line) goes back from the objective to the mirrors 

and passes through the pinhole hitting a detector. The screen with pinhole is able to screen the 

out of focus light reducing the background haze. At any instant, a thin section of the sample is 

imaged and the computer is able to reconstruct a 2D picture pixel by pixel and, combining 

several sections at different depths, a clear 3D image of the whole sample is obtained.  



Chapter 2 

 

51 
 

In this work, confocal microscopy was used to asses NPs uptake in cells and their location as 

reported in Chapters 4 and 6. Zeiss LSM510-META was used. It was equipped with a 63 x 

1.30 NA oil immersion objective lens. The pinhole was set to one Airy. Cell’s nucleus was 

excited using a 380 nm laser; NPs were excited with 488 nm laser and actin filaments with a 

591 nm laser. 

2.3.4 Separation techniques 

As already mentioned, size and shape of NPs are some of the main determinants for their 

behaviour in vivo (i.e. toxicity)46-48 and for this reason, it is important to obtain monodispersed 

homogenous NP samples. Many techniques may be applied to purify NP dispersions46 and all 

of them have advantages and drawbacks. Thus, often it is necessary to apply a combination of 

them for obtaining a well-monodispersed NP distribution. 

 

Figure 2.5 Schematic representation of a confocal microscope. The screen with the pinhole blocks the unfocused 

light. The rotating mirrors allow to scan the entire sample pixel by pixel.45 

2.3.4.1 Size exclusion chromatography (SEC) 

Size exclusion chromatography is one of the most used methodologies to separate NPs by size. 

It is based on the NP ability to move according to their hydrodynamic volume through a 

stationary phase constituted by pores of appropriate dimension. Smaller NPs will cross the 

pores and travel slower than bigger particles that can move through the accessible volume. 

NPs are collected and revealed by UV-vis or/and DLS. 

In this work, SEC was used to remove aggregates and free polymer excess during the 

optimization of the purification protocol presented in Chapter 3: Sephacryl S-1000 SF was the 

stationary phase in a 98 cm long column of 2.5 cm diameter and Sephacryl S-500 HR in a 25 
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cm long column with the same diameter. The mobile phase was PBS buffer pH 7.4 that was 

previously filtered (0.22 μm) and degassed. Samples were loaded and the volume was 1% of 

the total column volume. An automated pump was used with a flux of 1.2 ml/min. Fractions 

were automatically collected (0.5 ml) and revealed by UV-detection at 320 nm and eventually 

scanned by DLS. Fractions with similar sizes were pooled together and concentrated by 

centrifugal concentrator (Amicon MWCO 50kDa, 405 rcf) prior to DLS analysis. 

2.3.4.2 Density-gradient ultracentrifugation (UC) 

Density gradient UC is a common technique exploited in biology and in colloidal science to 

separate objects according to their density and shape. 

A particle in a centrifuge is subjected to three main forces: centrifugal (eq. 2.24), buoyant (eq. 

2.25) and frictional (eq. 2.26): 

𝐹𝑐 = 𝜌p𝑉𝜔2𝑟                                                                                                         (2.24) 

𝐹𝑏 = −𝜌f𝑉𝜔2                                                                                                                                    (2.25) 

𝐹𝑓 = −𝑓𝑣                                                                                                                           (2.26) 

With 𝜌p and 𝜌f the densities of particles and fluid, respectively, V the volume of a particle, 𝜔 

the angular velocity, r the distance between the particle and the rotation axis, f the frictional 

coefficient usually dependent of shape and size of the particle and v the particle velocity. The 

particles will sediment at a constant velocity (𝑣 =
𝑉(𝜌p−𝜌f)𝜔2𝑟

𝑓
) when forces are balanced 

(𝐹c+𝐹𝑏 = 𝐹𝑓), so particles of different shape and size will move at different velocities. To 

improve the resolution of the separation, the medium can be constituted of layers of fluid at 

increasing density from the top to the bottom of the tube providing areas that apply fixed 

buoyant forces. Separation can be achieved through mainly two techniques: isopycnic and rate 

zonal centrifugation. 

 In the isopycnic one, separation is obtained only by matching the density of the NP with the 

buoyant density of a layer of the gradient, and a certain speed and time are necessary to allow 

the NPs to reach it. After that, further spinning does not cause any other change. The density 

of the NPs needs to be in between the lowest and highest densities of the chosen gradient.  
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In the zonal centrifugation, NP density is higher than the highest density of the gradient and 

time and speed of centrifugation are carefully chosen to allow separation of the objects within 

the gradient avoiding sedimentation of the sample that eventually occurs. 

Centrifugation tubes of 13 ml were prepared carefully layering 1 ml solutions of sucrose in 

water from the most concentrated to the less one (10 solutions). These solutions were left to 

diffuse for an appropriate time to create a continuum gradient. 0.7 ml of sample was loaded 

on top of the so-formed gradient just before the centrifugation was started. In our experiments, 

the isopycnic technique was exploited and sucrose gradient range adjusted according to the 

NPs and medium (Table 2.3). One example of the procedure adopted to optimize the 

experimental conditions of NPs separation is reported in Chapter 8, paragraph 8.1. SW41 Ti 

rotor (Beckman Coulter) was used at 20°C. After the run, 1ml aliquots were collected and 

analysed by NTA to individuate NPs, diluting the sample in water up to 50 times in presence 

of sucrose. UC was part of the purification protocol as alternative to SEC to remove free 

polymer (Chapter 3) and it was used to obtain PC NPs isolation from several biological fluids 

in Chapters 4 and 6. 

2.3.4.3 Electrophoresis: Agarose gel  

Agarose gel electrophoresis is a separation technique used for DNA and proteins that are 

separated on the base of different size and charge. Recently, it has been used with NPs to 

determine hydrodynamic radius and surface charge density.49 It has also been used to monitor 

pegylation status of the NPs after surface functionalization.50 

In this work, we further characterized NP electrophoretic mobility relating it to NP size and 

surface charge. Moreover, it was useful to verify the absence of the free polymer after 

purification.16 NPs were loaded in a 1.5% or 2% agarose gel in 0.5x TBE buffer and run at 

100V for one hour. The gels were imaged by Molecular Imager ChemiDoc XRS System 

(BIORAD) and Image Lab software. 
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Table 2.3 Parameters used during ultracentrifugation through sucrose gradient for bare nanoparticles purified 

from the free polymer and for NPs in situ to isolate the hard corona. 

 
Sucrose density Δ 

[% w/w ] 

Speed 

[RCF] 

Time 

[min] 

Fe3O4/Au-PEG 6-66 187K 120 

Fe3O4 2-66 187k 240 

Au NPs 6-66 187k 120 

PS-COOH100* 5-30 77k 60 

PS-COOH20* 4-40 110k 120 

PS-PEG* 3-30 60k 60 

SiO2* 3-30 12k 20 

Fe3O4-PEG* 7-70 196k 120 

Fe3O4* 7-70 196k 120 

*NPs in FBS 

2.3.4.4 Electrophoresis: SDS-PAGE  

SDS-PAGE electrophoresis is one of the most important methodologies to analyse the PC 

composition of the NPs51 and in this work was used to characterize PC made from serum and 

from complex digestive fluids.  

Samples were added to SDS-PAGE loading buffer (10% Dithiothreitol, DTT), kept at 98°C 

for 5 min and 20 µl of samples were loaded in the wells of 12% or 10% Precast Gel NuPAGE 

(Life Technology). 5 μl of molecular ladder (Pageruler Broad Range, Biolabs, or Mark12 

Unstained, Invitrogen) were loaded without any previous treatment. The running buffer used 

was MES buffer (NuPAGE 20x, Invitrogen) and the gels were run at 130V for 35 minutes. 

Gels were developed either by silver stain kit (Pierce) or Sypro Ruby Protein Stain (BIORAD) 

and imaged respectively by Molecular Imager ChemiDoc XRS System (BIORAD) and Biorad 

Pharos FX+ and Image Lab software. 

2.3.4.5 Liquid chromatography- mass spectrometry (LC-MS) 

Liquid chromatography-mass spectrometry (LC-MS) is an analytical technique used to detect 

and identify chemicals in complex mixtures. It combines the ability of liquid chromatography 

to separate molecules and the mass analysis of mass spectrometry. In this work, the bottom-

up proteomic LC-MS approach was used to identify peptides from food digestion (Chapter 6). 
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According to the approach, proteins are first separated by electrophoresis, and then proteins 

from some selected bands are extracted from the gel, digested with an enzyme (e.g. trypsin) 

and the masses obtained for the peptides from LC-MS analysis are compared to those from 

peptides database. The identification of several peptides that belong to a single protein, leads 

to the identification of the protein itself.  

The detailed procedure followed in this work was optimized in the Institute of Food Research. 

ProPick instrument was used to locate and cut bands from the gel. Bands were digested at 

37°C for three hours by 10 mM Ammonium Bicarbonate 10 ng/µl Trypsin Gold (Promega, 

V528A in 50mM Acetic Acid) (prepared 01-May-14). 1% formic acid (Sigma) was added 

prior freezing samples and storing at -80°C. Samples were washed in 50% acetonitrile (Fisher), 

vortexed and dried out at the Low Drying setting (no heat) on a Speed Vac SC110 (Savant) 

fitted with a Refrigerated Condensation Trap and a Vac V-500 (Buchi). Samples were again 

stored at -80°C until ready for Orbitrap analysis. Protein identification was achieved by 

combining spectrum quality scoring obtained from a conventional database search program 

MASCOT (Matrix Science, London, England). Search parameters were: peptide mass and 

fragment mass tolerances of 5 ppm and 0.5 Da, respectively, a variable modification was 

oxidation (M), fixed modification carbamidomethyl (C), enzyme specificity was trypsin, two 

missed cleavage was allowed. All taxonomy database was searched.  

2.3.5 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) 

The characterization of the interaction between NPs and cell membrane is important because 

the cell membrane is one of the first barriers encountered by the NPs in vivo. The nature and 

the extent of this interaction strongly depend on the NPs properties (size, charge, shape). There 

are different techniques to study the behaviour of NPs interacting with lipid membranes that 

simulate the cell surfaces.52-62 One of these is the QCM-D that has been largely used for 

characterizing lipid bilayer structures mimicking cell membrane behaviour.63-69 Moreover, it 

can give information about the surface adsorption and desorption of materials in real time. In 

fact, the change of resonance frequency of the crystal is associated to mass adsorption or 

desorption on the chip surface. The monitoring of the phase shift at different and higher 

harmonics allows, through mathematical model, to evaluate thickness and viscoelasticity of 

the attached layer.  

When a radio frequency voltage is applied to the quartz crystal through the electrodes to a 

frequency close to its resonant one, it starts to oscillate at its fundamental resonance frequency 
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(f0). A small change in mass (Δm) on its surface causes a proportional decrease in the 

oscillation frequency (Δf) (Fig. 2.6). 

 

Figure 2.6 Scheme of a QCM-D cell.70 The quartz crystal is placed between two gold electrodes. One electrode 

surface is exposed to solutions in flow. When AC is applied, the crystal oscillates and an adsorbed mass changes 

the frequency of oscillation. An exponential decay of frequency will result from the circuit opening.   

If the deposited film is rigid and much thinner than the crystal, Δm, Δf and the overtone number 

(n=1, 3, 5...) are related from the Sauerbrey equation: 

Δm = - (ρq lq / f0) (Δf / n)                                                                                                     (2.27) 

Δm is the hydrated mass (ng/cm2), ρq (kg/m3) and lq (m) are respectively density and thickness 

of the crystal summarized in a constant of value 17.7 ng cm-2 Hz-1 at the fundamental frequency 

of 5 MHz. 

If the film is not rigid, there is a deviation from the Sauerbrey equation and the adsorbed mass 

is underestimated due to the viscoelasticity of the system that oscillates with a phase shifted 

with respect to the crystal. The dissipation factor (D) is: 

D = 
𝐸𝑑

2𝜋𝐸𝑠
= 1

𝜋𝑓𝑡                                                                                                                                                                                 (2.28)    

Where Ed is the energy loss and Es is the total energy stored in the system during one 

oscillation. ΔD is measured from the frequency exponential decay when the circuit is open. 

This decay is inversely proportional to t, the decay time constant. The energy dissipation 

change will be bigger for viscous film with respect to rigid ones because the ratio between the 

energy stored and the energy loss will be larger. If the film is represented in a continuum 

mechanics model by an elastic component in parallel with a viscous component (i.e. by a Voigt 

element), assuming no-slip conditions and homogenous thickness and density for each layer. 

A thickness (deff), density (ρeff), and complex shear modulus (μ+iωη), where μ is the shear 
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elasticity, η is the shear viscosity, and ω = 2πf is the oscillation frequency, describe the 

viscoelastic model. By using multiple frequency measurements, the Voigt mass can be 

estimated as follows: 

Δm = ρeff x deff                                                                                                                                                                                   (2.29) 

In this work, the interaction between NPs and supported lipid bilayers (SLB) of different 

composition was studied as a function of NP concentration, surface functionalization and 

charge both in PBS buffer and in presence of serum. 

Different compositions of the lipid bilayer were used: a) 100% 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC); b) 75% 1,2-dioleoyl-sn-glycero-3-phosphocholine + 25% 

sphingomyelin (SM) (final concentration of lipids, 20 mg/ml).71 The vesicle solution was 

prepared as described in paragraph 2.3.1.4.2. 

In the literature,66 the process leading to the formation of the bilayer is described as a two-

phase process: subsequently to the deposition of the vesicles on the sensor surface, a collapse 

into a bilayer occurs when a critical point is reached. The collapse can depend on the physical 

nature of vesicles (dimension, deformability and charge), their concentration, the solution 

ionic strength and temperature (Fig. 2.7). In all the experiments, conducted in triplicate, the 

solutions were kept at 37°C to avoid thermal shock upon contact with the sensor that is 

extremely sensitive. 

2.4 Studies with cell lines 

2.4.1 Caco-2 

Caco-2 cell line is derived from colon carcinoma. In culture, cells become differentiated and 

polarized and mimic the enterocytes found in the small intestine. Usually they are used as in 

vitro model of the human small intestinal mucosa. These cells can be grown on membranes as 

cell monolayers forming tight junctions and are exploited to study the uptake and transport of 

ions and small molecules across this physical-chemical barrier. In this study, Transwell® 

Permeable Supports (Costar, Corning) were the devices used to grow cells in monolayer and 

study the transport of NPs across the membrane (Fig. 2.8). The polyester membrane had pores 

of 0.4 μm and the volumes used in the apical and basolateral chambers were 0.2 ml and 0.7 

ml, respectively. 
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Figure 2.7 Example of QCM-D experiment output data. Frequency (red line) and Dissipation (blue line) at the third 

overtone were monitored over time because of the better signal/noise ratio. Before each stage, equilibrium of the 

system was reached. A vesicles solution in PBS buffer was injected (a). When the bilayer formed, solvation water 

was expelled from the vesicles core and it caused another significant change in both signals (b). After washings to 

get rid of the vesicles in excess, NPs solution was sent through (c) and other washings were performed (d). 

Cells at the 12th passage were seeded at a concentration of 1.2x105 cells/ml per well. Cells 

were incubated in 37°C, 5% CO2 / 95% air. Cells were cultured in RPMI-1640 supplemented 

with 10% heat-inactivated FBS used also for PC studies, 2 mM L-glutamine, 100 μg/ml 

penicillin and 100 μg/ml streptomycin all purchased Life Technologies (Carlsbad, CA). 

Medium was changed every two days and Trans Epithelial Electric Resistance (TEER) was 

measured just before changing the media to assess the integrity of the cell barrier. When the 

TEER values were above 300 Ω cm-1, transport experiment was performed. The apical and 

basolateral chambers were filled with serum and phenol free media after PBS washings (x3) 

to remove phenol red and FBS proteins from the chambers and cells were allowed to 

equilibrate for one hour in the incubator prior NPs injection. Labelled magnetite NPs with and 

without PC were used (Chapter 6). 100 µl of basolateral medium were sampled at 30, 60, 120, 

180 and 240 minutes and replaced with the same volume of fresh medium. TEER after 4 hours 

was measured again to assess the effect of the NPs on the cellular barrier integrity. NPs 

presence in the medium collected from the basolateral chamber was revealed by fluorescence 

using a plate reader exciting at 492 nm and collecting emission at 520 nm for all samples. Cells 

were washed by PBS three times and fixed by 5% formaldehyde for 10 minutes, then they 

were permeabilized by Triton-x 0.5% for 3 minutes and again washed for three times with 

PBS. F-Actin and nucleus staining were performed treating the cells with Texas-Red 
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Phalloidin (6.6µM, Invitrogen) and Hoechst 33258 (2 µg/ml, Sigma), respectively, for 30 

minutes. After staining, the membranes were cut from the insert, placed on a glass slide and 

covered by a coverslip with mounting medium in between (Vectashield, Vector) and left 

overnight to dry before sealing by nail varnish. Zeiss LSM510-META confocal microscope 

was used to image cell monolayers and NPs using a multi-channel mode with three different 

excitation wavelengths for nuclei, actin and NPs. 

 

Figure 2.8 Diagram illustrating a Transwell Permeable Support device. Cells are grown in monolayer on a 

permeable membrane and two chambers, the apical and the basolateral are separated by the membrane and have 

independent access. 

2.4.2 M2O2 

M2O2 cells are adherent melanoma cells commonly used in our laboratory. Cells were 

incubated at 37°C, 5% CO2 / 95% air and were cultured in RPMI-1640 (Life Technologies, 

Carlsbad, CA) supplemented with 10% heat-inactivated foetal bovine serum (FBS), 2 mM L-

glutamine, 100 μg/ml penicillin and 100 μg/ml streptomycin all purchased Life Technologies, 

Carlsbad, CA. At P12 cells were trypsinized by 1ml trypsin 0.05%/ EDTA 0.5 mM for two 

minutes at 37°C, neutralized by 5ml of medium and centrifuged at 5 min at 1200xg. The 

supernatant was discharged and the pellet re-suspended in 1 ml of medium. Cells were seeded 

at a density of 4x104 cells/ml on glass coverslips (18 mm) and left to adhere overnight. They 

were washed (PBS x3) and incubated with fluorescently labelled magnetite NPs without and 

with PC (Chapter 4). After incubation, the same procedure described above in paragraph 2.4.1 

was used to wash, fix and stain cells. At the end, the coverslips were placed upside-down on 

microscope glass slides with 7 µl of mounting medium in between. They were left to dry 

overnight and sealed by nail varnish.   
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Chapter 3. Synthesis and characterization of core-shell NPs 

3.1 Short outline of the chapter  

In this chapter, synthesis and physical-chemical characterization of the NPs are 

described. As it was widely discussed in Chapter 1, shape, charge, surface properties, average 

size and size distribution are important determinants for NPs in vivo behaviour. A deep 

knowledge of those properties is important to predict the interaction of NPs with cellular 

membranes when dispersed in complex biological environments. This knowledge will allow 

researchers to design more effective nanoplatforms. 

In this work, core-shell NPs were obtained by synthesizing organic cores according to 

well-established protocols. These NPs were stabilized in organic solvent functionalizing their 

surface with alkyl ligands. The hydrophobic NPs were then transferred into water dispersions 

coating their surface with an amphiphilic polymer. Their morphology, size and size 

distribution were monitored before and after polymer coating by transmission electron 

microscopy (TEM), dynamic light scattering (DLS), Nanoparticles Tracking Analysis (NTA) 

and inductively coupled plasma-atomic emission spectroscopy (ICP-AES). The coated NPs 

were also modified by pegylation and fluorescent labelling. Moreover, a hydrophobic drug 

was also successfully loaded inside the polymeric shell. UV-vis and attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR) spectroscopies were used to confirm drug 

encapsulation. Size exclusion chromatography (SEC) and sucrose gradient ultracentrifugation 

(UC) were compared as purification methodologies to separate NPs from coating agent excess 

to obtain monodispersed stable NPs. Commercially available polystyrene and silica NPs were 

also characterized by size (DLS, NTA), Zeta-potential (Zp) and fluorescence. 

3.2 Synthesis in organic solvent 

Hydrophobic gold NPs (Au) and magnetite (Fe3O4) NPs were synthesized according to Brust 

et al.1 and Sun et al.2 respectively. The synthetic protocols described in detail in sections 2.2.2 

and 2.2.3 of this thesis, exhibited good reproducibility and produced monodispersed NPs: 

representative TEM and DLS measurements are reported in Fig. 3.1 and Fig. 3.2 respectively. 

Images collected by TEM were analysed by ImageJ and the size-distributions resulted in a 

diameter for both NPs below 10 nm (5.3±0.6 nm and 8.5±1.0 nm for Au NPs and Fe3O4, 

respectively). Diameters measured by DLS and TEM were slightly different due to the nature 

of the measured property: hydrodynamic diameters obtained by DLS include the solvation 
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sphere, while TEM (made on the dried sample) images the metal cores due to their electron 

contrast. For Fe3O4 NPs the stabilizing organic ligands are longer and, given the lower Fe 

contrast with respect to Au, the organic shell seems more visible.  In Table 3.1, averaged TEM 

and DLS diameters are reported for both NPs. 

 

Figure 3.1 TEM images and size distributions obtained by TEM images. Images are at a magnitude of 50kx (a, Au 

NPs) and 40kx (c, Fe3O4). Statistic was done on about 500 NPs for each type of NP. 

Table 3.1 Comparison of the averaged diameters measured by DLS1 and TEM.  

 
DLS TEM 

dH [nm]2 PdI3 d [nm]4
n=500 

Au NPs 8.2±0.1 0.18 5.3±0.6 

Fe3O4 15.8±0.1 0.15 8.5±1.0 
1 DLS data were the average of three measurements and are presented with the relative standard deviation. 
2 Z-averaged hydrodynamic diameters (dH) obtained by cumulant analysis of the auto-correlation functions 
3 Polydispersity indexes (PdI) obtained by cumulant analysis of the auto-correlation functions. 
4TEM diameters were the average of 500 NPs’ diameters measured by ImageJ.  
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ICP-AES was used to determine metal concentration of the NP dispersions in the organic 

solvent. Au spectrum was recorded at λ=267.594 nm and Fe at λ=240.489 nm. Data from three 

distinct syntheses are reported in Table 3.2. While for Au NPs the concentrations were very 

similar, Fe3O4 showed less reproducible results. This difference is due to the different synthetic 

protocol for magnetite NPs for which insoluble aggregates formed during the synthesis likely 

due to inappropriate thermal control and partial oxidation. 

 

Figure 3.2 DLS Intensity-averaged size distributions of the hydrodynamic diameters for Au and Fe3O4 NPs. The 

original samples were diluted in toluene 20 times and the results are the average of three successive measurements. 

 

Table 3.2 Parameters used to derive the concentration of particles in NPs/ml from the element concentration 

(mg/ml) in the dispersion derived from ICP- AES.  

 da [nm] 
Density 

[g/m3] 

Volume 

[cm3] 

Weight 

NP [g] 
Cx

c [mg/l] NPs/ml 

Au NPs 5.3 19.3 7.8x10-20 1.5x10-18 

1628 1.1x1015 

1648 1.1x1015 

1565 1.0x1015 

Fe3O4 8.5 5.2 3.2x10-19 1.7x10-18 

5316 3.1x1015 

3721 2.2x1015 

836 4.9x1014 

a diameters from TEM statistics;  

b volume was calculated assuming spherical geometry;  

c x= Au or Fe from ICP-AES 

3.3 Transfer of NPs in the aqueous environment 

Biological application of these NPs requires their stabilization as aqueous dispersions.  The 

strategy adopted here was based on the coating of the organic metal cores by poly (maleic 

anhydride alt- 1- octadecene) (PMAO), an amphiphilic polymer able to intercalate with the 
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alkyl chains stabilizing the organic core. This strategy was very convenient because it could 

be applied to both kind of NPs and offered a good starting point for further functionalization, 

providing the NPs surface with carboxylic groups after exposure to a basic solution. Moreover, 

the formation of a hydrophobic shell constituted a microenvironment to embed small 

molecules insoluble in water.3-5 The applied protocol was described in paragraph 2.2.4. The 

optimized molar ratios used for the reaction were established through an optimization protocol 

that also included purification steps after the coating process. The purification step is important 

for reducing the amount of free PMAO at the end of the reaction that could lead to the 

formation of polymer micelles and multi-core particles.6,7 During the experiment the number 

of particles was kept constant (100 µl corresponding to 1015 NPs/ml), while the moles of 

PMAO and of tetramethyl ammonium hydroxide pentahydrate (TMAH) were varied. The 

TMAH is one of the strong bases chosen to solubilize the dry film of coated NPs. In Table 3 

there is a summary of the different attempts where the PMAO/TMAH ratio was varied. Among 

those, D did not allow complete film solubilisation; A and B were both successful, while C 

showed a very slow kinetics. The results shown in this thesis were obtained with the 

PMAO/TMAH equal to ratio B reported in Table 3.3.  

Table 3.3 Polymer coating optimization. 

 

PMAO 

monomer unit 

[mmol] 

TMAH 

[mmol] 

A 0.04 0.25 

B 0.02 0.13 

C 0.016 0.10 

D 0.011 0.07 

The slow evaporation of the organic solvent from a mixture of organic particles and PMAO 

guaranteed the wrapping of the polymer around the NPs surface. The polymer was used in 

large excess to limit the formation of multi-core particles. The polymer coating could be made 

more stable by cross-linking alkylic chains using diamines. Attempts with bis(6-

aminohexyl)amine were performed8, dissolving the cross-linker in chloroform together with 

the mixture of polymer and NPs. However, the need of cross-linking the polymer coating 

stabilizer around the NP was questionable because for long chain polymers the unwrapping 

from NPs surface is energetically unfavourable.9 Moreover, to avoid inter-particles cross-

linking during this process, it was necessary to operate in very dilute conditions. In these 
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conditions possible cross-linking of the co-existing polymeric micelles can occur making their 

removal and further NPs purification challenging. For these reasons and based on the good NP 

stability observed without cross-linking the polymeric shell, cross-linking was not performed. 

Base-catalysed hydrolysis of the polymer coated NPs allowed their solubilisation in aqueous 

solution. Two strong bases were used: sodium hydroxide (NaOH) and TMAH. Both of them 

successfully transferred the hydrophobic NPs into aqueous dispersions (Fig. 3.3, Table 3.4). 

TEM images did not highlight aggregation or formation of multi-core particles as it can be 

seen in Fig. 3.4a and 3.4b. NPs stabilised by NaOH were shown to be less stable compared to 

those stabilized by TMAH and aggregation occurred within a few days. Statistics on the size 

distribution of these NPs was obtained measuring about 250 NPs by ImageJ software. Size 

values obtained for both coated NPs did not increase significantly compared to the cognate 

NPs in organic solvent. For Au NPs size changed from 5.3±0.6 nm to 5.7±1.0 nm, while for 

Fe3O4 was 10.2±1.6 nm compared to 8.5±1.0 nm in toluene. TEM mainly shows the organic 

cores (mostly for Au NPs), the polymer coating was difficult to visualize given the poor 

electron-density. 

 

Figure 3.3 DLS auto-correlation functions of aqueous dispersions of Au NPs transferred by TMAH and NaOH. 

DLS curves were fitted by the double exponential equation 2.11. 
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Table 3.4 Comparison between hydrodynamic diameters obtained by cumulant analysis and by double-exponential 

fitting (eq. 2.11) of the auto-correlation functions for TMAH and NaOH stabilised NPs represented in Fig. 3.3. 

 A1 C2 τC1[µs]3 τC2[µs]3 dH1 

[nm]4 

dH2 

[nm]4 

dH [nm]5 

(PdI) 

TMAH 0.65 0.57 40.1 132.1 13.7 45.1 
46.7±0.6 

(0.41) 

NaOH 0.58 0.48 56.3 167.8 19.2 57.3 
73.4±1.0 

(0.28) 
1 Amplitude; 2 weight-coefficient of the smaller population; 3 relaxation times obtained through equation 2.11; 4 

hydrodynamic diameters derived from the Stokes-Einstein equation on fitted values; 5 hydrodynamic diameters 

derived from the Stokes-Einstein equation on cumulant results. 

 

Figure 3.4 TEM images and histogram distribution of the carboxylated Au NPs and Fe3O4  (a and c respectively). 

Images are at a magnitude of 50kx. 250 particles were measured for each sample by ImageJ and the size distribution 

represented trough histograms (b and d, Au NPs and Fe3O4). 

3.4 Purification of polymer coated NPs 

NP coating was performed in the presence of excess of polymer so purification for removing 

the unbound polymer from the aqueous dispersion was needed. 

NPs aqueous dispersions were dialysed against PBS for three days using a molecular cut-off 

of 100 kDa to slowly remove the excess of polymer used during the coating reaction. DLS 

size-distributions of NP dispersions after dialysis were characterized by lower polydispersity 
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as shown in Fig. 3.5a-b. The auto-correlation function of the dialysed sample showed a steeper 

slope as well as a size distribution centred at a lower hydrodynamic size (Fig. 3.5b).  

 

Figure 3.5 Auto-correlation data (a) and intensity-averaged size distributions (b) obtained by DLS of Fe3O4 NP 

aqueous dispersions before (red lines) and after (blue lines) dialysis.  

3.4.1 Size exclusion chromatography 

Size exclusion chromatography has been widely applied for NPs separation giving high 

reproducibility and resolution.8,10 Although some examples are reported in literature where 

SEC was proved not to completely remove the excess of polymer from the NP dispersion,6 in 

this work we tried to apply SEC after dialysis. The experimental procedure is extensively 

described in paragraph 2.3.4.1. Briefly, we used two columns of one meter and 25 cm in length 

(same cross-sections) and filled with Sephacryl S-1000 SF and S-500 HR, respectively. NPs 

dispersions eluted through both columns were successfully separated by size with high 

resolution and the shorter column showed shorter time of analysis. Representative results are 

presented in Fig. 3.6a and 3.6b for Au and Fe3O4 NPs, respectively. Recovered fractions 

showing absorption at 320 nm were screened by DLS. While recovered Au NP fractions 

showed sharper size separation highlighting three main size populations (around 50, 25 and 

16 nm), for Fe3O4 NPs a continuous trend was found. Fractions with a PdI above 0.25 were 

not pooled together, but filtration through syringe filter 0.22 µm pores was performed and 

samples measured again by DLS. Final batches of NPs were obtained pooling together 

fractions 10-20 (F1), 21-24 (F2) and 30-38 (F3) for Au and fractions 13-25 (F1) and 24-37 

(F2) for Fe3O4, they were characterized by size and Zp and representative results are shown in 

Table 3.5. The main populations of Au and Fe3O4 NPs were characterized by a size of 23.1±1.5 

nm and 46.1±0.4 nm. This purification approach worked better for gold NPs compared to 

magnetite ones as proved by the PdI values of 0.11 and 0.23, respectively. The smaller 

populations of 16 nm found in both samples showed a lower Zp (≈ -13 mV) with respect to 

the main populations (≈ -25/-20 mV): those samples contained such a low amount of metal 

that they were not suitable for ICP analysis. These fractions might have contained high 
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amounts of free polymer. In fact, TEM images on these three different fractions for Au NPs 

did not show particular alteration of the NP core (Fig. 3.7), with both morphology and size 

distributions appearing the same. 

 

Figure 3.6 Trends for hydrodynamic diameters (dH , full markers, left axis) and polydispersity indexes (PdI, empty 

markers, right axis) obtained from cumulant analysis of the auto-correlation functions of the fractions collected 

from Sephacryl S-500 SEC on Au (circles, a) and Fe3O4  NPs (triangles, b). 

Table 3.5 DLS data1 of purified Fe3O4 and Au NP dispersions obtained through size exclusion chromatography.  

Fe3O4 F1 (fractions 13-25), F2 (fractions 24-37); Au F1 (fractions 10-20), F2 (fractions 21-24), F3 (fractions 30-

38). 

 Fe3O4 F1 Fe3O4 F2 Au NPs F1 Au NPs F2 Au NPs F3 

dH [nm]2 46.1±0.4 16.1±0.8 36.4±0.7 23.1±1.5 16.4±0.3 

PdI3 0.23 0.16 0.14 0.11 0.19 

Zp [mV] -25.4±1.9 -12.6±3.4 -19.3±4.0 -28.5±4.6 -13.2±2.7 

1 DLS data were the average of three measurements and are presented with the relative standard deviation. 
2Z-averaged Hydrodynamic diameters (dH) obtained by cumulant analysis of the auto-correlation functions 
3Polydispersity indexes (PdI) obtained by cumulant analysis of the auto-correlation functions. 

3.4.2 Sucrose gradient ultracentrifugation 

After performing SEC, NPs were subjected to agarose gel electrophoresis to prove the 

complete removal of the free polymer. The free polymer can be detected under UV light, while 

NPs can be detected under visible light.6 In Fig. 3.8, panels a - b represent the same gel under 

visible and UV light detection, respectively. Bands 1, 2 and 3 are F3O4 before dialysis, after 

dialysis and after size exclusion chromatography, respectively. Fluorescent bands became 

narrower and fainter with the purification process, but free polymer was still present in band 

3*. Although NPs bands were faint (dashed square in Fig. 3.8a and 3.8b), they could be 

distinguished from the polymer. Given the inefficiency of SEC-based purification, sucrose 

gradient UC was performed on dialysed NPs following the procedure described in paragraph 

2.3.4.2. 
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Figure 3.7 TEM images and histogram distribution of the three fractions collected by SEC of Au NP aqueous 

dispersions. a-b) Fraction 1; c-d) Fraction 2; e-f) Fraction 3 relative to the samples whose parameters are reported 

in Table 3.5. Images were at a magnification of 50kx (a, c) and 40kx (b). 

In Fig. 3.8c, a picture of the UC tube after centrifugation was shown: NPs were localized in 

the coloured band in the centre. The transparent solution above the coloured band was sampled 

in 0.5 ml fractions from the top of the tube that were loaded on agarose gel (Fig. 3.8d).  The 

detection of free polymer was from aliquots 2 to 7 and the corresponding bands became fainter 

progressing across the gradient (sucrose concentration 2-20% w/w). A band corresponding to 

NPs appeared from fraction 10 (sucrose concentration 33-50% w/w).  The coloured band was 

isolated from the other uncoloured bands and dialysed against PBS (using a membrane with 

2kDa cut-off) until complete elimination of sucrose. DLS confirmed the recovery of the main 

population previously isolated by SEC. NP dispersions purified through UC showed DLS size-

distributions characterized by a lower polydispersity, passing from 0.23 to 0.16 (Fig. 3.9 and 

Table 3.6), and slightly lower Zp. 
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Figure 3.8 Polymer and NPs detection by 2% agarose gel. A gel was loaded with NPs before dialysis (lane 1, 1*), 

after dialysis (lane 2, 2*), after SEC (lane 3, 3*) and imaged under visible light (a) and UV filter (b). C) Picture of 

a tube loaded with Fe3O4 after UC. D) Gel loaded with aliquots collected from the top of the tube. Lanes 1-8 were 

imaged under UV filter while lanes 10 and 16 were imaged under visible light. 

 

Figure 3.9 DLS intensity-averaged size distributions of Fe3O4 dispersions purified by UC (dotted line) and SEC 

(solid line). 

Table 3.6 DLS data1 of purified Fe3O4 obtained by SEC and UC. SEC sample is F1 (fractions 13-25), UC 

corresponds to sucrose concentration of 33-50% w/w. 

 
Fe3O4 

SEC 

Fe3O4 

UC 

dH [nm]1 46.1±0.4 42.9±0.1 

PdI2 0.23 0.16 

Zp [mV] -25.4±1.9 -23.8±2.9 

1 DLS data were the average of three measurements and are presented with the relative standard deviation. 
2 Hydrodynamic diameters (dH) from cumulant analysis of the auto-correlation functions. 
3 Polydispersity indexes (PdI) from cumulant analysis of the auto-correlation functions. 
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3.5 Surface functionalization 

3.5.1 Pegylation 

NP surface pegylation was performed exploiting two distinct routes to achieve two degrees of 

surface functionalization: partial and complete.  

The partial pegylation was obtained using an excess of Jeffamine M1000 as nucleophile to 

open the maleic ring and disperse the polymer-NP film in the aqueous solution: this strategy 

allowed modification of 50% of the carboxylic groups by PEG. Pegylated NPs were imaged 

by TEM and showed a good size distribution of the cores without formation of multi-core NPs. 

The mean diameters obtained by statistical analysis of the NPs imaged by TEM (Fig. 3.10b-d 

and Table 3.7) were slightly larger than those obtained for the organic core NPs, although they 

were comparable to the carboxylated NPs. This is due to the contribution of the shell that 

unfortunately could not be clearly distinguished from the core due to instrumental limitations 

(Fig. 3.10a-c). The purification of NPs dispersions was done as previously described by UC 

and SEC. DLS and TEM results reported in Table 3.7 showed that NPs purified by SEC were 

characterized by higher polydispersity and larger diameters compared to those subjected to 

UC. Zp values were reduced by about 50% with respect to carboxylated NPs (from about -23 

mV to -10 mV). Electrophoretic mobility of pegylated and carboxylated NPs in agarose gel 

was very different as it was expected (see Fig. 3.11). In particular, carboxylated Au NPs and 

Fe3O4, loaded in lanes a and c of the agarose gel reported in Fig. 3.11, respectively, showed a 

higher mobility with respect their pegylated counterparts (loaded in lanes b and d respectively).  

The second strategy used to achieve complete pegylation of the surface carboxylic groups was 

done by a post-purification functionalization of the surface carboxylated groups by EDAC 

chemistry11. The optimal experimental conditions were found through several attempts where 

the molar ratio between EDAC and Jeffamine was systematically changed in order to avoid 

NP aggregation and flocculation. The optimal conditions were the following: incubating 

overnight 1012 NP/ml with a molar ratio EDAC/Jeffamine of 40 and then removing the excess 

of reagents washing 3-5 times by centrifugal filter, thus exchanging the buffer with water. The 

auto-correlation functions of the NPs in water and PBS dispersions are reported in Fig. 3.12. 

Their cumulant results are reported in Table 3.8: NPs in PBS are characterized by a larger 

hydrodynamic size and polydispersity. Some degree of aggregation and cross-linking could 

not be completely ruled out. Zp measured were close to 0 mV (Table 3.8) and confirmed a 

more extensive pegylation. 
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Figure 3.10 TEM images and relative histograms for pegylated Au NPs (a-b) and pegylated Fe3O4 (c-d). Images 

were at a magnification of 50kx and 40kx respectively (a-c). Statistics were done on 50 NPs. 

Table 3.7 Hydrodynamic diameters, polydispersity indexes, z- potential and dry diameters of pegylated Au NPs 

and Fe3O4. DLS was done on dispersion purified by SEC and UC. TEM images were collected for samples after 

dialysis. Au-PEG NPs and Fe3O4-PEG isolated by UC corresponded to sucrose concentrations of 30-45% and 25-

35% w/w respectively. 

 

DLS1 TEM 

dH [nm]2 SEC 

(PdI) 

Zp 

[mV] 

dH [nm]3 UC 

(PdI) 

Zp 

[mV] 

d[nm]4 

TEM 

Au-PEG NPs 
42.1±0.4 

(0.23) 

-9.0± 

2.3 

26.1±0.2 

(0.18) 

-9.4± 

1.0 
5.9±0.9 

Fe3O4-PEG 
46.6±0.7 

(0.16) 

-10.4± 

4.4 

29.7±0.3 

(0.15) 

-10.3± 

1.4 
9.8±1.5 

1 DLS data were the average of three measurements and are presented with the relative standard deviation. 
2 Hydrodynamic diameters (dH) from cumulant analysis of the auto-correlation functions. 
3 Polydispersity indexes (PdI) from cumulant analysis of the auto-correlation functions. 
4 Mean diameters from distribution analysis of NPs sampled by ImageJ. 
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Figure 3.11 1.5% Agarose gel run at 100V for one hour. a) carboxylated Au NPs; b) pegylated Au NPs; c) 

carboxylated Fe3O4; d) pegylated Fe3O4.  

 
Figure 3.12  Auto-correlation data obtained by DLS comparing Fe3O4 dispersed in water (red circles) and PBS 

(blue triangle). 

Table 3.8 Hydrodynamic diameters, polydispersity indexes and z-potential of pegylated Fe3O4 through EDAC 

coupling. 

 
Fe3O4-PEG 

in water1 

Fe3O4-PEG 

in PBS 

dH [nm]2 64.4±2.9 80.7±0.8 

PdI3 0.19 0.21 

Zp -3.2±1.1 +1.6±0.3 

Data were the average of three measurements and are presented with the relative standard deviation. 
1 The Zp was measured in a solution of NaCl 0.1 mM.  
2 Hydrodynamic diameters (dH) from cumulant analysis of the auto-correlation functions. 
3 Polydispersity indexes (PdI) from cumulant analysis of the auto-correlation functions. 

3.5.2 Fluorescent labelling of the NPs 

Water-soluble NPs were further labelled with a fluorescent molecule to allow detection of the 

NPs through fluorescence spectroscopy and fluorescence microscopy. The labelling procedure 

was performed following two strategies: the first involved the labelling of PMAO in organic 
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solvent before the coating process, the second consisted in a fluorescent labelling of the core-

shell NPs dispersed in aqueous solution post-purification. 

Fluoresceinamine (FA, Sigma, chemical structure reported in Figure Fig. 3.13a) was used as 

fluorescent probe to modify the polymer. The coupling reaction between PMAO and FA was 

carried out in Tetrahydrofuran (THF) overnight (molar ratio of 50). The efficiency of the 

coupling was proved by fluorescence emission intensity increase of the labelled polymer 12 as 

conseguence of the coupling at the same dye concntration (Fig. 3.13b).  

The labelled polymer was used to coat the NPs in organic solvent following the procedure 

described in the paragraph 2.2.6. Briefly, NPs (1015 NPs) and polymer (0.02 mmol) were 

dissolved in chloroform and the solvent slowly eliminated by rotary evaporation. The dried 

film of coated NPs was then re-dispersed in an aqueous solution of TMHA (0.13 mmol).  

 

Figure 3.13 A) FA isomer. B) Emission spectra of FA in THF (dotted line) and PMAO modified with FA in THF 

(solid line). The concentration of the dye was 0.057 mM. The excitation wavelength was 430 nm.  

Purification by sucrose gradient UC was applied to the coated fluorescent NPs after extensive 

dialysis against PBS. The sucrose gradient concentration used to purify the carboxylated NPs 

(i.e. 7-70%) did not result in a good separation of the NPs from the excess of polymer, thus 

the sucrose gradient was adjusted to concentration of 35-70%. After UC, twelve aliquots from 

the top to the bottom of the tube were taken. In Fig. 3.14a are reported the measured UV-vis 

and fluorescence intensities of these 12 fractions. NPs were detected at a wavelength of 231 

nm and found from fractions 7 to 12. Fluorescence emission at 513 nm was used to detect the 

labelled polymer and its concentration (signal) was similar in all fractions except that in 

fractions 3 and 12. Aliquots were loaded in agarose gel and UV detection highlighted the 

presence of free polymer in the first four fractions. In fraction 12 the band corresponding to 

the free polymer was not detectable (Fig. 3.14b). Combining results from UV, fluorescence 

and agarose electrophoresis, we evaluated that labelled NPs were in fractions 7-12 (sucrose 

concentration of 54-70% w/w). Fraction 12 was characterized by a much higher fluorescence 

emission, but a similar absorbance to fractions 10 and 11 (sucrose concentration of 66-70% 
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w/w). It also presented some aggregates, thus to allow further characterization, it was sonicated 

before dialysis against PBS. Fractions 7-11 (sucrose concentration of 54-66% w/w) were 

pooled together and dialysed versus PBS. The two samples were characterized by UV-vis 

absorption, fluorescence and DLS. 

 

Figure 3.14 Analysis of the aliquots collected after UC of Fe3O4 coated with FA-PMAO. A) Fluorescence emission 

intensity (ʎecc= 430 nm; ʎem= 513 nm) and UV absorption (ʎabs= 231 nm) of the 12 fractions collected from the top 

of the gradient to the bottom. B) 2% agarose gel of the sample before UC (first lane on the left) and the 12 fractions.  

UV-vis spectra were recorded for labelled and unlabelled Fe3O4 NPs and are shown in Fig. 

3.15a. NP dispersions were at a similar concentration (2.5x1012 NPs/ml) and differences were 

observed at low wavelengths and in the region between 480-500 nm. In Fig. 3.15b 

fluorescence emissions of the same samples were recorded: while the spectrum of the labelled 

Fe3O4 NPs was characterized by a peak at wavelength of 518 nm, fluorescence emission of 

unlabelled Fe3O4 NPs was close to background. DLS characterization of these samples showed 

that coating the NPs with an excess of labelled polymer caused the formation of two 

populations as when the coating was performed by unlabelled polymer. The second 

population, mostly composed of polymer micelles, was eventually purified through dialysis 

and UC (Table 3.9). The presence of the dye on the polymer structure slightly affected the 

main population in terms of size (43 nm compared to 53 nm in diameters), while the z-potential 

was unchanged. The larger second population could be related either to the formation of multi-

core coated NPs or to NP aggregation during UC. Overall, the procedure was successful but a 

considerable amount of material was lost during purification: NPs were not fully recovered 
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during the UC as well as a big excess of labelled polymer was needed. Thus, this procedure 

not appropriate when a more expensive fluorescent molecule was used.   

 

Figure 3.15 A) UV-vis spectra in PBS of unlabelled Fe3O4 (dotted line) and FA-labelled Fe3O4 (solid line). B) 

Emission spectra (ʎecc= 430 nm) of unlabelled Fe3O4 (dotted line) and labelled ones (solid line). 

Table 3.9 Hydrodynamic diameters, polydispersity indexes and z-potential measured by DLS1 of FA-labelled and 

unlabelled Fe3O4. UC F7-11 and UC F12 corresponded to sucrose concentration of 54-66% and 70% w/w 

respectively. 

 

Fe3O4@ 

PMAO_FA 

bef dial 

Fe3O4@ 

PMAO_FA 

after dial 

Fe3O4@ 

PMAO_FA 

UC F7-11 

Fe3O4@ 

PMAO_FA 

UC F12 

 

Fe3O4
2 

dH [nm]3 147.6±2.9 110.5±1.1 54.6±0.9 113.7±1.3 43.6±0.2 

PdI4 0.3 0.23 0.22 0.20 0.15 

Zp [mV] n.d. n.d. -24.4±0.9 -25.9±0.7 -26.7±2.6 

1 Data are the average of three measurements and are presented with the relative standard deviation. 
2 Fe3O4 were unlabelled carboxylated NPs purified by UC. 
3 Hydrodynamic diameters (dH) from cumulant analysis of the auto-correlation functions. 
4 Polydispersity indexes (PdI) from cumulant analysis of the auto-correlation functions.  

The second approach was based on 1-Ethyl-3-(3-Dimethylaminopropyl) carbodiimide 

(EDAC) coupling of an available amine of the fluorescent dye with the surface carboxylic 

groups on the coated NPs. The chosen dye was BODIPY®FLEDA (LifeTechnologies) whose 

chemical structure is reported in Fig. 3.16a and absorption and emission spectra in Fig. 3.16b. 

It belongs to a relatively new class of fluorescent dyes that show small Stokes shift with sharp 

peaks in absorption and emission, high quantum yield and photo-stability. Recently, it was 

used to label Fe3O4 NPs but the coupling was carried out in organic solvent.13 The labelled 

NPs showed good magnetization properties and no cytotoxicity, but some aggregation was 

revealed by DLS and TEM. In our case, the coupling was performed in PBS buffer at pH 7.4 

as described in paragraph 2.2.6. The resulting dispersion was washed three times with PBS 
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using centrifugal filters (Amicon 50kDa MWCO) for removing the small amount of DMSO 

deriving from the stock solution of the dye as well as the excess of reagents. The recovered 

sample and its first washing were analysed by UV-vis absorption and fluorescence emission 

as shown in Fig. 3.17a and 3.17b and compared to the signal from the same concentration of 

unlabelled Fe3O4 NPs. In the absorption profile there was the appearance of a peak at 510 nm 

(the maximum was at 502 nm for the dye in methanol) while the remaining profile did not 

change. In the fluorescence emission spectrum the maximum was at 518 nm (511 nm for the 

dye in methanol), while no peaks were present either in the unlabelled Fe3O4 NP dispersions 

nor in the washings meaning that the dye was completely attached to the NPs surface. 

 

Figure 3.16 Chemical structure (a) and absorbance and emission spectra in methanol (b) of BODIPY®FL EDA 

from LifeTechnologies.com. 

 

 

Figure 3.17 A) UV-vis spectra of BODIPY modified Fe3O4, unlabelled Fe3O4 and washing solution. B) 

Fluorescence emission spectra of the same samples at a ʎecc= 500 nm. 
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Figure 3.18 DLS auto-correlation data (a) and intensity-averaged size distributions (b) obtained from DLS of 

carboxylated unlabelled Fe3O4 (dashed line) and labelled carboxylated (black line) and pegylated (red line) Fe3O4.  

Pegylation and fluorescence labelling could be simultaneously performed and, from a 

structural point of view, the differences from the original dispersion of pegylated NPs were 

negligible. DLS auto-correlation functions and relative size-distributions of unlabelled, 

labelled carboxylated and labelled pegylated NPs are reported in Figures 3.18a-b. Moreover, 

cumulant analysis of these auto-correlation functions showed an almost invariant 

polydispersity (PdI=0.18, 0.22 and 0.19 for unlabelled, labelled carboxylated, labelled 

pegylated, respectively) and a slight increase of the z-averaged hydrodynamic diameter 

passing from 30 nm to 34 nm and 39 nm for unlabelled, labelled carboxylated and labelled 

pegylated NPs respectively. Zp of the labelled NPs was still very negative for the carboxylated 

(-24±2 mV), while complete saturation of the COOH groups was not reached for the pegylated 

NPs as the Zp was still slightly negative (-6±2 mV).  

3.6 Drug loading 

Generally, the encapsulation of a hydrophobic drug in a nanocarrier exploits the tendency of 

the drug to spontaneously locate in the hydrophobic region of the NP. Previously, 

nanocapsules,14 nano-gels15 and polymeric NPs,5 have been loaded with small hydrophobic 

molecules although the encapsulation efficiency varied. 

In this study two approaches to encapsulate a model hydrophobic drug, leflunomide, were 

followed. The first one consisted in adding the drug in chloroform during the coating 

procedure. Leflunomide was prepared in chloroform (100 µl, 1.5 mg/ml) and added to the NPs 

(250 µl, 1015 NPs/ml) and the polymer in organic solvent. The mixture was left stirring for 

four hours and then the solvent evaporated under controlled pressure. The NPs film was 

dispersed in alkaline water and dyalisis and SEC purifications were performed. However, Fig. 

19a shows that the final NPs were characterized by a wide size distribution and a mean 

hydrodynamic diameter of about 80 nm.  
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The second approach involved the addition of 100 µl of 1.5 mg/ml stock solution of 

Leflunomide in chloroform to 10 ml of an aqueous dispersion of the coated NPs at a 

concentration of 2.5x1013 NPs/ml. The mixture was left overnight to allow complete 

evaporation of chloroform. No precipitate was found in the dispersion and purification was 

carried out with dialysis and SEC. As shown in Fig. 3.19b a nicely monodispersed fraction 

was isolated by SEC and the hydrodynamic size was comparable to that of the unloaded 

sample. The hydrodynamic diameter of the loaded NPs was 21.2±0.1 nm (PdI = 0.18), while 

that of the unloaded ones was 18.1±0.1 nm (PdI = 0.21).  

 

 

Figure 3.19 Hydrodynamic diameters by intensity percentage of Leflunomide loaded Au NPs with the two 

approaches. A) Drug in chloroform was added during the coating phase. B) The drug in chloroform was added after 

transfer of the NPs in water. Dialysis and SEC were performed to purify the final product. 

TEM images confirmed that the incubation with the drug did not affect the overall morphology 

of the NPs although changes in the polymeric shell cannot be imaged and detected by TEM 

(Fig. 3.20).  

 

Figure 3.20 TEM images of Au NPs without drug (a) and with the drug (b). Magnification was 40kx and 60kx 

respectively. 

The experimental evidence of the successful incorporation of the drug in the hydrophobic shell 

needed to be proved. UV-vis and ATR-FTIR spectroscopies were used to reveal Leflunomide 



Chapter 3 

 

84 
 

presence in the NPs shell. UV-vis spectra of the unloaded Au NPs, Leflunomide loaded NPs 

and Leflunomide in chloroform are shown in Fig. 3.21a. The presence of Leflunomide could 

be related to two features of the absorption spectra of the three samples. First of all, the 

different shape of the plasmon peak although the Au NP concentration was invariant for the 

two measurements.16 Secondly, the appearance of a band at 260 nm that is characteristic of the 

Leflunomide but which is not present in the spectrum of the unloaded NPs.17 Leflunomide 

ATR-FTIR spectrum from chloroform as well as the assignment of the vibrational modes are 

reported in Fig. 3.21b and in Table 3.10, respectively. ATR-FTIR spectra of Leflunomide 

loaded Au NPs and relative unloaded counterparts are presented in Fig. 3.22. Analysis of these 

spectra showed slight shifts or change in intensity of some analogous band of the two samples. 

Bands at 3298 cm-1 (amide N-H stretching), 2924 and 2850 (aromatic C-H stretching), 1658 

cm-1 (amide C=O stretching), 1412 cm-1 (isoxazole ring stretching) and 858 cm-1 (aromatic 

=C-H para-substitution out-of-plan bending) were either slightly shifted or more intense in the 

loaded NPs spectrum. Furthermore, the band at 1046 cm-1 was very strong and it could be 

attributed to the combination of C-F stretching and C-H β-in-plane-bending for isoxazole. 

Extra peaks appeared at 1335 cm-1 (C-F asymmetry stretching), 1237 cm-1 (C-F stretching) 

and 926 cm-1 (isoxazole ring in-plane-bending). We could conclude that the hydrophobic 

molecule was successfully embedded in the polymeric shell but further optimization of the 

procedure needs to be done and a suitable methodology to quantify the drug in the shell needs 

to be found (for example by HPLC). 

 

Figure 3.21 A) UV-vis spectra for Au NPs with and without drug and the drug in chloroform (5 µg/ml). The 

plasmonic resonance band at 516 nm and a peculiar peak for Leflunomide at 260 nm were marked with dashed 

black lines. B) ATR-FTIR spectrum of Leflunomide in chloroform. In the insert, the structure of the drug is 

reported. The frequencies of some peaks were highlighted and assignations were represented in Table 3.10. 
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Figure 3.22 ATR-FTIR spectra of Leflunomide-loaded Au NPs (blue line) and unloaded NPs (red line). Relevant 

bands were labelled and the increase in intensity and shifts could be due to the additional vibration of drug in the 

polymeric shell. 

3.7 Polystyrene and Silica NPs  

Polystyrene and silica beads were used throughout this thesis as “standard” nanoparticles: they 

are extensively characterized in literature and available in a wide range of dimensions and 

surface groups showing good intrinsic stability and low cytotoxicity.22-26 

In this study green-fluorescently labelled carboxylated polystyrene nanoparticles were used: 

nominally their diameters were 20 and 100 nm (PS-COOH20 and PS-COOH100). Unlabelled 

PS-COOH100 (PS-COOH100NF) and SiO2 NPs were also tested. Size and surface charge 

were characterized by DLS and NTA in PBS buffer at pH 7.4 (Table 3.11). All the NPs were 

negatively charged (from -40 mV to -20 mV) and thus characterized by high colloidal stability. 

Moreover, DLS analysis of their dispersion resulted in narrow size distributions  with PdI<0.1. 

Measured hydrodynamic diameters were slightly higher than the nominal sizes, except for 

SiO2 NPs. NTA analysis gave slighly smaller avarage diameters than those obtained by DLS 

except for PS-COOH20.27 PS-COOH20 size seemed to be twice larger from NTA analysis 

than in DLS, but the low refractive index of PS together with their small size make the analysis 

of these NPs at the resolution limit of the technique, thus the NTA measured sizes are 

considered less reliable than those obtained by DLS. A Tecnai 20 TEM with AMT cameras, 

operating at an accelerating voltage of 200 kV was used for imaging polystyrene NPs (PS-

COOH100 and PS-COOH20). Particles were dried on carbon-coated 300–mesh copper grids 

(Agar Scientific) and counterstained with 2% uranyl acetate.The sizes were confirmed as 

shown in Fig. 3.23. 

  



Chapter 3 

 

86 
 

Table 3.10 Vibrational frequencies and relative assignments for ATR-FTIR spectra of Leflunomide in chloroform 

(CHCl3) and after encapsulation in the NPs shell.  

Vibrational modes 

Vibrational frequencies 

[cm-1] Literature vibrational 

frequencies [cm-1] 
In CHCl3 In NP shell 

Amide N-H 1 3309 3298 3500-310018 

Alkanes and aromatic 

C-H 1 
2921, 2852 2924, 2850 3000-285018 

Amide C=O 1 1660 1658 1680-163018 

Aromatic C=C 1 
1608, 1535, 

1485 

---------------

----- 
1600-147518 

Isoxazole ring 1   
1650-1610, 1580-1520, 1510-

147019 

Isoxazole ring 1 1411, 1386 1412 1430-137019 

C-F 2 1323 1335 133220 

C-F 1 1245 1237 1281-121821 

C-F 1 1164 
---------------

----- 
115721 

C-F 1 1116, 1066 1046 109721 

Isoxazole C-H 3   108819 

Isoxazole ring 4 1018 
---------------

----- 
1028-100019 

Isoxazole ring 3 939 926 945-84519 

CF3 
5 887 

---------------

----- 
90921 

Aromatic =C-H 6 838, 763 858 900-69018 

1 stretching; 2 asymmetry stretching; 3 β in-plane-bending; 4 breathing; 5 deformation; 6 out-of-plane bending 

vibrations for para-substituted benzene ring. 
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Figure 3.23 TEM images of PS-COOH20.Image was collected with a magnification of 29kx. Few drops of NPs’ 

dispersions were placed on a copper grid and stained by uranyl acetate (picture taken by C. Webster).  

Table 3.11 Size and z-potential characterization of polymeric NPs in PBS. DLS and NTA data are reported. 

 1 Hydrodynamic diameter (dH) was calculated avaraging the hydrodynamic diameters of all NPs tracked in a 

particle-by-particle modality by NTA. 
2 SD is the standard deviation on all the hydrodynamyc diameters measured in a particle-by-particle modality by 

NTA. 
3Hydrodynamic diameter (dH ) obtained by DLS from the cumulant analysis of the auto-correlation data. 
4 Polydispertity indexes (PdI) were obtained by DLS from the cumulant analisys of the auto-correlation data. 

All data were presented as the avarage of three indipendent measurements with relative standard deviation.  

PS-COOH20 and PS-COOH100 were pegylated through EDAC chemistry by Jeffamine 

M1000 following the procedure described in paraghraph 2.2.5. In particular, pegylation on PS-

COOH100 NPs was more effective than for PS-COOH20 NPs reaching a pegylation of 100% 

(evaluated by Zp measures) that made those NPs very stable. PS-COOH20 NPs instead 

showed less stability probably due to the higher chemical reactivity of the surface28 and the 

reaction showed low reproducibility. The best results were achieved reacting 5.8x1013 NPs/ml 

of PS-COOH20 NPs with 13 mM Jeffamine and 120 mM EDAC. While purification of PS-

PEG100 NPs was performed with five washings by centrifugal filters (Amicon MWCO 

 PS-COOH20 PS-COOH100 PS-COOH100NF SiO2 

dH [nm]1 64±21 78±3 97±5 37±4 

SD [nm]2 28±5 29±2 32±3 18±4 

dH [nm]3 32.5±0.1 100.8±0.7 128.6±1.1 46.7±0.5 

PdI4 0.10 0.01 0.05 0.02 

Zp [mV] -45.0±0.3 -33.6±1.2 -26.8±0.8 -22.3±4.0 
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100kDa), that was not possible for PS-PEG20 for which aggregation occurred. These NPs 

were instead purified from excess of PEG through dialysis (MWCO 100kDa for two days). A 

summary of the features of the obtained particles was shown in Table 3.12. 

Fluorescent PS nanoparticles were characterized by fluorimetry (Fig. 3.24) and no shift of the 

maximum of emission was recorded (515 nm) and concentration determination was possible 

building a calibration curve at this emission for both PS-COOH100 (Fig. 3.25a) and PS-

COOH20 (Fig. 3.25b). 

Table 3.12 Characterization by DLS and NTA of the pegylated PS NPs commercially available. 

 PS-PEG20 PS-PEG100 

dH [nm]1 80±36 125±1 

SD [nm]2 41±2 38±1 

dH [nm]3 77.4±1.6 106.3±0.7 

PdI4 0.19 0.04 

Zp [mV] -0.1±3.1 -0.1±2.2 

1 Hydrodynamic diameter (dH) was calculated avaraging the hydrodynamic diameters of all NPs tracked in a 

particle-by-particle modality by NTA. 
2 SD is the standard deviation on all the hydrodynamyc diameters measured in a particle-by-particle modality by 

NTA. 
3Hydrodynamic diameter (dH ) obtained by DLS from the cumulant analysis of the auto-correlation data. 
4 Polydispertity indexes (PdI) were obtained by DLS from the cumulant analisys of the auto-correlation data. 

All data were presented as the avarage of three indipendent measurements with relative standard deviation.  

 

 

Figure 3.24 Emission intensities for PS NPs in PBS. The excitation wavelength was 490 nm. 
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Figure 3.25 Concentration of PS NPs (mg/ml) versus emission intensity. The emission reported was for the 

maximum emission wavelength at 515 nm.  

3.8 Conclusions 

In this chapter synthesis, functionalization and physical-chemical characterization of NPs used 

in this thesis are described. A detailed description of these NPs was important for their further 

characterization in complex environmental conditions, for example when in contact with 

different types of biological fluids (e.g. blood and digestive fluids) and for the studies of the 

interactions with membrane models and cells. 

Au and Fe3O4 core-shell NPs were synthetized in our laboratory according protocols well 

established in the literature.1,2 In particular, the metallic cores of the NPs were synthetized in 

organic solvent and a polymer coating was introduced to allow them to be dispersed in water. 

The choice of PMAO, an amphiphilic polymer, as coating agent was convenient because it 

could be exploited for further surface functionalization (with PEG derivatives and fluorescent 

dyes) and for accommodating poorly water-soluble molecules in the hydrophobic shell. The 

optimization of a purification procedure based on dialysis and sucrose gradient UC was 

necessary to obtain monodispersed NPs free from the excess of reagents. SEC was shown to 

be not as effective as UC in accomplishing a complete purification. The resulting NPs were 

monodispersed (PdI <0.2) with hydrodynamic diameters around 50 nm. Surface charge could 

be controlled through pegylation and NPs that were negatively charged (Zp ≈ -20 mV), 

partially (Zp ≈ -10 mV) or fully pegylated (Zp ≈ 0 mV) were synthetized.  

The properties listed above made our NPs suitable for nanomedicine applications. The cores 

can be exploited for different types of imaging, while pegylation of the surface made them 

stable in the biological environments. We confirmed the possibility of embedding a small 

hydrophobic drug in the polymer shell for drug delivery purposes and the ability to attach 

relevant molecules to the surface without macroscopic modification of the NPs. Furthermore, 
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some commercially available NPs were also characterized according their size, charge, 

morphology and spectroscopic properties. They will appear in the following chapters as 

standard NPs and compared to our “in house” made Fe3O4 NPs that were chosen over Au NPs 

to continue this work. 
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Chapter 4. Isolation of protein corona complexes from blood serum 

4.1 Introduction  

Nanotechnologies are applied in many fields and it is fundamental to understand the 

potential impact of ENMs on human health. The characterization of NPs in relevant 

biological fluids is an important issue as NPs in biological fluids spontaneously adsorb 

proteins on their surface forming a PC.1,2  

NP physical–chemical properties and size, medium composition and incubation time have 

been found to affect PC composition.3-5 PCs have been shown to be dynamic structures 

composed of outer layers of proteins or soft corona (SC) that can exchange with the 

surrounding environment and an inner layer or hard corona (HC) strongly bound and stable 

if the experimental conditions are kept constant.2,6-9 The HC is believed to provide the 

ultimate biological identity to the NP and determine the interactions with the surrounding 

biological material, while the impact of the SC is still debated. 10,11 

In this scenario, isolation and recovery of HC complexes are critical for studying their 

composition and relating it to possible biological responses. The main concern in this regard 

is to keep the HC as similar as possible to the in situ conditions. The most used approach to 

separate PC complexes from the excess of fluid is based on consecutive cycles of 

centrifugation/washing optimized according to NP and media properties.12,13 Generally, this 

strategy is appropriate for most NPs and gives reliable results, but the equilibrium of the 

system can be altered by the presence of several steps and the PC can change during this 

process due to the different time-scales characterizing its dynamic nature.14 Furthermore, 

NPs characterized by small diameters (about 5-20 nm) and/or low densities (close to 1 

g/cm3) may not be well-separated from loosely bound proteins. To overcome those 

limitations, high speeds and long times of centrifugation are often necessary with the 

promotion of extensive aggregation with respect to in situ. These effects are emphasized in 

the isolation of HC complexes for NPs that do not form rich coronas (for example pegylated 

NPs).  

PC complexes exist simultaneously as monomers, dimers, trimers, etc. for which the actual 

composition is unknown. It is likely that those complexes have different biological activity 

being characterized by dissimilar sizes and proteins composition. Several techniques have 
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been used to achieve separation of in situ co-existing complexes: differential sedimentation 

centrifugation (DCS) permitted the analytical separation of different populations of HC 

complexes for different NPs and demonstrated that they were representative of those in situ. 

Other techniques are size-exclusion chromatography, magnetic separation through the use of 

magnetic columns MACS able to separate PC complexes of magnetic NPs,15 and field-flow-

field fractionation.16,17 However, these techniques do not allow the recovery of the different 

populations of PC complexes for further studies.2,18  

Density-gradient ultracentrifugation (UC) has been used to purify NPs from free coating 

agents19 and to improve NPs size distributions.20,21 Moreover, Docter, Tenzer and co-

workers22,23 and Werwie and co-workers24 used a sucrose cushion as first step to remove 

unbound proteins followed by centrifugal washings to obtain HC complexes. However, also 

this approach involves a number of steps with the risk of altering the PC in terms of 

composition and structure.  

In this chapter, a one-step procedure able to isolate and recover PC complexes from the 

biological environment with a less invasive effect on the structure of the PC NPs has been 

developed. In particular, sucrose-gradient UC was used to gently separate HC complexes 

from the excess of physiological fluids. In this case foetal calf serum (FBS) was chosen as 

model fluid. NPs of different size, material and surface coating were tested. The PC 

complexes isolated by conventional centrifugation methods and UC were analysed by size 

through Nanoparticle Tracking Analysis (NTA) and Dynamic Light Scattering (DLS). PC 

composition was investigated by SDS-PAGE. Finally, the effect of the two methodologies 

on the interactions between PC complexes and surrounding environment was investigated. 

PC complexes of magnetite NPs recovered from serum by both UC and conventional 

centrifugation methods were incubated on cells in serum free conditions to compare their 

NPs cellular uptake. Some of the results presented in this chapter are included in the work in 

the appendix.25 

4.2 Overview of the methodology 

In Fig. 4.1 a scheme, outlining the approach followed for this study, is presented. NPs were 

incubated in FBS for one hour at 37°C. Before progressing with the purification from 

unbound proteins, size was measured by DLS and NTA. One aliquot was subjected to 

sucrose-gradient UC according to the experimental protocols (sucrose gradient 

concentration, time and speed of centrifugation) described in paragraph 2.3.4.2. Sucrose-
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gradient concentration, time and speed of centrifugation are parameters that need to be 

adjusted according to the NP features. The same NPs incubated in serum were also isolated 

by the conventional methodology based on three centrifugations at 15500 rcf at 4ºC and re-

suspension of the pellet in 500μl PBS pH 7.4. Recovered NPs were again characterized by 

size and Zp. PC complexes isolated by UC were first dialysed at 4°C overnight to remove 

sucrose and disperse them in PBS. SDS-PAGE was used to elucidate the corona 

composition. PC complexes isolated by standard centrifugation will be named from now 

“HC” while those isolated by sucrose gradient ultracentrifugation “UCx” (“x” indicates a 

number relative to the band position in the sucrose gradient, ascendant from zones from 

lower to higher densities). 

 

Figure 4.1 Scheme of the methodology to isolate and study HC NPs. NPs were incubated in biological fluid and 

then subjected to sucrose gradient UC. In the image of the vial on the far left pink dots are NPs and the yellow 

background is the biological medium. In the images of the UC tubes (middle images), green dots represent some 

proteins that form diverse coronas around the NPs and are separated by UC exploiting density differences. 

4.3 Polystyrene NPs 

4.3.1 Polystyrene NPs functionalized with carboxylic groups  

PSCOOH NPs of a nominal size of 100 nm (PSCOOH100) were used to validate the UC 

procedure because PC complexes formed by polystyrene NPs have extensively been 

characterized in the literature.3,26 PS-COOH100 NPs in situ in 55% and 90% FBS were 

shown to form rather monodispersed PC complexes with a hydrodynamic diameter of about 

130 nm (Table 4.1). The isolation of such complexes by normal centrifugation at both FBS 

concentrations promoted limited aggregation leading to the formation of HC NPs with 
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hydrodynamic diameters of about 170 nm and characterized by higher PdI.  

UC procedure allowed the recovery of two main bands for both FBS concentrations and the 

sizes of the recovered PC NPs differed between them about less than 10%. For example, PC 

complexes originated in 90% FBS differed by only of 7% in size (122 nm and 131 nm). 

Moreover, the isolated complexes were very similar in size to the in situ NPs. This indicated 

that with this procedure it was possible to separate in an one-step process HC complexes 

with a structure similar to those in situ and a high resolution in separation by size. In 

addition, the fully recovered NPs were analysed by SDS-PAGE and the composition of the 

PC was almost identical among the same sample and the two FBS concentrations (see Fig. 

4.2a). 

Table 4.1 DLS and NTA characterization of PS-COOH100 NPs in PBS, 55-90% FBS and of HC complexes 

isolated by centrifugation (HC) and ultracentrifugation (UC 1-2). The concentration of the sucrose gradient was 

5-30% w/w: at 55% FBS, UC1 and UC2 corresponded to sucrose concentrations of 13% and 21% w/w 

respectively; at 90% FBS, UC1 and UC2 corresponded to sucrose concentrations of 13% and 21% w/w 

respectively. 

 dH [nm]1 SD [nm]2 dH [nm]3 PdI4 NPs/ml 

PS-COOH 5 78±3 29±2 100.8±0.7 0.01 7x1012 

PS-COOH 

55% in situ 
126±3 38±2 130.2±1.8 0.05 3x1012 

PS-COOH 

55% HC 
193±6 61±4 177.1±4.9 0.25 8x1011 

PS-COOH 

55% UC1 
115±4 33±2 122.3±1.4 0.03 1x1012 

PS-COOH 

55% UC2 
131±8 36±1 135.7±0.8 0.15 1x1012 

PS-COOH 

90% in situ 130±1 31±1 128.1±0.9 0.03 3x1012 

PS-COOH 

90% HC 154±3 52±7 168.0±0.9 0.26 7x1012 

PS-COOH 

90% UC1 117±1 34±1 122.2±1.7 0.01 5x1010 

PS-COOH 

90% UC2 126±2 35±1 131.4±1.6 0.01 1x1012 

1 Hydrodynamic diameter (dH) was calculated avaraging the hydrodynamic diameters of all NPs tracked in a 

particle-by-particle modality by NTA. 
2 SD is the standard deviation on all the hydrodynamic diameters measured in a particle-by-particle modality by 

NTA. 
3Hydrodynamic diameter (dH ) obtained by DLS from the cumulant analysis of the auto-correlation data. 
4 Polydispertity indexes (PdI) were obtained by DLS from the cumulant analisys of the auto-correlation data. 

All data were presented as the avarage of three indipendent measurements with relative standard deviation.  
5in PBS pH 7.4 
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Figure 4.2 HC complexes of PS-COOH100. SDS-PAGE gel of the HC complexes of PS-COOH100 NPs in 90% 

(a) and 55% (b) FBS, isolated by conventional centrifugation methods (hard corona, HC) and sucrose 

ultracentrifugation (UC) respectively, as indicated by the label below the tracks of the gel. The concentration of 

the sucrose gradient was 5-30% w/w: at 55% FBS, UC1 and UC2 corresponded to sucrose concentrations of 13% 

and 21% w/w respectively; at 90% FBS, UC1 and UC2 corresponded to sucrose concentrations of 13% and 21% 

w/w respectively. 

Smaller NPs such as 20 nm PSCOOH NPs exhibited a lower tendency than 100 nm 

carboxylated NPs to pellet by centrifugation as it is shown in Fig. 4.3, where fluorescence 

emissions of the supernatant solutions after centrifugation are reported for the three 

polymeric NPs. The loss of material is higher for the 20 nm PSCOOH, for which 50% of 

material is lost during the first centrifugation. An increase of time and speed of 

centrifugation for enhancing sedimentation of the HC complexes did not work effectively, 

especially for the NPs incubated in 90% FBS. These NPs showed extensive aggregation and 

loss of material as indicated by the hydrodynamic diameter of about 250 nm with PdI over 

0.5 (Table 4.2). In fact, incubation of these NPs in 90% FBS caused the formation of 

aggregates with an averaged hydrodynamic diameter of 65 nm in situ compared to 30 nm of 

the bare NPs in PBS. Clearly, centrifugation promoted aggregation of these PC NPs. 

The use of UC allowed us not only to avoid this aggregation, but also to separate the 

different populations of complexes. In particular, the presence of a small population of large 

aggregates of about 240 nm was highlighted. This population was mainly formed by 

proteins, as indicated by the low density of the sucrose layer (UC1, sucrose concentration of 

8% w/w) where they accumulated compared to that of UC2 and UC3 (sucrose concentration 
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of 20% and 36 w/w, respectively), containing most of the PC complexes. This was also 

confirmed by the concentrations revealed by NTA analysis for NPs in UC2 and UC3 sucrose 

layers, which was comparable to that of the NPs in situ. Moreover, the hydrodynamic sizes 

of the complexes recovered from UC2 and UC3 layers were comparable to those of the in 

situ samples and characterised by a lower PdI related to the separation from the larger 

protein aggregates as shown in Fig. 4.4a. The lower sizes detected by NTA for the HC and 

UC1 samples confirmed the presence of big protein aggregates in these samples, whose 

lower sizes were likely due to a partial disaggregation by dilution (required for measuring 

NTA). SDS-PAGE analysis of those samples, reported in Fig. 4.4b, showed that fractions 

UC2 and UC3 were very similar in protein composition, while UC1 was enriched with 

proteins of Mw=60-70 kDa and 150 kDa (possibly BSA and IgG). When the NPs were 

incubated with a lower concentration of FBS (55% v/v), only one UC fraction was isolated 

containing PC NPs similar in size to those present in situ (Table 4.2) at a sucrose 

concentration of 28% w/w. For this sample, significant differences in the PC composition 

(mostly in high Mw proteins) between PC NPs isolated by HC and UC were detected (Fig. 

4.4c). 

 

Figure 4.3 Fluorescence intensity emissions of the supernatant solutions compared to that of the initial stock 

solutions when centrifugal washings are performed on in situ samples of PS NPs incubated in 90% FBS. The 

excitation and emission wavelengths were 490 nm and 515 nm, respectively. 
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Table 4.2 DLS and NTA characterization of PS-COOH20 NPs in PBS, 55-90% FBS and of HC complexes 

isolated by centrifugation (HC) and ultracentrifugation (UC 1-2-3). The concentration of the sucrose gradient was 

4-40% w/w: at 55% FBS, UC corresponded to sucrose concentrations of 28% w/w; at 90% FBS, UC1, UC2 and 

UC3 corresponded to sucrose concentrations of 8%, 20% and 36% w/w respectively. 

 dH [nm]1 
SD [nm]2 dH [nm]3 PdI4 NPs/ml 

PS-COOH20 5 64±21 28±5 32.5±0.1 0.10 3x1012 

PS-COOH20 

55% in situ 
83±2 44±3 67.6±1.2 0.31 5x1012 

PS-COOH20 

55% HC 
142±8 57±3 135.8±2.1 0.34 1x1010 

PS-COOH20 

55% UC 
78±1 38±1 83.6±0.8 0.16 3x1012 

PS-COOH20 

90% in situ 81±3 38±6 67.6±0.7 0.31 8x1012 

PS-COOH20 

90% HC 186±18 66±6 247.3±7.6 0.65 6x1011 

PS-COOH20 

90% UC1 86±5 59±4 259.5±4.6 0.43 7x1011 

PS-COOH20 

90% UC2 58±1 26±1 68.2±.1.9 0.16 1x1013 

PS-COOH20 

90% UC3 73±3 35±3 91.1±1.9 0.18 9x1012 

1 Hydrodynamic diameter (dH) was calculated avaraging the hydrodynamic diameters of all NPs tracked in a 

particle-by-particle modality by NTA. 
2 SD is the standard deviation on all the hydrodynamic diameters measured in a particle-by-particle modality by 

NTA. 
3Hydrodynamic diameter (dH ) obtained by DLS from the cumulant analysis of the auto-correlation data. 
4 Polydispertity indexes (PdI) were obtained by DLS from the cumulant analisys of the auto-correlation data. 

All data were presented as the avarage of three indipendent measurements with relative standard deviation.  
5in PBS pH 7.4 

4.3.2 Polystyrene NPs functionalized with pegylated groups  

Conventional centrifugation methods are not very effective in isolating HC complexes for 

NPs with lower affinity for binding proteins, e.g. pegylated NPs. When this low affinity is 

coupled with the low density of the NPs, it can be even more challenging to isolate 

representative PC NPs for investigating their properties in further experiments. 
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Figure 4.4 HC complexes of PS-COOH20. a) Intensity averaged size distribution of 20 nm PS NPs in situ in 90% 

FBS (dots), relative HC complexes isolated by centrifugation (HC, full triangles) and ultracentrifugation (UC2, 

empty triangles). B-C) SDS-PAGE gel of the complexes in 90% and 55% FBS, respectively, isolated by 

conventional centrifugation methods (hard corona, HC) and ultracentrifuge (UC1-2-3) as indicated by the label 

below the tracks of the gel. The concentration of the sucrose gradient was 4-40% w/w: at 55% FBS, UC 

corresponded to sucrose concentrations of 28% w/w; at 90% FBS, UC1, UC2 and UC3 corresponded to sucrose 

concentrations of 8%, 20% and 36% w/w respectively. 

UC was used to separate liposomes by size27 and recently Pozzi and co-workers28 showed 

that liposome pegylation could be exploited to reduce protein adsorption, limiting 

macrophages uptake, and to enrich the residual corona with apolipoproteins that bind 

specifically some receptors of prostate cancer cells. Pegylated polystyrene NPs (100 nm size) 

were incubated in 55% and 90% FBS and characterized by DLS and NTA (Table 4.3). 

Their dynamic properties did not change significantly with respect to those in PBS indicating 

a weak interaction with the environmental proteins and no significant changes in the 

structure of the bare NPs, although protein adsorption could not be completely ruled out. HC 

complexes isolated by centrifugation were aggregated with respect to those in situ and some 

loss of material occurred (Table 4.3). A well-defined single sucrose band enriched in NPs 

was isolated by UC at a sucrose concentration of 15% w/w. The recovered NPs were 

analysed by DLS and NTA and results were very similar to those in situ. DLS, unlike NTA, 

showed an increase in diameter and PdI with respect to in situ sample (Fig. 4.3a) and a slight 

loss of NPs likely due to the very similar density to the proteins. The corona composition of 

the complexes isolated through the two methods was compared by SDS-PAGE (see Fig. 4.5b 

and 4.5c) and some differences could be seen for high molecular weight proteins indicating 

that aggregation and loss of material can ultimately affect the properties of the HC. Thus, UC 

was shown to be a promising method for recovering HC complexes of pegylated 

nanomaterials and it allows their further characterization and biological response. 
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Table 4.3 DLS and NTA characterization of PS-PEG NPs in PBS, 55% and 90% FBS and of HC complexes 

isolated by centrifugation (HC) and ultracentrifugation (UC). The concentration of the sucrose gradient was 3-

30% w/w: both at 55% and 90% FBS, UC corresponded to sucrose concentration of 15% w/w. 

 dH [nm]1 SD [nm]2 dH [nm]3 PdI4 NPs/ml 

PS-PEG 5 125±1 38±1 106.3±0.7 0.04 3x1012 

PS-PEG 

55% in situ 
148±3 48±5 103.4±0.6 0.10 3x1012 

PS-PEG 

55% HC 
167±2 52±7 149.4±1.4 0.31 7x1011 

PS-PEG 

55% UC 
129±2 42±2 133.2±1.5 0.18 2x1012 

PS-PEG 

90% in situ 136±1 42±2 105.9±0.5 0.10 4x1011 

PS-PEG 

90% HC 123±10 36±8 155.7±2.5 0.22 1x1011 

PS-PEG 

90% UC 118±6 34±1 137.1±0.1 0.22 7x1010 

1 Hydrodynamic diameter (dH) was calculated avaraging the hydrodynamic diameters of all NPs tracked in a 

particle-by-particle modality by NTA. 
2 SD is the standard deviation on all the hydrodynamic diameters measured in a particle-by-particle modality by 

NTA. 
3Hydrodynamic diameter (dH ) obtained by DLS from the cumulant analysis of the auto-correlation data. 
4 Polydispertity indexes (PdI) were obtained by DLS from the cumulant analisys of the auto-correlation data. 

All data were presented as the avarage of three indipendent measurements with relative standard deviation.  
5in PBS pH 7.4 

 

 

Figure 4.5 HC complexes of PS-PEG. a) Size distribution by intensity percentage of PS-PEG NPs in situ in 90% 

FBS (dots), HC complexes isolated by centrifugation (HC, full triangles) and ultracentrifugation (UC, empty 

triangles). B-C) SDS-PAGE gel of the HC complexes of PS-PEG NPs in 90% an 55% FBS respectively, isolated 

by ultracentrifugation (UC) and conventional centrifugation methods (HC), as indicated by the label below the 

tracks of the gel. The concentration of the sucrose gradient was 3-30% w/w: both at 55% and 90% FBS, UC 

corresponded to sucrose concentration of 15% w/w. 
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4.4 Silica NPs  

In the literature it has been reported that PCs of SiO2 NPs (diameter of 50 nm) strongly 

depends on the proteins concentration in the biological fluids.18 They tend to form larger 

aggregates (dimer, trimer, etc.) at low proteins concentrations (< 20%), while higher proteins 

concentrations seem to stabilize smaller and more monodispersed complexes. For this 

reason, two concentrations of proteins were compared in this study: 10% FBS (proteins 

concentration 0.0036 g/ml) and 90% FBS (proteins concentration 0.032 g/ml). 

For the lower proteins concentration, conventional centrifugation induced extensive 

aggregation as shown in Table 4.4, furthermore it was impossible to separate PC complexes 

simultaneously present in situ. In fact, DLS of the in situ NPs showed a broad distribution 

with an average diameter size of 140 nm, while complexes isolated by conventional 

centrifugation were bigger (over 200 nm). In contrast, UC resulted in successful separation 

and recovery of two equivalent fractions (in terms of number of NPs) of NP-proteins 

complexes. They were characterized by hydrodynamic diameters of 110 and 180 nm, 

respectively localized in bands at sucrose concentration of 15-18% and 21-24% w/w. SDS-

PAGE showed a slight different pattern of proteins for the two fractions highlighting the 

different nature of these complexes that might interact differently with the biological matter 

(Fig. 4.6a). For the sample incubated in 90% FBS, HC and UC samples showed a very 

similar protein composition but DLS and NTA results indicated that PC-NPs complexes 

isolated by UC retained a structure more representative of that in situ. Size distributions 

obtained both by NTA and DLS are narrow and similar for in situ and HC complexes 

isolated by UC (about 100 nm), while HC complexes isolated by centrifugation are bigger 

(80% size increase) and more polydispersed. The possibility of isolating complexes without 

altering their physical properties is clearly important for studying their biological response in 

more detail. 

4.5 Polymer coated magnetite NPs  

4.5.1 Fe3O4 

The possibility of isolating PC complexes without altering their physical properties is clearly 

important for studying their biological response in more detail. Fe3O4 NPs coated by PMAO 

polymer incubated in 55% FBS showed a high tendency to agglomerate. Larger NPs-proteins 

complexes were observed in situ by DLS together with the proteins background (peak at 10-

15 nm) as illustrated by the size distribution reported in Fig. 4.7a. HC samples showed 

extensive aggregation and the pellet obtained by centrifugation was difficult to dissolve. 
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Table 4.4 DLS and NTA characterization of silica NPs in 10% and 90% FBS. The concentration of the sucrose 

gradient was 3-30% w/w: at 10% FBS UC1 and UC2 corresponded to sucrose concentrations of 15-18% and 21-

24% w/w; at 90% FBS one single band at 12% w/w of sucrose concentration was isolated. 

 dH [nm]1 
SD [nm]2 dH [nm]3 PdI4 NPs/ml 

SiO2
5 37±4 18±4 46.7±0.5 0.02 6x1012 

SiO2 10% in 

situ 
211±13 65±8 141.5±0.2 0.19 1x1013 

SiO2 10% 

HC 
157±2 73±1 291.0±3.9 0.36 1x1011 

SiO2 10% 

UC1 
98±3 43±8 123.5±1.7 0.23 3x1010 

SiO2 10% 

UC2 
153±21 41±9 179.1±0.9 0.30 4x1010 

SiO2 90% in 

situ 
108±5 36±4 81.1±0.3 0.20 1x1013 

SiO2 90% 

HC 
174±13 75±15 129.7±4.4 0.27 1x1012 

SiO2 90% 

UC 
101±4 38±1 80.2±1.1 0.22 9x1010 

1 Hydrodynamic diameter (dH) was calculated avaraging the hydrodynamic diameters of all NPs tracked in a 

particle-by-particle modality by NTA. 
2 SD is the standard deviation on all the hydrodynamic diameters measured in a particle-by-particle modality by 

NTA. 
3Hydrodynamic diameter (dH ) obtained by DLS from the cumulant analysis of the auto-correlation data. 
4 Polydispertity indexes (PdI) were obtained by DLS from the cumulant analisys of the auto-correlation data. 

All data were presented as the avarage of three indipendent measurements with relative standard deviation.  
5in PBS pH 7.4 

 

 

Figure 4.6 Characterization of SiO2 NPs. In graph a) and b) are reported size distributions by intensity percentage 

of SiO2 NPs in 10% and 90% FBS respectively, compared to NPs in PBS (dashed line). C) SDS-PAGE gel of the 

hard corona complexes of SiO2 NPs in 10% and 90% FBS isolated by ultracentrifugation (UC) and conventional 

centrifugation methods (HC), respectively, as indicated by the labels below the tracks of the gel. The 

concentration of the sucrose gradient was 3-30% w/w: At 10% FBS UC1 and UC2 corresponded to sucrose 

concentrations of 15-18% and 21-24% w/w; at 90% FBS one single band at 12% w/w of sucrose concentration 

was isolated. 

In contrast, UC samples were successfully isolated and recovered in two NP-protein 

fractions containing structures of about 77 nm and 140 nm, respectively, which seem to 

correspond to the species in the in situ sample (Table 4.5). The proteins patterns were 
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analysed by SDS-PAGE and they qualitatively seemed to be very similar indicating that in 

this case NP-proteins complexes of different diameters (monomer and dimers) were enriched 

with similar proteins. Fe3O4 NPs incubated in 90% FBS had a very similar behaviour to the 

NPs incubated in 55% FBS. It is confirmed by the PC pattern in Fig. 4.7b and hydrodynamic 

sizes analysed by DLS and NTA.  

 

Figure 4.7 Characterization of Fe3O4 NPs. In graph a) are reported size distributions by intensity percentage of 

the NPs in 55% FBS in situ and HC complexes isolated by centrifugation (HC) and by ultracentrifuge (UC1-2). 

B) SDS-PAGE gel of the hard corona complexes in 55% and 90% FBS isolated by ultracentrifugation (UC) and 

conventional centrifugation methods (HC), respectively, as indicated by the labels below the tracks of the gel. 

The concentration of the sucrose gradient was 7-70% w/w: At 55% FBS UC1, UC2 and UC3 corresponded to 

sucrose concentrations of 35%, 56% and 63% w/w; at 90% FBS the two enriched bands were localized at 42% 

and 63% w/w of sucrose concentration. 

4.5.2 Fe3O4-PEG 

Pegylated Fe3O4 NPs were prepared by the post-purification approach as described in 

paragraph 2.2.5 and PC formation was studied in 55% FBS. As for pegylated PS NPs, less 

proteins were adsorbed on the NP surface and UC induced a slight aggregation of the PC 

NPs as shown by the results reported in Table 4.6 and Fig. 4.8a compared to in situ NPs. 

However, UC allowed a better separation of the PC NPs from the excess of proteins if 

compared to the standard centrifugation method that promoted the formation of several 

aggregates (large PdI value). We run SDS PAGE for these samples and we speculated that 

PC was mainly composed of albumin (65 kDa) and IgG (50 kDa) for the UC sample, while 

the one isolated by centrifugation was enriched in transferrin (75 kDa)29 and globulins (120 

kDa). Again, we showed that the procedure to isolate the HC can ultimately modify its 

composition. 
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Table 4.5 DLS and NTA characterization of Fe3O4 NPs in 55% and 90% FBS. The concentration of the sucrose 

gradient was 7-70% w/w: At 55% FBS UC1, UC2 and UC3 corresponded to sucrose concentrations of 35%, 56% 

and 63% w/w, UC2 and UC3 were pooled together; at 90% FBS the two enriched bands were localized at 42% 

and 63% w/w of sucrose concentration. 

 dH [nm]1 
SD [nm]2 dH [nm]3 PdI4 

Fe3O4
5 93±7 42±12 51.4±0.3 0.17 

Fe3O4 55% in 

situ 
157±3 51±4 63.1±1.8 0.50 

Fe3O4 55% HC n.d. n.d. 251.8±9.5 0.55 

Fe3O4 55% 

UC1 
90±1 33±1 77.4±0.2 0.26 

Fe3O4 55% 

UC2 
139±3 47±2 147.1±4.3 0.20 

Fe3O4 90% in 

situ 
201±12 65±5 86.3±1.2 0.48 

Fe3O4 90% HC n.d. n.d. 327.6±3.8 0.45 

Fe3O4 90% 

UC1 
87±3 41±1 76.1±0.4 0.17 

Fe3O4 90% 

UC2 
136±4 38±3 153.7±3.9 0.20 

1 Hydrodynamic diameter (dH) was calculated avaraging the hydrodynamic diameters of all NPs tracked in a 

particle-by-particle mode by NTA. 
2 SD is the standard deviation on all the hydrodynamic diameters measured in a particle-by-particle mode by 

NTA. 
3Hydrodynamic diameter (dH ) obtained by DLS from the cumulant analysis of the auto-correlation data. 
4 Polydispertity indexes (PdI) were obtained by DLS from the cumulant analisys of the auto-correlation data. 

All data were presented as the avarage of three indipendent measurements with relative standard deviation.  
5in PBS pH 7.4 

Table 4.6 DLS and NTA characterization of pegylated Fe3O4 NPs in 55% FBS. The concentration of the sucrose 

gradient was 7-70% w/w: One band enriched in PC complexes was isolated and corresponded to sucrose 

concentrations of 42% w/w. 

 dH [nm]1 
SD [nm]2 dH [nm]3 PdI4 Zp5 [mv] 

Fe3O4-PEG6 136±7 50±3 59.8±0.9 0.18 -3±2 

Fe3O4-PEG 

in situ 
120±9 63±1 26.4±0.2 0.51 n.d. 

Fe3O4-PEG 

HC 
n.d. n.d. 117.7±2.1 0.44 -6±1 

Fe3O4-PEG 

UC 
125±4 48±2 93.4±2.3 0.22 -8±1 

1 Hydrodynamic diameter (dH) was calculated avaraging the hydrodynamic diameters of all NPs tracked in a 

particle-by-particle modality by NTA. 
2 SD is the standard deviation on all the diameters measured in a particle-by-particle mode by NTA. 
3Hydrodynamic diameter (dH ) obtained by DLS from the cumulant analysis of the auto-correlation data. 
4 Polydispertity indexes (PdI) were obtained by DLS from the cumulant analisys of the auto-correlation data. 

All data were presented as the avarage of three indipendent measurements with relative standard deviation.  
5Zp was measured in 0.1mM NaCl 
6in MQW 
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Figure 4.8 Characterization of pegylated Fe3O4 NPs. In graph a) are reported size distributions by intensity 

percentage of the NPs in 55% FBS in situ and HC complexes isolated by centrifugation (HC) and by 

ultracentrifuge (UC). B) SDS-PAGE gel of the hard corona complexes in 55% isolated by ultracentrifugation 

(UC) and conventional centrifugation methods (HC), respectively, as indicated by the labels below the tracks of 

the gel. The concentration of the sucrose gradient was 7-70% w/w: One band enriched in PC complexes was 

isolated and corresponded to sucrose concentrations of 42% w/w. 

4.6 Effect on cell uptake of the HC complexes isolated by ultracentrifugation 

and centrifugation 

Fe3O4 NPs were covalently labelled with a fluorescent dye as described in paragraph 2.2.6 

following the second approach based of EDAC coupling. SDS-PAGE of the isolated PC 

complexes by UC and standard centrifugation demonstrated the low impact of the labelling 

on the corona composition. Comparing the SDS PAGE gels reported in Fig. 4.9 and Fig. 

4.7b, proteins patterns in 55% FBS are very similar. While the PC has already been shown to 

affect cells uptake,3,18,30 we investigated the uptake of the HC NPs isolated by UC and 

standard centrifugation. Cells were stained for actin filaments and nuclei. In Fig. 4.10 

representative images of cells incubated for two hours with PC samples in serum-free 

conditions are reported. A different fluorescent pattern between PC NPs isolated by 

conventional centrifugation methods (Fig. 4.10a) and those obtained by UC (Fig. 4.10b and 

4.10c) can be observed. In fact, the images show that samples treated with HC NPs are 

characterized by large fluorescent aggregates hardly taken up by the cells, while those 

treated with the PC complexes from UC fractions are more monodispersed in size and 

showed a much higher cell uptake. No significant differences were observed in NPs cell 

uptake from the two UC fractions indicating that, in this case, differently structured PC 

complexes are “seen” similarly by the cells. This is also in agreement with the PC patterns 

observed in the SDS-PAGE (see Fig. 4.9). Uptake experiments using different times of 
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incubation, 4 hours and 24 hours, did show increased aggregation in all samples, included 

UC1 and UC2 NPs, especially after 24 hours. Nevertheless, uptake is still higher for UC1 

and UC2 NPs than for HC NPs, which mainly accumulated on the outside of the membrane 

(Fig 4.11, HC 4h and HC 24h). 

 

Figure 4.9 SDS-PAGE gel of the hard corona complexes in 55% formed by fluorescently labelled Fe3O4 NPs 

isolated by ultracentrifugation (UC) and conventional centrifugation methods (HC), respectively, as indicated by 

the labels below the tracks of the gel. The concentration of the sucrose gradient was 7-70% w/w: Two bands 

enriched in PC complexes, UC1 and UC2, were isolated and corresponded to sucrose concentrations of 35% and 

56-63% w/w. 

 

Figure 4.10 Fe3O4 PC uptake. Confocal images of M202 cells after 2 hours of incubation with Fe3O4 PC 

complexes (1012 NPs/ml) isolated a)by centrifugation (HC), and (b) and (c) by ultracentrifugation. Actin 

filaments were stained by Texas Red®-X Phalloidin (red channel), nuclei by Hoechst33342 (blue channel) and 

NPs by BODIPY FL EDA (green channel). 
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Figure 4.11 Fe3O4 PC uptake. Confocal images of M202 cells after 4 hours and 24 hours of incubation with 

Fe3O4 PC complexes (1012 NPs/ml) isolated a)by centrifugation (HC), and (b) and (c) by ultracentrifugation. 

Actin filaments were stained by Texas Red®-X Phalloidin (red channel), nuclei by Hoechst33342 (blue channel) 

and NPs by BODIPY FL EDA (green channel). 
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4.7 Conclusions 

In this chapter, we have demonstrated that sucrose gradient UC is an effective technique to 

isolate PC complexes from biological media without affecting their structure and 

composition with respect to those in situ. We showed that this approach could be applied to a 

wide range of NPs by simply tuning the experimental conditions (sucrose-gradient 

concentration, centrifugation rate, time). Moreover, it proved to be a less invasive method 

than the conventional one, keeping the structure and composition intact while limiting 

aggregation of the PC complexes. The methodology has higher resolution in terms of size 

separation compared to conventional approaches allowing the fine isolation of PC complexes 

simultaneously present in the biological environment. NPs characterized by low density were 

fully recovered from the environment, and the structure of the resulting NPs–proteins 

complexes was more representative of that in situ.  

Isolated PC complexes were incubated with cells and those recovered by the UC 

methodology showed less aggregation and a higher uptake with respect to those recovered by 

conventional methods. The ability to isolate and recover different NPs–proteins complexes 

from complex biological media in a stable form with such a high size resolution may have a 

significant impact on the interpretation of the role of the protein corona in the interaction 

with cellular mechanisms. However, the biological relevance of these different complexes 

remains to be investigated. 
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Chapter 5. Interactions between NPs and lipids membrane  

5.1 Introduction  

The extensive use of NPs in many aspects of human life means voluntary and 

involuntary exposure to them.  

If one of the main advantages of using NPs is the possibility to confer targeting abilities, 

targeting is not always effective. Moreover, NPs accumulation in the body can cause adverse 

effects inducing toxicity. Therefore, understanding of the interactions between NPs and 

biological environments, especially cells, is important to design safer and more efficient NPs. 

As already discussed in the introduction, physical chemical properties of NPs,1,2 such 

as size,3-6 charge7,8 and surface chemistry9-12 are the main factors modulating NP-membrane 

interactions. They also influence the formation of a PC around the NPs that constitutes the 

ultimate interface with the biological surroundings.13 Proteins in the environment have been 

found to change NP surface properties and thus NP-membrane interactions with membrane 

models14-17 and cells.4,14,18-21  

The study of these interactions is complicated by the heterogeneity of the cell 

membranes and their complex structure.4 The use of membrane models composed of 

biologically relevant lipids allows the study of NP-membrane interactions using a simplified 

system for which composition can be controlled and structure elucidated without the effects 

of cell metabolism and growth.22 

Supported lipid bilayers (SLBs) represent one of the most used and versatile models for 

biological membranes. They are planar and can be formed upon deposition and collapse of 

vesicles on interfaces with defined surface area.23 Non-specific interactions with NPs can alter 

SLB structure and elasticity.22 NPs can adhere to the lipid bilayer and cause changes in the 

lipid phase,24 induce formation of lipid domains25,26 or pores and extract lipids27 inducing lipid 

bilayer disruption.3,7 

 Commonly, a combination of techniques is used to get insight into NP-membrane 

model interactions. Among them, quartz crystal microbalance with dissipation (QCM-D) has 

been extensively used to characterize lipid bilayers interactions with drugs, proteins and 

NPs.23,28-31 Frequency and dissipation changes of the quartz crystal can be monitored and the 

adsorbed mass and the viscoelasticity of the layer can be assessed. Measures are in real time, 

and small volumes of solutions are used.  
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Neutron reflectometry (NR) studies can be coupled to QCM-D measurements through 

mathematical models, allowing investigation of the effect of small molecules, peptides and 

NPs on the lipid bilayer at a molecular level.31-35 In particular, a qualitative description of the 

lipid bilayer is possible discriminating between hydrophobic tail and hydrophilic head regions. 

The design of a NR experiment is similar to a QCM-D one with the use of a flow chamber in 

which dispersions of vesicles and/or NPs can be injected, performing buffer washings on the 

SLB between each step.  

In this chapter, QCM-D and NR are employed to study the interactions between 

polystyrene and Fe3O4 NPs and SLBs. Size, charge and surface chemistry as main 

determinants of biological responses to NPs are investigated. Moreover, the effect of the 

proteins is studied, using both in situ and HC conditions.  

5.2 Supported lipid bilayers 

Supported lipid bilayers were formed by flowing a solution of lipid vesicles into the chambers 

of QCM-D and NR instruments. Liposomes made of DOPC (1, 2-Dioleoyl-sn-glycero-3-

phosphocholine) and SM (sphingomyelin), DOPC 100% and DOPC:SM 75:25 were prepared 

as described in paragraphs 2.3.1.4.2. These formulations were chosen because they partially 

mimic the endothelial composition. Briefly, lipids were dissolved in chloroform and a dry film 

was obtained evaporating the solvent by rotary evaporation under vacuum. The film was 

hydrated in buffer and uniform unilamellar vesicles were obtained by freeze/thaw cycles and 

extrusion through 200 and 100 nm porous membranes.  Highly monodispersed vesicles of 

similar size and neutral surface charge were obtained in both formulations (Fig. 5.1 and Table 

5.1). Both lipids are zwitterionic, hence, neutral surface is expected.  

In Fig. 5.2a and Fig. 5.2b, the formation of the supported lipid bilayer is followed by frequency 

and dissipation variations over time. Initially the system is in equilibrium with the buffer (step 

1 in Fig. 5.2), the injection of vesicle solution causes a quick frequency and dissipation change 

(both increase in absolute value) (step 2 in Fig. 5.2). When saturation of the surface is reached, 

vesicles start to spontaneously collapse and a loss of mass is registered and corresponds to the 

release of water from the inside of the liposomes36 (step 3 in Fig. 5.2). At the same time, the 

decrease of dissipation highlights the loss of vesicles elasticity. The system again reaches a 

situation of equilibrium and washings with buffer are performed to remove the excess of 

vesicles that can further deposit on the formed bilayer (step 4 in Fig. 5.2). The final bilayer is 

rigid (dissipation between 0 and 2) with frequency variation of about -25 Hz (step 5 in Fig. 

5.2). The kinetics of collapse of vesicles is slower for the DOPC:SM formulation (step 2 in 
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Fig. 5.2a). Although the frequency variations characterizing the two SLBs are the same (step 

5 in Fig. 5.2a), the dissipations are different. The DOPC:SM SLB is more rigid than the DOPC 

one, as pointed out by the smaller value of dissipation. The slower collapse kinetics and the 

higher rigidity of the DOPC:SM SLB can be ascribed to the higher transition temperature of 

sphingomyelin with respect to DOPC and the tendency to stipulate strong intermolecular 

interactions that promote the formation of domains in the membrane.37  

 

Figure 5.1 DLS Intensity-averaged size distributions of the hydrodynamic diameters for DOPC and DOPC:SM 

75:25 liposomes. The initial solution (20mg/ml) was diluted 50 times. 

 

Table 5.1 DOPC and DOPC:SM 75:25 liposomes after extrusion. 

 dH [nm]1 PdI2 Zp [mV] 

DOPC 116.3±3.4 0.04 -3.6±0.2 

DOPC:SM 113.2±1.5 0.05 -2.0±0.3 

DLS data were the average of three measurements and are presented with the relative standard deviation. 
1Z-averaged Hydrodynamic diameters (dH) obtained by cumulant analysis of the auto-correlation functions 
2Polydispersity indexes (PdI) obtained by cumulant analysis of the auto-correlation functions. 
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Figure 5.2 Frequency (a) and dissipation (b) profile obtained from the formation of DOPC (full line) and DOPC:SM 

(dashed line) SLB. In step 1, vesicles are injected in the chamber; at 2, vesicles start to collapse until a SLB is 

formed (3). Buffer washings are performed (4) to obtain the final SLB (5). Profiles represent frequency and 

dissipation at the third overtone. 

Table 5.2 summarizes frequency (Δf3/3), dissipation (ΔD3), hydrated mass (Δm) and thickness 

(T) for DOPC and DOPC: SM SLBs. Values for hydrated mass and thickness were obtained 

applying the Sauerbrey equation for rigid film to the third overtone (eq. 2.27). An average 

density of 1100 Kg/m3 was set. Data confirmed that similar adsorbed masses generated 

bilayers of similar thickness but different viscoelasticity in agreement with the literature.36 The 

formulation DOPC:SM is more representative of the outer leaflet of the endothelial cells 

membrane and no significant differences were found in QCM-D experiments with the two 

formulations. It needs to be pointed out that the hydration mass includes the coupled water 

that is the solvent layer between the sensor and the lipid bilayer and it was estimated to have 

a mass of about 102 ng/cm2 38. 

Table 5.2 QCM-D derived parameters measured and calculated for vesicles of different composition after 

collapsing in a lipid bilayer. 

 Δf3/3 [Hz] ΔD3 [10-6] Δm1[ng cm-2] T1 [nm] 

DOPC -(29.3±3.4) 1.3±0.3 514.1±59.4 4.7±0.5 

DOPC:SM -(30.6±2.2) 0.6±0.2 536.4±39.5 4.9±0.4 

QCM-D data were the average of 21 measurements and are presented with the relative standard deviations. 
1Values were derived applying the Sauerbrey equation to the frequency variation for the third overtone. 

5.3 NP – SLB interactions in physiological buffer 

Once the SLB has been formed and washed from the excess of vesicles, NPs in PBS are flowed 

into the chamber in two steps and, when the system reached the equilibrium, two flushes with 

buffer were performed. In Table 5.3, sizes and Z-potentials in PBS are reported for NPs used 

in the experiments. We employed carboxylated polystyrene NP of 20 nm and 100 nm of 

nominal diameter (PS-COOH20, PS-COOH100 and PS-COOH100NF, unlabelled), 

carboxylated Fe3O4 NPs (when not specified in the labelled they are assumed fully 



Chapter 5 

 

116 
 

carboxylated), pegylated polystyrene and magnetite NPs (PS-PEG and Fe3O4-PEG). The wide 

range of NPs allowed exploring the effect of size, charge and surface functionalities on the 

SLB. 

5.3.1 Size effect 

Size of NPs contributes to determine the pathway through which the NPs enter the cells.39 

Many computational studies on NP-membrane interactions investigated the behaviour of NPs 

whose diameter was similar or smaller than the SLB thickness. In these studies, it was 

demonstrated that NP size together with hydrophobicity could lead to NPs embedding in the 

SLB6,12 while semi-hydrophobic NPs could be adsorbed.  

Table 5.3 NPs employed in QCM-D experiments described by size distributions and Z-potential in PBS. 

 dH
1 [nm] PdI2 Zp [mV] 

PS-COOH20 32.3±0.4 0.10 -42.3±0.6 

PS-COOH100 100.2±0.7 0.04 -33.7±1.4 

PS-COOH100NF3 125.6±1.3 0.05 -26.2±0.8 

PS-PEG 108.3±0.6 0.08 -2.1±1.0 

F3O4
4 48.5±0.8 0.18 -22.3±1.4 

F3O4-PEG1 

F3O4-PEG2 

34.1±1.4 

46.3±2.1 

0.15 

0.19 

-9.6±0.5 

-1.2±2.3 

DLS data were the average of 3 measurements and are presented with the relative standard deviation. 
1Hydrodynamic diameter (dH) obtained by DLS from the cumulant analysis of the auto-correlation data. 
2Polydispertity indexes (PdI) were obtained by DLS from the cumulant analisys of the auto-correlation data. 
3PS-COOHNF are carboxylated polystyrene nanospheres not fluorescently labelled. 
4 Unless specified otherwise, Fe3O4 NPs are functionalized by carboxylic groups. 

Carboxylate NPs of different diameters and core material were used to assess the effect of size 

on NP-SLB interactions. Comparison involved polystyrene NPs of hydrodynamic diameters 

of 30 and 100 nm and Fe3O4 NPs of about 50 nm (Table 5.3). Z-potential values were 

comparable and effects of the surface charge can be excluded. Two concentrations of NPs 0.1 

m2/ml and 0.02 m2/ml were tested. Only the higher of the two (0.1 m2/ ml) is reported as no 

significant differences were recorded, probably because the saturation of the lipid surface 

available is reached by both concentrations. Fig.5.3a shows frequency shifts during the 

different phases of the QCM-D experiments. The formation of the SLB is associated with the 

negative frequency of about -30 Hz. After NPs injections, a significant shift towards a more 

negative value is recorded only for PS-COOH100. This shift is associated with a significant 

dissipation increase that indicates a viscoelastic system (Fig. 5.3b). PS-COOH20 seemed to 
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adsorb in a smaller amount on the SLB, while after washing there was a slight increase the Δf 

(less negative value in WASH2 compared to SLB). Carboxylated Fe3O4 NPs seemed to not 

affect the SLB at all. The unperturbed rigidity of the SLB upon PS-COOH20 and Fe3O4 NPs 

application, allowed the use of the Sauerbrey equation to translate Δf in adsorbed mass and 

eventually layer thickness. The decrease in hydrated mass of the bilayer, which was exposed 

to PS-COOH20 is about 46 ng, roughly 10% of the initial adsorbed mass. These considerations 

cannot be applied to PS-COOH100 because the large change in dissipation would cause an 

underestimation of absorbed mass.40,41  

 

Figure 5.3 Frequency and dissipation variations during QCM-D experiments for interactions between DOPC: SM 

SLB and PS-COOH100, PS-COOH20, Fe3O4. A) Frequency shifts during the different steps of the experiments: 

the SLB after washings (SLB), the two NPs injections (NPs) and the two washings (WASH1-2). B) Dissipations 

of the SLB before the NPs injections (SLB) and at the end of the experiments. Experiments were done in triplicates.  

Previously, it has been highlighted that polystyrene NPs might be too light (1.05 g/cm3) to 

cause an appreciable frequency shift during QCM-D experiments. For this reason, PS-

COOH20 effect on the SLB has been tested increasing the NPs concentration. No significant 

differences were reported among the samples as is illustrated in Fig. 5.4. From a structural 

point of view, FRET studies on interactions between NPs and GUVs (giant unilamellar 



Chapter 5 

 

118 
 

vesicles)24,42 and mathematical modelling43 demonstrated that anionic NPs below 20 nm are 

able to adsorb on neutral membranes and induce local rigidity. The VdW interactions between 

the polar heads of the lipids and the carboxylic groups on the NP surface induce a change in 

the tilt angle of the lipid heads bringing to a reorganization of the neighbouring lipids. As 

consequence of NPs effect, the LB would exist in different phases with patches that are more 

fluid and more rigid. Our data can be interpreted in two ways: either as membrane shrinkage 

with loss of water as a consequence of the NPs binding to the SLB, or as lipids extraction 

caused by NPs without any major perturbation of the SLB (unchanged dissipation).    

 

Figure 5.4 Thickness variations during each step of QCM-D experiments on pristine PS-COOH20 at different 

concentrations. Experiments were done in triplicates. 

On the contrary, it has been reported a great and irreversible association of PS-COOH100 to 

POPC membranes.14 Hou and co-workers44 analysed the distribution of anionic Au NPs on 

solid-supported lipid membranes coated on 10 µm silica spheres. Their study suggested that 

in conditions of similar mass concentration, bigger NPs (>50 nm) distributed to a larger 

amount on the membrane due to mass concentration accumulation at the membrane interface, 

instead, smaller NPs (<50 nm) distributed at a faster rate due to a larger number of NPs in 

solution. In another work, 40 nm anionic Au NPs seemed to induce lipid extraction from the 

phosphatidylcholine SLB with a mass decrease of about the 20%.45 Not many studies have 

characterized the kind of association between NPs bigger than 10 nm with SLBs as it is not 

trivial to interpret the eventual changes.  

The results shown above, i.e. frequency shifts towards more negative values and increased 

dissipations, can represent a complex situation in which lipid extraction, NPs adsorption and 
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partial NPs envelopment can take place at the same time leading to an overall mass increase 

and dissipation change that describe a softer system with respect to the starting SLB.  

5.3.2 Charge and surface coating effect 

Neutral charge and hydrophilic coatings such as PEG coatings reduce interactions with cell 

membrane of both macrophages and other cell lines.2,9,46,47 Pegylation provides steric 

hindrance to the binding of large molecules, mostly to opsonins that trigger macrophage 

recognition. Liu et al. monitored the effect of functionalized silica NPs on tethered lipid bilayer 

resistance and found that pegylation caused small increases compatible with the formation of 

small pores.48  

In our study, PS-COOH100 NPs were fully pegylated, while Fe3O4-PEG NPs were both 

partially and fully functionalized (Fe3O4-PEG1 and Fe3O4-PEG2, respectively). In fact, PEG 

grafting density and polymer chain length can change PEG conformation on the NP surface 

(brush or mushroom conformations). In particular, low grafting density favours a mushroom 

conformation, while a high density favours the brush one.11,49,50 These properties played an 

important role in the uptake of pegylated NPs. In Fig. 5.5 QCM-D, data for pegylated PS and 

Fe3O4 NPs are compared to the correspondent ones for carboxylated NPs. PS-PEG NPs 

application to the SLB is characterized by a slightly more negative shift, while Fe3O4-PEG2 is 

characterized by a slightly more positive shift (Fig. 5.5a). PS-PEG perturbed the rigidity of the 

SLB in a smaller amount than PS-COOH100, but still made it softer, while Fe3O4-PEG NPs 

reduced dissipation index. In the latter case, lipid extraction might take place but not enough 

to perturb the general structure of the SLB. Only experiments using Fe3O4-PEG2 NPs are 

reported from now on because there were not differences between the two magnetite NPs. If 

any, the differences were too small to be detected by QCM-D. 

Another batch of carboxylated PS NPs of nominal diameter of 100 nm was tested. PS-

COOH100NF NPs differed from PS-COOH100 NPs as they were not fluorescently labelled. 

However, despite a similar zeta-potential in PBS, charge densities were quite dissimilar: in 

particular, PS-COOH100NF had a charge density twenty times smaller than PS-COOH100 

(0.018 meq/g and 0.32 meq/g, respectively, supplied by the manufacturer). The frequency shift 

produced by PS-COOH100NF NPs was –683±1 Hz with a dissipation of (153±91) x10-6. The 

disruption of the SLB, accumulation and clustering of NPs on the sensor was speculated in 

this case. 
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Figure 5.5 Frequency and dissipation variations during QCM-D experiments for interactions between DOPC: SM 

SLB and carboxylated and pegylated PS andFe3O4 NPs. A) Frequency shifts during the different steps of the 

experiments: the SLB after washings (SLB), the two NPs injections (NPs) and the two washings (WASH1-2). B) 

Dissipations of the SLB before the NPs injections (SLB) and at the end of the experiments. Experiments were done 

in triplicate. 

5.4 Proteins effect 

The SLB was also characterized in presence of FBS proteins. A 55% v/v FBS solution in PBS 

was injected on DOPC and DOPC:SM SLBs and after that the system reached the equilibrium, 

washings with buffer were performed. In Fig. 5.6, frequency and dissipation variations caused 

by FBS are shown. A soft layer of proteins deposited on the SLB until saturation was reached. 

The interactions between proteins and lipids were weak and reversible. In fact, during PBS 

washings, proteins were progressively removed without visibly affecting the viscoelastic 

properties of the SLB. Eventually, when the equilibrium between protein-SLB was reached, 

NPs in PBS or in FBS were added to the system. However, as reported in the literature, proteins 

generally mask interactions with NPs.14 For example, in Fig. 5.7 is showed that when Fe3O4 

NPs in PBS were added to the FBS coated bilayer, they could remove proteins from the SLB, 

while in situ Fe3O4 NPs, i.e. NPs dispersed in free and loosely bound proteins medium, did not 

add any mass to the protein layer (striped bar) and PBS washing detached proteins. Based on 
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the results, we decided to design the PC experiments adding directly to the SLB equilibrated 

in PBS either in situ NPs (in 55% FBS) or isolated HC NPs. The in situ NPs were incubated 

at 37°C to favour the formation of the HC but the excess of free and loosely bound proteins 

was not removed from the dispersion added on the SLB. 

 

Figure 5.6 Frequency and dissipation variations during QCM-D experiments for interactions between DOPC and 

DOPC:SM SLB and FBS 55% v/v. A) Frequency shifts during each steps of the experiments: the SLB after 

washings (SLB), the two FBS injections (FBS) and the two washings (WASH1-2). B) Dissipations of the SLB 

before during all the phases of the experiments. Experiments were done in triplicate. 
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Figure 5.7 Frequency shifts associated to each phases of QCM-D experiments in which Fe3O4 are injected on SLB 

covered by FBS proteins (striped bar). In PBS and in situ NPs were compared. Experiments were done in triplicate. 

5.4.1 In situ NP – SLB interactions 

In situ NPs were incubated one hour at 37°C in 55% FBS and DLS was used to verify that 

aggregation did not occur before and after incubation with the SLB (Table 5.4). Polystyrene 

NPs were monodispersed after incubation and only PS-COOH20 showed some aggregation 

after recovery from the SLB. NPs after the QCM-D measurements were on average slightly 

bigger than the starting samples and magnetite NPs improved in polydispersity probably 

because unbound proteins stayed adsorbed on the SLB more easily than the NPs.  

Table 5.4 NPs employed in QCM-D experiments described by size distributions of in situ NPs after incubation for 

one hour at 37°C and after injection on the SLB. 

 Before injection After injection 

 dH
1 [nm] PdI2 dH

1 [nm] PdI2 

PS-COOH20 67.6±0.7 0.18 68.7±0.3 0.31* 

PS-COOH100 139.0±0.4 0.02 150.1±0.2 0.05 

PS-COOH100NF3 167.4±0.5 0.16 173.7±3.6 0.13 

PS-PEG 101.4±0.7 0.12 106.4±0.9 0.12 

F3O4 32.6±0.3 0.50** 31.0±0.7 0.23 

F3O4-PEG1 25.0±0.3 0.43*** 52.3±0.5 0.23 

DLS data were the average of 3 measurements and are presented with the relative standard deviation. Samples were 

diluted 1:5 in PBS. 
1Hydrodynamic diameter (dH) obtained by DLS from the cumulant analysis of the auto-correlation data. 
2Polydispertity indexes (PdI) were obtained by DLS from the cumulant analisys of the auto-correlation data. 
3PS-COOHNF are carboxylated polystyrene nanospheres not fluorescently labelled. 

*Bimodal size distribution: the main population was 104.4±2.9 nm, the second one was 11.8±0.3 nm. 

** Bimodal size distribution: the main population was 46.1±2.7 nm, the second one was 12.5±0.8 nm. 

*** Bimodal size distribution: the main population was 44.7±1.9 nm, the second one was 9.4±0.5 nm. 
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All samples, PS-COOH20, Fe3O4 and Fe3O4-PEG NPs that did not show any tendency to bind 

the SLB in PBS and PS-COOH100 and PS-COOH100NF that, on the contrary, attached 

irreversibly to the SLB, showed the same trend in situ in FBS: an initial adsorption on the SLB 

until its surface was saturated and successive removal of adsorbed mass by PBS washing. 

Proteins mediated the interactions with the SLB making the NP-membrane interaction much 

less strong than was observed for pure FBS (Fig. 5.8 compared to Fig. 5.6). However, some 

adsorbed mass seemed to stay attached to the membrane with respect to the experiments with 

only FBS for PS-PEG and PS-COOH20 NPs. It is remarkable that the only sample out of the 

trend was PS-COOH100NF for which we observed a frequency shift less negative at the end 

of the experiment compared to the SLB. Probably the high surface free energy of the PS-

COOH100NF NPs was still high enough to induce disruption in the SLB. Dissipation trend is 

comparable for all NPs to the one showed in Fig. 5.6b for FBS alone. Although we can 

speculate that interactions with cell are more complex due to the structure of the cell membrane 

and the presence of uptake mechanisms, two parameters as excess of proteins, that reduce NPs 

surface free energy,14,51 and shear flow,52 seem to influence adhesion to lipid membrane when 

unspecific interactions are predominant. 

5.4.2 HC NPs 

Hard corona complexes were isolated applying standard centrifugation methodology (PS-

COOH100, PS-PEG, PS-COOH100NF) and UC (PS-COOH20, Fe3O4, Fe3O4-PEG). In Table 

5.5, DLS characterization of the complexes is reported before and after passage over the SLB. 

All NPs after the passage on the SLB were characterized by a bigger size and higher 

polydispersity. The variation of frequency shifts after HC NPs were injected was minimal (Fig 

5.9). However, the general trend was a small increase in mass except for PS-COOH100NF, 

which was expected considering the in situ experiment outcome, and Fe3O4-PEG NPs. 

Dissipation was unchanged considering the standard deviations. The same conclusions on the 

HC effect hindering membrane adhesion were drawn by Lesniak and co-workers.14 Montis 

and co-workers42 described in more detail the effect of PC NPs on membrane models. They 

showed that HC NPs induced a mild structural reorganization of GUVs’ lipid bilayer. 
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Figure 5.8 Frequency shifts reported to the SLB shift following in situ NPs injections and washings. NPs were 

added in excess of FBS proteins after one hour of incubation at 37°C, left to equilibrate on the SLB and washed by 

PBS. A) 100 nm diameter PS NPs; b) diameter < 50 nm NPs. Experiments were done in triplicate. 

Table 5.5 HC NPs employed in QCM-D experiments described by size distributions. NPs were incubated for one 

hour at 37°C and subjected to centrifugation or ultracentrifugation as was described in Chapter 4. The HC 

complexes were analysed before and after transit through QCM-D. 

 Before injection After injection 

 dH
1 [nm] PdI2 dH

1 [nm] PdI2 

PS-COOH20 69.2±1.5 0.11 85.1±1.3 0.23 

PS-COOH100 173±2.9 0.20 177.2±4.1 0.22 

PS-COOH100NF3 217.7±3.9 0.18 239.4.±5.6 0.23 

PS-PEG 108.3 0.7 0.07 156.8±0.8 0.24 

F3O4 51.5±0.4 0.19 61.03±1.3 0.23 

F3O4-PEG1 93.4±2.3 0.23 101.1±1.6 0.23 

DLS data were the average of 3 measurements and are presented with the relative standard deviation. Samples were 

suspended in PBS at 0.1 m2/ml. 
1Hydrodynamic diameter (dH) obtained by DLS from the cumulant analysis of the auto-correlation data. 
2Polydispertity indexes (PdI) were obtained by DLS from the cumulant analisys of the auto-correlation data. 
3PS-COOHNF are carboxylated polystyrene nanospheres not fluorescently labelled. 
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Figure 5.9 Frequency shifts reported to the SLB shift following HC NPs injections and washings. NPs were at 

concentration of 0.1 m2/ml. PS-COOH100, PS-COOH100NF and PS-PEG were isolated by centrifugation; PS-

COOH20, Fe3O4 and Fe3O4-PEG were isolated by ultracentrifugation, dialysed against PBS and concentrated by 

Amicon MWCO 50kD. Experiments were done in triplicate. 

It needs to be pointed out that the protein composition of the HC complexes were very diverse 

from each other as shows in Chapter 4. Interaction with the SLB might affect corona 

composition and SDS-PAGE was used to spot differences between the HC composition before 

and after the passage on the SLB both in experiments with HC and in situ NPs. We verified 

the hypothesis examining the PC composition of carboxylated PS NPs in Fig. 5.10. The 

comparison was between the HC before the experiment (HC), the HC recovered from the in 

situ sample after having flowed over the SLB (F_IS) and the HC recovered from the HC 

sample after having flowed over the SLB (F_HC). Samples were prepared from the same batch 

of in situ NPs. Although the SDS-PAGE resolution is quite limited, some differences can be 

seen in the HCs. In PS-COOH100, some differences can be noticed in the block of proteins 

around 70 kDa (HC and F_HC in Fig. 5.10a are similar while F_IS is not). For the sample PS-

COOH20, F_IS has a band missing at 150 kDa (Fig. 5.10b). In PS-COOH100NF, the HC 

seems to lose the entire block of proteins at high MW, F_IS more than F_HC but it might be 

due also to the sample concentration (Fig. 5.10c).   
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Figure 5.10 Hard corona composition is reported for carboxylated PS NPs. A) PS-COOH100; B) PS-COOH20; C) 

PS-COOH10NF. Lanes are named: HC (stock of HC NPs before QCM-D experiment); F_IS (in situ NPs were 

recovered after they were added on the SLB and HC was obtained by centrifugation or ultracentrifugation); F_HC 

(the HC NPs were recovered after QCM-D experiment and analysed by SDS-PAGE). 

5.5 Fluorescence imaging of QCM-D chips 

QCM-D experiments revealed a clear strong adsorption on the SLB only for pristine PS-

COOH100 and PS-COOH100NF NPs. The other NPs caused little effects in terms of 

frequency shifts and dissipation changes so that it was hard to interpret if any adhesion took 

place. QCM-D technique might be not sensitive enough to detect NPs adhesion. Polystyrene 

NPs are notably “light” NPs having a density of 1.05 g/cm3, while magnetite NPs, despite the 

denser core (5.1 g/cm3), are probably too small in size (diameter of 8.5 nm by TEM, Chapter 

3) to induce a detectable effect when present in small amounts. Therefore, QCM-D chips were 

explored by fluorescence microscopy to detect any NPs presence. Although real size 

estimation could not be achieved, some general conclusion could be drawn from Fig. 5.11: 

adsorption for PS-COOH100 and PS-COOH20 was confirmed and it was quite extensive for 

in situ and HC samples. For PS-PEG NPs small adhesion to the SLB was confirmed for the 

pristine NPs in PBS, while proteins (in situ and HC NPs) seemed to slightly increase the 

adhesion. Sensors treated by Fe3O4 NPs, both carboxylated and pegylated, showed a lower 
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fluorescence emission than PS NPs that might be correlated to a lower adhesion tendency 

compared to polystyrene NPs and few clusters were found mainly on the edge of the chips. 

 

Figure 5.11 Fluorescence micrographs of QCM-D chips after experiments. Near blue filter was used to captured 

images at several magnification and a scale bar is provided. Samples were kept hydrated but a certain amount of 

dryness and aggregation, induced during the imaging process, cannot be excluded.  
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The presence of proteins clearly affects the spatial arrangement of the NPs. They appear to be 

generally less aggregated and more homogeneously distributed on the sensor surface, 

especially polystyrene NPs in presence of proteins. Moreover, in PS-COOH20 micrographs, 

the brighter aggregates of NPs present in the in situ sample could not be found in the HC 

sample indicating the successful UC purification of the HC complexes.  In conclusion, all 

particles exhibit some adsorption on the SLB and QCM-D, that gives an average quantitative 

description of the systems, does not always provide a response that highlights it. 

5.6 Probing NPs- SLB interactions by Neutron Reflectometry  

5.6.1 Insight into internal structure of SLB 

Neutron Reflectometry (NR) is a technique that allows the structural investigation of films at 

the nanoscale. It exploits the reflection of neutrons at the interface with two regions with 

different neutron scattering length densities (SLD) and it is able to provide an average 

description, down to Ångstrom resolution, of the structure normal to the direction of the film. 

As already described in Chapter 2, the output of a NR experiment is a plot of the reflectivity, 

R, intensity of the specularly reflected beam divided by the intensity of the incident beam, as 

a function of the momentum transfer, Q. The SLD is directly related to the composition of the 

film as it is a continuous function of the depth of a film in the z- direction and it is the sum of 

the neutron scattering lengths of all the atoms in the layer, divided by the layer volume.  The 

reflectivity profile obtained during experiments is modelled to extrapolate a SLD profile of 

the system. The model is based on a design of the lipid bilayer as composed of homogeneous 

layers characterized by their own thickness, SLD, roughness. 

NR experiments were not replicate due to the difficult experimental set up, but for each serie 

we completely characterized the pure SLB made of 100% DOPC. This lipid composition was 

chosen to reduce variables during the fitting process due the use of two lipids with different 

structural properties (i.e. SM and DOPC). Moreover, DOPC SLB are well characterized in 

literature.53-56 The SLBs prepared by collapsing DOPC vesicles on the chips, were 

reproducible as can be seen in Fig. 5.12, in which all the NR in buffer in D2O perfectly overlap. 

Small discrepancies were found at high values of Q were noise was higher. Each SLB was 

characterized in three different contrast conditions (100% D2O; 38% D2O or SMW; 100% 

H2O; when NPs are added one more contrast was measured 4MW, 66% D2O). In Fig. 5.13a 

the experimental curves at the three contrasts with the relative fits are displayed. The minimum 

between 0.15 and 0.2 Å-1 was ascribed to the thickness of the bilayer, due to interferences 

arising between the reflected waves at the top and the bottom of the SLB.  
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The experimental curves were fitted by two models that are described in paragraph 2.3.1.4.2. 

One named shortly “Rfit” depicts the SLB by 5 layers each one defined by its own scattering 

length density (SLD), thickness (t), roughness (σ) and solvent penetration degree (φ). These 

parameters are independent from each other. The second model, named “Gfit”, characterizes 

the inner and the outer leaflets of the SLB by means of an area per molecule (APM), common 

to both tail and head of the same leaflet, thicknesses for head and tail, and a general roughness 

for all the fragments.  In Fig. 5.13b the SLD profiles originated from the Gfit fitting reported 

in Fig. 5.13a as solid curves are shown. Resulting structural parameters obtained by the two 

fitting models for the SLB NR experiments shown in Figure 5.13a are reported in Table 5.6. 

The parameters describing the SiO2 layer, except for the hydration, were fixed in both fitting 

procedures. Defects in the SLB can be evaluated from the amount of hydration water in the 

hydrophobic tails region of the SLB. The averaged value of tail hydration was less than 2% 

(1.6±1.4%) meaning that the overall coverage of the silicon chamber was 98% (the 

complement to 100%).  

The thickness of the SLBs agreed with the QCM-D data (4.6±0.5 nm, reported in Table 5.2) 

and the averaged size was 4.7±0.8 nm (model without constrains) and 4.6±1.4 nm (model with 

constrains). The thickness of the hydrophobic tail region was 29.1±0.7 Å (without constrain, 

with constrains it was 28.5±0.8 Å) slightly higher than the data provided by Nagle et al.54 (27.1 

Å at 30°C). The outer polar head region was 6.2±0.3 Å while the inner headgroup region was 

11.5±0.4 Å (without constrains, with constrains they were respectively 6.3±0.1 Å and 11.6±0.9 

Å). The asymmetry of the profiles can be due to the different distribution of the hydration 

water and to the thermal motions that affect the thickness of the head regions at the 

interfaces.55-57 Moreover, the two leaflets, the inner (L2-3) and the outer (L4-5) experienced 

different environment and the inner leaflet was in direct contact with the SiO2 layer (L1).33 
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Figure 5.12 NR profiles for all the DOPC SLBs prepared. Data were collected in D2O contrast. Raw data are 

reported as log10 R as function of the momentum transfer Q. The NP used during the experiment names each SLB. 

PS-COOH20, Fe3O4 and Fe3O4-PEG were used in PBS, while HC PS-COOH20 were HC NPs isolated by UC and 

IS PS-COOH20 were NPs in 55% FBS. 

 

Figure 5.13 A) Neutron reflectometry profiles for DOPC SLB plotted as log10 R as function of the momentum 

transfer Q. Raw data and fits for the three contrasts are reported: circles and green lines for D2O, triangles and blue 

lines for SMW, squares and red lines for H2O. Solid and dashed lines are respectively fits with models without 

(Rfit) and with constrains (Gfit). B) Correspondent SLD profiles in the three contrasts for the fittings.  

Table 5.6 Parameters acquired from the modelling of NR profiles of DOPC SLBs by models with (Gfit) and without 

constrains (Rfit). Gfit parameters are obtained applying equations in paragraph 2.3.1.4.2. Data are referred to the 

experiment named HC PS-COOH20 and plots in Fig. 5.13. 

Layer (L) 
t [Å] σ [Å] Φ 

Rfit Gfit Rfit Gfit Rfit Gfit 

1 8.5 8.5 2.1 2.1 5.3 14.9 

2 11.6 11.5 8.8 7.1 69.4 61.2 

3 14.3 14.0 8.8 7.1 0.4 1.6 

4 14.3 14.5 5 7.1 0.4 1.8 

5 6 6.1 5 7.1 27.1 24.7 
Layer 1 is the SiO2 layer. Layer 2 is the inner head group; Layer 3 is the inner tail group; Layer 4 is the outer tail 

group; Layer 5 is the outer head group. t is the thickness; σ is the roughness between each layer and the following 

one or the bulk; φ is the solvent penetration degree.  
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5.6.2 Effects of pristine NPs on the SLB 

Overall, QCM-D results for PS-COOH20, Fe3O4 and Fe3O4-PEG did not highlight either a 

disruption of the SLB or a major adsorption of NPs that could be revealed by a significant 

change of mass on the quartz sensor. Instead, in the case of PS-COOH20 and Fe3O4-PEG, 

small changes in the dissipation profile were registered (Fig. 5.3 and Fig. 5.5). Changes in the 

lipid organization including possible removal of some molecule could be speculated and NR 

experiments NPs were in fact performed to clarify the effect of such NPs on the SLB structure. 

In Fig. 5.14, the raw data comparing the NR profiles before and after the injection of NPs are 

displayed for different NPs. The plot is displayed in R Q4 vs Q and it allows negative data 

points (where background subtraction gives rise to noise) to be correctly represented. The 

curves are in SMW contrast. Different effects on the SLBs were evident, mostly for Fe3O4-

PEG NPs for which a small compression of the curve was observed (Fig. 5.14b). While the 

NR curve of the SLB treated with PS-COOH20 NPs showed the minimum at about Q = 0.15 

Å-1 shifted at higher Q values with respect to the pristine SLB (5.14a). In addition, for the SLB 

treated with Fe3O4 NPs NR curves mostly differed in the high Q region (in Fig. 5.14c). The 

NR profiles of the three SLBs after NPs flow did not evidence any LB disruption as it was 

revealed by QCM-D. However, a structural reorganization of the SLB at molecular level could 

be speculated. To evidence these changes, NR profiles were fitted with the same model used 

for the starting SLB (5-layers model with and without constrains) and with a model made up 

of 6-layers fitted without constrains that assumes a certain adsorption of NPs on the SLB 

surface. Penetration was excluded because the size of the NPs was too large to allow it. 

Moreover, the fittings of the raw data with a model of a whole bilayer gave better results. 
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Figure 5.14 NR curves for pristine NPs: a) PS-COOH20, b) Fe3O4-PEG, c) Fe3O4. Plots are in R Q4 vs Q. Data 

refer to SMW contrasts and NR profiles of the SLB before (light blue circles) and after (dark blue circles) the 

injection of NPs are reported. 
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5.6.2.1 PS-COOH20 

PS-COOH20 NPs were applied to SLB. In Fig. 5.15, the fittings of the NR raw data are 

presented. The experimental NR curves of the SLB after NP injection were well fit by the 5-

layers model (Fig. 5.15b), while the 6-layers model (Fig. 5.15c) did not work well, especially 

for the H2O contrast. Fit parameters extracted from these fittings are reported in Table 5.7. All 

regions increased in thickness and solvent penetration degree post NPs addition. The effect 

was bigger for the hydrophobic tails. Moreover, we analysed the APM that was reported to be 

72 Å2 for a pure DOPC SLB at 30°C.55 During the fitting analysis we constrained the minimum 

value of APM to 72 Å2 and only in one case, it changed to 74.6 Å2, i.e. for the outer leaflet of 

the SLB upon NPs application. QCM-D results for PS-COOH20 NPs were interpreted with 

either a SLB shrinkage and consequent loss of water or by lipid removal from the SLB 

(paragraph 5.3.1). The hypothesis of lipids removal seems to be the most reliable because it 

would lead to a decrease of lipids packing that is inversely proportional to the APM. A higher 

APM describes a more fluid lipids organization that should lead to a thinner bilayer.58 In this 

regard, the small increase of the overall thickness (from 4.5 nm to 4.8 nm) could be explained 

by a small swelling due to hydrophobic region hydration. This effect on the tail region is visible 

in the SLD profiles in Fig. 5.16. The wider spacing among curves at the level of the tails in 

Fig. 5.16b with respect to 5.16a indicates higher solvation. Other studies on carboxylated 

polystyrene NPs referred other effects on lipid bilayers: Negoda and co-workers59 reported the 

formation of pores in DOPC LB upon exposure to NPs, however the bilayer was formed on a 

Delrin cup and not on a support that makes them more resistant. In another study, fluorescence 

correlation spectroscopy showed that adsorption of the same NPs on LUVs (large unilamellar 

vesicles) was able to induce local gelation of the lipids,24 resulting in vesicles water content 

reduction, shrinking of the membrane and decrease of the APM which it was not observed in 

our system. This different behaviour might be ascribed to the diverse experimental setting and 

NPs charge density.  
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Figure 5.15 Plots of log (R) (reflected intensity divided by incident intensity) vs Q for SLB treated with PS-

COOH20 NPs. A) SLB raw data with correspondent fittings; SLB after NPs injection fitted with 5-layers model 

(B) and 6-layers model (C). 
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Table 5.7 PS-COOH20 induced structural changes on SLB. Model with constrains (Gfit) was applied. The 

parameters describing the SiO2 layer and the roughness of the layers were kept constant to evaluate the effects on 

thicknesses (t) and solvent penetration degrees (φ). Gfit parameters are obtained applying equations in paragraph 

2.3.1.4.2. 

Layer (L) 
t [Å] Φ 

SLB NPs SLB NPs 

2 11.6 12.4 61.7 64.4 

3 13.7 14.8 0.3 7.6 

4 13.7 14.8 0.3 10.7 

5 6.4 6.6 30.4 34.9 
Layer 2 is the inner head group; Layer 3 is the inner tail group; Layer 4 is the outer tail group; Layer 5 is the outer 

head group. t is the thickness; φ is the solvent penetration degree.  

 

Figure 5.16 SLD profiles describing the original SLB (a) and the SLB after NPs flowing (b). The profiles are 

obtained by the raw data fittings displayed in Fig. 5.15a-b. 

5.6.2.2 Fe3O4 

Carboxylated Fe3O4 NPs did not seem to induce any perturbation of the SLB when it was 

characterized by QCM-D. On the contrary, the analysis of NR profiles highlighted some 

effects on the SLB. We found alterations in NR profiles at high Q (Fig. 5.14c).  

The 6-layers model, describing a highly solvated layer of NPs on top the SLB, did not perfectly 

fit as shown in Fig. 5.17c. The 5-layers model was able to reproduce the raw data trend. 

Looking at the resulting parameters reported in Table 5.8, thickness and solvation increases 

are evident and the inner head region was the less affected by the NPs. These general findings 

on the SLB reflect what we reported for PS-COOH20. However, some differences can be 

pointed out. First of all, the SLB thickness increased from 4.5 nm to 5.2 nm, the 15.5% 
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compared to the growth of the 6.7% of the SLB treated by PS-COOH20. The biggest difference 

involved the outer polar heads whose thickness and hydration doubled. We could speculate 

that carboxylated Fe3O4 NPs exert a stronger influence over the outer leaflet compared to PS-

COOH20. Interestingly, in the fitting process, the APM of both leaflets remained fixed at 72 

Å2 while the outer leaflet of the SLB previously subject to PS-COOH20 NPs increased to 74.6 

Å2. While in the previous experiment all the signs were well explained with lipid removal, in 

the current one the constant APM does not directly correlates with the lipid removal. We 

demonstrated a striking effect on the outer polar head. We can speculate that significant 

modification of the head tilt angle8,60 occurred as consequence of the different surface 

chemistry characterizing Fe3O4 NPs compared to PS NPs. For the latter, such alterations could 

happen but they were not as evident as here.  

In addition, although we did not use the 6-layers model, little adsorption of NPs cannot be 

completely ruled out. Some effects can manifest even at very low concentration as reported in 

a recent computational study6 where Au NPs in a small concentration were able to induce lipid 

packing even in a site far from the place of interaction. We need to keep in mind that NR offers 

an average description of the system and the cell vertical geometry and gravitational forces 

acting on NPs can cause inhomogeneities in the environment and the inhomogeneities affect 

differently the SLB according the NP specie. 

Table 5.8 Fe3O4 induced structural changes on SLB. Model with constrains (Gfit) was applied. The parameters 

describing the SiO2 layer and the roughness of the layers were kept constant to evaluate the effects on thicknesses 

(t) and solvent penetration degrees (φ). Gfit parameters are obtained applying equations in paragraph 2.3.1.4.2.  

Layer (L) 
t [Å] φ 

SLB NPs SLB NPs 

2 10.3 10.7 57.1 58.5 

3 14.1 15.1 3.1 9.8 

4 14.1 15.1 3.0 9.7 

5 6.4 11.0 31.3 59.7 
Layer 2 is the inner head group; Layer 3 is the inner tail group; Layer 4 is the outer tail group; Layer 5 is the outer 

head group. t is the thickness; φ is the solvent penetration degree.  
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Figure 5.17 NR profiles for DOPC SLB (a) treated by Fe3O4 NPs and modelled by 5-layers (b) and 6-layers 

models (c). Data are presented as RQ4 vs Q. 
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5.6.2.3 Fe3O4-PEG 

QCM-D characterization of SLB exposed to pegylated magnetite NPs evidenced a small but 

significant modification of the dissipation compared to the SLB (Fig. 5.5).  The examination 

of the raw data in Fig.5.14b allowed us to appreciate some effect caused by the NPs on the 

SLB.  The fitting goodness of the 5-layers models is shown in Fig. 5.18a-b while the 6-layers 

model was not as good as the 5-layers one (Fig 5.18c). From a first look at the SLD profiles 

of the SLB before and after NPs injection (respectively Fig. 5.18d-e derived from fitting in 

Fig. 5.18a-b), any evident change in solvation of the tails region could be seen. A careful 

examination of the fitting parameters, listed in Table 5.9, emphasises the decrease in thickness 

and dehydration of the polar segments of the LB. That correlates with the extra stiffening of 

the membrane underlined by QCM-D. PEG moieties are highly hydrophilic and the 

cumbersome hydration shell that surrounds the molecules hinders interactions with proteins61 

and membranes. The interactions with the hydrophobic tail region are repulsive and the 

proximity of NPs to the membrane causes a reduction of the chains mobility and unfavourable 

entropic contribution to the total energy of the system.50 Measures of electrical resistance on 

DOPC SLB showed that pegylated silica NPs did not disrupt the SLB.48  
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Figure 5.18 NR profiles for DOPC SLB (a) treated by Fe3O4 -PEG and modelled by 5-layers (b) and 6-layers 

models (c). Data are presented as log (R) vs Q. D-E) SLD profiles for SLB before and after NPs injection obtained 

from fittings in a-b) respectively.     

Table 5.9 Fe3O4-PEG induced structural changes on SLB. Model with constrains (Gfit) was applied. The 

parameters describing the SiO2 layer and the roughness of the layers were kept constant to evaluate the effects on 

thicknesses (t) and solvent penetration degrees (φ). Gfit parameters are obtained applying equations in paragraph 

2.3.1.4.2.  

Layer (L) 
t [Å] Φ 

SLB NPs SLB NPs 

2  12.0 9.6 63.0 54.2 

3  14.3 14.3 4.7 4.4 

4  14.3 14.3 4.6 4.3 

5  6.3 6.1 30.2 27.6 
Layer 2 is the inner head group; Layer 3 is the inner tail group; Layer 4 is the outer tail group; Layer 5 is the outer 

head group. t is the thickness; φ is the solvent penetration degree.  

5.6.2.4 Short summary of pristine NPs impact on SLB 

To summarize, we saw two opposite effects induced by pristine NPs on SLBs. We observed 

either a dehydration with shrinking of the SLB or a hydration with swelling of the SLB. 

Disruption of the SLB did not occur in any of the cases examined. 
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Pegylated Fe3O4 NPs, as described in paragraph 5.6.2.4, caused a general dehydration and   

small decrease of the thickness of the outer layer formed by the polar heads. The layer of 

hydrophobic tails was instead unchanged, meaning that these modifications of the outer layer 

did not involve a rearrangement of the hydrophobic moiety of the bilayer. 

Carboxylated NPs promoted an increase of the SLB thickness with hydration of the tails 

region. In the case of PS-COOH20 NPs, also an increase of the APM of the outer leaflet lead 

us to the conclusion that some lipids were removed from the SLB with further reduction of the 

lipid packing, which promoted solvation of the polar head groups (paragraph 5.6.2.2). 

Carboxylated Fe3O4 NPs had the strongest impact on the outer leaflet of the polar head region 

that showed values of thickness and hydration doubled with respect to the starting SLB. This 

remarkable change, accompanied by a constant APM value, was ascribed to a different nature 

in the interaction between the functional groups on the NP surface and the polar heads of the 

lipid, in fact despite the presence of carboxylated groups PSCOOH and Fe3O4 NPs were 

characterized by a completely different surface in terms of chemical composition. Also, in this 

case lipid removal cannot be ruled out but it is not likely the predominant effect (paragraph 

5.6.2.3). 

Adsorption of NPs was not satisfyingly supported by fitting the SLB profiles with a 6-layers 

model. However, the presence of a highly solvated layer of NPs, not evenly distributed on the 

SLB, cannot be completely ruled out given the vertical geometry of the chamber. 

5.6.3 Proteins effect on the SLB: In situ PS-COOH20 

As explained above, the pure interaction between proteins and SLB showed to be unspecific 

and weak. Solvent exchange in QCM-D chamber was able to remove most, if not all, proteins 

adsorbed on the SLB (paragraph 5.4).  

However, we compared the effects on the SLB caused by pure FBS (55% v/v) and in situ PS-

COOH20 NPs. Examining Fig. 5.19, a decrease of intensity of the fringe at 0.1 Å-1 can be 

observed, and the effect is enhanced by NPs presence. A similar effect was observed by Le 

Brun and co-workers related to proteins adsorption.62 They studied the interactions of some 

fragments of the prion proteins with zwitterionic and anionic SLBs. They did not see any 

interactions with the neutral SLB, while they attributed a highly solvated layer of peptide (0.15 

volume fraction) to be adsorbed on the anionic SLB. They performed a deep analysis on the 

structural SLB reorganization upon peptides interaction, which unluckily is not applicable for 
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the heterogeneity of the medium: proteins of different size and charge compose FBS that 

interact dissimilarly with lipids. FBS-induced destabilization of SLBs was reported by Peetla 

et al.27 who observed a small decrease of surface pressure when they treated a DPPC lipid 

bilayer with 10% FBS.  The decrease of surface pressure is a sign for lipid condensation and 

it was attributed to either proteins embedding in the SLB that reduced the APM of the lipids 

or electrostatic interactions between proteins and polar heads that decreased repulsive forces 

between lipids inducing compression.  

In our case, two opposite effects were seen when the SLB was exposed to FBS or NPs in FBS. 

Also, in this case SLBs were modelled with the 5-layers model to focus the attention on the 

SLB structural changes. In Fig 5.20, SLD profiles derived from a 5-layers model are plotted. 

The increasing water content in the tails region is evident in comparison to the original SLB, 

both with FBS and in situ NPs (Fig. 5.20a-b-c respectively). The extracted fitting parameters, 

reported in Table 5.10, showed that the addition of FBS induced a slight dehydration of the 

outer head groups (φ goes from 35% to 27%). On the contrary, for in situ NPs, the tail and the 

outer polar head regions of the SLB exhibited a higher hydration which was reflected by the 

splitting of the curves in the range 25-45 Å in Fig. 5.20c. We can speculate that SLB 

modifications are a consequence of a lipid-protein exchange with NP PCs.  

 

Figure 5.19 NR profiles for SLB (SLB), SLB after proteins injection (FBS) and after injection of in situ NPs. Data 

are presented as R Q4 vs Q. 
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Table 5.10 Proteins induced structural changes on SLB. Model without constrains (Rfit) was applied. The 

parameters describing the SiO2 layer and the roughness of the layers were kept constant to evaluate the effects on 

thicknesses (t) and solvent penetration degrees (φ).  

Layer (L) 
t [Å] Φ 

SLB FBS IS NPs SLB FBS IS NPs 

2  11.7 12.7 12.4 56.0 61.4 61.6 

3  14.3 14.1 14.5 2.8 2.8 8.8 

4  14.3 14.1 14.5 2.8 2.8 8.8 

5  6.6 6.4 7.1 35.1 27.0 43.6 
 IS NPs are PS-COOH20 NPs in 55% FBS initially in D2O; Layer 2 is the inner head group; Layer 3 is the inner 

tail group; Layer 4 is the outer tail group; Layer 5 is the outer head group. t is the thickness; φ is the solvent 

penetration degree.  

 

Figure 5.20 SLD profiles derived from fitting the raw data with a 5-layers model without constrains. A) SLB; b) 

SLB after addition of FBS; c) SLB after addition of in situ PS-COOH20. 

Attempts in fitting the NR data with a 6-layers model were performed. Since FBS proteins are 

very heterogeneous, Albumin was taken as reference being the most abundant protein in the 

blood. During the fitting, Albumin thickness was varied in the range of 50-70 Å (the Albumin 
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shell was found to vary from 3 to 6 nm according to the salinity of the solvent63). SLD was 

calculated for the different solvent compositions (http://psldc.isis.rl.ac.uk/Psldc/). The 

sequence used was Q56G89 (UniProt) and 90% of hydrogen-exchange was considered for a 

variation of the SLD of 10% in the fitting. Fittings were good and compatible with a hydrated 

layer of proteins (Fig. 5.21). Given the small protein presence, the characteristics of the 

bilayers were mostly unvaried compared to 5-layers fittings (Table 5.11). However, the 

proteins presence justified the general dehydration and packing of lipids when FBS was 

added.27 When in situ NPs were added, the SLB was subject to hydration and this could be 

ascribed to NPs corona that could exchange lipids with the bilayer or interact strongly with the 

outer leaflet inducing defects in the SLB. 

 
Figure 5.21 NR data describing the SLB after FBS flow (a) and in situ PS-COOH20 (b). Markers represent raw 

data, solid lines their simultaneous fittings by 6-layers model. The proteins layer exposed to the bulk phase was 

simplified assuming FBS composed by Albumin molecules. 

Table 5.11 Proteins induced structural changes on SLB. Model without constrains (Rfit) was applied. The 

parameters describing the SiO2 layer and the roughness of the layers were kept constant to evaluate the effects on 

thicknesses (t) and solvent penetration degrees (φ).  

Layer (L) 
t [Å] Φ 

SLB FBS IS NPs SLB FBS IS NPs 

2  11.7 12.8 12.6 56.0 41.9 49.3 

3  14.3 13.9 14.3 2.8 1.9 6.9 

4  14.3 13.9 14.3 2.8 1.9 6.9 

5  6.6 6.4 6.3 35.1 20.0 33.6 

6 --- 50.1 62.9 --- 98 98 
 IS NPs are PS-COOH20 NPs in 55% FBS initially in D2O; Layer 2 is the inner head group; Layer 3 is the inner 

tail group; Layer 4 is the outer tail group; Layer 5 is the outer head group. SLDs (10-6 Å-2) for L6 were in both 

experiments FBS and IS NPs: 2.3 (D2O), 2.1 (4MW), 1.8 (SMW), 1.7 (H2O); t is the thickness; φ is the solvent 

penetration degree.  
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5.6.4 Proteins effect on the SLB: HC PS-COOH20 

The effect on SLB structure of HC PS-COOH20 NPs was also studied. HC NPs were isolated 

by UC according to the procedure described in Chapter . QCM-D measures did not highlight 

any change due to HC NPs, neither in the frequency shift nor in dissipation (paragraph 5.4.2). 

NR study did not point out any relevant effect on the SLB, it can be seen on the raw data (Fig. 

5.22) and in Table 5.12 where parameters describing fittings in Fig.5.23a-b. Only a small 

perturbation of the outer polar head can be seen from the fitting parameters. We can speculate 

that since the HC proteins constitute a resistant and stable shell around NPs characterized by 

low total surface free energy, any interaction with the SLB would be unfavourable and hence 

very limited.  This result compared to FBS and in situ NPs data could suggest that the presence 

of a soft corona could in fact have a decisive role on the NPs interaction with lipid membranes.  

 

Figure 5.22 NR profiles for SLB (SLB) and the SLB after HC PS-COOH20. Data are presented as R Q4 vs Q. 

Table 5.12 HC PS-COOH20 induced structural changes on SLB. Model with constrains (Gfit) was applied. The 

parameters describing the SiO2 layer and the roughness of the layers were kept constant to evaluate the effects on 

thicknesses (t) and solvent penetration degrees (φ). Gfit parameters are obtained applying equations in paragraph 

2.3.1.4.2.  

Layer (L) 
t [Å] φ 

SLB NPs SLB NPs 

2  11.7 11.9 62.0 62.7 

3  13.7 13.7 0.6 0.4 

4  13.7 13.7 0.5 0.3 

5  6.0 6.4 26.3 30.5 
Layer 2 is the inner head group; Layer 3 is the inner tail group; Layer 4 is the outer tail group; Layer 5 is the outer 

head group. t is the thickness; φ is the solvent penetration degree.  
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Figure 5.23 NR profiles for DOPC SLB (a) treated by HC PS-COOH20 and modelled by 5-layers model (b). Data 

are presented as log (R) vs Q. C-D) SLD profiles for SLB before and after NPs injection obtained from fittings in 

a-b) respectively.     

5.7 Conclusions 

In this chapter, NPs-membrane interactions were investigated. Supported lipid bilayers were 

used as model of cell membrane and in-flow experiments were performed to study the NPs 

effects on the film structure.  

The first technique employed was QCM-D and several NPs in absence and presence of 

proteins were tested. Among pristine NPs only bigger carboxylated polystyrene NPs induced 

a permanent effect on the SLB. Due to consistent changes in SLB viscoelasticity properties, 

disruption was speculated as possible outcome. Smaller and pegylated NPs, both made by 

polystyrene and magnetite, did not significantly alter the SLB structure. The presence of 

proteins levelled the behaviour for all NPs, inducing a weak and unspecific adsorption on the 

SLB. The HC NPs seemed to do not interact with the SLB. However, imaging the QCM-D 

supports by fluorescence microscopy revealed a certain amount of fluorescence for all the 

samples.  

The QCM-D technique proved to be not enough sensitive to describe the effect of certain NPs 

on the SLB. For this reason, neutron reflectometry study on the SLB was carried out. NR is a 
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powerful technique for characterizing films at the interfaces and it guarantees a resolution 

down to Angstrom level. Moreover, the setting up of the experiment is similar to that in QCM-

D experiments making the comparison among the results more reliable. It was possible to 

discriminate different structural reorganizations of the lipids caused by the pristine NPs: SLB 

incubation with carboxylated PS-COOH20 NPs led to tails hydration and increase of APM, 

while for SLB treated with Fe3O4 NPs tails hydration with further swelling of the bilayer was 

observed. On the contrary, pegylated Fe3O4 NPs induced dehydration and shrinking of the 

bilayer. Pure FBS was found to induce dehydration and compression of the lipid packing as 

described in literature, but the presence of NPs in FBS generally caused  increase of the SLB 

thickness with mild bilayer solvation. HC NPs did not induce any relevant change in the SLB 

structure. Proteins in the HC showed to have a lower attitude to interact with the SLB, while 

soft corona proteins, being loosely bound to NPs surface, were more incline to interact. 

Moreover, the little changes that were reported, although significant might have been affected 

by the intrinsic resilience of SLB formed on SiO2 surface.   

Overall, QCM-D results were not conclusive and coupling with other technique was necessary. 

Agreement between QCM-D and NR results was found, but NPs adsorption pointed out by 

fluorescence microscopy was not confirmed either by NR. That might be ascribed both to the 

vertical geometry of the chamber and the extensive solvent exchanges performed to 

characterize the same bilayer in several contrasts. We can conclude that careful evaluation of 

the experimental conditions is necessary when studying phenomena that produce effects at a 

scale smaller than nanometer. The next step would be elaborating membrane models closer to 

cell membrane (for example include in the SLB formulation cholesterol and membrane 

proteins) and then find a correlation between the results obtained with membrane models and 

endothelial cells to evaluate which effects seen on models are relevant in biological systems. 
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Chapter 6. Isolation of protein corona NPs from digestive fluids 

6.1 Introduction 

In Chapter 4, the protein corona (PC) of different NPs incubated in plasma or serum was 

investigated. Many studies on the PC isolated from blood have in fact been done due to the 

biomedical applications of most NPs that are administrated through the systemic route. In 

contrast, PCs formed in fluids other than blood, such as gastrointestinal (GI), have been less 

investigated even though they are of great interest for pharmacological and toxicological 

reasons.1-3 However, the oral route is one of the most used for drug administration in clinics 

and it might be a probable route for the entrance of NPs in the human body given the large use 

of engineered nanomaterials (ENMs) also in food industry, as additives (flavour, texture, 

stability improvements)4 and in packaging.1,5,6  

The GI tract is a complex environment characterized by pH ranging from two to eight, high 

electrolyte concentrations, enzymes and food matrix that change dynamically. All those 

elements can affect NPs colloidal stability 7-9 and PC composition with consequences on 

bioavailability and toxicity.10 Recently, core-shell gold NPs were shown to be subject of 

proteolytic enzymes and pH conditions in lysosomes when internalized by macrophages and 

endothelial cells. The shell was partially removed and PC was affected by the altered coating.11 

Moreover, Docter et al. in a recent review 12 highlighted the lack of reports about the influence 

of PC complexes on the GI tract albeit some studies revealed that upon NP exposure gut 

homeostasis was altered. This is mainly due to the experimental difficulty in isolating PC NPs 

from such a dynamic environment without modifying their properties. For example, Jahn et 

al.13 studied the uptake of hemin-coupled iron hydroxide NPs on Caco-2 cells and speculated 

a strong effect due to the colloidal instability of such NPs in the medium, but they did not 

perform any stability study. Pereira et al.14 found that Fe(III)-oxo hydroxide NPs formed 

ferrihydrite-like complexes after a simulated in vitro digestion. In this study PC NPs could not 

be isolated from GI fluids without promoting aggregation, so they used the approach to 

synthesize ferrihydrite complexes ex novo for studying their biological response on Caco-2 

cells, bypassing the isolation of such NPs from digestive fluids. Finally Yang et al.7 studied 

the behaviour of iron oxide NPs in GI fluids and observed their tendency to aggregate if 

specific surface coating (citrate ions) was not performed. 
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Several models have been proposed to simulate the digestion process. In vivo mammalian 

models have been used, but in vitro models are generally preferred because they are more 

versatile, less expensive and do not require ethical approval (The Organization for Economic 

Co-operation and Development, OECD, 2010). In vitro models can be dynamic when physical 

processing of the food and temporal changes of the gastrointestinal conditions (pH changes, 

enzymes and electrolytes concentrations) mimic the in vivo digestive process. They can be 

static when there are synthetic fluids that reproduce chemically and enzymatically the 

environmental conditions encountered in the distinct areas of the GI tract and the ratio 

meal/enzymes is kept constant.  

The gap between in vivo and in vitro studies can be partially covered by cell culture models. 

Cell monolayers are often used to assess epithelial permeability of compounds. Immortalized 

Caco-2 cell lines are commonly used because they are able to form an adherent monolayer that 

shows some characteristics of the gut epithelium. Thus, translocation studies can be performed 

when they are grown on semi-permeable membranes mimicking the transport of substances 

from the gut lumen to the basolateral side.2 Other models are based on Caco-2 co-culture with 

other cells that are able to express mucus.15 

There are many studies on translocation of NPs across Caco-2 monolayers2, but most of 

them deal with in situ NPs. Walczak et al.16 investigated polymeric NP translocation in 

different in vitro models taking into account the formation of a corona upon exposure to 

complete cell medium. Afterwards, the same group showed that NPs, if subject of in vitro 

digestion, expressed a different corona upon contact with cell culture medium compared to 

pristine NPs.17 On the other hand, Lichtenstein and co-workers 18 studied the impact of food 

on silver NPs digestion. They modified the in vitro digestion model of Bohmert et al. 9 by 

adding food components to the digestive fluid. They found that the corona originating from 

food digestion was able to stabilize NPs in full cell medium, while NPs digested without food 

extensively aggregated. They showed also that the NPs digested with food had similar uptake 

to undigested NPs, while those digested without food showed less uptake. 

In this part of the thesis, we evaluated the PC originating from skimmed milk powder 

and common bread. We adopted a static in vitro model following INFOGEST 

recommendations as described in detail in paragraph 6.2. The INFOGEST COST action 

network aimed to give some recommendations to achieve standard conditions for static in vitro 

digestion to allow comparison of results among research groups. 19 First, we verified if sucrose 

gradient UC was a suitable technique to recover the PC complexes from digestive fluids when 

a food matrix was added. Secondly, we optimized a protocol that aimed to mimic the in vivo 
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conditions in which NPs were subject of a complete simulated digestion in the presence of a 

bread matrix. The recovered PC complexes were characterized by size, surface charge and 

corona composition by Dynamic Light Scattering (DLS), Nanoparticles Tracking Analysis 

(NTA), SDS-PAGE and liquid chromatography- mass spectrometry (LC-MS).  When it was 

possible, the traditional centrifugation protocol to recover PC NPs was applied and results 

compared. Finally, the effect of the PC on NP uptake and translocation through a Caco-2 

monolayer was investigated in serum free environment to stress on the role of the PC formed 

during digestion. Confocal microscopy was used to assess eventual morphological alterations 

in the monolayer. Some of the results presented in this chapter are included in manuscripts 

attached in the appendix.20  

6.2 INFOGEST protocol and stability of NPs in digestive fluids 

The in vitro model to simulate digestion adopted in this work is based on INFOGEST 

recommendations.19 The protocol aims to mimic the in vivo conditions that characterize oral, 

gastric and small intestinal phases, which are distinguished by a specific pH, electrolyte 

concentrations and particular enzymes. In Table 6.1, a summary of the electrolyte final 

concentrations in the simulated salivary fluid (SSF), simulated gastric fluid (SGF) and 

simulated intestinal fluid (SIF) is reported. The pH during the digestion was adjusted to pH 3 

and pH 7 for SGF and SIF, respectively. The calcium salt solution was added to the final 

mixture of each phase to avoid precipitation in the electrolyte solutions. 

Table 6.1 Electrolytes final concentrations in SSF, SGF, SIF according to INFOGEST recommendations.19  

 
SSF 

[mmol/l] 

SGF 

[mmol/l] 

SIF 

[mmol/l] 

KCl 15.1 6.9 6.8 

KH2PO4 3.7 0.9 0.8 

NaHCO3 13.6 25 85 

NaCl - 47.2 38.4 

MgCl2(H2O)6 0.15 0.1 0.33 

(NH4)2CO3 0.06 0.5 - 

CaCl2(H2O)2* 1.5 0.15 0.6 

* It was added in the final mixture to avoid precipitation 
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The digestive simulation was performed at 37°C under magnetic stirring. The oral phase lasted 

for two minutes and α-amylase was not added to the mixture.21 The gastric phase lasted for 

two hours: SGF and Porcine Pepsin (final activity 2000 U/ml, Sigma Pepsin, P7012) were 

added. In the duodenal phase SIF, bile salts (160 mM) and Pancreatin from porcine pancreas 

(final trypsin activity 100 U/ml, Sigma, P7545) were added to the mixture. Pancreatin in SIF 

formed a fibrous precipitate that was centrifuged at 4°C for one minute. Negligible loss of 

activity was assessed using the p-toluene-sulfonyl-L-arginine methyl ester (TAME) assay for 

trypsin activity.22 

Carboxylated fluorescently labelled Fe3O4 NPs were used in this study. Their stability was 

tested in the simulated digestive fluids prior the addition of enzymes and food, thus before to 

be coated by a PC.  

In Fig. 6.1, hydrodynamic size distribution trends are reported for Fe3O4 NPs in PBS, SSF and 

SGF. NPs in SIF immediately precipitated likely due to the high electrolyte concentration that 

shields NPs surface negative charge.7,8,23,24,25 In SSF, the averaged hydrodynamic sizes of the 

NPs mostly increased with respect to those in PBS during the first hour of incubation, reaching 

a plateau with an average size almost double with respect to that of the starting NPs in PBS. 

PdI values were comparable to those in PBS. In SGF NP hydrodynamic sizes appeared to 

slowly increase over time to reach an average value almost three times larger than the starting 

one. On the other hand, PdI values appeared invariant with time. Overall, these results showed 

that when the NPs reach the gastric environment they form agglomerates of uniform 

dimensions. 

6.3 Skimmed milk powder digestion 

Skimmed milk powder (SMP) was used as food model to optimize hard corona (HC) recovery 

from digestion. Milk proteins represent a considerable proportion of human dietary proteins 

and for this reason the products of their GI digestion are well characterized.26  

6.3.1 Simulated oral digestion 

Simulated digestion was run using an AT-700 pH Stat Kyoto Electronic Manufacturing 

Company. SMP at a concentration of 34 mg/ml was mixed with SSF and CaCl2 and diluted 

with ultrapure water to get the appropriate electrolyte concentration as described in Table 1. 

The mixture was kept under constant magnetic stirring at 37°C and the pH continuously 

monitored. After two minutes, an aliquot of digested chyme was sampled and incubated at 

37°C with NPs to get a concentration of 1.5x1013 NPs/ml for one hour. Part of the mixture was 
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then separated by UC through a sucrose gradient 35-70% w/w run at 20°C for two hours at 

188k rcf. Part of the mixture was centrifuged and washed for three times at 15.5k rcf at 4ºC 

and re-suspended in 500μl PBS at pH 7.4. 

 

Figure 6.1 A) Hydrodynamic diameters variation by time for Fe3O4 NPs incubated in PBS (triangle), in SSF (circle) 

and SGF (upside-down triangle) at 37°C. B) PdI variation for the same samples. Hydrodynamic diameters and PdI 

were obtained by DLS from cumulant analysis of the auto-correlation data.  

In Fig. 6.2 NPs recovered from UC (Fe3O4 S UC) and from conventional centrifugation (Fe3O4 

S HC) are compared to the NPs in situ. Screening of UC aliquots by NTA showed that UC 

allowed the separation of protein-NP complexes from the digestion environment limiting NP 

agglomeration with respect to those recovered by conventional centrifugation/washing 

procedure (see Fig. 6.2). Although hydrodynamic diameters were very different for the two 

PC NPs, SDS-PAGE showed that the corona composition was very similar. In Fig. 6.3a, lanes 

named UC and HC present a very similar protein pattern especially at high molecular weights 

(MWs). Some bands are selectively found only in the UC isolated corona (40 and 12 kDa) but 

not in the HC sample or in the corresponding fractions from a control experiment run without 

NPs (1*-5* Fig. 6.3a).  
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Figure 6.2 Hydrodynamic diameter distributions measured by NTA on NPs incubated in salivary mixture (black 

line), after UC (green dashed line) and after three centrifugation/washing steps (red dashed line). 

 

Figure 6.3 Fe3O4 NPs in simulated salivary fluid.  a) SDS-PAGE of fractions 1;4 and 5-7 (joined together from 

UC, HC NPs isolated by centrifugation and 5 fractions from a control UC experiment without NPs (1*-5*). b) 

Schematic drawing of the sucrose layers arrangement in the UC tube showing where NPs and proteins were located 

in samples with NPs (NPs) and without NPs (Ctr). 

6.3.2 Simulated gastric digestion 

Gastric phase was started after two minutes of the oral phase by addition of SGF, 0.03 M 

CaCl2, pepsin and pH was adjusted to 3 and monitored to assure stability. After two hours, an 

aliquot of digested chyme was taken and the enzymes were inactivated increasing the pH and 
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thus stopping the gastric digestion. NPs were added (1.5x1013 NPs/ml) to the mixture and the 

incubation at 37°C for one hour promoted the corona formation. UC (188k rcf for 2 hours at 

20°C, sucrose gradient 35-70% w/w) and standard centrifugation were performed on the 

mixture of NPs and digested food. In this case, both techniques led to isolation of complexes 

comparable in size between them and to in situ proteins-NPs complexes, as shows in Fig. 6.4a 

and resembling the NPs status in situ. However, PC composition as determined by SDS-

PAGE, showed a quite different pattern. During standard centrifugation protocols, co-

sedimentation of protein agglomerates and/or NP-protein aggregates can cause the presence 

of additional proteins not present in the PC in the recovered pellet loaded in the SDS-PAGE 

gel.  Thus, the presence of additional proteins in the PC associated to the NPs recovered by 

normal centrifugation is likely due to this effect. While the UC procedure on sucrose gradient 

was able to separate protein agglomerates from PC NPs due to the different density of such 

complexes.   

 

Figure 6.4 Fe3O4 NPs in simulated gastric fluid.  a) Size distributions obtained from NTA for Fe3O4 NPs incubated 

with gastric fluids and relative PC complexes isolated by ultracentrifugation (UC) and centrifugation (HC). b) SDS-

PAGE of the samples isolated by ultracentrifugation (UC) and conventional centrifugation (HC) methods, 

respectively, as indicated by the labels below the tracks of the gel. Red dashed lines on the gel highlighted bands 

analysed by LC-MS. 

LC-MS analysis of UC isolated PC showed that they were mainly composed of pepsin 

(34 kDa), some selected peptides from β-casein hydrolysis at very low molecular weight (6 

kDa),27,28 α-lactalbumin (14.4 kDa) and β-lactoglobulin (18.4 kDa). HC protein pattern was 

characterized by some stronger bands at high MWs, consisting in a number of hydrolysed 
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fragments that were not easily identifiable29 probably  due to artefacts promoted by the 

centrifugation procedure such as induced aggregation and longer exposure times.30-32 

6.4.3 Simulated duodenal digestion 

The last phase of the simulated digestion is the one mimicking the small intestine. The 

environment is characterized by neutral pH, presence of bile salts and pancreatic enzymes. 

They are added as a mixture of extract of porcine pancreatin. After two hours of digestion, 

chyme was sampled and incubated with NPs (1.5x1013 NPs/ml) at 37°C for one hour. In 

contrast to the other phases, conventional centrifugation methods did not allow the recovery 

of a population of PC complexes that could be well characterized. The rich environment 

composed of enzymes (trypsin, 23 kDa, and chymotrypsin, 25 kDa) and some persistent 

peptide agglomerates led to strong NP-protein aggregates that were hard to disperse after 

centrifugation (Fe3O4 D HC in Fig. 6.5). PC complexes could be isolated through UC (188k 

rcf for 2 hours at 20°C, sucrose gradient 35-70% w/w). In Fig. 6.5 NTA revealed that the in 

situ sample contained a wide range of particulates ranging from 200 nm to micron size. UC 

fractions containing PC complexes showed a small and relatively narrow population. 

 

Figure 6.5 Fe3O4 NPs in SIF.  Size distributions obtained from NTA analysis for NPs incubated with intestinal 

fluids for one hour and relative PC complexes isolated by ultracentrifugation (UC) and centrifugation (HC). 

In Fig. 6.6, the PC is defined by SDS-PAGE. Two sucrose gradients were run, the first 

containing NPs in duodenal juice (Fig. 6.6a), the second only containing the digestive fluid 

(Fig. 6.6b and 6.6c). Sucrose layers arrangement is schematically reported in Fig. 6.6d. The 

first two sucrose fractions of both tubes (with and without NPs) contained the proteins and bile 

salts and the composition was similar with and without NPs (lanes 1-2, Fig. 6.6a and lanes 1*-
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2*, Fig. 6.6b). In the sample without NPs protein bands started to be fainter going through the 

gradient from lower to higher density (3*-11*). In contrast, the gradient with NPs, lane 8 (Fig. 

6.6a) was enriched with proteins. This band was brown indicating the presence of Fe3O4 NPs. 

Hard and soft PCs obtained by centrifuging the incubated NPs once and three times, 

respectively, were similar (lane HC and SC of Fig. 6.6a), but significantly different from the 

PC isolated by UC. The latter presented some notable bands at 21 kDa persistent from the 

gastric phase and chymotrypsin at 25 kDa. In the PC isolated from UC some bands at higher 

MWs were more pronounced compared to HC and SC isolated by centrifugation. According 

to the assigned molecular weights, being equally spaced  it can be speculated that they are 

oligomers of a smaller fragment and SDS-PAGE allows separation of oligomers at high 

resolution.33 The fragment might be the one at 4.9 kDa. In intestinal fluids bile salts are present 

and it has been reported that they cause desorption of proteins depending on their concentration 

and exposure time.30,34,35 Therefore, the immediate separation between PC complexes and 

excess of fluid obtained by sucrose gradient UC is fundamental to prevent changes in the 

protein composition that instead occurred in standard centrifugation for which experimental 

time was longer. 

6.4 Bread simulated digestion 

The isolation of PC NPs complexes originating from NPs co-digested with bread is very 

interesting but challenging. In fact, bread is a common food in the daily diet but as all cereal-

based foods it is a very complex matrix.36 During a simulated digestion of bread, insoluble 

protein aggregates are formed particularly in the gastric phase. Hydrolysis converts them into 

low molecular weight peptides and small food particulates. 

Recently, Lichtenstein and co-workers18 performed simultaneous digestion of NPs, bread and 

other food. They studied the size and aggregation of in situ complexes by SAXS at the end of 

the duodenal phase, but HC NPs were not isolated and characterized in terms of composition 

and evolution over time. In this section, we have focused on the evolution of the NPs during 

the different phases of digestion with particular attention to the characterization of the structure 

and composition of the PC. The methodology based on sucrose gradient UC was exploited for 

successfully recovering PC-NP complexes from both gastric and duodenal phases. In 

particular, 0.5 g of minced bread was hydrated with 250 μl of Fe3O4 NPs (5x1013 NPs/ml), SSF 

and 0.3 M CaCl2.  
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Figure 6.6 SDS-PAGE of Fe3O4 NPs in SIF. A) SDS-PAGE gel containing UC fractions of the sample of NPs 

incubated in intestinal fluids. Lane 8 contains the PC complexes; lanes labelled HC and SC contained SC and HC 

complexes, respectively, isolated by conventional methods. B-C) Control samples without NPs to show no 

contaminations from free proteins in the lanes with the PC complexes. D) Schematic drawing of the sucrose layers 

arrangement in the UC tube showing where NPs and proteins were located in samples with NPs (NPs) and without 

NPs (Ctr). 

6.4.1 Simulated gastric digestion 

The chyme was subjected to gastric digestion as described in paragraph 6.3 after two minutes 

of oral phase. An aliquot of the dispersion was taken and run through sucrose gradient by UC. 

The gradient was 6.6-66% w/w in sucrose and was run for one hour at 20°C at a speed of 48k 

rcf. The gradient density was optimized (wide sucrose concentration, slow speed and short 

time of centrifugation) to avoid co-localization of PC NPs and starch particulates. PC NPs 

were located at the top of the gradient correspondent to a sucrose concentration between 10% 

and 20% w/w (pink zone in Fig. 6.7a), while starch residues were spread in the gradient at 

higher densities (blue zone). Standard centrifugation protocols were attempted with different 

experimental conditions for separating PC NPs from starch residues without success. PC NPs 

recovered by UC were characterized by a hydrodynamic size about three/four time larger 
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compared to the size of the equivalent NPs in PBS as it is shown in Table 6.2. During digestion, 

NPs density decreased as can be inferred from NPs location in the sucrose gradient. Indeed, 

while pristine NPs moved to about 40% w/w sucrose concentration, the PC NPs reached the 

area between 10% and 20%. This is likely due to the formation of multi-particle protein 

agglomerates stabilized by the PC, which are characterized by a lower overall density 

depending on the partial specific volume and the frictional coefficient variations of the 

complexes.37 

PC composition was determined by SDS-PAGE and LC-MS. In Fig. 6.7b the lane labelled as 

G-NP corresponds to the UC fractions where NPs subject of gastric digestion were found 

(fractions 2-5). This sample was clearly enriched with proteins when compared to the same 

fractions of the control without NPs (3G*, 5G*). Some bands of the PC around at 36-40 kDa 

(probably a mixture of polypeptides from albumins and globulins) were also found in the 

analogue lanes of the control sample (1G*-5G*), thus they might be contaminants from the 

environment and not associated to the corona.  

 

Figure 6.7 Simulated gastric digestion in presence of bread. A) Schematic drawing of the sucrose layers 

arrangement in the UC tube showing where NPs and proteins were located. Pink fractions (2-5) contained NPs 

while blue fractions contained floating starch residues. A control experiment only on digested bread without NPs 

underwent UC and it was sampled with the same modality. B) SDS-PAGE of PC-NPs obtained pooling together 

fractions 2-5 (G-NP lane) and some bands from the digestion run without NPs (lanes marked with* symbol). Some 

bands are framed with dashed lines and numbers and they were characterized by LC-MS. 
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Table 6.2 Characterization by DLS and NTA of Fe3O4 in PBS before undergoing digestion and PC complexes 

isolated by UC after dialysis (G-NPs). 

 Fe3O4 G-NPs 

dH [nm]1 73±8 245±13 

SD [nm]2 32±18 60±17 

dH [nm]3 46.9±0.9 199.2±0.2 

PdI4 0.20 0.26 

Zp [mV] -21.6±1.5 -4.3±0.2 

1 Hydrodynamic diameter (dH) was calculated avaraging the hydrodynamic diameters of all NPs tracked in a 

particle-by-particle modality by NTA. 
2 SD is the standard deviation on all the hydrodynamic diameters measured in a particle-by-particle modality by 

NTA. 
3Hydrodynamic diameter (dH ) obtained by DLS from the cumulant analysis of the auto-correlation data. 
4 Polydispertity indexes (PdI) were obtained by DLS from the cumulant analisys of the auto-correlation data. 

All data were presented as the avarage of three indipendent measurements with relative standard deviation.  

A characteristic protein pattern at MW lower than 36 kDa is observed in the G-NP lane but not 

in the analogue lanes of the control (1G*-3G*-5G*). A similar protein pattern, but much more 

diffuse, appeared in the control sample in the higher density fractions where starch residues 

were clearly visible (15G*). Table 6.3 contains information about significant peptides 

recognized by LC-MS. Bands from control aliquots and the PC NPs were analysed. A mixture 

of peptides was present in each band. Peptides with high scores were listed. The score 

represents the probability that the match found is a random event; so the higher it is the more 

likely is the match. The corona was particularly enriched with albumins and globulins. Serpin-

Z1a was found in band 1 (localized at a molecular weight of 43 kDa) and band 2 (localized at 

25 kDa). Peptides from proteins with a lower MW indicated the formation of peptide 

aggregates: GSP-1 Grain Softness Protein (17 kDa), albumin-2 (26 kDa) and Avenin-like A1 

(19k Da). Lectin (26 kDa) was exclusively found in band 2. Legumin, Granule-bound Starch 

Synthase 1 and GSP-1 Grain Softness Protein were also revealed. Band 3 contained Pepsin 

and many peptides from yeast proteins. Band 4 and 5 mainly showed peptides from beta-

amylase and 0.19 dimeric alpha-amylase inhibitor, albumin-2 and Serpin. Those wide bands 

were not present in the first 4 fractions of the control, but they can be seen in those of the PC 

NPs. 
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Table 6.3 Identification of protein bands extracted from gel shown in Fig.6.7b.  

Name Taxonomy Coverage1 Score2 Nominal mass 

B1 

Serpin-Z1a triticum aestivum 35 404 43262 

Albumin-2 pisum sativum 58 276 26393 

GSP-1 Grain Softness 

Protein 
triticum aestivum 35 223 17494 

Vicilin 47k pisum sativum 37 188 49542 

LegA class - Q9T0P5 pisum sativum 23 115 59153 

Avenin-like a1 triticum aestivum 35 91 19513 

B2 

Serpin-Z1a triticum aestivum 23 284 43262 

Lectin cicer arietinum 48 265 26363 

Legumin pisum sativum 26 265 59633 

Vicilin 47k pisum sativum 34 172 49542 

GSP-1 Grain Softness 

Protein 
Triticum turgidum 20 115 18701 

B3 

12S seed storage 

globulin 1 
Triticum urartu 33 363 64230 

Serpin-Z1a triticum aestivum 27 313 43262 

Adh1p S. cerevisiae 51 322 37296 

Malate 

dehydrogenase 
triticum aestivum 37 315 35805 
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Name Taxonomy Coverage1 Score2 Nominal mass 

Transaldolase S. cerevisiae 53 299 37127 

Ade1p S. cerevisiae 69 255 34639 

Phosphoglycerate 

kinase 
S. cerevisiae 49 293 44768 

Pepsine Sus Scrofa 4 136 41635 

B4 

Beta amylase Triticum urartu 49 1216 58995 

0.19 dimeric alpha-

amylase inhibitor 
Aegilops tauschii 77 792 13881 

Serpin-Z1a Triticum aestivum 37 482 43262 

Sucrose synthase 1 Aegilops tauschii 31 366 44300 

Glucose-1-phosphate 

adenylyltransferase 
Triticum aestivum 47 403 52400 

Alpha amylase 

inhibitor CM3 
Triticum durum 57 363 18893 

Thioredoxin S. cerevisiae 66 286 11311 

B5 

Beta amylase Triticum urartu 52 772 58995 

Albumin-2 pisum sativum 74 759 26393 

0.19 dimeric alpha-

amylase inhibitor 
Aegilops tauschii 70 343 13881 

Serpin-Z1a Triticum aestivum 25 303 43262 

Vicilin 47k pisum sativum 47 264 49542 

1Sequence coverage is calculated by dividing the number of amino acids observed by the protein amino acid length 
2The score is a probability based score. The total score is the probability (P) that the observed match is a random 

event. Score = -10 x LOG10 (P) 
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6.4.2 Simulated duodenal digestion 

Neutralization of the pH, addition of bile salts and porcine pancreatin according to the modality 

described in paragraph 6.3 determined the start of the duodenal digestion. The texture of the 

digestive mixture after two hours became liquid without solid residues. The agglomerates 

formed by NPs and peptides in the gastric phase partially disaggregate under duodenal 

conditions. UC on intestinal aliquots was performed for one hour at 195k rcf. After it, a brown 

band (D2-NPs) was visible at high sucrose concentration (fractions 14 to 16 at about 55% w/w 

sucrose concentration) as shown in Fig. 6.8a. NTA screening of all the fractions disclosed 

another population of PC NPs (D1-NPs) located from fraction 4 to 9. Bile and unbound low-

density peptides were located at the top of the gradient. The two PC NPs populations were 

characterized by hydrodynamic diameters smaller than 150 nm: D1-NPs were about 20% 

smaller in hydrodynamic size compared to D2-NPs, but they had a sensibly different density. 

Both complexes were characterized by negative Zp, possibly because of the absorbance of bile 

salts on the surface (Table 6.4). 

Table 6.4 Characterization by DLS and NTA of Fe3O4 in PBS before undergoing digestion and PC complexes 

isolated by UC after dialysis (D1- and D2-NPs). 

 Fe3O4 D1-NPs D2-NPs 

dH [nm]1 73±8 116±14 143±17 

SD[nm]2 32±18 55±9 48±9 

dH [nm]3 46.9±0.9 85.7±2.9 116.6±5.2 

PdI [nm]4 0.20±0.01 0.21±0.02 0.23±0.01 

Zp [mV] -21.6±1.5 -24.2±0.4 -16.1±1.2 

1 Hydrodynamic diameter (dH) was calculated avaraging the hydrodynamic diameters of all NPs tracked in a 

particle-by-particle modality by NTA. 
2 SD is the standard deviation on all the hydrodynamic diameters measured in a particle-by-particle modality by 

NTA. 
3Hydrodynamic diameter (dH ) obtained by DLS from the cumulant analysis of the auto-correlation data. 
4 Polydispertity indexes (PdI) were obtained by DLS from the cumulant analisys of the auto-correlation data. 

All data were presented as the avarage of three indipendent measurements with relative standard deviation.  
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Figure 6.8 Duodenal simulated digestion in presence of bread. A) Schematic drawing of the sucrose layers 

arrangement in the UC tube showing where NPs and proteins were located. Green fractions contained bile salts and 

low density peptides. Pink fractions (4-9 and 14-16) contained NPs. A control experiment only on digested bread 

without NPs was also measured and investigated. B) SDS-PAGE of PC-NPs obtained pooling together fractions 4-

9 and 14-16 (D1-NP and D2-NPs lanes respectively). Lanes labelled with* symbol contained aliquots from a control 

UC run without NPs. Some bands are framed with dashed lines and numbers and they were characterized by LC-

MS. 

In Fig. 6.8b PC profiles are shown. As expected many peptides were found in the first fraction 

and their presence in the sucrose tube decreases with increasing sucrose density and no 

peptides were detected in high-density sucrose bands (11D*- 17D*). The PCs associated with 

the complexes extracted by the two different fractions are completely different. The D1 PC 

was mainly composed of pancreatin enzymes (lipase and amylase at 55 kDa, trypsin and 

chymotrypsin at 24 kDa) as it can be expected based on the composition of the duodenal 

environment. The D2 PC was instead enriched with uncharacteristic proteins such as the band 

at 55 kDa and some other bands at higher Mws. Moreover, the diffuse band observed in the 

gastric sample seemed to be protected from digestion, while in the control sample without NPs 

the same bands in high-density fractions (15*-16*-17*D) were not detected.  

According to LS-MS, the bands from B6 to B8 contained lipase and amylase, but also Adh1p 

and Phosphoglycerate kinase from yeast, lectin and vicilin 47k that were protected from 

duodenal digestion. The bottom bands B9 and B10 were rich in yeast enzymes, carrying 

peptides from gastric digestion that were not present in the control: albumin-2, amylase 

inhibitor, vicilin 47k and thioredoxin (Table 6.5). To the best of our knowledge, this is the first 

time that proteomic analysis of PC from food containing digestive juices has been described. 
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Moreover, the reported incomplete digestion of some proteins could have important biological 

implications considering that some of those peptides were recognized to be allergens38 and 

could induce prolonged adverse reactions in the gut. 

Table 6.5 Identification of protein bands extracted from gel shown in Fig.6.8b.  

Name Taxonomy Coverage1 Score2 Nominal mass 

B6 

Enolase S. cerevisiae 22 129 46830 

Phosphoglycerate 

kinase 

S. cerevisiae 27 126 44783 

vicilin 47k pisum sativum 18 109 49922 

Lectin Cicer arietinum 37 102 26363 

Adh1p S. cerevisiae 19 94 37296 

B7 

Adh1p S. cerevisiae 20 98 37296 

B8 

Amylase Sus Scrofa 45 824 20733 

ATP synthase 

alpha chain 

S. cerevisiae 43 434 55530 

Pancreatic lipase Sus Scrofa 52 328 52446 

Adh1p S. cerevisiae 38 156 37296 

Phosphoglycerate 

kinase 

S. cerevisiae 34 141 44768 

Por1p S. cerevisiae 20 116 30524 
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Name Taxonomy Coverage1 Score2 Nominal mass 

B9 

Phosphoglycerate 

kinase 

S. cerevisiae 63 829 44768 

Enolase S. cerevisiae 44 707 46830 

Tdh3p S. cerevisiae 52 610 35825 

Pyruvate kinase S. cerevisiae 51 531 54909 

Adh1p S. cerevisiae 54 361 37296 

Dimeric alpha-

amylase inhibitor 

triticum 

dicoccoides 

29 213 15904 

Legumin a2 pisum sativum 26 268 59633 

Thioredoxin S. cerevisiae 53 260 11311 

B10 

Phosphoglycerate 

kinase 

S. cerevisiae 57 1008 44768 

Eno 2 S. cerevisiae 51 957 46993 

Pyruvate kinase S. cerevisiae 61 86 54909 

Tdh3p S. cerevisiae 59 743 358825 

Adh1p S. cerevisiae 56 676 37296 

Dimeric alpha-

amylase inhibitor 

triticum 

dicoccoides 

49 215 15666 

Pancreatic colipase Sus Scrofa 45 287 12702 

Thioredoxin S. cerevisiae 66 277 11311 

1Sequence coverage is calculated by dividing the number of amino acids observed by the protein amino acid length 
2The score is a probability based score. The total score is the probability (P) that the observed match is a random 

event. Score = -10 x LOG10 (P) 
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6.4.3 Caco-2 transport experiment 

There are many articles about uptake and translocation of NPs through monolayers of Caco-2 

cells13,39 or co-cultures that produce mucus.40 Brun et al.41 described titanium oxide NPs uptake 

in Caco-2 mono and co-cultures and in mice, studying the PC composition of NPs incubated 

in 10% serum proteins and subjected of simulated digestion. However, all these studies did 

not report detailed description of isolated PC NPs from digestive juices. Also Walczak et 

al.16,17 highlighted the role of the PC, formed upon exposure to complete cell medium, on 

Caco-2 uptake. Lichtenstein and co-workers, 18 on  the other hand, pointed out the importance 

of a food matrix during NPs in vitro digestion showing that the formation of the PC imparted 

colloidal stability to the NPs in the GI fluids.  

In the previous paragraphs, we showed the successful recovery of PC complexes from bread 

after in vitro simulated digestion. They differed by hydrodynamic size, Zp and PC 

composition. Uptake and translocation of those complexes were studied and compared to those 

of the pristine Fe3O4 NPs using Caco-2 monolayer grown in transwell dishes. 

6.4.3.1 NPs translocation through a transwell dish without cells 

The pore size of the membrane on the transwell dish was 0.4 µm, thus some of the PC NPs 

could be too large to cross it or also Van der Waals attractive forces could limit their 

transmembrane diffusion.42,43 Hence, the ability of the PC complexes to pass through the 

membrane of the transwell dish was first investigated. Moreover, small molecules such as 

carboxyfluorescein (CF) and fluoresceinamin (FA) were used to assess the integrity of the 

membrane.  

The transwell dish was treated as if there were cells present: it was pre-incubated with full 

medium for one hour at 37°C. It was washed with PBS before adding NPs. All samples were 

prepared diluting 1:1 with serum free medium (SFM) to avoid additional effects of the FBS 

proteins. Several concentrations of NPs were tested (Fe3O4 2x1012 NPs/ml, G-NPs 3x1012 

NPs/ml, D1-NPs 2x1011 NPs/ml, D2-NPs 5x1011 NPs/ml), while FA and CF were loaded at 

10-3 mg/ml.  

In Fig. 6.9 fluorescence emission of aliquots from the basolateral chamber at 1, 2, 3, 4 hours 

of incubation and from the apical solution at the beginning and at the end of the experiment 

are reported.  
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Figure 6.9 Fluorescence emission intensities for samples from the basolateral chambers after 1, 2, 3, and 4 hours 

of incubation (BL 1h, 2h, 3h, 4h) and for the apical chambers at the beginning of the experiment (AP t0) and after 

4 hours (AP 4h). Fluorescence emission was measured with a plate reader with excitation wavelength at 492 nm 

and emission at 520 nm. Data are the average of three different replicates and they are normalized to AP t0. 

Fluorescence emission of the apical chamber solutions decreased after 4 hours for all samples, 

while emissions from the basolateral chamber increased over time. PC NPs were able to 

translocate through the membrane with different rates of translocation also in comparison to 

the controls (CF and FA) that were in contrast similar. Interesting is the case of the gastric PC 

NPs (G-NPs) that, although characterized by the largest hydrodynamic sizes, showed the 

highest fluorescent intensity decrease after 4 hours in the apical chamber compared to 

duodenal PC complexes. That might be due to the structure of the G-NPs complexes that could 

be particularly flexible and enhance the ability to cross the basal membrane: in fact, the 

complexes were characterized by low density (see Fig. 6.7) and we can speculate that they 

were enriched in proteins. The two duodenal samples had similar translocation. In Table 6.6 

are reported the vectorial transport ratios defined as the ratio between the apical and basolateral 

chambers amounts of NPs and molecules. Concentrations were evaluated by fluorescence 

calibrations curves (reported in appendix). Vectorial ratios resulted close to the unit for 

controls (CF and FA), slightly lower than the unit for G-NPs and D1-NPs, while D2-NPs was 

characterized by a value of 0.6. A vectorial ratio of 1 means that after four hours, equilibrium 

between the two chambers was reached. Values lower than the unity means a shift towards the 

basolateral chamber that was more pronounced for D2-NPs probably due to higher 

sedimentation. 
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Table 6.6 Vectorial transport ratio obtained from the molar ratio or the number of NPs ratio (Fe3O4, G-NPs, D1-

NPs, D2-NPs) measured in the apical and basolateral chambers. 

 CF FA Fe3O4 G-NPs D1-NPs D2-NPs 

Vectorial 

transport 

ratio 

1.06±0.03 1.08±0.01 0.83±0.12 0.93±0.04 0.95±0.08 0.61±0.22 

6.4.3.2 NPs translocation through a Transwell dish with Caco-2 monolayer 

Cell monolayer was grown as described in paragraph 2.4.1. NPs were incubated at a 

concentration of 2x1012 NPs/ml for four hours and the electrical integrity of the monolayer 

was tested at the beginning and at the end of the experiment. As it is shown in Fig. 6.10, the 

decrease of TEER values in all samples is comparable to the control (PBS in Fig. 6.10) and it 

was not enough to suggest either disruption of the tight junctions or cell death as already 

observed in previous NP uptake experiments on Caco-2 monolayers.18 

 

Figure 6.10 Changes of TEER values before and after incubation of NPs for 4 hours. 

Fluorescence detection of the NPs in the basolateral chambers was not possible. The measured 

fluorescence values were similar to the background. Since we showed the passage of NPs 

through the membrane without cells, the adhesion of NPs to the support membrane can be 

excluded. However, NPs can agglomerate inside the cells and can be transcytosed in larger 

aggregates that would not pass through membrane pores.44,45  

Fluorescence measurements on the apical media recovered after the incubation did not allow 

reliable NPs quantification. The fluorescence emissions were higher than the starting values 
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even for the control without NPs. Several parameters could affect the fluorescence signal of 

the apical media such as loosely adherent cells floating in the recovered solutions, NPs 

aggregates and fluorescence emission due to molecules in the media or excreted by the cells 

(e.g. riboflavin).46  

6.4.3.3 Confocal imaging of Caco-2 monolayer 

Fluorescence measurements on NPs incubated with the Caco-2 monolayer were not able to 

clarify whether uptake took place. TEM is the technique that gives better results in terms of 

morphology resolution allowing direct visualization of the inside of the cells with sub-cellular 

organelles and the apical surface with microvilli,18,41,44,45, but sample preparation is very 

laborious and can lead to artefacts. Confocal microscopy can give a qualitative picture of the 

system,47,48 elucidating NPs localization inside or outside cell membrane, as well as their 

passage through the pores of the insert membrane. For these reasons we decided to image the 

samples through confocal microscopy. 

In Fig. 6.11, an overview of Caco-2 monolayers is displayed. F-Actin filaments were stained 

with phalloidin (red colour). Nuclei were stained in blue with Hoechst dye. Control samples 

incubated with PBS and CF were characterized by normal cell architecture with integrity of 

actin skeleton and tight junctions. Slight alterations of the actin network were acknowledged 

in the sample treated with pristine NPs (Fe3O4), while aberrations in membrane morphology 

were evident for all the samples treated with PC NPs.  

In Fig. 6.12, the uptake of pristine Fe3O4 NPs in PBS is shown. The morphology of nuclei and 

actin filaments delimiting cells seems similar to the control, although invaginations in the 

membrane appeared (Fig. 6.12b). NPs seemed to accumulate at the intersections among 

adjacent cells and induce alteration in the membrane tight junctions. The amount of NPs taken 

up is quite low and some clusters are visible in the upper part of the cytoplasm. 

Figure 6.13 is a collection of images highlighting features of the monolayer treated with G-

NPs. TEER measurements did not highlight disruption of the tight junctions, but their integrity 

seems compromised and many vesicles appeared in the apical membrane (Fig. 6.13a and 

6.13b). NPs were quite dispersed and big clusters inside the cytoplasm were not found. Many 

NPs accumulated between the basal membrane of the cells and the polyester membrane 

support. In Fig. 6.13c, a high density of NPs clusters is observed with a view from the bottom 

of the basal membrane and in Fig. 6.13d, the passage of NPs through the porous channels is 
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confirmed with a 3D rendering of a stack in the orthogonal direction from the top of the cells 

going through the support membrane.  

 

Figure 6.11 Confocal snapshots of Caco-2 monolayer after four hours of incubation with SFM:PBS 1:1 (PBS), 

Carboxyfluorescein (CF), bare Fe3O4 (Fe3O4), PC complexes isolated from gastric (G-NPs) and duodenal digestion 

(D1-NPs and D2-NPs). F-Actin filaments were stained by Phalloidin- Texas Red (591/608 nm) and nuclei by 

Hoechst 33342 (350/461 nm). Fe3O4 NPs were labelled by BODIPY FL-EDA (500/510 nm). Images were rendered 

using ImageJ.  
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Figure 6.12 Confocal stacks of pristine NPs incubated monolayer. A) Orthogonal stacks of the cells. B) Zoomed 

detail highlighted by green arrow. Actin filaments were stained by Phalloidin- Texas Red (591/608 nm) and nuclei 

by Hoechst 33342 (350/461 nm). Fe3O4 NPs were labelled by BODIPY FL-EDA (500/510 nm). Images are 

rendered by ImageJ. 

D1-NPs were present in the cells mainly as clusters enclosed in vesicles formed from the apical 

membrane as showed in Fig 6.14a and 6.14c with an orthogonal stack and a top view of the 

monolayer, respectively. However, most of the NPs are located between the basal and the 

support membranes and at the top of the porous channels (Fig. 6.14b). Likely, in this case 

channels were blocked by the formation of clusters larger than pore nominal size. Fluorescent 

green regions were mainly located in the upper part of the support and not in the lower part. 

In Fig. 6.15, D2-NPs incubated cells are shown in detail. Big clusters were found in vesicles 

between cells (layer 4 of Fig 6.15d-e-f) and on the bottom of the cells as shown in Fig. 6.15b 

and 6.15c. A peculiar feature of D2-NPs treated cells was the presence of vesicles and 

invaginations found at level of the basal membrane highlighting trancytosis. For this sample, 

the orthogonal view in Fig. 6.15a displays the status of the membranes very close to the insert 

membrane and in Fig.15d clusters that co-localize with those vesicles at the level of the basal 

membrane are shown (Fig. 6.15d, layer 19d-f).  

Those kinds of alterations could not be revealed by TEER as the values did not change 

significantly 18 as shown in Fig. 6.10. Brun and co-workers 41 showed that also titanium oxide 
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NPs did not affect TEER values for monolayers indicating membrane integrity and unaffected 

paracellular transport of cells, but they also showed for the same samples metabolic 

abnormalities, oxidative stress and DNA damage.9,25,49 PC composition might have a role in 

the morphological alterations encountered: some peptides found in the corona of G-NPs such 

as serpin, alpha-amylase inhibitor, and lectin were digestion-protected and were found in the 

corona of D2-NPs. Those proteins were recognized to be allergens38 and the presence of 

gliadin-derived peptides cannot be excluded. Gliadins are the gluten water-soluble component 

and the derived peptides have been proved to induce cytotoxicity and apoptosis in Caco-2 cells 

with particular effect on membrane proteins and redox activities.50,51 However, more studies 

are necessary to investigate these speculations and prove the real involvement of the PC in 

these effects. 

Confocal microscopy confirmed uptake of digested NPs and it was generally higher for PC 

NPs than for pristine Fe3O4 NPs. This effect of NP uptake enhancement induced by the PC is 

in agreement with other data in literature. Indeed cationic USPIONs,40 polystyrene NPs,52 

polymeric NPs,53 silver NPs18 and pegylated core-shell NPs54 were reported to show higher 

cellular uptake when bearing a PC but, in all these studies, the PC originated from plasma or 

serum. While paracellular transport can be excluded given the size of the NPs, transcytosis 

was confirmed especially in D2-NPs incubated cells displaying vesicles in close proximity to 

the basal membrane. Multiple endocytic energy-dependent routes (e.g. clathrin, calveolin 

mediated endocytosis) can be speculated48
’
13 given the differences in size, density and corona 

composition of the PC complexes. 
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Figure 6.13 Confocal stacks of G-NPs incubated Caco-2 monolayer. A) Orthogonal stacks and some zoomed 

details (b-c) highlighted by arrows. D) View from the bottom of the monolayer; f) stack in the zeta direction in 

which is visible the cell skeleton auto- fluorescing in green and porous channels containing green labelled NPs. 

Actin filaments were stained by Phalloidin- Texas Red (591/608 nm) and nuclei by Hoechst 33342 (350/461 nm). 

Fe3O4 NPs were labelled by BODIPY FL-EDA (500/510 nm). 
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Figure 6.14 Confocal stacks of D1-NPs incubated monolayer. A) Orthogonal stacks of Caco-2 cells and some 

highlighted details. B) 3D reconstruction of cells skeleton, NPs and support membrane. C) Nuclei and NPs clusters 

viewed from the top. Arrows show same details in a different prospective. Actin filaments were stained by 

Phalloidin- Texas Red (591/608 nm) and nuclei by Hoechst 33342 (350/461 nm). Fe3O4 NPs were labelled by 

BODIPY FL-EDA (500/510 nm). Rendering was done by ImageJ. 
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Figure 6.15 Confocal stacks of D2-NPs incubated monolayer. A) Orthogonal stacks of Caco-2 cells in the XY, YZ, 

XZ planes. B-C) view from the bottom and the side of the monolayer showing nuclei and NPs. D-E-F) sequence of 

layers from 1 to 19 divided in the three channels, red (actin), green (NPs) and blue (nuclei) respectively. Actin 

filaments were stained by Phalloidin- Texas Red (591/608 nm) and nuclei by Hoechst 33342 (350/461 nm). Fe3O4 

NPs were labelled by BODIPY FL-EDA (500/510 nm). Rendering was done by ImageJ. 
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6.5 Conclusions 

In this chapter, PC complexes from complex food matrixes were investigated. First of all, NP 

stability was tested in fluids simulating digestion phases (oral, gastric and duodenal) and 

combination of high ionic strength with pH conditions were found to affect NPs colloidal 

stability.  

When NPs were incubated with digested skimmed milk powder proteins, a PC was formed. 

The possibility to recover proteins-NP complexes by sucrose gradient UC was explored, given 

the rich nature of the protein mixture. PC NPs recovered from gastric fluid seemed to be only 

slightly affected by the isolation procedure, UC versus conventional centrifugation, in terms 

of size (similar hydrodynamic sizes and size distributions), while PC composition was quite 

different. For duodenal mixture, differences were more pronounced. Protein agglomerates of 

high density in standard centrifugation co-precipitated with NPs modifying PC composition 

and promoting the formation of aggregates. Exploiting differences in density and size among 

proteins aggregates and PC complexes, UC allowed the recovery of monodispersed PC NPs. 

The versatility of UC technique allowed the recovery of NPs when they were co-digested with 

bread matrix. Adjusting the gradient density, the speed and duration of the centrifugation, 

effective separation of PC complexes from bread particulate was possible. The PC NPs formed 

during the different phases of the digestion were dissimilar in size and corona composition. 

Some corona proteins were shown to resist the digestion extending their transition time in the 

gut. This finding can be relevant for the study of peptides that cause immunological response 

like in celiac disease or in toxicological evaluations. 

In the last part of the chapter, corona effects on NP uptake and translocation across a Caco-2 

cell monolayer were evaluated. Although NP uptake in Caco-2 cells was not quantified, it was 

confirmed that the corona enhanced the uptake of magnetite NPs in agreement with previous 

results reported in the literature for other NPs bearing plasma or serum derived coronas. 

Different coronas induced different alterations in the cell morphology. UC-based isolation of 

PC-NP complexes was useful to recover several PC NPs population and to remove the excess 

of GI fluids that were shown to induce a certain level of cytotoxicity in previous results. 18 It 

is likely that differences in size, density and corona composition for the various PC-NP 

complexes may lead to different routes of uptake and translocation that need to be further 

investigated. 
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To the best of our knowledge there are no works in which NPs subjected to simulated 

digestion in the presence of food matrix were isolated from the digestive chyme and 

characterized in terms of corona composition and structure to evaluate their effect on cell 

morphology and uptake.  
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Chapter 7. Conclusions and Future work 

The aim of this thesis was to investigate the effect of the protein corona (PC) formation 

on NPs-membrane interactions. PC derived from different biologically relevant fluids (i.e. 

blood and gastrointestinal fluids) were studied and NPs developed for drug delivery purposes 

were chosen for the project. In particular, core-shell magnetite NPs with carboxylate and 

pegylated surfaces were employed. 

In Chapter 3, the synthetic procedure followed to produce these core-shell NPs was 

presented. The process is based on the coating of inorganic NPs by an amphiphilic polymer. 

The functions of the polymer are multiple: first of all, it was used to make the NPs water-

soluble; secondly, it was exploited to allow an easier surface functionalization; third, it was 

used to offer a hydrophobic pocket for encapsulating hydrophobic drugs. The procedure 

showed to be versatile and reproducible as it was applicable to two metallic NPs stabilized in 

organic solvent by different ligands: Au and Fe3O4 NPs. Functionalization with PEG chains 

and fluorescent molecules was also successfully performed as well as a model drug, 

Leflunomide, was loaded into the hydrophobic shell without altering NPs structure and 

stability. Several characterization techniques were used to fully describe and purify these NPs 

in order to have monodispersed well-characterized NPs to apply to the biological environment. 

Among the used techniques DLS, TEM and NTA gave complementary information about the 

size of the NPs in dried and solvated state revealing small and monodispersed core-shell NPs 

(diameters < 15 nm), which presented an hydrodynamic diameter of about 50 nm. Two 

procedures were compared to purify the NPs from excess of reagents, namely sucrose gradient 

UC and SEC. UC was more effective than SEC in removing the complete excess of polymer. 

In Chapter 4, PC of several NPs was investigated. The common strategy to achieve PC 

NPs isolation is performing various steps of centrifugation and buffer washings to separate the 

loosely bound proteins from the HC. However, this approach was not always effective, 

especially when working with NPs characterized by low tendency to sediment and adsorb 

proteins, or high tendency to aggregate. Moreover, the isolation of PC NPs should be as less 

invasive as possible in altering the structure of the PC NPs in situ. A procedure based on 

sucrose gradient UC was developed and adapted to isolated PC NPs deriving from the NPs 

incubation in serum. In Table 7.1, the panel of NPs used in this work is presented and their 

key-properties are highlighted. Core-shell Fe3O4 NPs developed in this work as well as other 
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commercially available NPs were studied. As largely discussed in Chapter 4, FBS 

concentration, NPs surface functional groups and size contribute to determine the nature of the 

corona proteins composition. Core material and NPs density seem to be less determinant in 

this regard but can guide the choice of the methodology used to recover PC NPs in the way to 

preserve, as much as possible, the in situ complexes nature.  

Table 7.1 Panel of NPs employed throughout the work for which PC NPs where recovered using both sucrose-

gradient ultracentrifugation and standard washing/centrifugation cycles as reported in Chapters 2 and 4. 

NP 
Diameter 

[nm] 

Functional 

group 
Core material 

Core 

density 

[g/cm3] 

PS-COOH20* 20 COOH Polystyrene 1.05 

PS-COOH100* 100 COOH Polystyrene 1.05 

PS-PEG* 100 PEG Polystyrene 1.05 

SiO2* 50 OH Silica 2 

Fe3O4** ~10 COOH magnetite 5.2 

Fe3O4-PEG** ~10 COOH/PEG magnetite 5.2 

* Provided by the manufacturers; **obtained by TEM. 

UC was superior to conventional centrifugation procedure in most of the cases: 

 PS-COOH20: they are defined as “light” NPs, for which standard centrifugation was 

not effective in guaranteeing a complete precipitation and hence recovery due to NPs 

core size and density;  

 PS-PEG: pegylation determine a poor corona and a complete NPs recovery is necessary 

for further analysis. As in the previous case the recovery by centrifugation is limited by 

the core density; 

 SiO2: they were shown to present simultaneously as two PC NPs populations (dH1 ~100 

nm and dH2 ~150 nm) in 10% FBS were and they could not be selectively recovered by 

centrifugation; 

 Fe3O4/Fe3O4-PEG:  core, size and density and surface functionalizations of such NPs 

would favour aggregation by standard centrifugation. PC Fe3O4 NPs were separated by 

UC from excess of proteins without inducing aggregation and disclosing two 

populations (dH1~90 nm and dH2~140 nm) which had higher cellular uptake in M2O2 

compared to HC NPs obtained by standard centrifugation.  
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In Chapter 5 the interaction between NPs and membranes was also investigated in the 

presence of the PC, in particular HC and in situ NPs from/in serum were studied. The SLB 

structure was characterized coupling QCM-D and NR techniques. QCM-D sensitivity showed 

to be inadequate to detect the adsorption of small NPs such as 20 nm carboxylated polystyrene 

NPs, carboxylated and pegylated Fe3O4 NPs. Moreover, subtle rearrangements on the SLB 

molecular structure induced by NP application were not detectable. NR was more suitable to 

highlight these subtle changes induced by NP application on the lipid bilayer organization. 

Although SLB disruption and NP adsorption were not confirmed, conformational effects 

caused by the application of the two carboxylated NPs were observed by NR analysis. PC 

effect was found to be different between HC and in situ NPs. In particular, HC NPs caused 

little perturbation on the SLB, while in situ NPs induced a reorganization of the lipids 

compatible with a lipid exchange between the PC and SLB. This was instead not observed 

when pure FBS was applied highlighting a possible effect of the soft corona proteins in the 

interaction with the bilayer.  

Finally, Chapter 6 aim was to apply the techniques developed in the previous chapters 

to characterize PC NPs in gastrointestinal fluid. The relevance of this part of the thesis is 

evident when considering the toxicological implication of voluntary or involuntary oral 

ingestion of NPs. Sucrose gradient UC allowed to recover PC NPs from simulated gastric and 

intestinal fluids when in vitro digestion was performed in presence of food. The physical-

chemical characterization of the isolated complex revealed structures whose corona evolved 

during digestion retaining some key-peptides during the simulated digestion. The biological 

response was studied on Caco-2 monolayers for some of PC NPs isolated. The effects on cells 

were different and alterations at level of the membrane were mainly highlighted for one 

population of PC NPs isolated from the intestinal fluid.  

The results reported in this thesis can be continued at different levels: 

NP synthesis: the developed NPs in this thesis were characterized in a parallel project (data 

not shown) for their toxicity and they resulted to be no toxic and/or low toxic in a broad range 

of concentration. Thus, we foresee their use as drug delivery systems. However, the design of 

these NPs can be improved functionalizing their surface with targeting moieties towards 

biological targets (i.e. peptides, antibodies, proteins, sugars, etc.). Moreover, the work on the 

drug loading needs to be refined in terms of quantitative evaluation of the encapsulated drug 

to optimize the procedure and extend the range of possible drugs to embed. The loaded NPs 
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should also be applied to different cell lines to evaluate the drug release. Finally, the developed 

NPs should be superparamagnetic, thus they could be used upon application of an alternating 

magnetic field either for hyperthermia or for responsive drug release.    

Characterization of PC NPs: deeper structural characterization of the PC complexes could be 

done using sophisticated techniques as Small Angle Neutron Scattering (SANS) and Small 

Angle X-rays Scattering (SAXS) to resolve the structure at sub-nanometer scale and evidence 

differences between PC NPs coexisting in situ. In fact, sucrose gradient UC offers a procedure 

able to separate and recover different PC NP populations. Proteomic studies could also be 

performed to describe the PC composition both qualitatively and quantitatively.  

Interactions with models of biological membrane: NR and QCM-D showed to be powerful 

techniques to study NP-SLB interactions, some limitations were pointed out and need to be 

addressed although. SLB might be a too stable film to properly indicate the effect of the NPs 

on its structure, thus floating bilayers might be a more sensitive option. Moreover, the 

composition of the bilayer can be varied using charged lipids, modifying the film fluidity and 

embedding proteins. The vertical geometry of the NR cell might have been a limiting factor 

for the NPs adsorption on the SLB. Concentration, size and surface effects need to be studied 

deeper.  Side-projects are being developed following these indications. 

Biological response: More systematic studies with different cell lines to quantify NP uptake 

needs to be done. Correlations between membrane models and endothelial cells would be 

useful to evidence which effect caused by NPs on the lipid bilayer have biological relevance. 

Toxicological implication other than cell viability have to be considered as testified by Caco-

2 cells, also when a PC is present. Furthermore, it would be interesting the characterization of 

the uptake route in particular for digested NPs. The use of more biological relevant digestive 

models can also be considered for a deeper investigation of the impact of NPs on the GI tract. 
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Chapter 8. Appendix 

8.1 Sucrose-gradient ultracentrifugation optimization for recovering PC NPs: 

Silica NPs  

Table 2.3 in Chapter 2 summarizes the optimized conditions for separating NPs employing 

sucrose-gradient ultracentrifugation (UC). As example of the optimization process, we 

described the isolation process of PC NPs for silica NPs incubated in 10% FBS. 

Silica NPs employed in the work had a diameter of 50 nm (provided by the manufacturer, 

Kisker) and a density of 2 g/cm3. NPs at final concentration of 0.25 mg/ml were incubated in 

10% FBS for one hour at 37°C to promote the formation of a stable hard corona. The formation 

of two PC NPs populations was expected.1 

An initial gradient was prepared taking into account the work done by Franks et al.2: they 

separated by size silica NPs using analytical ultracentrifugation (UC) with a sucrose density 

between 2-15 w/w.  

Ten solutions were prepared in the range 1.5-15% w/w of sucrose and they were layered in 

1ml aliquots in a 13 ml centrifugal tube starting from the densest that was layered twice. To 

promote the formation of a linear gradient, it was left to diffuse at room temperature for 1 

hour. In situ NPs were deposited on top of the tube gradient and it was run for 15 minutes at 

12k rcf. At the end of the run, twelve 1ml fractions were collected from the top to the bottom 

of the tube by pipette. Aliquots were analysed by size by Nanoparticles Tracking Analysis 

(NTA): the technique allowed the immediate analysis of NPs diluting them from 10 to 50 times 

reducing the influence of sucrose solution refractive index. Samples were diluted in water to 

reach the ideal concentration of 1-3x10-8 particles/ml. Results are presented in Fig. 8.1. 

The most concentrated aliquot was the second fraction, it superimposed well with the in situ 

NPs and with most of the remaining fractions that contained less NPs. Fraction 1 was yellowish 

and contained a small amount of NPs, highlighting the presence of serum proteins. The 

separation of the PC complexes was non complete. In fact, two populations, of average 

hydrodynamic diameters of 100 nm and 200 nm, are distinguished in fraction 3 and fractions 

4-5, but they are wide in distribution and less concentrated than fraction 2 that included both 

populations. Fractions 10-12 could not been analysed due to the low particles concentration.  
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Figure 8.1 Hydrodynamic diameter distributions measured by NTA on SiO2 NPs incubated in 10% FBS. The black 

dashed line represents the in situ NPs before UC. The aliquots concentration is reported to the most concentrated 

aliquot to facilitate the comparison among fractions isolated by UC. Curves are the average of three measurements 

of 60 seconds. 

Considering the wide distribution of the NPs and the limited diffusion of the NPs through the 

gradient, we decided to increase the sucrose-gradient range (3-30% w/w). Moreover a longer 

centrifugation time was applied (30 minutes) keeping the velocity constant (12k rcf). 

In Fig. 8.2, the results of the new UC attempt are presented through the analysis by NTA of 

the 12 collected aliquots. Aliquots f1- 4 and f10- 11 were poor in NPs as shown by the scheme 

(Fig. 8.2a) and by the almost-flat distributions (Fig. 8.2b) indicating that NPs diffused nicely 

through the gradient and the separation of the NPs from the excess of proteins was successful. 

F12 was not suitable for the analysis. PC NPs concentrated in fractions from 5 to 9. The five 

fractions overlapped with the in situ complexes highlighting the recovery of complexes 

representative of the in situ PC NPs. Aliquots f5-7 were composed of a first PC NPs population 

whose average hydrodynamic diameter was about 100 nm. The second population, located in 

aliquots f8-9, was described by and average size of about 150 nm.  

Aliquots 5-7 and 8-9 were joint and dialysed overnight at 4°C against PBS to remove sucrose. 

The two samples were characterized by DLS and NTA and PC composition was described 

finally by SDS-PAGE. Results are presented in Chapter 4. 
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Figure 8.2 A) Scheme of the sucrose layers arrangement after UC of SiO2 NPs incubated in 10% FBS. The yellow 

area at the top of the gradient represented weakly bound proteins; blue and pink areas represented the two PC 

complexes. B) Hydrodynamic diameter distributions measured by NTA. The black dashed line represents the in 

situ NPs before UC. The aliquots concentration is reported to the most concentrated aliquot to facilitate the 

comparison among fractions isolated by UC. Curves are the average of three measurements of 60 seconds. 

Overall, the separation process was suitable for isolating PC NPs populations and get rid of 

the unbound and weakly attached proteins. The protocol was optimized starting from studies 

present in literature and a first screening of the sample that underwent UC evidenced the poor 

resolution in separating PC complexes obtained by the first set of parameters (sucrose gradient 

1.5-15% w/w, 15 minutes, 12k rcf, 20°C). The adjustment of the sucrose-gradient width and 

the ultracentrifugation time (sucrose gradient 3-30% w/w, 30 minutes, 12k rcf, 20°C) allowed 

to separate efficiently the unbound proteins from the NPs and distinguish two populations of 

PC NPs in two different regions of the sucrose gradient. 
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8.2 Technical tip: high-resolution isolation of nanoparticle–protein corona 

complexes from physiological fluids  

The research paper mentioned below is from Di Silvio D. et al. and the results are 

presented in Chapter 4 and Chapter 6. The full paper and the supporting info are reported in 

the following pages. 

 

Di Silvio, D.; Rigby, N.; Bajka, B; Mayes, A.; Mackie, A; Baldelli Bombelli F.; Nanoscale 

2015, 7, 11980.
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8.3 Effect of protein corona magnetite nanoparticles derived from bread in vitro 

digestion on Caco-2 cells morphology and uptake 

The research paper mentioned below is from Di Silvio D. et al. and the results are 

presented in Chapter 6. The full paper and the supporting info are reported in the following 

pages. 

 

Di Silvio, D.; Rigby, N.; Bajka, B; Mackie, A; Baldelli Bombelli F.; The International Journal 

of Biochemistry and Cell Biology In Press, Corrected Proof, Available online 11 November 

2015 
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8.4 Nanoscopic Agents in a Physiological Environment: The Importance of 

Understanding Their Characteristics 

The book chapter detailed below contain a discussion on protein corona NPs 

characterization and issues about effective NPs in vivo targeting. It has been cited throughout 

the all thesis. 

Sherwood, V.; Di Silvio, D.; Baldelli Bombelli, F. Topics in Medicinal Chemistry 

2014, Springer Berlin Heidelberg, 1. 
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8.5 Fe3O4-COOH NPs calibration curve 

 

Figure 8.3 Concentration of Fe3O4-COOH NPs (NPs/ml) versus emission intensity. The solid line is the best linear 

fit of the emissions collected. The measurements were done by plate reader with excitation wavelength at 492 nm 

and emission at 520 nm. NPs were dispersed in serum free media without phenol red.  
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