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CHAPTER 1: Introduction 

 

Nanotechnologies in the medical field: Nanomedicine 

Cancer remains one of the leading causes of death worldwide. Over the past 

several decade significant advancements have been made in our fundamental 

understanding of cancer biology leading to better diagnostic and treatment 

methods. The main trouble is the inability to administer therapeutic agents 

selectively to the targeted diseased tissue without adverse effects on healthy 

sites. Up-to-date therapeutic strategies for cancer treatments involve a 

combination of surgical resection, radiation therapy, and chemotherapy. These 

therapies often fail to improve patient mortality and the incidence of many 

unpleasant diseases, primarily due to their non-specific effects on ‘‘normal’’ 

cells and because of the nonspecific distribution and rapid clearance of many 

anti-cancer agents1. The increase in efficacy of a therapeutic formulation is 

directly correlated to its ability to selectively target diseased tissue, overcome 

biological barriers, and ‘‘smartly respond’’ to the disease environment to 

release therapeutic agents. The intrinsic limits of conventional cancer 

therapies encouraged the development and application of various 

nanotechnologies for more effective and safer cancer treatments, herein 

referred to as nanomedicine2. Nanomaterials can be applied in nanomedicine 

for medical purposes in three different areas: diagnosis (nano-diagnosis), 

controlled drug delivery (nano-therapy), and regenerative medicine. A new 

area that combines diagnostics and therapy termed “theranostics” is emerging 

and it is a promising approach that holds in the same system both the 

diagnosis/imaging agent and the medicine3. 
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Nanotechnology represents a powerful tool in the field of medicine, where it 

has been utilized for the development of novel drug delivery systems (DDS) 

through the entrapment of the pharmaceutical agent in nanoparticulate 

systems aimed to the treatments of a variety of diseases and disorders. 

Traditional drugs available now for oral or injectable administration are not 

always manufactured as the optimal formulation for each product because 

they contain proteins, nucleic acids or some bio-molecules that can be easily 

degraded in biological environment. The use of a drug delivery system is 

meant for the enhancement of loading and transport of therapeutic agents and 

overcome drawbacks of the agents, such as toxicity, low water solubility, and 

poor bioavailability due to physiological degradation4. Moreover, one of the 

most important advantages of nano-DDS is the capability to perform targeting 

by utilizing physiology of a normal tissue or pathophysiological properties 

unique of an ill tissue to address the nano-DDS to a specific target. 

Nanoparticles (NPs) are generally defined as particulate materials of any 

shape with dimensions in the 1–100 nm range, as defined by the International 

Union of Pure and Applied Chemistry (IUPAC). Despite the size restriction, the 

term is commonly used for systems that are up to several hundred 

nanometers in size. NPs are mostly appealing for cancer treatments because 

they have several unique properties, which include high surface-to-volume 

ratio, high surface energy and unique mechanical, thermal, electrical, 

magnetic, and optical behaviors as well as biocompatibility, stability and 

possibility to incorporate hydrophilic and hydrophobic drugs if properly 

designed. These properties make them suitable for a wide range of 

applications, ranging from electronics, to energy harvesting and storage, to 

communications, to biology and medicine5,2. In recent years, outstanding 

progress has been made in developing new approaches to: 
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- Target drugs to tumor cells through surface ligands  

- Increase localized delivery by increasing serum residence time. 

Although these strategies have reduced systemic toxicity, significant 

improvement on delivery strategies is still necessary to increase patient 

compliance and reduce chemotherapy related side effects in cancer patients6. 

Different kinds of drug delivery systems (DDS) 

A wide variety of nanoparticles composed of different materials including 

lipids, polymers and inorganic materials have been developed, as reported in 

Figure 1, resulting in delivery systems that vary in their physicochemical 

properties, each with its own advantages and limitations, but with the 

common purpose to enhance bioavailability, reduce drug toxicity, target to a 

particular organ, and increase the loading capacity and stability of the drug.  

Anti-cancer NPs in clinical development can be broadly divided into different 

types: liposome, polymeric nanoparticles, polymeric micelles, and others, 

although there is some overlap between categories.  
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Figure 1: A summary of nanoparticles that have been explored as carriers for drug 

delivery in cancer therapy, together with illustrations of biophysicochemical properties7.  

Liposome vesicles consist of single or multiple concentric phospholipid 

bilayers membranes, called lamellae, encapsulating an aqueous compartment. 

Their diameters range from 30 nm to several micrometres. Because of the 

amphipathic properties of lipids, the self-assembling of their hydrophobic 

sections into spherical bilayers in aqueous media is entropically driven8. 

Hydrophilic drugs can be encapsulated in the aqueous core by dissolving them 

in the liquid phase used for liposomes formation, while hydrophobic drugs can 

be integrated in the lipid bilayer by direct addition to the lipid solution, 

creating a layer of drug molecules between the lipid bilayer. Liposomes 

developed by Couvreur et al. were the first class of therapeutic NPs to receive 

clinical approval for Kaposi’s sarcoma and ovarian cancer treatment, with the 

name of DOXIL in 19959,10, and along with other lipid based NPs, still 

represent a large proportion of clinical stage nanotherapeutics. The main 

advantages of this kind of nanocarrier that differentiates them from others, it’s 

their mechanism of cellular crossing. In fact, the composition of lipid bilayer is 
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very similar to cellular membrane, so it is easy for the liposomes to fuse and 

internalize with the plasma membrane. Instead, some key limitations of 

liposomes include: their propensity to burst release cargo in vivo, a lack of 

compatibility with various active agents, a limited drug loading volume, the 

oxidation of liposomal phospholipids, and short half-life11.  

Nanoemulsions are a biphasic system in which one phase is dispersed in the 

other in the form of minute droplets, which generally have an average 

diameter between 50 and 500 nm12. The dispersed phase is also known as an 

internal phase or a discontinuous phase while the external phase is called 

dispersion medium or continuous phase. The term "nanoemulsions" (NEs) 

refers to the nanometric size of the droplets that constitute the fine dispersion 

of oil in water (O/W NEs) or water in oil (W/O NEs), stabilized by a surfactant 

which is placed at the interface between the two phases. Nanoemulsions are 

biodegradable, biocompatible, and used as carriers for lipophilic drugs that 

are prone to hydrolysis. Nanoemulsions are easily produced in large quantities 

by high shear stress or mechanical extrusion process that is available 

worldwide; and they can be obtained using surfactants approved for human 

consumption and common food substances that are “generally recognized as 

safe” (GRAS) by the the United States Food and Drug Administration FDA13. 

Nanoemulsions stability against sedimentation (or creaming) is achieved 

because the Brownian motion of the small droplet size and consequently the 

diffusion rate are higher than the sedimentation level induced by the gravity 

force14. Nanoemulsions are receiving increasing attention because they offer 

several advantages for the delivery of drugs; indeed, most of them that have 

been studied and developed for almost all routes of delivery (parenteral, oral, 

ocular, pulmonary and dermal deliveries) and are currently in clinical 

trials15,16. For example, Neoral® is an oral formulation developed by Novartis 
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that immediately forms a microemulsion in an aqueous medium. It improves 

cyclosporine bioavailability and reduces its 

pharmacokinetics/pharmacodynamics inter and intra patient variability, 

offering more predictable and more extensive drug absorption than the 

standard Sandimmune® (Novartis, AG Basel, Switzerland) formulation17. 

Polymeric nanoparticles are maybe some of the most studied carriers for drug 

delivery. They are composed of synthetic or natural biodegradable polymers 

whose properties, such as molecular weight, biodegradability and 

hydrophobicity can be modulated in a controllable way in order to obtain 

customized functionalization and controlled drug release7,18. Nanospheres are 

matrix-like systems in which the drug is dispersed within the polymer chains; 

instead nanocapsules are considered as a “reservoir” vesicular system 

constituted by a drug-containing liquid core (hydrophilic or lipophilic) 

surrounded by a single polymeric membrane19. In both cases, drugs are 

encapsulated in different ways like nanoprecipitation, electrospray, and 

emulsification20; without any chemical modification, differently from polymer-

drugs conjugates. The most common polymers used are polylactic acid PLA, 

poly (glycolic acid) PGA, poly (lactic-co-glycolic acid) PLGA, polycaprolactone 

PCL and polyethylene glycol PEG.  

Polymeric micelles are nanosized colloidal particle that can be formed by self-

assembly of amphiphilic di- or tri- block copolymers in aqueous solution. The 

hydrophobic part of copolymers constitutes the core region of micelles that 

act as drug reservoir, while the hydrophilic segment forms the shell that 

stabilize the core. Micelles are characterized by a narrow stability range of 

concentrations, called critical micelle concentration (CMC), outside of which 

they disassemble21.  
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Inorganic nanoparticles are another class of drug delivery system 

characterized by excellent physic-chemical properties. The most commonly 

used, include mesoporous silica nanoparticles (MSN), noble metals and 

carbon-based nanostructures. The honeycomb-like porous structure of MSN 

allows high loading capacity and a plethora of internal (pores) and external 

surface modifications22. Gold (Au) nanostructures possess photothermal 

properties, due to surface plasmon resonance phenomenon (SPR), that are 

significant for cancer therapy without the use of anticancer drugs23. Carbon 

nanotubes (CNTs) are tube of fullerene, a class of carbon allotropes, with 

diameters measured in nanometres range. Carbon nanotubes often refers to 

single-wall or multi-walled carbon nanotubes (SWCNTs or MWCNTs). CNTs 

exhibit remarkable electrical conductivity, exceptional tensile strength and 

thermal conductivity because of their nanostructure and strength of the bonds 

between carbon atoms. They have been used to deliver different kind of 

therapeutic agents24 and targeting moieties including protein, peptides and 

RNA25. The intrinsic near-IR (NIR) light absorption property of CNTs has been 

used to destruct cancer cells, while NIR photoluminescence enables cell 

imaging and probing26.  

Layer-by-layer O/W NEs as drug delivery system 

Polymeric materials formed via layer-by-layer (LbL) assembly have attracted 

interest for their use as drug delivery vehicles. These multilayered materials, 

both as capsules and thin films, can encapsulate a high payload of toxic or 

sensitive drugs, and can be readily engineered and functionalized with specific 

properties. In the early 1990s, Decher and his group were the first to develop 

LbL deposition of multilayer ultrathin organic films, with controlled thickness 

and composition, on a charged solid subrate27. This technique is based on the 
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electrostatic attraction between polyelectrolytes of opposite charge, whose 

main advantage is the precision, at nanometres level, of the final layer 

deposited28. In 1998, Donath and co-workers transferred LbL technique from 

planar films to spherical colloidal particles, paving the way to engineer new 

materials with unique and tuneable properties in terms of size, composition, 

colloidal stability, porosity and surface functionalization29. The strategy to 

produce LbL capsules consisted of sequential adsorption of oppositely charged 

polyelectrolytes around spherical templates followed by dissolution of the 

sacrificial template and production of hollow multilayer containers. The fact 

that the total number of charges on the adsorbed polyelectrolyte molecules is 

greater than that required to neutralize the opposite charges on the surface, 

means that charge reversal occurs. This overcompensation means that the 

adsorbing polyelectrolytes tend to form monolayers because once the surface 

has been saturated with polyelectrolytes there is an electrostatic repulsion 

between it and the non-adsorbed polyelectrolytes that prevents further 

adsorption. The application of LbL technique to O/W NEs paves the way to 

develop a nanocarrier that overcomes the problems of inner template 

removing and drug delivery. Nanoemulsions offer several advantages for drug 

delivery and are thus receiving increasing attention as carriers for improving 

the delivery of active pharmaceutical agents. However, emulsions do not 

typically have a sufficiently long shelf life because of destabilization 

mechanisms such as creaming, sedimentation and flocculation phenomenon 

occurred. Ostwald ripening or molecular diffusion, which arises from emulsion 

polydispersity and the difference in solubility between small and large 

droplets, is the main mechanism for nano-emulsion destabilization14. Several 

strategies of LbL implementation to emulsions have been proposed. For 

example McClements and his group in 2006 developed a secondary emulsions 

obtained with a polyelectrolyte thin layer, adsorbed on the surface of oil 
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droplets thanks to the interaction with an ionic emulsifier of opposite charge, 

that partially solved the stability issue30. An upgrade in his work occurred in 

2011, when they proposed to use a high-pressure homogenizer 

(microfluidizer) for homogenised nanoemulsions, improving their stability31. 

Because of their ability to dissolve large quantities of hydrophobic drugs in the 

lipophilic oil phase, NEs are an ideal vehicle for drug delivery. Indeed, a lot of 

drugs, mainly anti-cancer ones, are hydrophobic molecules that difficulty can 

be delivered in human body, which it’s principally composed by water. In 

addition, O/W NEs are able to protect drugs from hydrolysis and enzymatic 

degradation under physiological conditions. On this matter, our research 

group has made many efforts in developing nanoemulsions using only 

biodegradable and FDA approved materials. In 2014 we developed a novel 

multi re-dispersion process at high-pressure that allowed us to improve 

secondary emulsion homogeneity, monodispersion and stability, over time 

from a few weeks to several months, thanks to a tuneable polymer coating 

level32. They are applicable for almost all routes of delivery and therefore can 

be used in different fields from cosmetics, food and agriculture33 to 

therapeutics and biotechnology.  

Cancer targeting by nanoparticles 

Conventional therapeutics are rapidly eliminated from the human body and 

suffer from widespread distribution into non-targeted organs and tissues, 

whereas targeted therapeutic NPs have gained promising attention through 

offering a new strategy to overcomes the challenges associated to drug 

delivery. In addition to circulation kinetics, drug release, and tumour 

clearance rates, the tumour exposure to NPs and its payload is ruled by access 

into the tumour, distribution across, and retention within the tumour. 
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Effective design of an ideal delivery system is the key foundation to overcome 

these barriers. Because of the complexity and the heterogeneity of malignant 

cells and tumours there are no generally applicable methods for targeting 

tumours and tumor cells (or their organelles)34. Unlike small molecules, 

nanoparticles cannot go through the tight junctions between endothelial cells 

on normal vascular linings, owing to their relatively large sizes7. The most 

important approach is based on the fact that many tumours and especially 

vascularized solid tumours as well as some vascularized metastatic tumor 

nodules, exhibit an enhanced permeability and retention (EPR) effect which is 

the basis for so-called “passive targeting”. In 1986, Maeda and co-worker in 

studying the inflammation induced by microbial infections introduced the EPR 

effect for the first time, providing experimental evidence to support it35. This 

phenomenon occurs because many solid tumours have a leaky vasculature 

and absent or lessened lymphatic drainage, which permit the accumulation of 

high molecular weight molecules as well as small particles of diameter 

∼20−500 nm within the tumor tissue, thanks the increasing of permeability of 

vasculature; while tight junctions in normal vasculature prevent particles 

larger than 2 nm from crossing between endothelial cells, as reported in 

Figure 2. So, passive targeting is based on the combination of small size of 

drug carriers and the permeable vasculature of the tumours36.  
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Figure 2: Representation of EPR effect: transport of nanoparticles with different sizes 
and small molecules through normal (left) and tumoral (right) tissues. 

The main advantage gained by exploiting the EPR effect for drug delivery to 

solid tumours is its universality, which enables the DDS to be used in the 

treatment of diverse types of tumours. In order to achieve effective EPR 

mediated targeting, NPs must have long circulating half-lives for the passage 

of NPs from the systemic circulation into the more permeable regions of 

tumour vasculature. The reticuloendothelial system (RES) consists in a group 

of organs and circulating macrophages, whose main function is to eliminate 

foreign objects such as bacteria, toxins and so on from human body. Firstly, a 

kind of proteins available in the circulation called opsonins creates a protein-

layer around foreign substances in a process called opsonisation, where a 

variety of interaction such as ionic, electrostatics, hydrophobic, hydrophilic 

and van de Waals forces are involved. Then, the macrophages recognize 

protein layer and proceed to engulf the foreign organism from bloodstream by 

sending them to lysosome for complete degradations37. The longer blood 

circulation time is the first requirement to be considered when designing NPs 

for drug delivery, because they should not be cleared from the body before its 
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interaction with tumor tissue. A well-established strategy used for escaping 

RES and improve the shelf-life in the blood steam of DDSs was their coating 

with poly(ethylene glycol) (PEG) chains38. PEG is a coiled polymer of repeating 

hydrophilic ethylene glycol units of neutral charge with dynamic 

conformations. Its chains reduce the typical charge-based contact with 

proteins and small-molecules eluding the rate of clearance from the blood 

circulation39. Numerous in vivo studies concerning PEG surface modified NPs 

are found40,41,42. Indeed, PEG has been currently listed as “Generally 

Recognized as Safe” (GRAS) by the FDA, making it particularly attractive to 

translational researchers43. 

Active targeting 

Macromolecules, NPs and drug delivery systems captured in tumours due to 

the EPR effect do not act in a hugely selective way because there is not a 

specific receptor-ligand binding. Consequently, the term “targeting” should 

strictly be used in reference to a more complex mechanism called “active 

targeting”. It is based on specific molecular recognitions between a 

membrane-bounding receptor, overexpressed at the surface of particular cells 

(e.g., cancer cells, brain endothelial cells etc.) and a complementary ligand that 

is exposed on the external side of the DDS, allowing the nanoparticle to 

selectively and strongly bind to the surface of a specific type of cells7. In this 

strategy, active targeting systems with ligands moieties exposed outside need 

to be accumulated first in tumor tissues by EPR effect and then active 

targeting could be achieved (Figure 3).  
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Figure 3: Passive and active targeting mechanisms of nanoparticles44. 

There are several ligands that are used to modify NPs like antibodies, 

engineered antibody fragments, proteins, peptides, small molecules and 

aptamers. Many techniques and tools are currently available for the 

functionalization of nanoparticles for the active targeting of cancer cells. The 

choice of a targeted ligand focuses on numerous considerations, including 

availability, ease of production, affinity, conjugation protocols and 

immunogenicity. All these parameters should be carefully evaluated when 

designing nanoparticles with good targeting capacity while minimizing the 

costs. Traditionally, monoclonal antibodies (mAb) have been used to target 

epitopes on the cell surface, but the extensive screening of peptide and 

aptamer libraries has greatly expanded the range of ligands available for 

active targeting. In addition to a large number of targeting ligands, there are 

also different modes for targeting. For example, epidermal growth factor 

receptor (EGFR) and human epidermal growth factor receptor 2 (HER2) are 

involved in cell proliferation and survival, and their over-expression in many 

tumors is associated with poor possibility of survival in many human cancers. 
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Cetuximab is an EGFR-specific mAb approved for several cancers, which acts 

by blocking the binding of activating ligand; in a different way, trastuzumab is 

a mAb that acts in a ligand-independent manner by blocking the association of 

HER2 with other EGFR family members45,46.  

 

Figure 4: Several kind of targeting moieties. 

The ligands currently used, as represented in Figure 4, include antibodies, 

fragments of antibodies, proteins, peptides, aptamers, oligosaccharides and 

even small molecules, provided that they recognize and specifically bind to an 

over-expressed target on the cells surface.  

Different types of targeting moieties are largely used in engineered NPs: 

Monoclonal antibodies (mAbs) are macromolecules widely used as ligands 

due to their high affinity and specificity for certain molecular targets. These 

ligands usually have a molecular weight of about 150 kDa and have high 

binding affinities to the corresponding antigens, with dissociation constants in 

nanomolar range (kd ~ 0.1 nM) even with a low density at the surface of 

nanocarriers. The first reports of NPs functionalized with mAbs date back to 
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1980’s and involved the surface modification of liposomes with mAbs that 

recognized antigens on the human target cells47. They are most widely 

employed in the active targeting strategy; in fact, 30 of them have been 

approved for clinical trials48. To date, mAbs have essentially been conjugated 

to many types of nanoparticles, such as SPION (Super Paramagnetic Iron Oxide 

Nanoparticles), quantum dots (QDs), liposomes, and gold-based nanocages, to 

give them specific site-targeting capabilities. However, the bulky dimensions 

and the redundant constant regions can cause some problems in the use of 

mAbs as a target of ligands due to their immunogenicity and increase in the 

overall size of the nanoparticles49. 

Transferrin (Tf) protein consists of a single polypeptide chain of 78-kDa 

molecular weight, organized into two domains of approximately equal size. It 

belongs to iron-binding class of glycoproteins that control iron (Fe) levels in 

biological fluids. It transports iron into the cells thanks to the formation of a 

complex with transferrin receptor (TfR). TfR is a membrane glycoprotein, 

consisting of two 90-kD subunits linked by disulfide bonds. The interaction 

between Tf and its receptor is reversible and pH-dependent. At physiological 

pH the Tf affinity for Fe is so high that the interaction is practically 

irreversible, but as the pH is lowered below 6.5, iron is released50. Transferrin 

is widely used as a ligand for active targeting. In fact, following the binding to 

the transferrin-receptor on the cell surface, it initiates endocytosis and it is 

internalized into the acidic compartments of cytoplasm where the iron 

dissociates. The transferrin receptor plays a vital role in regulating cell growth 

and is overexpressed in numerous types of malignant cells, up to 10 times 

higher than those in normal cells51.  

Aptamers are short oligomers of synthetic single-stranded nucleic acids, DNA 

or RNA, which can form complex three-dimensional structures and involve in 
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cell-surface ligand binding with high affinity and specificity. For example, NPs 

conjugated with aptamers have been developed for the delivery of cisplatin, a 

platinum-based chemotherapeutic drug, to prostate cancer cells. Compared to 

free cisplatin, the aptamer-NPs were 80 times more effectives52 . 

Endogenous ligands, such as folic acid and epidermal growth factor receptor 

(EGFR), are interesting for tumor targeting because they can bind to their 

respective receptors with low immunogenicity and high affinity. Several 

protocols have been published to combine these molecules to various types of 

nanoparticles1. 

Functionalization of the NPs surface with targeting moieties not only improves 

its accumulation on tumor site, but concurrently increases drug efficacy with a 

reduction of the dose needed providing a novel method to optimize drug 

pharmacokinetics53. Because the peptides were chosen as targeting moieties 

for this PhD project, it will be discussed more in detail in the next paragraph. 

Peptides as ligand for active targeting  

Peptides represent a viable targeting moiety because they provide several 

advantageous characteristics, including low molecular weight (ca. 1 kDa), 

tissue accumulation capability, lack of immunogenicity, ease of production 

with cost rather low, and relative flexibility in chemical conjugation processes. 

In addition, their small size is not likely to change the physicochemical 

properties of the resulting decorated nanocarriers. Various peptides have 

been used as homing devices in the fields of cancer targeting. Kessler et al. 

developed a cyclic peptide c-RGD whose specificity of binding to αvβ3 integrin 

receptor, highly expressed in tumor proliferating neovascular endothelial cells 

while minimally expressed in normal quiescent endothelial cells54, was 170 
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times more active than the linear form55. An example of RGD-conjugated 

nanocarriers was reported by Hu and coworkers, which exhibited a significant 

anticancer activity in vivo without showing the systemic toxicity associated to 

conventional chemotherapies. Indeed, functionalized micelles of poly(lactic 

acid)–poly(ethylene oxide) PLA-b-PEO-RGD demonstrated a tumor regression 

in 62.5% of animals at the end of the treatment and in a better survival than 

other treatments56. K237 peptide functionalization of paclitaxel (PTX) loaded 

poly(ethylene glycol)–poly(lactide) PLA-b-PEG-NPs enabled the specific 

targeting to the vascular endothelial growth factor receptor (VEGFR) of tumor 

neovessels57. Because of the lack of specific markers in the tumor lymphatics, 

limited data are reported; with the sole exception of the peptide LyP-1 that 

has showed great targeting efficiency to cancer cells in vitro. Additionaly, 

when it is conjugated to PEG–PLGA nanoparticles it has showed promising 

results in vivo as carrier for target-specific drug delivery to lymphatic 

metastatic tumors 58,59.  

Peptide shuttle for Blood brain barrier BBB 

Brain delivery is one of the major challenges in the field of development of 

efficient drug delivery system because of the need to overcome the blood–

brain barrier (BBB) to allow drugs to reach their targets in therapeutically 

relevant amounts60. The BBB is a physical, metabolic and transport barrier, 

mainly constituted by capillary made of endothelial cells that form tight 

junctions to hinder paracellular passage and tightly control the transfer of 

substances from blood to neural tissues and viceversa61. Many strategies have 

been proposed to bypass the BBB, including engineered NPs, to promote the 

accumulation of chemotherapeutic molecules in tumor tissue via receptor-

mediated transcytosis (RMT), a well-known mechanism for trafficking 

macromolecules across the BBB62. One of these, consist in using peptides 
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functionalized vectors, also knows as peptide shuttle. Although some peptides 

had long been shown to cross the BBB, Stephen Dowdy and co-workers 

pioneered the field of peptide shuttles in 1999. The authors demonstrated the 

capacity of a peptide fragment derived from the human immunodeficiency 

virus (HIV) TAT protein to deliver β-galactosidase into the brain and other 

organs63. This paves the way to the discovery of a new class of peptides, 

named cell-penetrating peptides (CPPs), that owing to their amphipatic 

nature, full of cationic residue, can penetrate in the cell by interacting with 

negative charged plasmatic membrane64,65. The main limitation of this class of 

peptides is due to their failure to deliver functionalized NPs to a specific 

cellular site and recognize it, being able only to cross their membrane. 

Therefore, to bypass this issue it is important to also promote an active 

targeting towards the BBB. In particular, receptors with high expression on 

the BBB for which transcytosis have been largely evaluated include: 

transferrin (TfR)66, low-density lipoproteins (LDLRs)67 and insulin68. Among 

peptides targeting the family of LDLRs, the most promising is Angiopep-2. 

Several studies of Angiopep-2 conjugate for brain tumours diagnosis or 

treatments are reported, many of which are in clinical trials69–72. Many 

peptides able to target TfR have been discovered through phage display 

technology. Due to the overexpression of the TfR both in solid tumors and on 

the endothelial cells of the BBB, transferrin was used to target cancer cells and 

to achieve brain delivery73. One of these is B6 peptide that was the first one 

identified by Xia et al. in 2000 and successively conjugated to PEG-PLA NPs. It 

has been showed higher brain accumulation as compared to plain NPs 

(without peptide modification)74,75. In a more recent study, a 9-mer peptide 

targeting TfR named CRT peptide (CRTIGPSVC) was developed. It was 

accumulated in the brain after i.v. administration to mice, and it was reported 

that CRT peptide facilitated brain transport in a glioblastoma mouse model, 
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resulting in a significant decrease in tumor size76.  Remarkably, in the last 

years over 30 BBB shuttle peptides with increasing efficiency and versatility 

have been reported77. 

CD44 receptor as bio-marker in cancer therapies 

CD44 receptor belong to a family of non-kinase single span transmembrane 

glycoproteins, involved in multiple signalling pathways, cell–cell interactions, 

cell adhesion and migration. It is expressed on embryonic stem cells and in 

various levels on other cell types including connective tissues and bone 

marrow78. CD44 expression is also up regulated in subpopulations of cancer 

cells and can be expressed in its smallest standard isoform, CD44s, or as a 

number of alternatively spliced variant isoforms, CD44v isoforms that are 

overexpressed in many cancer types79. The main ligand for CD44 is hyaluronic 

acid (HA), an abundant component of the extracellular matrix (ECM) that is 

expressed by stromal and cancer cells. HA binds the CD44 ligand-binding 

domain inducing conformational changes that allow binding of adaptor 

proteins or cytoskeletal elements to intracellular domains that in turn activate 

various signalling pathways leading to cell proliferation, adhesion, migration, 

and invasion80. The multifunctional role of CD44 in maintaining stemness, in 

the cross talk with the tumor microenvironment and in the regulation of 

cancer, suggests that CD44 may also be an important prognostic marker. 

Therapeutic strategies that target CD44 or reduce CD44 expression are in 

various stages of clinical development. Currently, a number of new humanized 

anti-CD44 or anti-CD44v antibodies are under preclinical investigation for 

anti- cancer stem cells (CSC) therapy78. Only a few peptides able to specifically 

bind to CD44 receptor are reported. Among these, RP-1 peptide 

(WHPWSYLWTQQA) exhibited affinity and specificity to CD44 on gastric 

cancer cells and tissues81. A6 is an eight L-amino acid peptide (Ac-KPSSPPEE-
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NH2) derived from human urokinase plasminogen activator (uPA), that act in 

an independent way, without interfering with uPA binding to its 

correspondent receptor (uPAR)82. A6 binds to CD44 resulting in the inhibition 

of migration, invasion, and metastasis of tumor cells, and the modulation of 

CD44-mediated cell signalling. A6 has demonstrated efficient results for 

several treatments and an excellent safety profile in phases of clinical trials. 

Indeed, it is now examined in a trial phase II study for its efficacy in the 

treatment of human ovarian cancer83,84. The most promising is the laminin α5 

chain-derived peptide A5G27 (in the next chapters named CD44 binding 

peptide, CD44BP), which bound specifically to the glycosaminoglycan (GAG) 

side chains of CD44v3 and CD44v6 and attenuate tumor cell migration and 

invasion, but also block the binding of tumor-supporting growth factors to 

membrane CD44, preventing their involvement in the malignant cascade85–88. 

Peptide based active targeting in nanoemulsions 

To the best of my knowledge only few studies of NEs with targeting ligands 

have been reported so far. Mulder et al. developed a glucocorticoid 

prednisolone acetate valerate (PAV) loaded O/W NEs, which also carried iron 

oxide nanocrystals for MRI and the fluorescent dye Cy7 for NIRF imaging, for 

“theranostic” purpose. Indeed, when nanoemulsions were functionalized with 

RGD peptides, angiogenesis-targeted nanoemulsions have shown significant 

accumulation in the tumors, while tumor growth profiles revealed a potent 

inhibitory effect89. Mansoor Amiji et al. provided another example of peptide 

functionalization of O/W NEs. The peptide CREKA, which shows selective 

targeting of fibrin clots that are observed in atherosclerotic lesions, was 

integrated on a novel ω-3- fatty acid-rich, 17-β-estradiol (17-βE)-loaded 

nanoemulsions. The system has demonstrated potential therapeutic activity 
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against atherosclerosis by reducing the size of lesions and the gene expression 

of inflammatory markers associated with the disease90,91. 

Application of nanotechnologies in nutraceutical field 

A further important point that we have investigated was the encapsulation of 

nutraceutical natural substances in the O/W nanoemulsions. The term 

“nutraceutical” was coined in 1989 by Stephen De Felice, founder of the 

American Foundation for Innovation in Medicine. He defined a nutraceutical 

as a “food, or parts of a food, that provide medical or health benefits, including 

the prevention and treatment of disease”92. In other word, a functional food is 

any food or food component providing health benefits beyond basic nutrition. 

Accumulating evidence has suggested that dietary consumption of 

nutraceuticals is associated with decreased risks of multiple chronic diseases. 

In addition, most of the nutraceuticals, being natural substance, exhibit 

relatively less toxicity and secondary side effects than conventional synthetic 

drugs used in similar pathological states. However, due to their lipophilic 

nature, many nutraceuticals have poor bioavailability in human body, which 

significantly lowers their efficacy as disease-preventing agents93. Indeed, the 

oral bioavailability of a nutraceutical agent is defined as its fraction that 

actually reaches the systemic (blood) circulation in an active form. An effective 

way to overcome these limitations is to utilize nanotechnology to encapsulate 

nutraceuticals in engineered nanoparticles based delivery systems. In the case 

of oral delivery, the first barrier that a nutraceutical need to get through is the 

gastrointestinal tract (GI), where it suffered of physiochemical 

transformations in the composition and structure that could affect its 

activity94. Thus it could be very innovative to combine nutraceuticals with 

engineered oral delivery systems to protect nutraceuticals from adverse GI 
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conditions and improve the bioavailability of phytochemicals changing their 

pharmacokinetics and biodistribution. A wide variety of nutraceuticals, are 

known to possess several anti-inflammatory, antioxidant and anticancer 

properties summarized in the Table 1. 

Table 1: Common nutraceuticals that exhibit beneficial properties95.  

 

Extensive research within the last two decades has revealed that curcumin 

exhibits anti-oxidative, anti-inflammatory, anti-apoptotic, anti-proliferative, 

anti-invasive, and anti-angiogenic activity96. However, as mentioned above, 

the curcumin used for both oral and intravenous administration is limited by 

its low bioavailability because of its lipophilic nature and its poor stability in 

aqueous solutions. Several delivery systems have been studied to increase the 

bioavailability of curcumin, including nanoparticles, liposomes, and micelles97. 

In 2016, our group designed a new nanometric formulation of O/W NEs 

loaded with curcumin combined with the alkaloid piperine, stabilized by a 

layer of chitosan. This formulation was resistance to the GI and displayed 

adhesive properties towards the intestinal lumen, was developed and 
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biologically tested (in vitro and in vivo). In this study an enhanced anti-

inflammatory action of curcumin for oral delivery was demonstrated, which 

was 64 times higher than unformulated one, the highest level ever reached98. 

In the last years, much interest has also been addressed to health benefits of 

tomato that contain about 80% of dietary amount of its major antioxidant 

component that is lycopene99. Strong antioxidative and other in vitro and in 

vivo beneficial effects of lycopene are associated with its ability to act as free 

radical scavengers because it can delocalize the highly reactive free electron 

along the conjugated 13 double bonds100. Indeed, free radicals are highly 

reactive, short-lived molecules that can damage essential structural proteins, 

enzymes, and DNA. Such damage has the potential to cause cancer, 

atherosclerosis, cardiovascular, and other diseases. More recently, we have 

investigated the cardio-protective effects of nanoemulsions loaded with 

lycopene extract101. In this study we demonstrated that lycopene loaded 

nanoemulsions protect against cardiotoxicity induced by chemotherapeutic 

treatments, by reducing inflammation and lipid oxidative stress. In recent 

years, another nutritional supplement that has attracted much attention for its 

properties was the Coenzyme Q10 (CoQ10 ubiquinone-10). CoQ10 plays the 

essential role of electron carrier and proton translocation during cellular 

respiration and ATP production and protects numerous cellular membranes 

and plasma lipoproteins against free radical-induced damage. It is the only 

endogenously synthesized antioxidant existing in all cell membranes of our 

body102. As well as curcumin and many of nutraceuticals, also CoQ10 is affected 

by delivery problems due to their low bioavailability. Kazuhito Kajiwara et al. 

emulsified CoQ10 with different fats and emulsifiers commonly used in the 

food industry, and compared their oral bioavailability with that of a standard 

commercial product. The oral bioavailability of emulsified CoQ10 of 

micrometric dimensions, was slightly greater than that of a commercial 
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product103. The stability of the emulsions depended on the types of fat, 

emulsifier, and aqueous system but it is limited overtime. In this scenario, last 

part of my PhD project was focused on cardioprotection and hepatoprotection 

properties of CoQ10 encapsulated in our multilayer polymeric coated O/W NEs 

to prevent or support oncological patients during the clinical treatment. In 

addition, the curcumin was used as anticancer natural substance to perform 

biological test of peptide functionalized LbL O/W bilayer.  

Aim of PhD thesis 

The following PhD project regards the field of the drug delivery systems. In 

particular, the aim of this project was the development of a versatile multi-

functional emulsion based nanocapsules for active targeting. The main 

purpose is the use of safe nanocarriers, made of completely biodegradable and 

biocompatible materials, to improve the therapy efficacy and the 

bioavailability of the drugs, which is correlated to its ability to selectively 

target, with specific moieties, diseased tissue without affecting healthy sites, 

reducing the side effects for the patient. O/W NEs are an ideal carrier for drug 

delivery thanks to their ability to dissolve hydrophobic drugs and natural 

substances like curcumin, lycopene and coenzyme Q10, and protect their cargo 

from hydrolysis and enzymatic degradation under physiological conditions. 

The stabilization of O/W NEs by means of a natural polymer coating, obtained 

through the layer by layer (LbL) methodology, is extremely important to 

obtain a product stable enough to build up dimensionally controllable 

multilayer nanocapsules of interest for nanomedicine.  

In chapter 2 the development of an innovative tool based on an O/W core-LbL 

bilayer shell made of completely biodegradable materials is reported. It was 

functionalized with biotin moieties on the external layer constituted by 
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hyaluronic acid, in order to exploit streptavidin-biotin affinity, and therefore 

expose any kind of ligands outside the nanocapsules. A complete 

thermodynamic characterization of streptavidin interaction with biotinylated 

tool was performed by isothermal titration calorimetric (ITC) analysis.  

The chapter 3 and chapter 4 were focused on the use of such O/W NEs 

engineered with peptides for active targeting via the biotin-streptavidin 

strategy. In other words, it consists in the attachment of peptides to the outer 

surface of O/W NEs that become able to specifically bind to target receptors 

present on cell surface. Two receptors have been considered: CD44, highly 

over-expressed in many cancer cells; and transferrin receptor (TfR) over-

expressed on the blood brain barrier (BBB). In both cases, two peptide 

sequences, able to recognize them, were identified. Thanks to high binding 

affinity with biotin, streptavidin was used as linker to conjugate the 

synthetized peptide to the entire systems, using a decoration strategy, while 

keeping nano-carrier stability. Biological tests demonstrated that peptide 

functionalized O/W NEs are able to accumulate and internalize in specific 

cells, when specific peptides are exposed, thanks to ligand-receptor binding.  

Finally, in the chapter 5 the use of O/W NEs to support oncological patients 

during the clinical treatment was investigated. In this scenario, it was 

demonstrated the cardioprotective and hepatoprotective effects of Coenzyme 

Q10 loaded O/W NEs against Doxorubicin and Trastuzumab toxicities. O/W 

NEs showed high stability and loading ability, increasing cell viability both in 

hepatocytes and cardiomyocytes during anticancer treatments. The future 

upgrade in this case will be to use the abovementioned coating strategy with 

peptides able to selectively target liver and/or cardiovascular tissues. For 

example, a targeting peptide (CREKA) that it is reported to specifically bind to 

fibrin in microthrombus and stroma of tumors104,105, highly expressed in the 

infarcted mouse myocardium has been already identified. Indeed, it is 
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reported that CRKEA functionalized NPs favoured Tβ4 (43-amino-acid-

sequestering peptide that increased cardiac function by promoting the 

survival of cardiomyocytes) accumulation and retention in the infarcted 

region, leading to augmented functional benefits106.  

In summary, during this PhD project, we propose a modular system, which 

may add complexity by exploiting its capability to further deposit layers and 

provide multi-functionality.  
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CHAPTER 2: Development of a novel drug 

delivery system based on Layer by Layer Oil-in-

Water Nanoemulsions 

Introduction 

In the last years, nanotechnologies have been widely diffused in many fields, 

such as, engineering, chemistry, physics, biology, and medicine. In particular it 

is important to underline that especially in the field of medicine, 

nanotechnology can provide a new horizon for the development of innovative 

solutions for diagnostic and therapeutic applications1,2. To this aim, many 

kinds of engineered nanoparticles have been developed such as polymeric 

NPs, liposomes, silica NPs and gold nanoparticles. Much effort has been made 

for the development of novel drug delivery systems aimed to the treatment of 

a variety of diseases and disorders3. One of the main hurdles to be overcome is 

the entrapment of pharmaceutical agents. Indeed, due to their high 

hydrophobicity, almost 50% of powerful active substances approved for use, 

have a very low aqueous solubility, that restricts their appropriate absorption 

and bioavailability4. A wide variety of drug carriers have been developed as a 

mean of improving the therapeutic efficacy of encapsulated drugs. The 

possibility to confine the hydrophobic drugs within a nanocapsule not only 

improves their solubility in the blood and thus the bioavailability, but also the 

effectiveness because of the possibility to localize the nano-encapsulated drug 

with following reduction of the required dose and therefore of the side 

effects5. Another factor, which largely influences NPs biodistribution in the 

human body, is the dimension that should be in the nanometer range, 
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particularly below 200 nm. In this prospect, oil in water nanoemulsions (O/W 

NEs) fulfil many requirements to be an excellent candidate as drug delivery 

system such as good biocompatibility, biodegradability, and ease of large-scale 

production. O/W NEs can incorporate hydrophobic and amphipathic drugs at 

high concentrations, because of their heterogeneous composition of two 

immiscible liquids whose droplets were stabilized by an emulsifier6. However, 

emulsions do not present a long-term stability, because they are susceptible to 

destabilization phenomena such as flocculation, sedimentation, coalescence, 

and Ostwald ripening7. In order to improve the shelf life of O/W NEs for their 

biomedical applications as liquid templates for multilayer depositions, it is 

crucial to finely control both their size and polydispersity. To this aim, in 2014, 

our research group, managed to optimize the liquid–liquid interfaces in O/W 

NEs exploiting the advantages of the classical layer by layer (LbL) technique8,9. 

It consists in the progressive deposition of polyelectrolytes with opposite 

charge held together by electrostatic interactions and/or hydrogen bonding 

above the oil template, keeping on controlling precisely the thickness of 

polymer layers at nanometer level. Through LbL strategy, highly controllable 

polymer nanocapsules, with appropriate dimensions and monodispersity, 

stable over time have been developed so far. In cancer therapy, biodegradable 

polymer nanocapsules are interesting tool largely used for a series of 

advantages such as high payload, protection of drugs, long circulation in the 

blood and possibility to be easily functionalized for active targeting and 

improve their selectivity towards the tumour site. In addition, it is reported 

that LbL nanocapsules made of hydrophilic polymers like polysaccharides, can 

delay RES clearance and facilitate the enhanced permeation and retention 

(EPR)-based passive diffusion of nanocarriers in interstitial tumours10. The 

starting point for the design of a nanocarrier able to distinguish pathological 



CHAPTER 2: Development of a novel drug delivery system based on 
Layer by Layer Oil-in-Water Nanoemulsions 

 39 

tissues without damaging healthy ones was the integration of targeting 

moieties on their external surface. It was reported that a large number of 

nanoemulsions are marketed as drug delivery systems able to actively target 

cells or tissues11. 

For this purpose, in 2017, our group developed a nanocarrier based on an 

O/W NEs coated with a layer of biotinylated polylysine and functionalized 

with a membranotropic peptide (gH625), in order to enhance cytosolic 

localization. The decoration strategy used to build up this carrier was based 

on the streptavidin–biotin affinities12. Specific applications of the 

streptavidin–biotin interaction based on detection, immobilization, and drug 

delivery are largely reported13,14. This project thesis aims at combining the 

advantages deriving from LbL technique to reach multilayer polymer 

nanocapsules with not only the desired sizes (below to 150 nm), but also the 

right value of PdI (<0.1), stable over time and the implementation of biotin-

streptavidin strategy to upgrade the developed system for several applications 

in the medical field. In this work, we developed an innovative tool based on an 

O/W core-LbL bilayer shell, which is functionalized with biotin moieties, in 

order to exploit streptavidin-biotin technology. Firstly a chitosan (CT) layer 

was deposited on oil core and stabilized by a homogenization process as 

described in a previous article15. Then, a biotin tag was conjugated to the 

second polymer layer constituted by hyaluronic acid (HA), which was 

deposited alternately to form a bilayer multi-shell. HA is a high molecular 

weight bio-polysaccharide, discovered in 1934, by Karl Meyer in the vitreous 

of bovine eyes16. It has received great attention in medical and cosmetic 

applications because it possesses superior inert property as compared to 

other polysaccharides and exhibited high antifouling stability (i.e. against 

fibronectin adsorption)17. Subsequently, a complete thermodynamic 
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characterization of streptavidin interaction with biotinylated tool was 

performed by isothermal titration calorimetric (ITC) analysis. Finally, to study 

the dimensional properties and validate the possibility to attach any ligand to 

streptavidin-coated nanocapsules, we chose a biotinylated-PEG linker as 

model molecule.  

 

Results and discussion 

Synthesis and characterization of biotinylated hyaluronic acid 

Hyaluronic acid (250 kDa) was functionalized with biotin hydrazide in order 

to produce a biotinylated nanocapsules (NCs) coating. Biotin-HA was prepared 

in an aqueous phase via carbodiimide chemistry. This approach uses a water-

soluble carbodiimide (EDC) that catalyzes the formation of amide bonds 

between carboxylic acids of HA and amines of biotin hydrazide, by activating 

the carboxylate to form an O-acylisourea intermediate, stabilized by addition 

of N-hydroxysuccinimide (NHS) in coupling protocols, to avoid fast 

hydrolysis18. A schematic representation of the coupling reaction is shown in 

Figure 1. Because the HA degradation in acidic (pH < 1.6) and basic (pH > 

12.6) medium is widely reported in literature, the reaction was conducted at 

mild conditions of pH ~ 6. This choice was also dictated by the gel-like 

behavior of HA shown at pH 2.5 due to the cooperative formation of hydrogen-

bond network when the net charge of the polymer decreases19,20. The reaction 

product and the functionalization degree were detected by nuclear magnetic 

resonance (NMR). 
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Figure 1: Schematic representation of Hyaluronic acid functionalization with biotin. 

 

Firstly, we acquired the 1H NMR spectra of biotin hydrazide to define the 

chemical shift of its protons. In Figure 2, the experimental NMR analysis of 

biotin hydrazide is reported. A summary of chemical shift δ assignments, 

integrals and coupling constant J of biotin hydrazide spectra is reported in the 

Table 1. 

Figure 2: 1H1D NMR spectra analysis of biotin hydrazide in 90/10 H2O/D2O. Green lines 
represent the peak integration. 
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Table 1: 1H Chemical shift δ, integral and coupling constant J of biotin hydrazide 

in 90/10 H2O/D2O. 

Name δ H's Integral Class J's 

H c 1.30 2 2.04 m 
 

H b 1.47 3 3.05 m 
 

H d 1.59 1 1.09 m 
 

H a 2.18 2 2.00 t 7.4, 7.4 

 H h’ 2.56 1 1.00 d 12.4 

H h 2.80 1 1.00 dd 5.1, 12.4 

H e 3.08 1 1.00 m  

H f 4.11 1 1.00 m  

H g 4.28 1 1.00 m  

 

This analysis was considered as reference point for next interpretation of 

biotinylated-HA NMR spectra. As previously mentioned, hyaluronic acid was 

conjugated with the biotin hydrazide and characterized by NMR analysis. In 

Figure 3, the experimental NMR analysis of biotinylated hyaluronic acid is 

depicted. 
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Figure 3: 1H1D NMR spectra analysis of biotinylated hyaluronic acid in 90/10 

H2O/D2O. Green lines represent the peak integration. 

 

The peak at chemical shift δ 1.91 ppm was assigned to the acetyl group of HA 

whereas the doublet at 2.68 ppm and the doublet of doublet at 2.90 ppm was 

assigned to the protons H h and H h’ of biotin, respectively. The hydrogen H h 

is coupled with the other H h’ atom and appear as a doublet, while H h’, in 

addition to being coupled to H h (confirmed by the same coupling constant 

J=13), it is also coupled with the proton g appearing as doublet of doublet. The 

peaks integration shown in figure 3 was normalized respect to the number of 

protons of acetyl group, which was assigned to a value of three. So, thanks to 

the relative integration of the peaks assigned to biotin protons, we calculated 

the percentage of biotin bound to HA in the biotinylated sample, showing a 
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yield of functionalization of 37%, in accordance with Prestwich et al., that 

obtained a degree of substitution of 0.33 mole of biotin for mole of HA19. All 

details of NMR analysis are summarized in the Table 2. 

Table 2: 1H Chemical shift δ, integral and coupling constant J of biotinylated HA 

in 90/10 H2O/D2O. 

Name δ H's Integral Class J's 

Acetyl group of HA 1.91 8 7.56 s  

H h of Biotin 2.68 1 0.98 d 13.00 

H h’ of Biotin 2.90 1 1.00 dd 4.93, 13.08 

 

Multilayer deposition of polymers onto O/W NEs 

In our research group, an innovative protocol to deposit a layer of chitosan 

around the oil template, preserving long-term stability thanks to the 

implementation of a multi re-dispersion high-pressure process, was developed 

so far. Furthermore, a novel approach to tune the O/W NEs dimensions based 

on the amount of surfactant (lecithin) concentration was also previously 

developed. A reproducible size control was attained for different formulations, 

from around 160 nm, with the lowest concentration of lecithin (1.9 g, named 

L1), to around 90 nm with the highest one (5.8 g, named L4)21. Once 

functionalized with biotin, hyaluronic acid was used to build up a polymer 

bilayer around the oil core of O/W NE. Firstly, we started using NEs with an 

intermediate lecithin concentration (L2, 140 nm) to validate polymers 

deposition protocol. The saturation method22 was used to study the optimal 

concentrations ratio between CT and biotinylated HA for the formation of 

consecutive polyelectrolytes layers, kept together by electrostatic forces, using 

layer by layer technique21. Figure 4 shows size; PdI and Z-potential data of 
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bilayers coated NEs at different percentage (wt %) of biotinylated HA 

deposited on the monolayer L2 0.01 wt % CT-1 wt % O/W NEs.  

 

 

Figure 4: DLS Size (A) and Z-Potential (B) data of biotinylated HA at different 

percentage deposited on monolayer L2 0.01 wt % CT-1 wt % O/W NEs. Data are 

reported as mean (n=3) ± SD. 
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The charge switches from a positive value (+ 15.1 mV) to a negative one, until 

a plateau is observed, as consequence of the complete biotinylated HA coating 

above the positive chitosan layer. Dimensional analysis shows that when the 

monolayer is not completely covered by hyaluronic acid, or there is an excess 

of polymer deposition, a destabilization of the system is observed (size around 

200 nm and a PdI value that largely exceed the 0.1 value). So the optimum 

ratio between HA and CT concentrations (wt %), in term of size (< 160 nm), 

PdI (< 0.1) and Z-potential (~ -30 mV), is 2.4. A comparison between 

biotinylated and no-biotinylated multilayer system is shown in Figure 5. The 

size of biotinylated and non-biotinylated HA bilayer systems were 

comparable. 

 

 
Figure 5: Comparison of DLS size and Z-Potential data between bilayer 0.012 wt% HA-

biotin-0.005 wt% CT-0.5% O/W NEs and bilayer 0.012 wt% HA-0.005 wt% CT-0.5% 

O/W NEs. Data are reported as mean (n=3) ± SD. 

 

 
Size (nm) PdI Z-potential (mV) 

Bilayer CT-HA 141.2 ± 3.4 0.046  ± 0.004 -21.7 ± 4.5 

Bilayer CT-HA-biotin 151 ± 7.9 0.065  ± 0.013 -22.9 ± 1.3 
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Once dentifying the optimum conditions, in terms of size stability and Z-

potential, to reach the deposition of two polymer layers, we aimed to reduce 

the dimensions of multi-layers coated O/W NEs. Therefore, we investigated 

their dimensional behaviour as a result of biotinylated HA depositions above 

the chitosan coated O/W NEs formulations made with the smallest 

nanoemulsion size (L4). In Figure 6, size and Z-potential of the bilayer with 

biotinylated HA deposition, at different polymer concentrations, on L4 0.01 wt 

% CT-1 wt % O/W NEs are shown. We observe a similar trend, which confirms 

that, also in this case, the optimum ratio between HA and CT concentrations 

remains 2.4. Therefore, the size-scalability of our tool and its narrow 

distribution was verified. It was demonstrated on two different 

nanoemulsions template (L2 and L4), but we would expect the same trend in a 

wider range of nanoemulsions dimensions. 
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Figure 6: DLS Size (A) and Z-Potential (B) data of biotinylated HA at different 
percentage deposited on monolayer L4 of 1 wt % oil-chitosan 0.01 wt %. Data are 
reported as mean (n=3) ± SD. 
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DLS measurements were done periodically in order to evaluate the 

dimensional changes, relative to the freshly prepared one. Figure 7 shows that 

0.012 wt % HA-biotin-0.005 wt%-CT-0.5% O/W NEs continued to be stable 

for 45 days, keeping its hydrodynamic diameter below 200 nm. Also the PdI 

values remained within <0.2 for 40 days, which indicated no relevant 

aggregation phenomenon or destabilization occurred.  

 

Figure 7: Dimensional behaviour over time of 0.012 wt% HA-biotin-0.005 wt% CT-0.5% 

O/W NEs. 
 

Evaluation of biotin molecules exposed outside NCs by ITC analysis 

Biotin–streptavidin interaction represents one of the strongest non-covalent 

affinities known so far. Streptavidin is a tetramer and each subunit can 

theoretically bind four molecules of biotin with equal affinity23. From the 

structure of the bounded complex, it is known that the binding energy derives 

from several types of interactions, mainly hydrophobic and van der Waals 

ones, between the protein and biotin; but the largest contributions arise from 
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tryptophan contacts to biotin24,25.  

One of the aims of this PhD project was the development of a multifunctional 

nanocarrier for drug delivery. The designed strategy consists in the 

exploitation of the molecular binding affinity between streptavidin and biotin, 

which has been widely utilized in the development of drug delivery systems. 

In literature there are many example of streptavidin used as linker between 

biotinylated nanoparticles and targeting moieties26,27,28. Due to in-situ and 

non-destructive nature, ITC is an excellent technique for the interaction 

studies between nanoparticles and biomolecules. In order to establish the 

exact amount of streptavidin able to saturate the biotin groups exposed on the 

surface of NCs, isothermal titration calorimetric experiments were carried out. 

A schematic representation of the experiment design is illustrated in Figure 8. 

 

 

Figure 8: Schematic representation of ITC experiment 

O/W 
NEs 
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The technique, which provides a complete thermodynamic characterization of 

protein-ligand interactions, is based on the measurement of the heat, 

absorbed or released, when a solution of a molecule, generally referred as 

macromolecule, inside a cell, is titrated by injections of an interacting 

molecule (the ligand)29.  

Firstly, a complete thermodynamic analysis of biotin hydrazide-streptavidin 

binding was performed. A solution of streptavidin 6 μM in PBS 10 mM was 

titrated by stepwise injections of biotin hydrazide solution 100 μM in PBS 10 

mM. Data were analysed with an independent site model, which consists in the 

simplest cases of binding equilibrium, where the macromolecule has n 

independent and equivalent binding sites for a ligand30. In Figure 9 

experimental dates obtained subtracting the heat of ligand dilution into the 

buffer are shown.  

 

 

Figure 9: ITC data for titration by stepwise injection of biotin hydrazide 100 μM in PBS 

10 mM, in a solution of streptavidin 6 μM in PBS 10 mM at 25 °C. The solid circles are 

the experimental data obtained by integrating the raw data and subtracting the heat of 

ligand dilution into the buffer. The lines represent the best fit obtained with the 

independent-sites model.  

(A) 
(B) 

(B) 
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Table 3: Thermodynamic parameters of the interactions between biotin 

hydrazide and streptavidin. The values represent the average deviation of 

different ITC measurements. 

Model Variable Value 

Indipendent Kd (M) 7.23·10-8 ± 8.4·10-8 

 
n 2.80 ± 0.51 

 
ΔH (kJ/mol) −126.60 ± 27.86  

 
TΔS (kJ/mol) −84.44 ± 31.96 

 
ΔG (kJ/mol) −42.16 ± 4.10 

 
Ka (M) 4.27·107 ± 4.96·107 

 

Thermodynamic parameters are reported in Table 3. The interaction was 

enthalpy driven (ΔH=−126.60 kJ/mol) with a substantial entropy cost 

(ΔS=−84.44 kJ/mol) to achieve the net negative free energy change 

(ΔG=−42.16 kJ/mol). Notwithstanding we used the biotin hydrazide, the 

affinity with the streptavidin is very high; in fact Kd (Kd=1⁄Ka ) values are in 

the order of nM, in accordance with literature data25. These results are also in 

accordance with the thermodynamic characterization of biotin-streptavidin by 

ITC analysis reported by Wen-Yih Chen et al. (ΔG= −68.6 kJ/mol; ΔH= −133.8 

kJ/mol; TΔS= −65.3 kJ/mol; n= 2.5)31.  

Little discrepancies can be probably ascribed to the terminal amine of biotin 

hydrazide molecules, used in our case, which could affect the binding with the 

streptavidin. This analysis has been used as reference point to next ones.  

To establish the optimum range of concentrations to observe a saturation of 

biotin by streptavidin injections, we started from the titration of a polymer 

solution of biotinylated hyaluronic acid, into the cell, with streptavidin in the 

syringe. The ITC experiment must be done under conditions where the heat 

change is both measurable for each injection and where the heat change varies 

for subsequent injections producing a curved thermogram (plot of heat 
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change vs injection number, or molar ratio of ligand/macromolecule)32. To 

achieve that purpose, we investigated a wide range of concentrations 

obtaining the best curve by titrating biotinylated hyaluronic acid 0.05 wt% 

with streptavidin 16 μM. The experimental data are shown in Figure 10.  

 

 

Figure 10: ITC data for titration by stepwise injection of streptavidin in a solution of 

HA-biotin 0.05 wt% at 25 °C. The solid circles are the experimental data obtained by 

integrating the raw data and subtracting the heat of ligand dilution into the buffer. The 

lines represent the best fit obtained with the independent-sites model.  

 

  

(A) (B) 
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Table 4: Thermodynamic parameters of the interactions between biotinylated 

hyaluronic acid and streptavidin. The values represent the average deviation of 

different ITC measurements. 

Model Variable Value 

Indipendent Kd (M) 1.81·10-7 ± 1.8·10-7 

 
n* 1.78 ± 0.15 

 
ΔH (kJ/mol) −231.4 ± 84.15 

 
TΔS (kJ/mol) −192.08 ± 87.22 

 
ΔG (kJ/mol) −39.32 ± 3.08 

 
Ka (M) 1.10·107 ± 1.09·107 

 

* n value represents the molar ratio between streptavidin and biotinylated HA 

The fitting parameters together with the calculated Gibbs free energy and the 

entropy gain are given in Table 4. Although the binding process is exothermic 

(∆H < 0), there is a considerable unfavourable entropic contribution probably 

due to the rearrangement of water molecules that play an important role in 

glycosaminoglycans (i.e HA)33. Respect to previous experiment, in this case the 

high affinity between the biotinylated polymer and streptavidin was kept but 

the Ka value was slightly decreased (Ka = 1.10·107 M). Because the biotin 

molecules were covalently linked to the polymer chain, a reduction of their 

degrees of freedom could be observed.  

To confirm that the obtained binding curve was only due to the specific 

interactions between biotin and the streptavidin, the experiment without 

biotin was carried out.  

In particular, a solution of 0.05 wt% HA dissolved in water was titrated with 

streptavidin 16 μM (identical previous experimental condition). Raw data in 

Figure 11 shows only small peaks of dilution, demonstrating that there is no 

any kind of binding between the streptavidin and the polymer.  
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Figure 11: ITC data for titration by stepwise injection of streptavidin into 0.05 wt% HA 

at 25 °C. 

 

On the basis of the previous results, the same experiment design was 

performed to establish the exact amount of biotin exposed outside the carrier, 

when the biotinylated polymer was deposited above the chitosan coated O/W 

NE. A bilayer system at the same concentration of hyaluronic acid of the 

preceding experiment was assembled. So, in this case, 0.05 wt% HA-biotin-

0.02 wt% CT-2.08 wt% O/W NEs was titrated with a solution of streptavidin 

16 μM. The ITC binding curve obtained from the integration of the heat data 

has a good sigmoidal behaviour and it was fitted with an independent and 

equivalent-sites model (Figure 12).  
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Figure 12: ITC data for titration by stepwise injection of Streptavidin in 0.05 wt% HA-

biotin-0.02 wt% CT-2.08 wt% O/W NEs at 25 °C (A). Normalized heat of interaction 

between biotinylated O/W NEs and streptavidin. The solid circles are the experimental 

data obtained by integrating the raw data and subtracting the heat of ligand dilution 

into the buffer. The lines represent the best fit obtained with the independent-sites 

model (B).  

 

Table 5: Thermodynamic parameters of the interaction between streptavidin 

and 0.05 wt% HA-biotin-0.02 wt% CT-2.08 wt% O/W NEs at 25 °C. 

Model Variable Value 

 Indipendent Kd (M) 8.35·10-8 ± 1.53·10-8 

 
n* 1.79 ± 0.54 

 
ΔH (kJ/mol) −436.85 ± 30.62 

 
TΔS (kJ/mol) −396.24 ± 31.20 

 
ΔG (kJ/mol) −40.61 ± 0.58 

 
Ka (M) 1.22·107  ± 2.21·106 

 

* n value represents the molar ratio between streptavidin and biotinylated HA 

The thermodynamic signature shows that the process is enthalpically driven 

counterbalanced by an unfavourable entropic contribution to Gibbs energy, 

(A) (B) 
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due to the formation of new interactions between biotin and streptavidin 

upon binding. The unfavourable entropic contribution can be a consequence of 

the loss of conformational degrees of freedom for both the interacting 

molecules. By comparing the two experiments, the value of ∆G is essentially 

the same, but the enthalpic contribution is significant higher in absolute value 

(Table 5). This can be ascribable to a reduction of mobility of biotin groups to 

bind the streptavidin when they are exposed outside the carrier. 

According to the NMR data, biotinylated HA has a yield of 37% of biotin 

covalently linked to carboxylic group on the total amount of HA monomers. 

This means that for 1 mole of biotinylated HA corresponds ~244 biotin 

molecules bounded.  

Conversely, ITC data shows that the molar ratio (n value) between 

streptavidin and biotinylated HA, both when the polymers was dissolved in 

the bulk solution and when it was deposited above the chitosan coated O/W 

NEs, is ~2. This means that two mole of streptavidin interact with each mole 

of polymer. As result of ITC experiments, the amount of biotin molecules 

(conjugated to HA) available to bind the streptavidin was 0.7%. A possible 

explanation derives from the large repertoire of conformations that HA could 

take. Therefore, many biotin molecules could be hidden inside the network of 

the polymer chains34. 
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Nanocapsules decoration 

A decoration strategy was at the basis of the development of NCs within this 

Phd thesis. ITC results were of fundamental importance to perform NCs 

assembly and avoid nonspecific interactions due to the addition of a larger 

amount of the biomolecules than the available sites. A qualitative study of 

specific interaction of streptavidin to biotinylated NCs was performed by 

confocal analysis. In accordance with ITC results, streptavidin, labeled with 

Atto 655, was added under sonication at a ratio 1:1 with the biotin to 

biotinylated and non-biotinylated O/W NEs. As shown in Figure 13, the 

fluorescence intensity of the Atto-655-streptavidin was about 86.1% higher 

for biotinylated system when compared to non-biotinylated one, as 

consequence of the specific interaction with biotin-HA. No specific 

fluorescence signals were observed for the samples without biotin moieties. 

Analyses were performed on at least 3 images for each system. 
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Figure 13: Confocal images of Atto 655-streptavidin interaction with HA-biotin-CT-

O/W NEs (A) and HA-CT-O/W NEs (B) (scale bar is 1 μm). Plot of mean fluorescence 

intensity of Atto-655 labelled streptavidin(C). Data are reported as mean (n=3) ± SD. 

 
Streptavidin labeling is also useful as a probe for NCs detection in the cellular 

environment. To complete the coating of the NCs a layer of PEG was used to 

improve the shelf life of the NCs from one side and to use it as model for future 

functionalization from the other side. Firstly, the streptavidin was added to 

the HA-biotin-CT-O/W NEs as described before. Then a biotin functionalized 

PEG2k linker (biotin-PEG2k -COOH) was added to the streptavidin-HA-biotin-

CT-O/W NEs under sonication, at a ratio 2:1 with the streptavidin. Then, 

functionalized NCs were characterized by DLS, whose measurements are 

reported in Table 6. As illustrated, a little increment of size occurred by the 

addition of each single layer remaining below 150 nm. The proven stability of 

these systems was confirmed by good dimensional behaviour and a PdI value 

kept below 0.2, during every step of multi-component construction. The Z-

(A) 

(B) 

(C) 
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potential values were either highly negative (< -30) or positive (> +30), as 

such they will tend to repel each other by large force and there will be low 

probability for the formation of aggregates. 

 

Table 6: Size, PdI and Z-potential measurement of each NCs component during 

the several steps of assembly. Data are reported as mean (n=3) ± SD. 

 Size (nm) PdI 
Z-potential 

(mV) 

O/W NEs 97.13 ± 4.30 0.092 ± 0.003 -31.1 ± 1.6 

CT-O/W NEs 107.47 ± 11.40 0.060 ± 0.045 +25.4 ± 1.7 

HA-biotin-CT-O/W NEs 121.83 ± 3.50 0.099 ± 0.008 -34.2 ± 2.2 

Streptavidin-HA-biotin- 
CT-O/W NEs 

126.80 ± 0.28 0.147 ± 0.024 -34.0 ± 1.8 

PEG647-Streptavidin-HA-biotin- 
CT-O/W NEs 

127.75 ± 1.20 0.148 ± 0.019 -28.9 ± 1.1 

 

 

In order to achieve a qualitative visualization of the NCs just developed by 

confocal microscopy, the carboxyl terminal end of biotin-PEG2k –COOH was 

conjugated with Atto 647N amine thanks to amide bond formation between 

them. Figure 14 shows confocal image of PEG647-streptavidin-HA-biotin-CT-

O/W NEs. 
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Figure 14: Confocal image of Atto647-PEG-streptavidin-HA-biotin-CT-O/W NEs. Scale 

bar is 2 μm. 

 

Conclusions 

In this work, we showed the preparation of a novel drug delivery system 

based on layer-by-layer polymers deposition above O/W NEs made of 

completely biocompatible and biodegradable materials. Firstly, we introduced 

biotin moieties on the polymers (HA), opportunely characterized, which 

constitute the external layer of O/W NEs. The size scalability of of these 

systems was demonstrated. A complete thermodynamic characterization of 

streptavidin-NCs interaction was performed by ITC analysis to evaluate the 

right amount of each component to be added following a step by step 

procedure. The strong affinity between streptavidin and biotin allowed us to 

expose any kind of ligands outside the NCs for several applications in the field 

of cancer diagnostics and therapy. As example, we functionalized our systems 

with a PEG linker as model for any molecules, antibody or peptides that could 

be attached for future prospective. 
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Materials and methods 

Materials 

Soybean oil and surfactant Lipoid E80 (egg lecithin powder 80-85% enriched 

with phosphatidylcholine and 7–9.5% content in phosphatidylethanolamine) 

were purchased from Lipoid GmbH and used without further purification. For 

preparation of all nanoemulsions and solutions, Millipore Milli-Q water was 

used. Chitosan (CT, LMW 90-150 kDa, DDA 84% determined via 1H-NMR). 1-

Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-Hydroxysuccinimide 

(NHS), biotin hydrazide, dimethyl sulfoxide (DMSO), deuterium oxide (D2O), 

Atto 655-streptavidin and Midi Pur-A-Lyzer tubes (1 kDa) were purchased 

from Sigma Aldrich. Hyaluronic acid 250 kDa and biotin-PEG2k-COOH were 

purchased from Creative PEGWorks. Atto 647N wasp purchased from ATTO-

TEC GmbH. PBS tablets (1x) was purchased from MP Biomedicals. Dialysis 

membranes were purchased from Spectrum Laboratories Inc. 

Preparation of biotinylated hyaluronic acid 

The biotin-hyaluronic acid (HA-Biotin) conjugate was prepared as follows: 

0.52 mmol of NHS and 0.52 mmol of EDC were added to a 1% (w/v) solution 

of HA (10 mL solution, 0.26 mmol HA monomer) in water, pH 6.0, under 

stirring at room temperature for 60 min to facilitate a homogeneous 

dispersion of reagents in the reaction solution. Then an amount of 0.052 mmol 

of biotin hydrazide, dissolved in DMSO, was added to the reaction mixture, 

overnight. The resulting polymer was dialyzed against Milli-Q water using a 

12-14 kDa dialysis membrane. The water was changed twice a day for 3 days, 

and then the polymer was lyophilized18. 
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Nuclear magnetic resonance spectroscopy (NMR) 

HA-Biotin was characterized by Nuclear Magnetic Resonance (NMR). NMR 

spectra were recorded using an Agilent 600 MHz (14 T) spectrometer 

equipped with a DD2 console and a One NMR HX probe. HA-biotin (1 mg) was 

dissolved in 600 μL of 90/10 H2O/D2O solution.  

1H 1D spectra were recorded at 300 K using 1024 scans to obtain a good 

signal-to-noise ratio. Water signal was reduced using a PRESAT pulse 

sequence. Spectra were transformed and analyzed using VNMRJ 4.0 software. 

Oil in water nanoemulsion 

Firstly, a 20-wt % oil in water pre-emulsion was prepared.  5.8 g of Lipoid E 80 

(egg lecithin powder 80-85% enriched with phosphatidyl choline and 7-9.5% 

content in phosphatidyl ethanolamine) were dissolved in 24 mL of soybean oil 

(density at 20 °C of 0.922 g·mL-1) at 60 °C using the immersion sonicator 

(Ultrasonic Processor VCX500 Sonic and Materials), performing runs of 10 

seconds for 1 minute at 10% of sonication amplitude (microtip screwed). 

Then, the oil phase was added to the aqueous phase (Milli-Q water), and mixed 

using the immersion sonicator with runs of 10 seconds for 8 minutes at 70% 

of amplitude (a pulse-on and a pulse-off respectively of 10 seconds). The pre-

emulsion was finally homogenized for 3 single cycles and 200 steps at a 

pressure of 2000 bar by a high-pressure homogenizer (110P series 

microfluidizer) to obtain the final nanoemulsion. 

Polymers deposition above oil in water nanoemulsion 

Firstly, it was deposited a layer of chitosan around the oil template with a final 

concentrations of oil and chitosan of 10 wt% and 0.1 wt%, respectively. 0.1 M 

acetic acid solution of chitosan (0.125 wt%) was prepared with a final pH=4. 

Nanoemulsion 20 wt% oil was added quickly to the chitosan solution under 
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vigorous stirring and kept under stirring for 15 minutes to allow uniform 

chitosan deposition. The nanoemulsion with the first positive layer of chitosan 

was passed through a high-pressure valve homogenizer at 700 bars for 100 

continuous steps. The next hyaluronic acid layer was prepared by aid of two 

syringe pumps (HARVARD APPARATUS 11 PLUS) and an ultrasonic bath 

(FALC INSTRUMENTS). Starting from the secondary nanoemulsion 10 wt% oil 

- 0.1 wt% CT, a negative charged polymer layer was deposited by mixing 1:1 

(v:v) of a 0.24 wt% aqueous solution of biotinylated hyaluronic acid , with the 

secondary nanoemulsion suspension. The two liquid phases were injected at 

the same flow rate (0.4 mL min-1) through two polymicro flexible fused silica 

micrometric capillaries (inner diameter of 200 µm) interfaced at their 

extremities (Molex). Each drop was then collected inside a glass tube 

immersed in the ultrasonic bath at room temperature, 59 kHz and 100% 

power for 15 minutes.  

Nanocarrier assembly 

The streptavidin solution was prepared by dissolving 1 mg in 1 ml of Milli-Q 

water (16,6 μM). The streptavidin solution was added to the HA-Biotin 0.12 

wt%-CT 0.05 wt%-O/W NEs 5 wt% oil, under sonication for 15 minutes and 

T= 20 °C, at a final concentration of 5.69 μM. In the same way the biotin-PEG2k-

COOH was added under sonication for 15 minutes and T= 20 °C to the 

streptavidin-HA-Biotin-CT-O/W NEs at a molar ratio 2:1 between biotin-

PEG2k-COOH and the streptavidin. The final concentrations were 3.2 μM and 

6.4 μM for streptavidin and biotin-PEG2k-COOH respectively, while the final oil 

weight percentage was 2.78 wt%. The NCs were characterized at each step of 

preparation measuring the size and Z-potential by dynamic light scattering as 

described previously.  
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Coupling of Atto 647N to biotin-PEG2k-COOH 

The biotin-PEG2k-Atto 647N conjugate was prepared as follows 2 equivalents 

(eq.) of NHS and EDC were added to biotin-PEG2k-COOH in water under 

stirring at room temperature for 20 min to facilitate a homogeneous 

dispersion of reagents in the reaction solution. Then 50 eq. of Atto 647N 

dissolved in the minimum volume of DMSO, was added dropwise to the 

reaction mixture, for five hours. The resulting product was dialyzed against 

Milli-Q water using Midi Pur-A-Lyzer tube 1 kDa. The water was changed 

twice a day for 3 days, and then the polymer was lyophilized. 

Particle size and Z-potential measurements 

All nanoemulsion and their successive functionalization were characterized at 

each step of preparation by measuring size and polydispersity index (PdI), 

using Zetasizer Nano ZS device (Malvern Instruments) with a 4 mW He-Ne ion 

laser at the wavelength of 633 nm and a photodiode detector at an angle of 

173°. All the samples were diluted to a droplet concentration of 0.025 wt% by 

using acetic acid 20 mM at pH 4 for monolayer, and Milli-Q water for 

emulsions and bilayer suspensions. The calculation of the particle size 

distribution was performed using a default refractive index ratio (1.59) and 5 

runs for each measurement (1 run lasting 100 s), at least 3 times for each 

sample. A particle electrophoresis instrument (Zetasizer zs nano series ZEN 

3600, Malvern Instruments Ltd., Malvern, U.K.) was used for the Z-potential 

determinations. Samples were diluted as for the particle size analysis. Setting 

50 runs for each measurement carried out the Z-potential analysis. Samples 

were collected into polystyrene cuvettes and measured three times and the 

results presented are the averages of these measurements. Experiments were 

carried out at 25 °C. Zetasizer software (Malvern Instruments) was used to 
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obtain the data. Cumulant analysis was used to give the Z-average value, 

hydrodynamic diameter, polydispersity index and the intensity size 

distribution graphs. 

Isothermal titration calorimetry analysis 

Isothermal titration calorimetry (ITC) experiments were performed using a 

Nano ITC Low Volume from TA Instruments (USA) with a cell volume of 170 

μl. Titration experiments were carried out at 25 °C. In the case of biotin 

hydrazide-streptavidin titration, the sample cell was filled with a solution of 

streptavidin 6 μM in PBS 10 mM, and the reference cell was filled with Milli-Q 

water for all the experiments. 25 injections of 2 μl each of biotin hydrazide 

100 μM in PBS 10 mM were added to streptavidin solution every 200 seconds 

at a continuous stirring rate of 200 rpm. The interaction heat for each injection 

was calculated after correction for the heat coming from biotin hydrazide 

dilution that acts as blank. In the case of streptavidin-HA-biotin titration, the 

sample cell was filled with a solution of 0.05 wt% HA-biotin. It was titrated by 

25 injections of 2 μL each of a solution of streptavidin 16 μM. For streptavidin-

(HA-biotin-CT-O/W NEs) titration, the sample cell was filled with the 

0.05wt%-HA-biotin-0.02wt%-CT-2.08wt%-O/W NEs solution, and the 

reference cell was filled with Milli-Q water. 25 injections of 2 μl each of a 

solution of streptavidin 16 μM were added to the sample cell, every 200 

seconds at a continuous stirring rate of 200 rpm. Control experiments were 

performed between the solution of streptavidin 16 μM and the HA 0.05 wt% 

solution. The interaction heat for each injection was calculated after 

correction for the heat coming from streptavidin dilution that acts as blank.  

The binding constant (Ka), enthalpy change (ΔH°), and stoichiometry 

(n=binding sites) of the interaction process were obtained by fitting the 
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binding isotherm to the equivalent and independent binding sites model, by 

using the NanoAnalyze software, version 2.4.1 (TA Instruments). The 

remaining thermodynamic parameters of the interaction were calculated 

using the relationships: 

ΔG° = − RT lnKa 

ΔG° = ΔH° − TΔS° 

Confocal microscopy analysis 

The study of specific interaction of streptavidin to biotinylated NCs was 

performed by confocal analysis. Atto 655-Streptavidin was added to 

biotinylated and non-biotinylated O/W NEs in molar ratio 1:1 respect to 

biotin. The sample was arranged as described before. It was diluted 1:10 in 

water Milli-Q and then added (15 μL) to agarose gel at 40° (low gelling 

temperature agarose A9414 Sigma-Aldrich; 2.5 % w/v, 30 μL) at a volume 

ratio 1/2 v/v. The sample was placed on a microscope cover glass for 5 

minutes to allow the gelation of the agarose. Images of the sample were 

captured with a ZEISS LSM 700 Laser Confocal Scanning microscope. Images 

were acquired with a field of view 33.9 x 33.9 μm, 512 x 512 pixel frame 

format, for a pixel size of 76 x 76 nm. Images were visualized and analysed by 

Image-J software. 

Cryo-TEM characterization 

For the preparation of the frozen-hydrated sample the plunge freezing method 

was performed. Briefly a drop of 3 μL of the samples were put on a previously 

glow-discharged 200 mesh holey carbon grids (Ted Pella, USA) after that the 

grid was inserted in the chamber of a FEI Vitrobot Mark IV (FEI company, the 

Netherlands) at 4°C and 90% of humidity. The droplet of sample was blotted 
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with filter paper for 1 s, (blot force 1, drain time 0,5 s) and then the grid was 

plunged into the liquid propane. The grid was then stored in liquid nitrogen in 

a grid box until it was finally transferred to a cryo-specimen 626 holder 

(Gatan, Inc., USA) and loaded into the cryo-transmission electron microscope 

for imaging. To obtain the image of the nanoparticles we used a Tecnai G2 20, 

a cryo-tomo transmission electron microscope (FEI company, the Netherland) 

equipped with LaB6 emitter (acceleration voltage of 200 kV) and recorded at 

with a 2 k × 2 k CCD-Eagle 2HS camera. The Frozen-hydrated sample is 

radiation-sensitive material so to avoid damaging; the observation was carried 

out in Low Dose Mode. 
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CHAPTER 3: Peptide functionalization of 

emulsion-based nanocarrier towards cancer 

cells overexpressing CD44 receptor 

 

Introduction 

During the last decades, the introduction of tumour-targeted therapies has 

significantly changed the medical treatments of several types of cancer, 

improving their therapeutic index1,2. A significant obstacle that needs to be 

overcome is the lack of site-specific accumulation of anticancer drugs in tumor 

sites, which results in severe side effects due to an increased exposure of 

normal tissues to the drugs3,4. It is well known that cancer cells and more in 

general the tumor microenvironment express different molecular targets 

(antigens and/or receptors) respect to normal cells and tissues. By their 

targeting, a possible strategy largely used to enhance the accumulation of drug 

delivery system (DDS) to cancer cells was their decoration with ligands 

specific for receptors. In the last years, increasing efforts have been made on 

the functionalization of DDS with a variety of tumor-targeting ligands, such as 

antibody fragments, protein, endogenous molecules, peptides and so on, due 

to their powerful advantage in targeting drugs to the tumor sites via active 

mechanisms. The National Cancer Institute defines the molecular targets that 

we are dealing, also known as biomarkers, as a biological molecules found in 

the blood, body fluids or tissues representing an indication of a normal or 

abnormal process, or of a condition or disease5. One of the well-established 

tumour biomarkers is the cluster of differentiation 44 (CD44). It is a cell 
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membrane glycoprotein involved in several cell−cell interactions, cell 

adhesion, and cell migration. CD44 receptor binds to many extra-cellular 

matrix (ECM) ligands, but the principal one is the hyaluronic acid (HA)6,7. It is 

expressed in many types of cell, while its isoforms CD44v3 and CD44v6 are 

upregulated in many invasive cancer cells (including breast, colon, prostate, 

and lung cancer) and cancer stem cells and promotes metastasis by enhancing 

cell migration and invasion 8,9. As result of several synthetic peptides 

screening, encompassing the laminin α5 chain (G-domain), it was found a 

particular sequence (CD44 binding peptide, CD44BP) that binds specifically to 

the glycosaminoglycan (GAG) side chains of CD44v3 and CD44v6 and inhibits 

tumor cell migration, invasion and angiogenesis via blocking fibroblast growth 

factor 2 (FGF2) binding to the GAG side chains of CD44 10,11,12. It was reported 

that, in vivo, CD44BP inhibited primary B16-F10 tumor growth (melanoma), 

angiogenesis, lung colonization, and tumor progression11, while, when 

encapsulated in a gel culture system with cancer cells, it abolished breast 

cancer tumorsphere formation in vitro and in vivo13. Ayelet David and his 

group have recently designed a new copolymer, firstly conjugated only with 

CD44BP and then integrated with an antimitotic drug (paclitaxel, PTX), which 

inhibited the rate of tumor growth in vivo at the same extent for both cases14. 

As outcome of these studies, CD44BP has proven to be a promising candidate 

for tumor targeting. In order to develop a novel emulsion based nanocapsules 

(NCs) for active targeting, CD44BP was integrated to the multilayer polymer 

coated O/W NE described in the previous chapter. Firstly, we stabilized O/W 

NEs with a double layer of chitosan and biotinylated hyaluronic acid to protect 

the cargo and implement functions in terms of targeting as well as detection. 

Then, it was rendered smarter by its functionalization with a bioactive peptide 

that can promote highly specific active targeting toward different types of 

cancers, thanks to ligand-receptor recognition. The system was based on the 
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development of an easy additive decoration strategy that exploits 

biotin−streptavidin physical interaction. The peptide was conjugated to a 

biotinylated poly(ethylene glycol) (PEG) chain in order to inhibit the 

nanocarrier clearance by eluding the mononuclear phagocyte system (MPS) 

and improve the accumulation of the entire system to the tumor site by means 

of peptide action. A schematic representation of functionalized nanocapsules 

is reported in Figure 1. In order to assess the peptide specificity toward tumor 

cells over-expressing CD44 receptor, biological tests of peptide functionalized 

O/W NEs were carried out. We chose human primary glioblastoma cell line 

(U87) as model of tumors that over-express CD44 receptor15 and curcumin, a 

natural bioactive compound isolated from the Curcuma longa plant, as 

anticancer agent16.  

 

Figure 1: Schematic representation of peptide functionalized O/W NEs. 
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Results and discussion 

Synthesis, purification and characterization of CD44BP 

Based on literature data discussed in Chapter 1, the focus of this PhD project 

has been the functionalization of O/W NEs with a peptide for active targeting. 

In particular it was identified a 13-mer peptide that recognize CD44 receptor. 

The amino acid sequence was: RLVSYNGIIFFLK. A coupling with 5-

carboxyfluorescein (5-FAM) was performed to label the peptide at the N-term 

(5-FAM-CD44BP). Another non-α-amino acid (β-alanine) was introduced at 

the N-tem before the coupling reaction with 5-FAM to avoid an Edman-type 

elimination reaction17. The peptide synthesis was performed exploiting the 

solid-phase peptide strategy (SPPS), using 9-fluorenylmethoxycarbonyl 

(Fmoc) chemistry and a super acid labile resin. 5-FAM-CD44BP was 

synthetized and the resulting peptide was deprotected and cleaved from the 

resin. The crude peptide purity was assessed by analytical RP-HPLC, using a C-

18 column with a linear elution gradient. The HPLC chromatograms of the 

crude and purified peptide chain are reported in Figure 2. Unambiguous 

identification of the product at Rt = 27.44 min was accomplished through ESI-

MS analysis whose mass spectrum is reported in Figure 3. 
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Figure 2: Analytical RP-HPLC of 5-FAM-CD44BP crude peptide (A) and purified one (B). 

The chromatogram were detected at λ = 220 nm. 

 

Figure 3: ESI-MS of the peak at Rt = 27.44 min. The two masses at m/z 666.85 and 

999.80 represent respectively [M+3H]3+ and [M+2H]2+ of  theoretical expected mass 

1997.01 Da. 

The HPLC peak with Rt = 27.44 min was correlated to a mass peak of m/z 

666.85 ([M+3H]3+) and m/z 999.80 ([M+2H]2+) which were consistent with 

the theoretical expected mass of 1997.01 Da of the peptide (calculated mass: 

1997.55 ± 0.5 Da). 

(A) (B) 

27.4 min 27.6 min 
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Once the synthesis was completed, a small amount of product was analyzed by 

TANDEM mass spectrometry coupled to liquid chromatography. A single peak, 

corresponding to the desired peptide, was found and its product ions scan 

showed the expected fragmentations (Figure 4 and Table 1). 

 

Figure 4: ESI-MS-MS fragmentation spectra of 5-FAM-CD44BP. 
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Table 1: Mass table of 5-FAM-CD44BP fragmentations. Ciano numbers 

represent the theoretical fragments founded in the experimental spectrum. 
 

# b b++ b+++ c Sequence y y++ y+++ # 

1 
   

 5FAM-βAla 1997.01 999.01 666.34 14 

2 585.19 
  

602.21 Arg 1568.93 784.97 523.65 13 

3 698.27 
  

715.30 Leu 1412.83 706.92 471.62 12 

4 797.34 399.17 266.45 814.36 Val 1299.74 650.38 433.92 11 

5 884.37 442.69 295.46 901.4 Ser 1200.68 600.84 400.89 10 

6 998.41 499.71 333.48 1015.44 Asn 1113.64 557.33 371.89 9 

7 1161.48 581.24 387.83 1178.5 Tyr 999.60 500.30 333.87 8 

8 1218.49 609.75 406.84 1235.52 Gly 836.54 418.77 279.52 7 

9 1331.58 666.29 444.53 1348.61 Ile 779.52 390.26 260.51 6 

10 1444.67 722.84 482.23 1461.69 Ile 666.43 
  

5 

11 1591.73 796.37 531.25 1608.76 Phe 553.35 
  

4 

12 1738.80 869.91 580.27 1755.83 Phe 406.28 
  

3 

13 1851.89 926.45 617.97 1868.91 Leu 259.21 
  

2 

14 
   

 Lys 146.13 
  

1 

 

Further, 5-FAM-CD44BP was purified by preparative RP-HPLC (Figure 5) to 

yield the pure product. Pure 5-FAM-CD44BP was obtained in ~30% yield from 

the crude peptide and its purity was ascertained by analytical RP-HPLC, with 

an excellent purity of the 98%, as shown previously (Figure 2B). 
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Figure 5: Preparative RP-HPLC chromatogram of the crude 5-FAM-CD44BP peptide; 

the chromatogram was followed at λ = 220 nm. 

 

Cellular uptake of CD44BP 

In order to verify the CD44BP peptide recognition by CD44 receptor, cellular 

uptake experiment was performed. The binding and internalization of the 

CD44BP into cells was evaluated by confocal microscopy. Because it’s widely 

reported that human primary glioblastoma cell line (U-87) over-express CD44 

receptor, it was chosen as positive control15. Instead human umbilical vein 

endothelial cells (HUVECs) were considered as negative control due to their 

low CD44-expression18. In Figure 6 normalized value of expression of CD44 in 

different cell lines provided by Human Protein Atlans19 is reported. U-87 over-

expression of CD44 was also verified by real-time PCR analysis (Figure 7). 
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Figure 6: Cell lines ordered by descending CD44 expression order. Black arrow indicates 

the position of U87 cells on the left and HepG2 on the right. Image available from 

www.proteinatlas.org. 

 

 

Figure 7: Real-time PCR analysis of CD44 expression for U-87 and HepG2 cell lines. 

 

Figure 8 shows confocal images of a confluent monolayer of U-87 and HUVEC 

cells treated with CD44BP peptide (8.75 µM) at 37 °C for 1 hour under 

standard cell culture conditions. The peptide was completely internalized in 

glioblastoma cells; as it is possible to observe better internalization in the 

images obtained at high magnification. U-87 cells are positive to CD44BP 

internalization 87% more than HUVECs (Figure 9). This can be ascribed to the 

specific peptide recognition by CD44-receptor over expressed by tumor cells.  
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Figure 8: Confocal images for 5-FAM-CD44BP interactions with a confluent monolayer 

of U-87 (C, E) and HUVEC (D, F). For each cell line it’s reported the image of the cell 

untreated as control (A, B). Nuclei (blue) and cytosol (green) of the cells were stained 

with DRAQ5 and Phalloidin 555 respectively, while red color represents peptide uptake. 

Scale bar was 20µm. 

U-87 HUVEC 
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Figure 9: CD44BP uptake in U87 and HUVEC cell lines. It’s reported the number of 

positive cells to the peptide as mean (n=3) ± SD. 
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Synthesis and purification of PEGylated peptide 

In order to functionalize O/W NEs with CD44BP, the amino acid sequence was 

synthesized manually, in a modified version respect to that one previously 

mentioned, with a spacer of three glycine and a cysteine residues at the N-

terminal (CGGG-RLVSYNGIIFFLK). Although the peptide itself has reactive 

functional groups such as –NH2, the modification of a side group could change 

its activity. Therefore, cysteine residue was inserted in the sequence for the 

PEGylation in order to exploit the thiol-maleimide reaction between the lateral 

chain of cysteine and maleimide-PEG2k-biotin linker. The three glycine had a 

role of spacer in order to make the peptide free to acquire its conformation 

when conjugated and to space out from the PEG2k linked to cysteine. Also in 

this case, a coupling with 5-carboxyfluorescein was performed to label the 

peptide at the N-term as described before. The peptide synthesis was 

performed exploiting the orthogonality of solid-phase peptide strategy (SPPS), 

using 9-fluorenylmethoxycarbonyl (Fmoc) chemistry and a super acid labile 

resin. All synthetic phases were made directly on the resin, including the 

coupling of maleimide-PEG2k-biotin linker to peptide (5-FAM-CD44BP-PEG2k). 

Usually, size-exclusion chromatography (SEC) technique is used to purify 

PEGylated macromolecules. It separates molecules according to differences in 

size as they pass through a gel filtration medium packed in a column. In our 

case, PEGylated peptide and unreacted PEG2k linker have a very small size 

difference (~ 2000 Da), making their separation by SEC difficult. Thanks to 

solid-phase approach, the purification of unreacted maleimide-PEG2k-biotin 

from PEGylated peptide was widely simplified. Several steps of resin washing 

were performed after the reaction was over, to remove the unreacted reagent. 

A schematic representation of synthetic strategy is shown in Figure 10.  
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Figure 10: Schematic representation of the solid-phase synthetic strategy of PEGylated 
peptide. 

 

Once the peptide coupling with the maleimide-PEG2k-biotin linker was done, it 

was deprotected and cleaved from the resin. The crude peptide purity was 

assessed by analytical RP-HPLC, using a C-18 column with a linear elution 

gradient. The crude Biotin-PEG2k-maleimide-peptide (5-FAM-CD44BP-PEG2k) 

was purified by preparative flash chromatography, using a Biotage ISOLERA 

flash purification system. The pooled fractions, containing the desired 

products were analyzed by analytical RP-HPLC. In Figure 11 are reported 

HPLC chromatograms of the crude and purified PEGylated peptide chain. 

 
(B) 
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Figure 11: Analytical RP-HPLC of 5-FAM-CD44BP-PEG2k crude peptide (A) and purified 
one (B). The chromatogram were detected at λ = 220 nm. 
 

The identification of the product at Rt = 21.25 min was accomplished through 

matrix-assisted laser desorption/ionization mass spectrometry coupled to 

two time of flight analyzers (MALDI-TOF-TOF). In figure 12 the centroid mass 

spectrum of maleimide-PEG2k-biotin linker acquired before the peptide 

conjugation is reported. An intense, singly charged polydisperse Gaussian 

distribution was observed with the most abundant ion at 2411.59 m/z and the 

typical expected ethylene oxide repeat unit of 44 Da, proving the presence of 

PEG within the sample. Respect to theoretical expected mass, the reported one 

showed an increment of +23 m/z due to the sodiated species (MNa)+. Because 

of the high affinity of PEG for both sodium and potassium, a cationization with 

Na+ was often observed20. After peptide conjugation, a shift of polydisperse ion 

distribution to higher value of m/z, centered around 4704.71 ± 44 Da, was 

observed. The increment of mass value is evidence that the reaction took 

place. The theoretical isotopic mass of 5-FAM-CD44BP and 5-FAM-CD44BP-

PEG2k were 2271.08 Da and 4659.67 ± 44 Da respectively, in accordance with 

experimental one, reported in the Figure 12.1 and Figure 12.2. 

(A) (B) 
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Figure 12.1: MALDI mass spectra (centroid) of Biotin-PEG2k-Maleimide linker. 

  

 



CHAPTER 3: Peptide functionalization of emulsion-based 
nanocarrier towards cancer cells overexpressing CD44 receptor 

 88 

 

 

Figure 12.2: MALDI mass spectra (centroid) of 5-FAM-CD44BP-PEG2k peptide. 

 

Nanocarrier assembly  

Once a complete characterization of all components of NCs object of this PhD 

project was performed, a whole assembly of multi-phased system was done. 

Firstly, the streptavidin was added to the curcumin loaded HA-biotin-CT-O/W 

NEs under sonication at a ratio 1:1 with the biotin, in accordance with ITC 

results described in the previous chapter. Then, 5-FAM-CD44BP-PEG2k was 

added to the streptavidin-HA-biotin-CT-O/W NEs under sonication at a ratio 

2:1 with the streptavidin. The complete functionalized NCs were characterized 

by DLS, whose measurements are reported in Figure 13 and Table 2. As 

illustrated, an increment of size and Z-potential inversion occurred passing 
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from O/W NEs to monolayer (CT) and bilayer (HA-biotin) since the polymers 

form firstly a positive layer around the oil core and then a negative one. The 

next steps of conjugation did not change significantly the nanoparticle size in 

agreement with both the low degree of functionalization and the small 

dimensions of streptavidin (~4-7 nm) respect to the NC, as reported in 

literature21,22 . 

 

Figure 13: Overlapping of mean hydrodynamic size of each component deposited 

around O/W NEs. 
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Table 2: Size, PdI and Z-potential measurements of each NCs component, loaded 

with curcumin, during the several steps of assembly. Data are reported as mean 

(n=3) ± SD. 

 Size (nm) PdI Z-potential (mV) 

O/W NEs 97.47 ± 4.70 0.103 ± 0.009 -30.93 ± 4.40 

CT-O/W NEs 111.70 ± 7.30 0.110 ± 0.050 +27.0 ± 12.00 

HA-biotin-CT-O/W NEs 128.93 ± 7.30 0.098 ± 0.019 -35.16 ± 3.45 

Streptavidin-HA-biotin- 
CT-O/W NEs 

133.85 ± 11.30 0.132 ± 0.038 -29.35 ± 2.55 

CD44BP-Streptavidin-HA-
biotin-CT-O/W NEs 

134.45 ± 10.40 0.115 ± 0.010 -28.62 ± 2.63 

PEG-Streptavidin-HA-
biotin-CT-O/W NEs 

134.20 ± 12.10 0.134 ± 0.036 -27.43 ± 1.41 

 

The morphological characterization of curcumin loaded multilayers polymer 

coated O/W NEs was performed by cryo-TEM analysis as reported in Figure 

14. The sample, imaged in its frozen hydrated state, resulted to be formed by a 

well-defined electron-dense core, corresponding to the curcumin loaded in the 

oil template; which makes it difficult to observe polymer layers around the 

O/W NEs. The size distribution is in agreement with the results from the DLS 

analysis. 
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Figure 14: Cryo-TEM projection image of curcumin loaded HA-CT-O/W NEs. Scale bar 

was 200 nm. 

Overall, DLS periodical measurements were carried out to evaluate the 

dimensional evolution over time. Figure 15 shows that CD44BP-PEG2k-

streptavidin-HA-biotin-CT-O/W NEs maintains its hydrodynamic diameter 

and the PdI values remained < 0.2 for several weeks, relative to the freshly 

prepared one, indicating no significant aggregation or dissociation.  

 

  

Figure 15: Dimensional behaviour over time for curcumin loaded CD44BP-PEG2k-
streptavidin-HA-biotin-CT O/W NEs measured by DLS analysis.  
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Streptavidin and 5-FAM-CD44BP-PEG2k colocalization analyses 

Colocalization of streptavidin and CD44BP-PEG2k built around the O/W NE 

was evaluated by confocal microscopy to confirm the specific interaction 

between them. To this purpose, Atto 655 conjugated to streptavidin and 5-

FAM to peptide were used as dyes. A pair of fluorophores with excitation and 

emission spectra far enough apart from each other to avoid any cross talk 

between them were chosen. A widely reported method to evaluate the extent 

of colocalization is a simple images overlay deriving from different channels 23. 

In Figure 16 the superimposition of the red channel for the streptavidin and 

the green one for the peptide is shown. The resulting yellow color shows 

colocalization between the green and red signals. However, this method has 

intrinsic limits due to the high dependence of yellow areas by signal intensity 

collected in both channels. It may be used only when the histograms of each 

channel are similar. To overcome these problems and make the analysis more 

robust, an image intensity correlation coefficient-based (ICCB) analysis was 

performed by the “colocalization” LAS-AF software tool. The Pearson’s 

coefficient was calculated to estimate the strength of co-localization between 

streptavidin and CD44BP-PEG2k. Its value can range between +1 and -1, with 

+1 standing for complete positive correlation and -1 for a negative correlation, 

and with zero standing for no correlation. In our case, Pearson’s coefficient 

resulted to be 0.491 ± 0.043; showing a good positive co-localization. This 

result was confirmed also by the values of the “overlap coefficient” of 0.511 ± 

0.046 and of the % colocalization rate (percentage of colocalizing area respect 

to total area of green + red) of 37.59% ± 7.25 provided by Leica software. 

Parameters were calculated as mean from at least three images (n=3). 
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Figure 16: Overlay of confocal images of the Atto streptavidin-655 (red) and 5-FAM-

CD44BP-PEG2k (green) built above the O/W NEs. Scale bar is 2 µm. 

 
In vitro cytotoxicity analysis 

To understand the behaviour of our peptide functionalized NCs, assembled as 

described before, toward cancer cell lines, biological analyses were carried 

out. The lipophilic oil core of the O/W NEs used as template for multi-

component depositions was pre-loaded with curcumin, which is a 

hydrophobic natural agent that has already demonstrated its anticancer 

effects towards cancer cells, including U-87 tumor cells. Curcumin bioactivity 

was restricted by its poor solubility and bioavailability, reported to be 11 

ng/mL in aqueous buffer, making it hard for preparation of aqueous solution 

of curcumin for intravenous use24,25. Curcumin has been shown to suppress 

multiple signaling pathways and inhibit cell proliferation, invasion, metastasis, 

and angiogenesis, controlling several gene involved in cell death pathways26. 

In order to understand the appropriate incubation time to appreciate the 

curcumin activity as anti-tumour agent, a confluent monolayer of U-87 cells 

was incubated with curcumin loaded CD44BP-PEG2k O/W NEs, diluted 1:5 in 

cells, at a final curcumin concentration of 62.8 µM for several times (30 min, 1 
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h, 2 h and 4 h). Moreover, cells were treated with standard cell medium alone 

as positive control and with free curcumin as negative control. After 

incubation, cells were washed and a quantitative evaluation of cell viability 

(normalized to positive control, which is set to 100%) was obtained by 

PrestoBlue assay after 24 h. 

 

Figure 17: Cytotoxicity assay of curcumin loaded CD44BP-PEG2k O/W NEs and free 

curcumin. U-87 cells were treated for several times of incubation and cell viability was 

evaluated after 24 h. Data are reported as mean of three independent experiment (n=3 

±SD) and expressed as percentage compared to control cells. The asterisk (***) indicates 

the statistical significance vs CTRL using Student’s t test considering a p value ≤ 0.001. 

 

Data has shown an increase of cell mortality both for free curcumin and for 

CD44BP-PEG2k O/W NEs over time. Indeed, curcumin significantly inhibited 

the vitality of U-87 cells in a dose and time dependent manner as largely 

reported27,28. A reversal in the trend between two treatments was observed 

after 4 h of incubation, indicating the time needed for CD44BP-PEG2k O/W NEs 

respect to free curcumin to be internalized and release their cargo (Figure 17). 

Chao Cheng et al. reported that the inhibitory effects of curcumin for U-87 cell 
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lines were most evident when used at a concentration of 40 µM, much lower 

than that used by us, which is completely within the range widely reported29. 

In fact, one of the strengths of O/W NE, which is the real core of our NCs, is the 

possibility to carry a huge amount of hydrophobic substances, limited only by 

the degree of solubility, that for the curcumin loaded in our O/W NEs (20% 

oil) was 4.2 mg/mL. For example, our formulation has a two-fold curcumin 

concentration respect to the curcumin incorporated in lipid nanoemulsions 

developed by Hideki Ichikawa et al. (2.4 mg/mL)30. Pharmacokinetics results 

of an aqueous nanosospension of curcumin (CUR-NS) compared to free 

curcumin, after intravenous administration (i.v.) in rabbits, conducted by 

Guangxi Zhai et al., showed that CUR-NS, at a curcumin concentration of 9.45 

µg/mL, presented a mean residence time 11.2-fold longer31. Compared to 

CD44BP-PEG2k O/W NEs (2.78 wt% of oil), which has a curcumin 

concentration of 115.83 µg/mL, we could expect an increment of curcumin 

bioavailability for i.v. administration. Once identified an appropriate 

incubation time, control experiments were carried out treating cells with the 

un-functionalized NCs. A confluent monolayer of U-87 cells were incubated 

with curcumin loaded CD44BP-PEG2k O/W NEs and PEG2k-O/W NEs, diluted 

1:5 in cells, at a final curcumin concentration of 62.8 µM for 4 h for both of 

them. PEG2k-O/W NEs act as negative control because it was assembled with 

the same streptavidin-biotin strategy described before, exhibiting on the 

external nanocarrier shell a layer of PEG2k (the same used for peptide 

PEGylation), without the targeting conjugated moieties. Moreover, cells were 

treated with cell medium alone as positive control and with free curcumin as 

second negative control. After incubation, cells were washed and a 

quantitative evaluation of cell viability (normalized to positive control, which 

is set to 100%) was performed after 24 h (Figure 18). Data showed a 

significant cytotoxicity effect of CD44BP-PEG2k O/W NEs compared to blank. 
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This is an evident consequence of peptide capability to accumulate the 

nanocarrier on the cells, thanks to ligand-receptor recognition, and allow its 

internalization. CD44BP-PEG2k O/W NEs exhibit an increase of 40% of cell 

death respect to un-functionalized NCs, and a little difference in comparison 

with free curcumin.  

 
Figure 18: Cytotoxicity assay of curcumin loaded CD44BP-PEG2k O/W NEs and PEG2k 
O/W NEs, and free curcumin. U-87 cells were treated for 4h of incubation and cell 
viability was evaluated after 24 h. Data are reported as mean of three independent 
experiments (n=3 ±SD) and expressed as percentage compared to control cells. The 
asterisk (*) indicates the statistical significance vs CTRL using Student’s t test 
considering a p value <0.05; (***) p ≤ 0.001. 

In 2D cell cultures, we are obtaining similar results between free curcumin 

and encapsulated curcumin. The advantage of encapsulation is that once in 

vivo the encapsulated curcumin will be protected and could be injected at 

much higher concentration as compared to free curcumin. Indeed, O/W NEs 

has been the function to protect curcumin from hydrolysis and degradation, 

without affecting its anti-cancer activity32. In addition, CD44BP-PEG2k O/W 

NEs were functionalized with a PEGylated peptide that has a dual function: 

improve the shelf life of NCs thanks to anti-fouling properties of PEG chains 

and accumulate it to cancer site thanks to peptide-receptor recognition. 
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Binding and uptake of CD44-Targeted NCs by CD44-Expressing cancer 

cells 

A cellular uptake assay by confocal microscopy was performed to better 

investigate the cytotoxicity results and understand if the mortality effect 

observed could be attributed to curcumin action. Because curcumin has 

intrinsic fluorescence properties, it could be used by itself as probe for NCs 

detection. A confluent monolayer of U-87 cells were incubated with curcumin 

loaded CD44BP-PEG2k O/W NEs and PEG2k O/W NEs, for 4 h at the same 

experimental condition of cytotoxicity test described before. In addition, cells 

treated with cell medium alone were considered as control (CTRL). 

Figure 19 shows confocal microscopic images of U-87 cell monolayers after 

NCs uptakes, which strongly support the previous cytotoxicity results by 

showing strong fluorescence difference between CD44BP-PEG2k O/W NEs and 

PEG2k O/W NEs. However, no fluorescence can be detected from the images of 

the control cells (Figure 19 A, B). The presence of curcumin, appearing in red, 

in the cells cytoplasm as well as in the nuclei was clearly more evidenced for 

peptide functionalized NCs (90 ± 24 % more respect to the negative control). A 

possible explanation is that the peptide induces much higher internalization, 

in accordance with CD44BP uptake in U-87 cells described before. 

Furthermore, a slight amount of PEG2k O/W NEs was detected in the cells. A 

probable justification could be attributed to passive internalization exerted by 

NCs especially those with diameters smaller than 200 nm, as ours. In Figure 20 

is shown a plot of mean fluorescence intensity of curcumin encapsulated in 

CD44BP-PEG2k O/W NEs and PEG2k O/W NEs normalized for the cells number. 

Data are expressed as mean of several images taken by at least three wells.  
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Figure 19: Confocal images of U-87 cells. Untreated (A, B), curcumin loaded CD44BP-

PEG2k O/W NEs (C, D) and curcumin loaded PEG2k O/W NEs (E, F) interactions with a 

confluent monolayer of U-87 cells. Nuclei (blue) and cellular membrane (green) of the 

cells were stained with DAPI and WGA 555 respectively, while red color represents 

curcumin uptake. 60X and 20X refer to microscope objective. Scale bar is 10 µm for 60X 

images and 20 µm for 20X images. 
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Figure 20: Plot of mean fluorescence intensity of curcumin normalized to cells number. 

U-87 cells were treated with curcumin loaded in CD44BP-PEG2k O/W NEs and PEG2k 

O/W NEs. Data are reported as mean (n=3) ± SD. 

Active targeting comparison between CD44BP and HA outer layer O/W 

NEs 

As described before, a bilayer of chitosan and hyaluronic acid was used to 

stabilize NEs. Hyaluronic acid, in addition to be the external layer of our NCs, 

which was subsequently functionalized with the peptide, it is also the main 

ligand for CD44 receptor. In order to better investigate the tumour specificity 

of CD44BP-functionalized NCs, a comparison with hyaluronic acid coated NCs 

was performed, both with CD44 over-expressing tumour cells U-87 and with 

healthy HUVEC cell lines. Cytotoxicity test was performed using curcumin as 

bioactive agent encapsulated in the oil phase. A confluent monolayer of HUVEC 

and U-87 cells were incubated with curcumin loaded HA-coated O/W NEs, 

CD44BP-PEG2k O/W NEs, and PEG2k-O/W NEs, diluted 1:5 in cells, at a final 

curcumin concentration of 62.8 µM for 4 h for all of them. As described before, 

PEG2k-O/W NEs act as negative control. Moreover, cells were treated with cell 

medium alone as positive control and with free curcumin as second negative 

control. In addition, HA-coated O/W NEs act as second positive control being 

*** 
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constituted of the main ligand of CD44 receptor. After incubation, cells were 

washed and a quantitative evaluation of cell viability (normalized to positive 

control, which is set to 100%) was performed after 24 h (Figure 21).  

 

 

Figure 21 Cytotoxicity assay of curcumin loaded HA-CT O/W NEs, CD44BP-PEG2k O/W 
NEs, PEG2k O/W NEs, and free curcumin. U-87 and HUVEC cells were treated for 4h of 
incubation and cell viability was evaluated after 24 h. Data are reported as mean of 
three independent experiments (n=3 ± SD) and expressed as percentage compared to 
control cells. The asterisk (*) indicates the statistical significance vs CTRL using 
Student’s t test considering a p value <0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***). 

 

Cytotoxic test for U-87 cells of curcumin loaded and empty HA-coated O/W 

NEs is reported in Figure 22. The carrier itself has been demonstrating to be 

almost completely safe.  
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Figure 22 Cytotoxicity assay of curcumin loaded and empty HA-CT O/W NEs. U-87 cells 
were treated for 4h of incubation and cell viability was evaluated after 24 h. Data are 
reported as mean of three independent experiments (n=3 ± SD) and expressed as 
percentage compared to control cells. The asterisk (*) indicates the statistical 
significance vs CTRL, p ≤ 0.01 (**), p ≤ 0.001 (***). 

As expected, in the case of U-87, curcumin loaded HA-coated O/W NEs induced 

cells death almost similar to CD44BP-PEG2k O/W NEs. This is a further proof of 

specific ligand-receptor interaction. Conversely, no cytotoxic effect is observed 

for CD44BP-PEG2k O/W NEs for the HUVEC cells due to the lack of CD44 over-

expression. In the case of the HUVEC cells, the low toxic effect of curcumin 

with respect to U-87 should also be taken into account. However, as described 

before, the concentration of curcumin loaded in our NCs is high, so it is in the 

range that could induce a slight toxicity33,34, this was also confirmed by the 

percentage of living cells when treated with free curcumin (88 ± 4 %). For 

both cell lines, PEG2k-O/W NEs has demonstrated to be totally safe, evidence 

of the completely shielding provided by PEG chains. 

To deepen these results, cellular uptake assays by confocal microscopy were 

performed for both cell lines. A confluent monolayer of U-87 and HUVEC cells 

were incubated with curcumin loaded HA-coated O/W NEs, CD44BP-PEG2k 

O/W NEs and PEG2k O/W NEs, for 4 h at the same experimental condition of 
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cytotoxicity test described before. In addition, the control (CTRL) consisted in 

cells treated with cell medium alone.  

Figure 23 and 24 show confocal microscopic images of U-87 and HUVEC cell 

monolayers after NCs uptakes, which shed light on the previous cytotoxicity 

results in an independent manner from curcumin activity. The presence of 

curcumin appeared in red, while the cells cytoplasm and the nuclei were in 

green and blue respectively. Images are representative of at least three 

independent experiments, and ten images were examined for each treatment. 

In Figure 25 and 26 are reported the plot of curcumin ‘mean’ fluorescence 

intensity normalized for the cells number for U-87 and HUVEC cell lines have 

been reported respectively. Interestingly the non-specific accumulation of HA-

coated O/W NEs for both of cell lines could be seen. Instead, CD44BP-PEG2k 

O/W NEs was specific for tumor CD44 over-expressing cells (U-87) and a very 

slight detection was found for the HUVECs one. Although HA was largely used 

as ligand for active targeting, we show its inability to be specific for tumor 

cells, without affecting healthy one. While, our peptide-functionalized NCs not 

only has been demonstrated to be tumor-selective, but also to accumulate in 

CD44 over-expressing cells 51.5 % more than HA-coated O/W NEs does. In 

addition, PEG2k O/W NEs was not detected in both the cell lines, evidence that 

is the ligand-receptor interaction that promotes NCs internalization.  
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Figure 23: Confocal images of U-87 cell. Untreated, curcumin loaded HA-CT O/W NEs, 

CD44BP-PEG2k O/W NEs and PEG2k O/W NEs interactions with a confluent monolayer of 

U-87. Nuclei (blue) and cellular membrane (green) of the cells were stained with DAPI 

and WGA 555 respectively, while red color represents curcumin uptake. Scale bar is 50 

µm. 
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Figure 24: Confocal images of HUVEC cell. Untreated, curcumin loaded HA-CT O/W 
NEs, CD44BP-PEG2k O/W NEs and PEG2k O/W NEs interactions with a confluent 
monolayer of HUVECs. Nuclei (blue) and cellular membrane (green) of the cells were 
stained with DAPI and WGA 555 respectively, while red color represents curcumin 
uptake. Scale bar is 50 µm. 
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Figure 25: Plot of mean fluorescence intensity of curcumin normalized to cells number. 

U-87 cells were treated with curcumin loaded in HA-CT O/W NEs, CD44BP-PEG2k O/W 

NEs and PEG2k O/W NEs. Data are reported as mean (n=3) ± SD. 

 

 
Figure 26: Plot of mean fluorescence intensity of curcumin normalized to cells number. 

HUVEC cells were treated with curcumin loaded in HA-CT O/W NEs, CD44BP-PEG2k O/W 

NEs and PEG2k O/W NEs. Data are reported as mean (n=3) ± SD. 
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Conclusions 

In this work, we propose a surface functionalization of oil core polymer 

nanocapsules, based on bioactive peptide that recognizes CD44 receptor, for 

active targeting. Thanks to an easy additive approach, we have achieved a 

stable multilayer nano-carrier that induces cytotoxicity in glioblastoma cells 

that over-express CD44 receptor. Thanks to high binding affinity with biotin, 

streptavidin was used as linker to conjugate the synthetized peptide to the 

entire systems, while keeping nano-carrier stability. Uptake tests have 

demonstrated that both peptide and peptide-functionalized nanocapsules 

internalize in U-87 cells thanks to ligand-receptor binding. We compared the 

performance of curcumin loaded O/W NEs functionalized with CD44BP to that 

of the same system without the peptide and coated with hyaluronic acid that is 

the main ligand of CD44 receptor. U-87 and HUVEC cell lines were chosen as 

model of cancer site and healthy one respectively. Our results clearly 

demonstrate the ability of CD44BP peptide to target the human primary 

glioblastoma cells when conjugated to our engineered nanocarriers, also 

better of HA, thus paving the way to the design of novel multifunctional 

nanocarriers for delivery of therapeutic agents like curcumin. Further in vitro 

and then in vivo experiments will be performed in order to better understand 

the mechanism of interaction of the nanocarrier with tumours. 
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Materials and methods 

Materials 

Soybean oil and surfactant Lipoid E80 (egg lecithin powder 80-85% enriched 

with phosphatidylcholine and 7–9.5% content in phosphatidylethanolamine) 

were purchased from Lipoid GmbH and used without further purification. For 

preparation of all nanoemulsions and solutions, Millipore Milli-Q water was 

used. Chitosan (CT, LMW 90-150 kDa, DDA 84% determined via 1H-NMR), 

Curcumin (from Curcuma longa Turmeric, powder), 1-hydroxybenzotriazole 

hydrate (HOBt), N,N′-Diisopropylcarbodiimide (DIC), N,N-

Diisopropylethylamine (DIEA), trifluoroacetic acid (TFA), dimethyl sulfoxide 

(DMSO), dichloromethane (DCM), anhydrous N,N-dimethyl-formamide (DMF), 

1,2-Ethanedithiol (EDT), Triisopropylsilane (TIS)  piperidine acetone, diethyl 

ether, dimethyl sulfoxide (DMSO), deuterium oxide (D2O), Atto 655-

streptavidin were purchased from Sigma Aldrich. Hyaluronic acid 250 kDa and 

biotin-PEG2k-maleimide were purchased from Creative PEGWorks. N-α-Fmoc 

amino acids, HCTU and 5-Carboxy fluorescein were provided by 

NovaBiochem. 

Peptide synthesis and purification 

Targeting peptides CD44BP (5FAM- βA-RLVSYNGIIFFLK-NH2) and a modified 

version, with a spacer of three glycine residues and a cysteine residue at the 

N-terminal (CGGG-RLVSYNGIIFFLK-NH2) were synthesized manually. 

Protocols involving the use of 9-Fluorenylmethoxycarbonyl (Fmoc) chemistry 

and were used. The peptide scale synthesis was 0.1 mmol. It was assembled on 

H-Rink-amide ChemMatrix® resin with a substitution level of 0.4 mmol/g, 

using solid-phase peptide strategy35.  
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Once loaded the resin in reaction vessel, it was swelled three times for 3 

minutes with DMF and three times with NMP for 3 minutes.  

The following protected amino acids were used to synthesize the peptide: 

Fmoc-Lys(Boc)-OH; Fmoc-Leu-OH; Fmoc-Phe-OH; Fmoc-Ile-OH; Fmoc-Gly-OH; 

Fmoc-Asn(Trt)-OH; Fmoc-Tyr(tBu)-OH; Fmoc- Ser(tBu)-OH; Fmoc-Val-OH; 

Fmoc-Arg(Pbf)-OH; Fmoc-Cys(Mmt)-OH; Fmoc-Ala-OH. 

The synthetic procedure can be summarized as follow: 

1. Deprotection: Fmoc group was removed at the beginning of cycle with 

a 20% piperidine solution in DMF. After deprotection, the resin was 

washed with DMF to remove the residual piperidine. The peptide resin 

was then ready for coupling. 

2. Activation: the carboxyl group of each Fmoc-amino acid was activated 

by addition of 7.5 equivalents of HCTU 0.48 M. Single coupling was 

conducted for each amino acid by addition of 15 equivalents of N, N’- 

diisopropylethylamine.  

3. Coupling: the pre-activated Fmoc-amino acid reacted with the free 

amino-terminal group of the growing peptide chain on the resin using 

DMF as the reaction solvent. The resin was tested for the presence of 

unreacted amines using the Kaiser reagent. If the test was positive, the 

coupling reaction was repeated. 

4. Capping: this reaction was performed after each coupling step, using 

Ac2O/HOBt/DIEA solution in DMF. Capping cycle was introduced to 

prevent deletion byproducts. 

Deprotection, coupling and capping steps were repeated with each subsequent 

amino acid, until the chain assembly was completed. When the coupling was 

complete, the resin was washed with DMF. At completion of the synthesis, the 
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resin was washed several times with DMF, NMP, DCM, isopropanol and 

methanol, and finally dried. The peptide was cleaved from the resin by 

treating with 94% TFA/2.5% EDT/2.5% water/1% TIS for 2 hours. The 

mixture was then concentrated under reduced pressure and transferred to 

glass centrifugal tubes for compound precipitation using ice-cold diethyl ether, 

which was performed repeatedly. 

5-Carboxyfluorescein-peptide conjugation  

The peptide was conjugated at the N-term with 5-carboxyfluorescein (5-FAM). 

Another non-α-amino acid (β-alanine) was introduced at the N-tem before the 

coupling reaction with 5-FAM to avoid an Edman-type elimination reaction17. 

β-alanine conjugation at the N-term was performed as described before. The 

coupling reaction of 5-carboxyfluorescein was conducted on the resin with 

DIC/HOBt/DIEA (1:1:2) 0.1 M; using DMF as solvent, overnight under nitrogen 

flow. At completion of the synthesis, the resin was washed several times with 

DMF, NMP, DCM, isopropanol and methanol, and finally dried. 

Biotin-PEG2k-Maleimide-peptide conjugation  

Biotin-PEG2k-Maleimide was linked to the peptide thanks to covalent bond 

between maleimide and the lateral chain of cysteine.  Firstly, Mmt protecting 

group of cysteine was selectively removed whilst the peptide remained 

attached to the solid phase. It was performed by several wash cycles using 1% 

trifluoroacetic acid (TFA), 5% triisopropylsilane (TIS) in DCM36. The cleavage 

is repeated almost 10 times until no more yellow colour, due to Mmt release, 

can be detected. The thiol free group of cysteine was conjugated to the 

malemide group of Biotin-PEG2k-Maleimide (1:5) directly on resin, using DMF 

as solvent and 10 molar excess of DIEA, overnight under nitrogen flow. At 

completion of the synthesis, the resin was washed several times with DMF, 

NMP, DCM, isopropanol and methanol to remove unreacted linker. Biotin-
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PEG2k-maleimide-peptide was cleaved from the resin by treating with 94% 

TFA/2.5% EDT/2.5% water/1% TIS for 2 hours, precipitated in ice-cold 

diethyl ether and lyophilized. 

Peptides analysis and purification 

The identity of crude peptides was analyzed by analytical RP-HPLC–ESI-MS. 

The LC-MS was performed with a Shimadzu LC-10ADvp equipped with an 

SPDM10Avp diode-array detector. ESI-MS spectra were recorded on a 

Shimadzu LC-MS-2010EV system with ESI interface and Shimadzu LC-MS 

solution Workstation software for the data processing. A Q-array-octapole-

quadrupole mass analyzer was used as the detector. Mass tandem 

experiments were recorded on Shimadzu LC-MS-8040 triple quadrupole 

equipped with ESI ionization source. Argon was used as ion gas in the CID cell 

and data were analyzed by Shimadzu LC-MS solution Workstation software, 

while tandem mass spectra were analyzed using the software Molecular 

weight calculator. The optimized MS parameters were selected as followed: 

curved desolvation line (CDL) temperature 200°C; block temperature 200°C; 

probe temperature 200°C; detector gain 1.6 kV; probe voltage +4.5 kV; CDL 

voltage -15 V. Nitrogen served as nebulizer gas (flow rate: 1.5 L·min-1). All 

analyses were performed with a Vydac C18 column (4.6 mm x 150 mm; 5μm), 

eluted with a linear elution gradient from 20% to 80% B over 35 minutes at a 

flow rate 1 mL·min-1). The running eluents were: solvent A, H2O 0.1% TFA and 

solvent B, ACN 0.1% TFA. The crude peptide (CD44BP) was further purified by 

preparative RP-HPLC with a Vydac C18 column (22 mm x 250 cm; 10 μm), 

eluted with a linear gradient  (solvent A, H2O 0.1% TFA; solvent B, ACN 0.1% 

TFA) from 20 to 80% B over 58 minutes at flow rate of 23 mL·min-1. All 

analysis was performed at detection wavelength of 220 nm. The pooled 

fractions, containing the desired products, were lyophilized. The peptides 
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homogeneity was assessed by analytical HPLC and by ESI mass spectrometry. 

The crude Biotin-PEG2k-Maleimide-peptide (CD44BP-PEG2k) was purified by 

preparative flash chromatography, using a Biotage ISOLERA flash purification 

system, ISO-1SW model, equipped with a diode-array detector. The product 

was eluted with a linear gradient  (solvent A, H2O 0.1% TFA; solvent B, ACN 

0.1% TFA) from 5 to 95% B over 25 column volumes, using SNAP C18 12g as 

column. The pooled fractions, containing the desired products were analyzed 

by analytical RP-HPLC–ESI-MS. 

MALDI-TOF analysis of PEGylated peptides 

PEGylated peptide was characterized by matrix-assisted laser 

desorption/ionization mass spectrometry coupled to two times of flight 

analyzers (MALDI-TOF-TOF). The sample was prepared with a final 

concentration of ~ 2 pmol/µL in the matrix by mixing the peptide with a 

solution 60% of α-cyano-4-hydroxycinnamic acid (CHCA) and 40% of 5-

Dihydroxybenzoic acid (DHB).  

The two matrix solutions were prepared as follows:  

1. 20 mg/mL of CHCA in a solution of H2O 5% formic acid in ACN (30/70 

v/v)  

2. 20 mg/mL of DHB in a solution of H2O 0.1% TFA in ACN (30/70 v/v)   

Approximately, 0.25 µL of the sample was deposited on the MALDI plate, after 

a layer deposition of a saturated solution of CHCA in acetone, and allowed to 

dry prior to analysis. The mass spectra were recorded on an AB SCIEX 

TOF/TOF 5800 instrument operated in the reflector positive mode. MALDI-

TOF MS analyses were conducted at a laser intensity of 4287 units and laser 

pulse rate of 400 Hz with a set mass range of 1000 to 6000 Da. A continuous 

stage motion set in a random pattern at 600 μm/s was used for sampling. 
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Calibration was performed using Cal mix 5 from AB SCIEX as calibrants, which 

contained des-Arg1-Bradykinin, Angiotensin I, Glu1-Fibrinopeptide B, 

adrenocorticotropic hormone ACTH (1–17 clip), ACTH (18–39 clip) and ACTH 

(7–38 clip) resulting in a mass accuracy of 50 ppm. Each spectrum represents 

the sum of 2040 laser pulses from randomly chosen spots per sample position. 

Raw data were analyzed using TOF/TOF Series Explorer software provided by 

the manufacturer and are reported as monoisotopic masses. 

Uptake of 5-FAM-CD44BP  

U-87 human primary glioblastoma cells were grown in DMEM (10% FBS, 1% 

L-Glu, 1% Streptomycin pennicyllin) and HUVECs human umbilical vein 

endothelial cells were kept in M200 (20% FBS and supplemented with LGSG 

kit). After seeding, cells (2 × 105) were left 2 h to allow attachment. Then were 

incubated and treated with 5-FAM-CD44BP dissolved in DMSO (final 

concentration in cells 8.5 μM), for 1 hour in cell specific medium at 37°C. Cells 

were then washed twice with PBS. Cells were fixed for 20 minutes in 4% of 

paraformaldehyde PFA. Nuclei and cell shape were labeled by DRAQ5 

(excitation 633 nm) and Phalloidin 555 (labels cytoskeleton), respectively. 

The fluorescence intensity was analyzed by Zeiss LSM 710 confocal 

microscope. Images were reconstructed by ImageJ.  

Quantitative real-time polymerase chain reaction (q-PCR) 

Total RNA was extracted from 1·106 U-87 and HepG2 cells using the EZNA 

TOTAL RNA KIT-RNA extract.kit (1x106 cel-10mg) 200 preps. mRNA was 

reverse transcripted into cDNA using the Kit RT 2 step(rand.prim.e/o PoliT) 

500 rx. q-PCR was conducted in a LightCycler 480 real-time PCR system 

(Roche, Basel, Switzerland) using the Kit RT 2 step(rand.prim.e/o PoliT) 500 

rx. Beta-actin was used as a reference mRNA control. q-PCR cycling conditions 

were: 95 °C for 10 min, (95 °C for 15 s, 60 °C for 30 s, 40 cycles), 95 °C for 60 s, 
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followed by a dissociation curve analysis. The primer sequences used for 

amplification of CD44S and beta-actin was: GGAGCAGCACTTCAGGAGGTTAC 

(forward primer) and GGAATGTGTCTTGGTCTCTGGTAGC (reverse primer). 

The IDEAS2.0 software was used to analyze the curve of PCR amplification and 

to calculate the Ct (Cycle threshold), referring to the number of cycles at which 

the fluorescence exceeded the threshold. The smaller the value of Ct, the 

higher the content of the original mRNA in the sample. 

Curcumin loaded oil in water nanoemulsion  

Firstly, a 20-wt % oil in water pre-emulsion was prepared.  5.8 g of lecithin 

Lipoid E 80 (egg lecithin powder 80-85% enriched with phosphatidyl choline 

and 7-9.5% content in phosphatidyl ethanolamine) were dissolved in 24 mL of 

soybean oil (density at 20 °C of 0.922 g·mL-1) at 60 °C using the immersion 

sonicator (Ultrasonic Processor VCX500 Sonic and Materials), performing runs 

of 10 seconds for 1 minute at 10% of sonication amplitude (microtip screwed). 

Then, 100 mg of curcumin were dissolved in the oil phase for 15 minutes at 60 

°C during pre-emulsion preparation. Subsequently, the oil phase was added to 

the aqueous phase (Milli-Q water), and mixed using the immersion sonicator 

with runs of 10 seconds for 8 minutes at 70% of amplitude (a pulse-on and a 

pulse-off respectively of 10 seconds). The pre-emulsion was finally 

homogenized for 3 single cycles and 200 steps at a pressure of 2000 bar by a 

high-pressure homogenizer (110P series microfluidizer) to obtain the final 

nanoemulsion.  

Polymers multilayer deposition onto curcumin loaded O/W NEs 

Firstly, a layer of chitosan was deposited around the oil template with a final 

concentration of oil and chitosan of 10 wt% and 0.1 wt%, respectively. 0.1 M 

acetic acid solution of chitosan (0.125 wt%) was prepared with a final pH=4. 

Nanoemulsion 20 wt% oil was added quickly to the chitosan solution under 
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vigorous stirring and kept under stirring for 15 minutes to allow uniform 

chitosan deposition. The nanoemulsion with the first positive layer of chitosan 

was passed through a high-pressure valve homogenizer at 700 bars for 100 

continuous steps. The next hyaluronic acid layer was prepared by aid of two 

syringe pumps (HARVARD APPARATUS 11 PLUS) and an ultrasonic bath 

(FALC INSTRUMENTS). Starting from the secondary nanoemulsion 10 wt% oil 

-0.1 wt% CT, a negative charged polymer layer was deposited by mixing 1:1 

(v:v) of a 0.24  wt% aqueous solution of biotinylated hyaluronic acid , with the 

secondary nanoemulsion suspension. The two liquid phases were injected at 

the same flow rate (0.4 ml min-1) through two polymicro flexible fused silica 

micrometric capillaries (inner diameter of 200 µm) interfaced at their 

extremities (Molex). Each drop was then collected inside a glass tube 

immersed in the ultrasonic bath at room temperature, 59 kHz and 100% 

power for 15 minutes. The NCs were characterized at each step of preparation 

by DLS analysis. 

Nanocarrier assembly 

The streptavidin solution was prepared by dissolving 1 mg in 1 ml of Milli-Q 

water (16,6 μM). It was added to the HA-Biotin 0.12 wt%-CT 0.05 wt%-O/W 

NEs 5 wt% oil, under sonication for 15 minutes and T= 20 °C, at a final 

concentration of 5.69 μM. In the same way the compound CD44BP-PEG2k-

biotin was added under sonication for 15 minutes and T= 20 °C to the 

streptavidin-HA-Biotin-CT-O/W NEs at a molar ratio 2:1 between CD44BP-

PEG2k-biotin and the streptavidin. The final concentrations were 3.2 μM and 

6.4 μM for streptavidin and CD44BP respectively, while the final oil weight 

percentage was 2.78 wt%. The NCs were characterized at each step of 

preparation measuring the size and Z-potential by dynamic light scattering as 

described previously.  
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Particle size and Z-potential measurements 

All nanoemulsions and their successive functionalization were characterized 

at each step of preparation by measuring size and polydispersity index (PdI), 

using Zetasizer Nano ZS device (Malvern Instruments) with a 4 mW He-Ne ion 

laser at the wavelength of 633 nm and a photodiode detector at an angle of 

173°. All the samples were diluted to a droplet concentration of 0.025 wt% by 

using acetic acid 20 mM at pH 4 for monolayer, and Milli-Q water for 

emulsions and bilayer suspensions. The calculation of the particle size 

distribution was performed using a default refractive index ratio (1.59) and 5 

runs for each measurement (1 run lasting 100 s), at least 3 times for each 

sample. A particle electrophoresis instrument (Zetasizer zs nano series ZEN 

3600, Malvern Instruments Ltd., Malvern, U.K.) was used for the Z-potential 

determinations. Samples were diluted as for the particle size analysis. Setting 

50 runs for each measurement carried out the Z-potential analysis. Samples 

were collected into polystyrene cuvettes and measured three times and the 

results presented are the averages of these measurements. Experiments were 

carried out at 25 °C. Zetasizer software (Malvern Instruments) was used to 

obtain the data. Cumulate analysis was used to give the Z-average value, 

hydrodynamic diameter, polydispersity index and the intensity size 

distribution graphs. 

Colocalization analysis of streptavidin and peptide by confocal 

microscopy 

For the colocalization analysis of CD44BP labelled with 5-

carboxyfluorescein (5FAM-CD44BP) and streptavidin built onto the HA-

Biotin-CT-O/W NEs; streptavidin-Atto-655 (A655-strep) was used. The 

sample was arranged as described before. It was diluted 1:10 in water Milli-Q 

and then added (15 μL) to agarose gel at 40° (low gelling temperature agarose 
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A9414 Sigma-Aldrich; 2.5 % w/v, 30 μL) at a volume ratio 1/2 v/v. The sample 

was placed on a microscope cover glass for 5 minutes to allow the gelation of 

the agarose. Images of the sample were captured with a Leica TCS SP5 Laser 

Confocal Scanning microscope (Leica-Microsystems, Mannheim, Germany) 

with a Plan Apo 100x/1.4 oil immersion objective. Fluorescence were 

detected by hybrid detectors using 488 nm Ar and 633 nm HeNe excitation 

laser lines in the 500-550 nm and 650-710 nm emission bands, respectively 

for 5FAM-CD44BP e A655-strep. Images were acquired with a field of view 

38.8 x 38.8 μm, 512 x 512 pixel frame format, for a pixel size of 76 x 76 nm. 

Images were visualized by LAS-AF software (Leica-Microsystems, Mannheim, 

Germany) and analysed by its "colocalization" tool. 

Cryo-TEM characterization 

For the preparation of the frozen-hydrated sample the plunge freezing method 

was performed. Briefly a drop of 3 μL of the samples were put on a previously 

glow-discharged 200 mesh holey carbon grids (Ted Pella, USA) after that the 

grid was inserted in the chamber of a FEI Vitrobot Mark IV (FEI company, the 

Netherlands) at 4°C and 90% of humidity. The droplet of sample was blotted 

with filter paper for 1 s, (blot force 1, drain time 0,5 s) and then the grid was 

plunged into the liquid propane. The grid was then stored in liquid nitrogen in 

a grid box until it was finally transferred to a cryo-specimen 626 holder 

(Gatan, Inc., USA) and loaded into the cryo-transmission electron microscope 

for imaging. To obtain the image of the nanoparticles we used a Tecnai G2 20, 

a cryo-tomo transmission electron microscope (FEI company, the Netherland) 

equipped with LaB6 emitter (acceleration voltage of 200 kV) and recorded at 

with a 2 k × 2 k CCD-Eagle 2HS camera. The Frozen-hydrated sample is 

radiation-sensitive material so to avoid damaging; the observation was carried 

out in Low Dose Mode. 
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Cell culture 

U-87 human primary glioblastoma cells were grown in DMEM (10% FBS, 1% 

L-Glu, 1% Streptomycin pennicyllin). Human umbilical vein endothelial cells 

(HUVECs) from Invitrogen were grown in Medium 200 supplemented with 

LSGS kit (LifeTechnologies). Cell culture were always performed at 37 °C in 

5% CO2 and 100% relative humidity (RH). 

Cytotoxicity analysis 

Cell viability was quantified by the PrestoBlue Assay (Invitrogen) and 

compared to non- treated cells, which were used as a control. Briefly, 1 × 104 

U-87 cells were seeded in a 96-well and incubated for several times (30min, 

1h, 2h, and 4h) with curcumin loaded CD44BP-PEG2k O/W NEs and free 

curcumin, diluted 1:5 in medium at a final curcumin concentration of 62.8 µM. 

Control experiments were carried treating cells with curcumin loaded 

CD44BP-PEG2k O/W NEs, HA coated O/W NEs and PEG2k-O/W NEs for 4h at 

the same experimental condition described before, also for HUVECs. 

PrestoBlue Assay was performed according to the manufacturer’s procedure, 

after 24 hours. Fluorescence of PrestoBlue reagent solution (excitation 535 

nm) was read at 615 nm by using a spectrofluorometer (Wallac 1420 Victor2, 

Perkin–Elmer, USA). All experiments were performed in triplicate. 

Uptake of curcumin loaded NCs  

U-87 human primary glioblastoma cells and HUVECs were grown in their 

respective medium as described before. After seeding, cells (2 × 105) were left 

2 h to allow attachment. Then were incubated and treated with curcumin 

loaded CD44BP-PEG2k O/W NEs, HA coated O/W NEs and PEG2k O/W NEs, for 

4 hours in cell specific medium at 37°C. Cells were then washed twice with 

PBS. Cells were fixed for 20 minutes in 4% of paraformaldehyde PFA. Nuclei 

and cell shape were labeled by DRAQ5 (excitation 633 nm) and WGA 555 
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(labels cellular membrane), respectively, while for the curcumin the excitation 

was fixed to 488 nm and read in a range from 500 to 530 nm. The fluorescence 

intensity was analyzed by Zeiss LSM 710 confocal microscope. Images were 

reconstructed by ImageJ. 
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CHAPTER 4: Peptide functionalization of 

emulsion-based nanocarrier towards Blood 

Brain Barrier 

 

Introduction 

Effective cancer therapy for the treatment of brain tumours and central 

nervous system (CNS) diseases still remains one of the most challenging areas 

in drug delivery research. One of the major issues is represented by their 

inability to cross the physical obstacle of the blood brain barrier (BBB)1,2. 

Identifying routes for non-invasive drug delivery to brain and developing 

targeting strategies to transport biologics into the brain represent a research 

area of growing importance. Although many strategies to bypass the BBB have 

been proposed, to date none has shown a satisfactory efficiency–safety 

balance. The most common strategies are focused on improving functionalized 

drug delivery systems (DDS) transport across endothelial cells, enhancing 

lipophilicity and positive charge, in order to increase passive diffusion in the 

some way as glucose, water and amino acids which are crucial to neural 

function. However, these modifications lead to higher unspecific uptake in 

many tissues often resulting in off-target effects. A promising strategy for 

overcoming the BBB to deliver biologics is the targeting of endogenous 

receptor-mediated transport (RMT) systems that engage vesicular trafficking 

to transport ligands across the BBB endothelium. If a drug delivery system is 

modified with an appropriate targeting ligand, it can gain improved access to 

the brain via RMT and release its cargo. 
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The transferrin receptor (TfR) was one of the first RMT systems studied for 

BBB drug delivery applications3. TfR is not only ubiquitously overexpresses on 

the brain capillary endothelial cells, but also has much higher expression in 

human glioblastoma than normal brain because it mediates iron delivery to 

the brain (also required for cancer cell proliferation) via binding and 

intracellular trafficking of the iron-binding protein transferrin (Tf)4,5. The use 

of Tf as targeting ligand has been demonstrated, but some types of 

nanoparticles showed to lose their specificity in vivo, probably because the 

endogenous Tf is in completion with the Tf-modified drug delivery systems to 

TfR, and thus induced insufficient delivery to the tumour site6. One approach 

to overcome this issue is the use of targeting moieties whose TfR recognition 

is mediated by a new molecular pathway. For example, recently it was 

discovered by selection of a phage display peptide library in vivo, a new cyclic 

iron-mimicking peptide, CRTIGPSVC (CRT), that is able to functionally “mimic” 

iron via binding to apo-Tf, causing it to adopt its iron-bound holo-Tf 

conformation, and thereby gain access to the brain through Tf-TfR interaction 

(Figure 1). This peptide exhibited promise results for use in the treatment of 

brain tumors through delivery of the herpes simplex virus thymidine kinase 

gene to a mouse model of human glioma. The delivery was accomplished via 

i.v. administration of a CRT-targeted adeno-associated virus and phage hybrid 

vector and resulted in significant tumor shrinkage7,8.  
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Figure 1: Schematic representation of BBB and mechanism of CRT peptide recognition 

of TfR6.  

 

Another example of the therapeutic prospective of CRT for the treatment of 

glioblastoma was provided by Jun Chen and co-workers who demonstrated a 

remarkably prolonged median survival when mice were treated with 

paclitaxel loaded CRT-NPs9. Besides these promising results, CRT has proven 

to be a promising candidate for BBB targeting. In order to develop a novel 

emulsion based nanocapsule (NC) able to target the BBB, CRT was integrated 

to the multilayer polymer coated O/W NEs described in the previous chapters. 

Briefly, O/W NEs were stabilized with a double layer of chitosan and 

biotinylated hyaluronic acid to protect the cargo and then it was 

functionalized with the bioactive peptide to promote the NCs accumulation on 

BBB, thanks to ligand-transferrin receptor recognition. The peptide was 

attached outside the system using an easy additive decoration strategy that 

exploits biotin−streptavidin physical interaction. The peptide was conjugated 

to a biotinylated poly(ethylene glycol) (PEG) chain in order to inhibit the NCs 

clearance by reticuloendothelial system (RES) and expose it to the external 

side. In order to verify the peptide specificity toward cells over-expressing TfR 
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receptor, biological tests of peptide functionalized O/W NEs were carried out. 

We chose a mouse brain cell line  (bEnd.3) as model of endothelial brain tissue 

and thus the blood-brain-barrier, and paclitaxel (PTX), a well-known synthetic 

drug, to appreciate peptide-mediated accumulation on bEnd.3 cells by the 

induced cytotoxicity. Even if PTX is an anticancer drug, in this context its 

purpose was not for therapeutic applications, but only as harmful substance 

toward healthy BBB cells used in biological tests to assess NCs accumulation 

ability. Indeed, CRT can provide the accumulation of the carrier to brain site, 

but it is not able to cross it. To this aim, in future, we will need to integrate a 

cell penetrating peptide (discussed in Chapter 1) able to get across the brain. 

Results and discussion 

Synthesis, purification and characterization of CRT 

Among a plethora of peptides reported to be able to recognize the TfR 

receptor, the most promising was a cyclic 9-mer peptide (CRT), whose 

sequence was CRTIGPSVC. The amino acid sequence was modified introducing 

a non-α-amino acid (β-alanine) at the N-tem and C-term, and a lysine at the C-

term as last amino acid (βA-CRTIGPSVC-βA-K). β-alanine acts as spacer in 

order to retain the native peptide conformation when conjugated to the 

nanocapsules, while the Lys was inserted to exploit his side chain (-NH2) for 

future functionalization (i.e. fluorophore labelling). The peptide synthesis was 

performed exploiting the solid-phase peptide strategy (SPPS), using 9-

fluorenylmethoxycarbonyl (Fmoc) chemistry and a super acid labile resin. The 

resulting peptide was deprotected and cleaved from the resin. The crude 

peptide purity was assessed by analytical RP-LC-MS, whose chromatogram 

and mass spectra were reported in Figure 2. Purified CRT peptide was cyclized 

by dissolving it in aqueous solution containing 5% DMSO, employing the 
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recommended dilute concentration of the thiol moieties (0.01–0.1 mM) to 

allow the formation of the intra-chain disulphide bond between the two 

cysteine residues, avoiding dimers formation, which is a frequent side reaction 

during cyclization10,11. Unambiguous identification that peptide cyclization 

occurred, was accomplished through LC-MS analysis reported in Figure 3. It’s 

possible to observe a slight shift in the retention time of non-cyclic and cyclic 

peptides, followed by a difference in the mass values corresponding exactly to 

the two protons that has been lost for the formation of cysteine disulphide 

bridge. 

 

Figure 2: RP-HPLC chromatogram of crude CRT. ESI-MS spectrum relative to the peak 

at Rt = 27.86 min that corresponds to [M+H]+ of CRT (theoretical mass: 1246.50 Da; 

observed mass: 1246.65 Da). 
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Figure 3: RP-HPLC chromatogram of pure cyclic CRT. ESI-MS spectrum relative to the 
peak at Rt = 28.14 min that corresponds to [M+H]+ of cyclic-CRT (theoretical mass: 
1244.49 Da; observed mass: 1244.60 Da). 
 

In order to anchor the cyclic peptide to our nanocapsules exploiting biotin-

streptavidin affinity, as largely described in the previous chapter, a peptide 

PEGylation was performed as schematically represented in Figure 4. 

 



CHAPTER 4: Peptide functionalization of emulsion-based 
nanocarrier towards Blood Brain Barrier 

 128 

 

Figure 4: Schematic representation of the solid-phase synthetic strategy of CRT peptide 

PEGylation.  

 

A biotin functionalized PEG2k linker (biotin-PEG2k -COOH) was conjugated at 

the N-term of peptide sequence, directly on the resin, via amide bond 

formation with carboxyl group.  

The solid-phase synthesis was chosen to simplify the purification of unreacted 

biotin-PEG2k -COOH from PEGylated peptide, performed by several wash steps 

after the reaction was over. Once the peptide coupling with the biotin-PEG2k -

COOH linker was done, it was deprotected and cleaved from the resin. The 

crude biotin-PEG2k–CRT peptide (CRT-PEG2k) was purified by preparative 

flash chromatography, using a Biotage ISOLERA flash purification system, 

obtaining the pure product with a final yield of approximately 5%. The pooled 

fractions, containing the desired products were analysed by analytical RP-

HPLC, whose chromatogram was reported in Figure 5.  
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Figure 5: Analytical RP-HPLC chromatogram of purified CRT-PEG2k, detected at λ = 
220 nm. 

 

The recognition of the product at Rt = 23.78 min was established by matrix-

assisted laser desorption/ionization mass spectrometry coupled to two time 

of flight analyzers (MALDI-TOF-TOF), whose mass spectrum was reported in 

Figure 6. The centroid mass spectrum of biotin-PEG2k-COOH linker acquired 

before and after peptide conjugation was reported.  
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Figure 6: MALDI mass spectra (centroid) of Biotin-PEG2k-COOH linker on the top and 
CRT-PEG2k peptide at the bottom. On the top right-hand side of each image is reported a 
zoomed section. 
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By making a comparison between them, the intense polydisperse Gaussian 

distribution and the typical expected ethylene oxide repeat units of 44 Da 

were observed, corroborating the presence of PEG within the samples. The 

increment of mass value for CRT-PEG2k was an evidence that the reaction took 

place. Respect to the theoretical isotopic mass of CRT-PEG2k (2566.22 ± 44 Da) 

expected, the experimental one (2589.11 ± 44 Da; reported in figure) showed 

an increment of +23 m/z due to the sodiated species (MNa)+. Once the 

pegylated peptide was obtained, its cyclization was performed as described 

before. 

Nanocarrier assembly  

In order to build up nancapsules able to target the cerebral endothelium, the 

pegylated CRT peptide was linked to multi-layer O/W NEs, with the aim to 

exploit its recognition to transferrin receptor overexpressed on the brain 

endothelium. The decoration strategy used was largely discussed in the 

previous chapters, with the only difference that the oil core of nanoemulsions 

was loaded with paclitaxel. Briefly, the streptavidin was added to the HA-

biotin-CT-O/W NEs under sonication, followed by addition of CRT-PEG2k, 

characterized at all stages by DLS, whose measurements are reported in Table 

1 and Figure 7. As illustrated, also in this case narrowly monodispersed 

functionalized nanocapsules were obtained. 
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Table 1: Size, PdI and Z-potential measurement of each NCs component, loaded 

with paclitaxel, during the several steps of assembly. Data are reported as mean 

(n=3) ± SD. 

 Size (nm) PdI 
Z-potential 

(mV) 

O/W NEs 88.81 ± 1.51 0.080 ± 0.015 -27.0 ± 4.0 

CT-O/W NEs 93.25 ± 1.94 0.086 ± 0.003 +24.8 ± 1.0 

HA-biotin-CT-O/W NEs 112.71 ± 8.63 0.094 ± 0.015 -31.5 ± 2.3 

Streptavidin-HA-biotin- 
CT-O/W NEs 

131.12 ± 7.08 0.145 ± 0.017 -27.9 ± 2.5 

CRT-PEG2k-Streptavidin-
HA-biotin-CT-O/W NEs 

137.50 ± 7.35 0.152 ± 0.002 -30.3 ± 0.1 

PEG-Streptavidin-HA-biotin 
CT-O/W NEs 

137.85 ± 4.74 0.139 ± 0.002  -30.3 ± 0.6 

 

 

 

Figure 7: Overlapping of mean hydrodynamic size of each component deposited around 
O/W NEs. 
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The morphological characterization of the paclitaxel-loaded nanocapsule was 

performed by cryo-TEM analysis, as reported in Figure 8. They clearly show a 

homogeneous sample fixed in its frozen hydrated state confirming the size 

distribution observed by DLS. The image displays a well-defined electron-

dense core, corresponding to the PTX loaded in the oil core that makes it 

difficult to observe the polymer layers around the O/W NEs. 

  

Figure 8: Cryo-TEM projection image of paclitaxel loaded HA-CT-O/W NEs. Scale bar 
was 500 nm. 

 

Overall, DLS periodical measurements were performed to evaluate the size 

evolution over time. Figure 9 shows that the hydrodynamic diameter of CRT-

streptavidin-HA-biotin-CT-O/W NE is quite stable within the one month 

temporal detection window.  
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Figure 9: Dimensional behaviour over time for PTX loaded CRT-streptavidin-HA-biotin-
CT O/W NEs measured by DLS analysis.  

 

Preliminary biological tests 

bEnd.3 cells are an immortalized mouse brain endothelial cell line, that 

represent an attractive candidate as model of the BBB due to their rapid 

growth, maintenance of BBB characteristics and formation of functional 

barriers12. It was demonstrated in our group, that the number of TfRs per 

bEnd3 cells was 100-fold higher than in HUVEC cells, confirming a high value 

expression of TfRs13. In order to understand the best conditions to appreciate 

the selective activity of CRT-PEG2k-O/W NEs toward bEnd.3 cells, thanks to 

CRT-TfRs interaction, we investigated the PTX effect on this cell line using the 

same procedure of Falanga et al.14.  

A confluent monolayer of bEnd.3 cells were incubated with PTX loaded CRT-

PEG2k-O/W NEs, diluted 1:5 in cells, at a final PTX concentration of 1.4 µM for 

several times (30 min, 2h and 4h). Moreover, cells were treated with cell 

medium alone as positive control, free PTX as negative control and un-

functionalized PEG2k-O/W NEs that act as blank. After incubation, the cells 
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were washed and a quantitative evaluation of cell viability (normalized to 

positive control, which is set to 100%) was obtained by PrestoBlue® assay 

after 48 hours (Figure 10). 

 

Figure 10: Cytotoxicity assay of PTX loaded CRT-PEG2k-O/W NEs and PEG2k-O/W NEs, 

and free PTX. bEnd.3 cells were treated for several incubation times (30 min, 2h and 4h) 

and cell viability was evaluated after 48 h. Data are reported as mean of three 

independent experiment (n=3 ±SD) and expressed as percentage compared to control 

cells. The asterisk (*) indicates the statistical significance vs CTRL using Student’s t test; 

(***) p ≤ 0.001. 

 

Data have shown an increase of cell mortality both for free PTX and for CRT-

PEG2k O/W NEs over time, with no significant difference between two and four 

hours. Very interestingly, it was possible to observe a significant cytotoxicity 

effect of CRT-PEG2k O/W NEs compared to blank (PEG2k O/W NEs). This is an 

evident consequence of peptide capability to accumulate the nanocarrier on 

the cells surface, and allow its internalization, thanks to ligand-receptor 

recognition. Best results were obtained at 30 minutes of incubation for which 

CRT-PEG2k O/W NEs exhibit an increase of 38% of cell death respect to PEG2k 

O/W NEs and almost 17% respect to free PTX.  Making an average over all the 
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times, respect to un-functionalized PEG2k-O/W NEs, CRT-PEG2k-O/W NEs 

induced an increased cells death of 33.05 ± 4.42 %. 

To better understand these preliminary results, cellular uptake assays by 

confocal microscopy was performed. A confluent monolayer of bEnd.3 cells 

were incubated with CRT-PEG2k O/W NEs and PEG2k O/W NEs, for 4 h at the 

same experimental condition of cytotoxicity test described before. 

Rhodaminated streptavidin was used during the nanocapsules assembling to 

detect their fluorescence. In addition, the control (CTRL) consisted in cells 

treated with cell medium alone. Figure 11 shows confocal microscopic images 

of bEnd.3 cell monolayer after NCs uptakes, which shed light on the previous 

cytotoxicity results. The presence of functionalized nanocapsules was shown 

in red, while the cells cytoplasm and the nuclei were in green and blue 

respectively. In Figure 12 is reported the plot of rhodaminated-NCs ‘mean’ 

fluorescence intensity normalized for the bEnd.3 cell number.  

The uptake data are in accordance with the previous cytotoxicity results by 

showing a clear fluorescence difference between CRT-PEG2k O/W NEs and 

PEG2k O/W NEs. However, no fluorescence can be detected from the images of 

the control cells. Indeed the fluorescence intensity of peptide functionalized 

NCs was 41.5 ± 24 % more respect to the negative control. As well as in the 

chapter 3, we have demonstrated the peptide capability to induce a higher 

internalization of functionalized NCs thanks to ligand-receptor interaction. 

Furthermore, a slight amount of PEG2k O/W NEs was detected in the cells.  
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Figure 11: Confocal images of bEnd.3 cell. Untreated, rhodaminated CRT-PEG2k O/W 
NEs and PEG2k O/W NEs interactions with a confluent monolayer of bEnd.3 cells. Nuclei 
(blue) and cellular membrane (green) of the cells were stained with DAPI and WGA 555 
respectively, while red color represents rhodamine uptake. Scale bar is 100 µm. 
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Figure 12: Plot of mean fluorescence intensity of rhodaminated nanocapsules 
normalized to cells number. bEnd.3 cells were treated with CRT-PEG2k O/W NEs and 
PEG2k O/W NEs . Data are reported as mean (n=3) ± SD. 
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Conclusions 

The aim of this work was to characterize and demonstrate the versatility of 

our engineered layer by layer nanocapsules for active targeting. In order to 

develop a novel emulsion based nanocapsule (NC) able to target the BBB, we 

integrated a new peptide reported to be able to recognize and cross the BBB 

cells thanks to transferrin/transferrin receptor mechanism. We stabilized 

O/W NEs with a double layer of chitosan and biotinylated hyaluronic acid and 

then we functionalized the outer layer with the bioactive peptide thanks to our 

additive strategy, without purification steps, to promote the NCs accumulation 

on BBB, thanks to ligand-transferrin receptor recognition. Notwithstanding 

we attached a new peptide than that described in the previous chapter, the 

functionalized NCs keep a narrow distributed hydrodynamic diameter below 

150 nm, stable over time. Preliminary biologic tests were carried out using 

mouse brain cell line (bEnd.3) as model of endothelial brain tissue and thus 

the blood-brain-barrier, and paclitaxel (PTX) as toxic drug. The cytotoxic 

results showed an increased cellular death of 33.05 ± 4.42 % for CRT-PEG2k-

O/W NEs compared to PEG2k-O/W NEs that act as blank; while the uptake of 

CRT-PEG2k-O/W NEs was 41.5 ± 24 % more respect to the negative control. In 

conclusion, we demonstrated the ability of CRT peptide to target the brain 

endothelium when conjugated to our nanocarrier, completely made of FDA-

approved materials, thus paving the way to the design of novel multifunctional 

nanocarriers for delivery of therapeutic agents to the central nervous systems 

(CNS). Further development will concern the integration of a cell penetrating 

peptide, like gH625, able to cross the BBB. In addition, for anticancer 

therapeutic purposes, curcumin will substitute the use of PTX that in our case 

was used only as toxic molecule to test NCs accumulation ability. Curcumin not 

only has been demonstrated to be a good anticancer substance, but also it was 
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specific for tumor cells.  Therefore, it is an ideal candidate for blood-brain-

barrier treatments, because, although a fraction of NCs will break and release 

curcumin in the endothelial cells instead of crossing them, such a molecule has 

no activity toward these cells, avoiding side effect to healthy sites.  
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Materials and methods 

Materials 

Soybean oil and surfactant Lipoid E80 (egg lecithin powder 80-85% enriched 

with phosphatidylcholine and 7–9.5% content in phosphatidylethanolamine) 

were purchased from Lipoid GmbH and used without further purification. For 

preparation of all nanoemulsions and solutions, Millipore Milli-Q water was 

used. Chitosan (CT, LMW 90-150 kDa, DDA 84% determined via 1H-NMR), 1-

hydroxybenzotriazole hydrate (HOBt), N,N′-Diisopropylcarbodiimide (DIC), 

N,N-Diisopropylethylamine (DIEA), trifluoroacetic acid (TFA), dimethyl 

sulfoxide (DMSO), dichloromethane (DCM), anhydrous N,N-dimethyl-

formamide (DMF), 1,2-Ethanedithiol (EDT), Triisopropylsilane (TIS)  

piperidine acetone, diethyl ether, dimethyl sulfoxide (DMSO), were purchased 

from Sigma Aldrich. Hyaluronic acid 250 kDa and biotin-PEG2k-maleimide 

were purchased from Creative PEGWorks. N-α-Fmoc amino acids were 

provided by NovaBiochem. Paclitaxel was purchased from Discovery Fine 

Chemicals Ltd. 

Peptide synthesis and purification 

CRT (βA-CRTIGPSVC-βA-K) peptide were synthesized using the standard 

solid-phase-9-fluorenyl methoxy carbonyl (Fmoc) procedure and were 

obtained with good overall yields (50-60%). The syntheses were performed 

by using the Biotage®Syro WaveTM peptide synthesizer (Biotage, Uppsala, 

The Netherlands). The peptide scale synthesis was 0.1 mmol. It was assembled 

on Rink Amide resin with a substitution level of 0.71 mmol/g. The following 

protected amino acids were used to synthesize the peptide: 

Fmoc-Lys(Boc)-OH; Fmoc-Ile-OH; Fmoc-Gly-OH; Fmoc- Ser(tBu)-OH; Fmoc-

Arg(Pbf)-OH; Fmoc-Pro-OH; Fmoc-Cys(Trt)-OH; Fmoc-Ala-OH; Fmoc-
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Thr(tBu)-OH; Fmoc-Val-OH 

The synthetic procedure can be summarized as follow: 

1. Deprotection: Fmoc group was removed at the beginning of cycle with a 

40% piperidine solution in DMF. After deprotection, the resin was washed 

with DMF to remove the residual piperidine. The peptide resin was then ready 

for coupling. 

2. Activation: the carboxyl group of each Fmoc-amino acid was activated 

by addition of HBTU (2 eq.)/Oxima Pure (2 eq.)/ DIEA (4 eq.). 

3. Coupling: the pre-activated Fmoc-amino acid reacted with the free 

amino-terminal group of the growing peptide chain on the resin using DMF as 

the reaction solvent 

4. Capping: this reaction was performed after each coupling step, using a 

solution of Ac2O 20% and DIEA 5% in DMF. Capping cycle was introduced to 

prevent deletion byproducts. 

Deprotection, coupling and capping steps were repeated with each subsequent 

amino acid, until the chain assembly was completed. When the coupling was 

complete, the resin was washed with DMF. At completion of the synthesis, the 

resin was washed several times with DMF and finally dried. The peptide was 

cleaved from the resin by treating with 94% TFA/2.5% EDT/2.5% water/1% 

TIS for 2 hours at room temperature. The mixture was then concentrated and 

transferred to glass centrifugal tubes for compound precipitation using ice-

cold diethyl ether, which was performed repeatedly. Purified CRT peptide was 

obtained by preparative RP-HPLC with a Vydac C18 column (22 mm x 250 cm; 

10 μm), eluted with a linear gradient (solvent A, H2O 0.1% TFA; solvent B, ACN 

0.1% TFA) from 20 to 70% B over 58 minutes at flow rate of 23 mL·min-1. All 

analysis was performed at detection wavelength of 220 nm. Peptides were 
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lyophilized and then characterized using ESI-LC-MS. These analyses were 

carried out by injecting aqueous solutions of peptides into a Shimadzu LC-MS-

2010EV system with ESI interface and Shimadzu LC-MS solution Workstation 

software for the data processing. A Q-array-octapole-quadrupole mass 

analyzer was used as the detector. Argon was used as ion gas in the CID cell 

and data were analyzed by Shimadzu LC-MS solution Workstation software. 

All analyses were performed with a Vydac C18 column (4.6 mm x 150 mm; 

5μm), eluted with a linear elution gradient from 20% to 70% B over 35 

minutes at a flow rate 1 mL·min-1). The running eluents were: solvent A, H2O 

0.1% TFA and solvent B, ACN 0.1% TFA. 

Peptide Cyclization 

CRT peptide was dissolved in an aqueous solution at a concentration of 0.1 

mM. Then, DMSO was added dropwise until its final concentration was 5%. 

The reaction mixture was kept open to atmosphere under vigorous magnetic 

stirring over-night. The product was monitored by LC-MS analysis. When the 

reaction was completed, the water was evaporated; the peptide was 

precipitated in cold ethyl acetate and lyophilized. 

Biotin-PEG2k-COOH peptide conjugation  

The peptide was conjugated at the N-term with Biotin-PEG2k-COOH directly on 

the resin. Firsly, Fmoc protecting group was removed with a 20% piperidine 

solution in DMF, followed by several washing steps. Then, the coupling 

reaction with Biotin-PEG2k-COOH was conducted directly on the resin with 

DIC/HOBt/DIEA (1:1:2) 0.1 M; using DMF as solvent, overnight under nitrogen 

flow. At completion of the synthesis, the resin was washed several times with 

DMF, NMP, DCM, isopropanol and methanol, and finally dried. Biotin-PEG2k-

peptide was cleaved from the resin by treating with 94% TFA/2.5% 
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EDT/2.5% water/1% TIS for 2 hours, precipitated in ice-cold diethyl ether and 

lyophilized.  

Peptides analysis and purification 

The identity of crude peptides was analyzed by analytical RP-HPLC–ESI-MS. 

The LC-MS was performed with a Shimadzu LC-10ADvp equipped with an 

SPDM10Avp diode-array detector. ESI-MS spectra were recorded on a 

Shimadzu LC-MS-2010EV system with ESI interface and Shimadzu LC-MS 

solution Workstation software for the data processing. A Q-array-octapole-

quadrupole mass analyzer was used as the detector. Argon was used as ion gas 

in the CID cell and data were analyzed by Shimadzu LC-MS solution 

Workstation software. The optimized MS parameters were selected as 

followed: curved desolvation line (CDL) temperature 200°C; block 

temperature 200°C; probe temperature 200°C; detector gain 1.6 kV; probe 

voltage +4.5 kV; CDL voltage -15 V. Nitrogen served as nebulizer gas (flow 

rate: 1.5 L·min-1). All analyses were performed with a Vydac C18 column (4.6 

mm x 150 mm; 5μm), eluted with a linear elution gradient from 1% to 70% B 

over 35 minutes at a flow rate 1 mL·min-1). The running eluents were: solvent 

A, H2O 0.1% TFA and solvent B, ACN 0.1% TFA. 

The crude non cyclic peptide was further purified by preparative RP-HPLC 

with a Vydac C18 column (22 mm x 250 cm; 10 μm), eluted with a linear 

gradient  (solvent A, H2O 0.1% TFA; solvent B, ACN 0.1% TFA) from 20 to 80% 

B over 58 minutes at flow rate of 23 mL·min-1. All analysis was performed at 

detection wavelength of 220 nm. The pooled fractions, containing the desired 

products, were lyophilized. The peptides homogeneity was assessed by 

analytical HPLC and by ESI mass spectrometry. The crude Biotin-PEG2k-

peptide was purified by preparative flash chromatography, using a Biotage 

ISOLERA flash purification system, ISO-1SW model, equipped with a diode-
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array detector. The product was eluted with a linear gradient  (solvent A, H2O 

0.1% TFA; solvent B, ACN 0.1% TFA) from 0% to 95% B over 20 column 

volumes, using SNAP C18 12g as column. The pooled fractions, containing the 

desired products were analyzed by analytical RP-HPLC–ESI-MS. 

MALDI-TOF analysis of PEGylated peptides 

PEGylated peptide was characterized by matrix-assisted laser 

desorption/ionization mass spectrometry coupled to two times of flight 

analyzers (MALDI-TOF-TOF). The sample was prepared with a final 

concentration of ~ 2 pmol/µL in the matrix by mixing the peptide with a 

solution 60% of α-cyano-4-hydroxycinnamic acid (CHCA) and 40% of 5-

Dihydroxybenzoic acid (DHB).  

The two matrix solutions were prepared as follows:  

1. 20 mg/mL of CHCA in a solution of H2O 5% formic acid in ACN (30/70 

v/v)  

2. 20 mg/mL of DHB in a solution of H2O 0.1% TFA in ACN (30/70 v/v)  

Approximately, 0.25 µL of the sample was deposited on the MALDI plate, after 

a layer deposition of a saturated solution of CHCA in acetone, and allowed to 

dry prior to analysis. The mass spectra were recorded on an AB SCIEX 

TOF/TOF 5800 instrument operated in the reflector positive mode. MALDI-

TOF MS analyses were conducted at a laser intensity of 4287 units and laser 

pulse rate of 400 Hz with a set mass range of 1000 to 6000 Da. A continuous 

stage motion set in a random pattern at 600 μm/s was used for sampling. 

Calibration was performed using Cal mix 5 from AB SCIEX as calibrants, which 

contained des-Arg1-Bradykinin, Angiotensin I, Glu1-Fibrinopeptide B, 

adrenocorticotropic hormone ACTH (1–17 clip), ACTH (18–39 clip) and ACTH 

(7–38 clip) resulting in a mass accuracy of 50 ppm. Each spectrum represents 

the sum of 2040 laser pulses from randomly chosen spots per sample position. 
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Raw data were analyzed using TOF/TOF Series Explorer software provided by 

the manufacturer and are reported as monoisotopic masses. 

Paclitaxel loaded oil in water nanoemulsion  

Firstly, a 20-wt % oil in water pre-emulsion was prepared. 5.8 g of lecithin 

Lipoid E 80 (egg lecithin powder 80-85% enriched with phosphatidyl choline 

and 7-9.5% content in phosphatidyl ethanolamine) were dissolved in 24 mL of 

soybean oil (density at 20 °C of 0.922 g·mL-1) at 60 °C using the immersion 

sonicator (Ultrasonic Processor VCX500 Sonic and Materials), performing runs 

of 10 seconds for 1 minute at 10% of sonication amplitude (microtip screwed). 

Then, 1 mL of ethanol solution of PTX (5 mg/mL) was added to the oil phase 

and kept for 1 hours at 70 °C to evaporate the ethanol. Subsequently, the oil 

phase was added to the aqueous phase (Milli-Q water), and mixed using the 

immersion sonicator with runs of 10 seconds for 8 minutes at 70% of 

amplitude (a pulse-on and a pulse-off respectively of 10 seconds). The pre-

emulsion was finally homogenized for 3 single cycles and 200 steps at a 

pressure of 2000 bar by a high-pressure homogenizer (110P series 

microfluidizer) to obtain the final nanoemulsion.  

Polymers multilayer deposition above paclitaxel loaded O/W NEs 

Firstly, a layer of chitosan was deposited around the oil template with a final 

concentration of oil and chitosan of 10 wt% and 0.1 wt%, respectively. 0.1 M 

acetic acid solution of chitosan (0.125 wt%) was prepared with a final pH=4. 

Nanoemulsion 20 wt% oil was added quickly to the chitosan solution under 

vigorous stirring and kept under stirring for 15 minutes to allow uniform 

chitosan deposition. The nanoemulsion with the first positive layer of chitosan 

was passed through a high-pressure valve homogenizer at 700 bars for 100 

continuous steps. The next hyaluronic acid layer was prepared by aid of two 

syringe pumps (HARVARD APPARATUS 11 PLUS) and an ultrasonic bath 
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(FALC INSTRUMENTS). Starting from the secondary nanoemulsion 10 wt% oil 

- 0.1 wt% CT, a negative charged polymer layer was deposited by mixing 1:1 

(v:v) of a 0.24  wt% aqueous solution of biotinylated hyaluronic acid, with the 

secondary nanoemulsion suspension. The two liquid phases were injected at 

the same flow rate (0.4 mL min-1) through two polymicro flexible fused silica 

micrometric capillaries (inner diameter of 200 µm) interfaced at their 

extremities (Molex). Each drop was then collected inside a glass tube 

immersed in the ultrasonic bath at room temperature, 59 kHz and 100% 

power for 15 minutes. The NCs were characterized at each step of preparation 

by DLS analysis. 

Nanocarrier assembly 

The streptavidin solution was prepared by dissolving 1 mg in 1 mL of Milli-Q 

water (16,6 μM). It was added to the HA-Biotin 0.12 wt%-CT 0.05 wt%-O/W 

NEs 5 wt% oil, under sonication for 15 minutes and T= 20 °C, at a final 

concentration of 5.69 μM. In the same way the compound CRT-PEG2k-biotin 

was added under sonication for 15 minutes and T= 20 °C to the streptavidin-

HA-Biotin-CT-O/W NEs at a molar ratio 2:1 between CRT-PEG2k-biotin and the 

streptavidin. The final concentrations were 3.2 μM and 6.4 μM for streptavidin 

and CRT respectively, while the final oil weight percentage was 2.78 wt%. The 

NCs were characterized at each step of preparation measuring the size and Z-

potential by dynamic light scattering as described previously.  

Particle size and Z-potential measurements 

All nanoemulsions and their successive functionalization were characterized 

at each step of preparation by measuring size and polydispersity index (PdI), 

using Zetasizer Nano ZS device (Malvern Instruments) with a 4 mW He-Ne ion 

laser at the wavelength of 633 nm and a photodiode detector at an angle of 

173°. All the samples were diluted to a droplet concentration of 0.025 wt% by 
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using acetic acid 20 mM at pH 4 for monolayer, and Milli-Q water for 

emulsions and bilayer suspensions. The calculation of the particle size 

distribution was performed using a default refractive index ratio (1.59) and 5 

runs for each measurement (1 run lasting 100 s), at least 3 times for each 

sample. A particle electrophoresis instrument (Zetasizer zs nano series ZEN 

3600, Malvern Instruments Ltd., Malvern, U.K.) was used for the Z-potential 

determinations. Samples were diluted as for the particle size analysis. Setting 

50 runs for each measurement carried out the Z-potential analysis. Samples 

were collected into polystyrene cuvettes and measured three times and the 

results presented are the averages of these measurements. Experiments were 

carried out at 25 °C. Zetasizer software (Malvern Instruments) was used to 

obtain the data. Cumulate analysis was used to give the Z-average value, 

hydrodynamic diameter, polydispersity index and the intensity size 

distribution graphs. 

Cryo-TEM Characterization 

For the preparation of the frozen-hydrated sample the plunge freezing method 

was performed. Briefly a drop of 3 μL of the samples were put on a previously 

glow-discharged 200 mesh holey carbon grids (Ted Pella, USA) after that the 

grid was inserted in the chamber of a FEI Vitrobot Mark IV (FEI company, the 

Netherlands) at 4°C and 90% of humidity. The droplet of sample was blotted 

with filter paper for 1 s, (blot force 1, drain time 0,5 s) and then the grid was 

plunged into the liquid propane. The grid was then stored in liquid nitrogen in 

a grid box until it was finally transferred to a cryo-specimen 626 holder 

(Gatan, Inc., USA) and loaded into the cryo-transmission electron microscope 

for imaging. To obtain the image of the nanoparticles we used a Tecnai G2 20, 

a cryo-tomo transmission electron microscope (FEI company, the Netherland) 

equipped with LaB6 emitter (acceleration voltage of 200 kV) and recorded at 
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with a 2 k × 2 k CCD-Eagle 2HS camera. The Frozen-hydrated sample is 

radiation-sensitive material, so to avoid damaging; the observation was 

carried out in Low Dose Mode. 

Cell culture 

bEnd.3 cells were grown in DMEM (10% FBS, 1% L-Glu, 1% Streptomycin 

pennicyllin). Cell culture were always performed at 37 °C in 5% CO2 and 100% 

relative humidity (RH). Cells were used from passages 23 to 30. 

Cytotoxicity analysis 

Cell viability was quantified by the PrestoBlue Assay (Invitrogen) and 

compared to non- treated cells, which were used as a control. Briefly, 1 × 104 

bEnd.3 cells were seeded in a 96-well and incubated for several times (30min, 

2h, and 4h) with PTX loaded CRT-PEG2k O/W NEs, PEG2k -O/W NEs and free 

PTX, diluted 1:5 in cells, at a final PTX concentration of 1.4 µM. PrestoBlue 

Assay was performed according to the manufacturer’s procedure, after 24 

hours. Fluorescence of PrestoBlue reagent solution (excitation 535 nm) was 

read at 615 nm by using a spectrofluorometer (Wallac 1420 Victor2, Perkin–

Elmer, USA). All experiments were performed in triplicate. 

Uptake of PTX loaded NCs  

bEnd.3 cells were grown in DMEM (10% FBS, 1% L-Glu, 1% Streptomycin 

pennicyllin). After seeding, cells (1 × 104) were left overnight to allow 

attachment. Then were incubated and treated with PTX loaded CRT-PEG2k 

O/W NEs and PEG2k-O/W NEs (using rhodaminated streptavidin during NCs 

assembly) for 4 hours in cell specific medium at 37°C. Cells were then washed 

twice with PBS. Cells were fixed for 20 minutes in 4% of paraformaldehyde 

PFA. Nuclei and cell shape were labeled by DRAQ5 (excitation 633 nm) and 

WGA 555 (labels cellular membrane), respectively. The fluorescence intensity 
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was analyzed by Zeiss LSM 700 confocal microscope. Images were 

reconstructed by ImageJ. 
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CHAPTER 5: Coenzyme Q10: cardioprotection 

and hepatoprotection properties of 

nanocarriers during exposure to doxorubicin 

and trastuzumab for the management of HER2+ 

breast cancer 

Abstract 

Coenzyme Q10 (CoQ10), is a well-known antioxidant and anti-inflammatory 

agent with cardioprotective properties. However, clinical trials based on its 

oral administration were fallimentary without any significant effect on cardiac 

functionality. The main limitation of CoQ10 is based on its very low oral 

bioavailability and instability that limits dramatically its effects as 

cardioprotective agent. Herein we loaded CoQ10 in high bioavailable 

nanoemulsions (NEs) coated with chitosan or chitosan and hyaluronic acid in 

order to improve its performance. We tested cardioprotective and 

hepatoprotective effects of CoQ10 loaded nanocarriers against Doxorubicin and 

Trastuzumab toxicities. Nanocarriers showed high stability and loading ability 

and increased cell viability both in hepatocytes and cardiomyocytes during 

anticancer treatments. We observed that these effects are mediated by the 

inhibition of lipid peroxidation and reduction of the inflammation. CoQ10 

loaded nanoemulsions showed also strong anti-inflammatory effects reducing 

leukotriene B4 and p65/NF-kB expression and Interleukin 1β and 6 

production during anticancer treatments.  
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In conclusion, nanocarriers loaded with Coenzyme Q10 placed the scientific 

bases for preclinical studies of cardio and hepatoprotection in HER2+ breast 

cancer-bearing mice treated with doxorubicin and trastuzumab. 

Introduction 

Improvements in cancer survival due to new therapies determined a 

significant increase of the overall survival1 with consequent decreases of 

toxicities2,3. Several cancer therapies increase risk of adverse cardiac 

outcomes such as heart failure (HF) and cardiomyopathy4. Such cardiotoxicity 

is of particular concern for patients undergoing an adjuvant therapy for breast 

cancer, especially in HER2+ subtype ones, because several widely used drugs 

can cause abnormalities in left ventricular function, leading to heart failure or 

cardiomyopathy5. Anthracycline is a common breast cancer therapy that 

increases the risk of HF and cardiomyopathy, as well as hepatotoxicity, which 

then can persist many years after the conclusion of chemotherapy6,7. The 

monoclonal antibody trastuzumab, also causes cardiotoxicity and 

hepatotoxicity in breast cancer patients8,9. Pooled data from randomized 

clinical trials estimate that trastuzumab is associated with an absolute 

increase in HF incidence by 1.6% and abnormalities in left ventricular systolic 

function by 7.2%10 which have been reported to be transient in some cases. 

However, the combination therapy of anthracyclines and anti-HER2 

antibodies increases the incidence of cardiotoxicity; in fact, the cumulative 

incidence of cardiac events in women treated with anthracycline and 

trastuzumab at 1 year after the diagnosis of breast cancer was 16.4%, at 2 

years 23.8 %, and at 3 years 28.2% 11. Based on these data and to the limited 

efficacy of traditional cardioprotectants (i.e. beta-blockers and RAAS-

inhibitors), the discovery of new cardioprotective agents in these patients 
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could be of key importance in order to avoid the discontinuation or 

interruption of the cancer chemotherapy12 thus potentially increasing overall 

survival. In a recent trial, lisinopril or carvedilol failed to reduce 

cardiovascular events in patients with breast cancer13, confirming the need of 

new cardioprotective agents. In recent years, our group has performed studies 

on the detection, management, and pathophysiology mechanisms of the left 

ventricular dysfunction induced by trastuzumab in breast cancer patients, 

with evidences that the targeting of oxidative stress, mitochondrial proteins 

and pro-inflammatory cytokines could be of crucial interest in countering 

these phenomena in a clinically relevant manner14. Notably, doxorubicin and 

trastuzumab exerts hepatotoxic effects in breast cancer patients6 with 

significant increases in aspartate aminotransferase and alanine 

aminotransferase levels after intravenous administration15,16 which led to 

discontinuation of therapy and the biochemical toxic mechanisms underlying 

these processes are very similar to those described in the heart, always based 

on the increase in peroxidation, pro-inflammatory cytokines, reduction of 

calcium homeostasis and mitochondrial metabolism15,16. 

Coenzyme Q10, also called ubiquinone, enhance cardiac function through a 

variety of mechanisms17. In addition to its critical role as a component of the 

electron transport chain, CoQ10 reduces the oxidative processes in vivo18 like 

the peroxidation of cell membrane lipids that are strictly associated to HF and 

atherosclerosis19. 

A recent clinical trial has suggested that CoQ10 may be an adjunctive 

therapeutic option for patients with HF with preserved ejection fraction17. 

Moreover, a recent preclinical trial demonstrated that CoQ10 protected 

cardiomyocytes and ameliorated fibrosis and cell death induced by 

doxorubicin20. Evidence to support its widespread use in cardiology is limited 
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by small, heterogeneous studies, which are affected by the lower 

bioavailability of the CoQ10 due to its easy degradation in several 

microenvironments17. Dosing of CoQ10 suggests that serum targets of >2 mg/L 

are reasonable to achieve clinical benefit, after oral administration21 but this 

blood concentration is not easy to achieve after oral administration without a 

proper formulation. 

To this aim, we loaded CoQ10 in high bioavailable nanocarriers and 

investigated the main biological effects involved in hepato and 

cardioprotection from doxorubicin and trastuzumab toxicities.  

The secondary end-point of the study is based on the active targeting of the 

nanocarriers, loaded with CoQ10, using a hyaluronic acid-based coating. 

Hyaluronic acid (HA) is a well known bioavailable polymer that recognize the 

Cluster Differentiation type 44 (CD44) receptor, overexpressed in heart and 

liver tissue22 and strictly involved in cardiac remodeling23 and 

atherosclerosis24 in case of intravenous injection. 

The proposed strategy of hepatoprotection and cardioprotection could be of 

translational importance for oncologists and cardiologists considering the 

need of new strategies aimed to counteract clinical toxicities of doxorubicin 

and trastuzumab therapies in HER2+ breast cancer patients. 

Results 

Dimensional analysis of Co Q10 loaded -loaded nanocarriers 

O/W NEs were produced as previously described25. Because of the importance 

of scaling down the size in terms of bioavailability once in vivo26, it was chosen 

to use the smallest size, among different possible ones that can be tuned with 

the amount of surfactants. A complete dimensional and morphological study of 

the simple O/W NEs was performed by DLS and Cryo-TEM analysis. The size 
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measurements of CoQ10 loaded O/W NEs, performed by DLS, was around 100 

nm with a narrow size distributions (PdI ≤ 0.1). The Cryo-TEM analysis 

performed on CoQ10 loaded O/W NEs are shown in Figure 1. It is evident from 

the morphological analysis the level of monodispersions of the basic carrier, 

and the size distributions are corroborated by DLS analysis. Based on the 

dimensional results of the simple system, a first layer of chitosan and a second 

one of hyaluronic acid were deposited above the template of O/W NEs via 

layer-by-layer technique (LbL)25. Indeed, polymers of opposite charge like 

these were held together thanks to electrostatic interactions. In Table 1, DLS 

analysis of all the nanocarriers starting from simplest until the more complex 

ones is summarized (Figure 2). A little increase in term of size from the 

uncoated to multilayer systems, but with the maintenance of narrow 

distributions, is observed. 

The Z-potential data are reported for all of them. A switch of the charge 

passing from positively charged CT layer to HA layer is also observed as 

evidence of complete polymers coating. 

 

    

Figure 1: Cryo-TEM analysis of CoQ10 loaded O/W NEs at different magnification. Scale 
bar is 100 nm on the left and 50 nm on the right.  
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Figure 2: DLS analysis of CoQ10 loaded O/W NEs (black), CoQ10 loaded CT-O/W NEs 
(blue), CoQ10 loaded HA-CT-O/W NEs (red). 
 
 

 
Table 1:  Hydrodynamic size, polydispersity index and Z- potential of multilayer 
nanocarriers. 
 

 Mean 
hydrodynamic 

size (nm) 

Polydispersity 
Index 

Z-Potential 
(mV) 

CoQ
10

 loaded NEs 99.77 ± 1.12 0.082 ± 0.008 −24.2± 1.4 

CoQ
10

 loaded CT-NEs 127.70 ± 3.95 0.145 ± 0.018 25.5 ± 1.2 

CoQ
10

 loaded HA-CT-

NEs 
129.76 ± 4.30 0.1472 ± 0.021 −24.8 ± 2.6 

 

 

Secondary and tertiary nanoemulsions were monitored by DLS analysis for 

several weeks. The samples were stored at room temperature and periodically 

they were characterized. As reported in Figure 3, a constant size for both 
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systems is observed. Their stability is also confirmed by unchanged value of 

PdI, which remains below the conventional stability rank of 0.1, Table 2. 

 

Figure 3: DLS analysis of CoQ10 loaded CT-NEs (green) and CoQ10 loaded HA-CT-NEs 
(purple) over time. Data are expressed as mean ± SD (n=3). 
 

Table 2: Stability analysis performed by DLS of multilayer systems 

 

Time 

(weeks) 
Size (nm) PdI 

Z-Potential 

(mV) 

CoQ10 loaded CT-

NEs 

0 103.93 ± 0.68 0.092 ± 0.01 20.26 ± 2.11 

1 107.55 ± 1.62 0.083 ± 0.01 32.95 ± 1.12 

4 111.06 ± 2.31 0.087 ± 0.01 41.73  ± 5.98 

6 108.43 ± 3.03 0.089 ± 0.01 43.50  ± 4.68 

CoQ10 loaded HA-
CT-NEs 

0 122.23 ± 2.00 0.118 ± 0.01 −31.50 ± 2.66 

1 121.53 ± 1.02 0.055 ± 0.02 −34.33 ± 1.64 

4 124.20 ± 1.73 0.091 ± 0.01 −37.67 ± 1.45 

6 124.10 ± 1.13 0.086 ± 0.01 −34.93 ± 1.45 
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Cell viability 

As shown in Figure 4.1 and Figure 4.2, doxorubicin and trastuzumab at 

subclinical concentration decreased the cardiomyocytes and hepatocytes 

viability indicating cellular toxicities but the co-incubation with CoQ10 loaded 

nanocarriers changed the overall picture. The unformulated CoQ10 increased 

up to 15 and 17 % the cardiomyocytes viability during treatments with 

Doxorubicin and Trastuzumab, however its delivery through nanocarriers 

enhanced significantly the cardioprotective properties; interestingly, the best 

protective spectra was observed during the incubation of cells with CoQ10-HA-

CT-NEs with a protection rate of about 53 and 47%, at the highest 

concentration used, compared to doxorubicin and trastuzumab damage, 

respectively. In human liver cells we have seen the same behavior with the 

best protection rate while using CoQ10 loaded HA-CT-NEs.  
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Figure 4.1: Cell viability in function of the concentration of free CoQ10 or CoQ10 loaded 
O/W NEs, CT-O/W NEs and HA-CT-O/W NEs tested alone or combined with doxorubicin 
or trastuzumab at 200 nM for 72h: cardiomyocytes were treated with doxorubicin 200 
nM (A), and with trastuzumab 200 nM (B). *p<0.001 ;**p<0.05; ns: not significant.  
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Figure 4.2: Cell viability in function of the concentration of free CoQ10 or CoQ10 loaded 
O/W NEs, CT-O/W NEs and HA-CT-O/W NEs tested alone or combined with doxorubicin 
or trastuzumab at 200 nM for 72h: hepatocytes were treated with doxorubicin 200 nM 
(A), and with trastuzumab 200 nM (B). *p<0.001 ;**p<0.05; ns: not significant.  
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Detection of intracellular reactive oxygen species  

The H9c2 cell lysate fraction is used as a model to measure the antioxidative 

effect of CoQ10-loaded nanocarriers under anticancer treatments (Figure 5.1 

and 5.2). As reported elsewhere27,28, cardiotoxicity of doxorubicin and 

trastuzumab is also mediated by the production of intracellular ROS (iROS) 

and the same mechanism is at the basis of the hepatotoxicity of these drugs. As 

clearly shown, both drugs increase iROS production and co-incubation with 

CoQ10 shows very evident antioxidant effects. In particular, with respect to 

cardiomyocytes treated with doxorubicin and trastuzumab alone, iROS are 

only reduced of 10-13% by treatment with unformulated CoQ10. Conversely, 

nanocarrier based formulations, also in this case, have improved CoQ10 

antioxidant properties, which have been maximized in case of CoQ10-HA-CT-

NEs, with a reduction of iROS production up to 74-80% (p<0.001). The same 

pattern was seen in liver cells. 
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Figure 5.1: (A) Detection of intracellular reactive oxygen species by fluorescence (a.u) 
in cardiomyocytes (5000 cells/well). Cells were pretreated with free CoQ10 or CoQ10 

loaded O/W NEs, CT-O/W NEs, HA-CT-O/W NEs at 0.1 and 1% of oil for 4 h, before 
stimulation with doxorubicin or trastuzumab at 200 nM for 12 h. * p < 0.001; ** p<0.05. 
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Figure 5.2: (B) Detection of intracellular reactive oxygen species by fluorescence (a.u) 
in human liver cells (5000 cells/well). Cells were pretreated with free CoQ10 or CoQ10 

loaded O/W NEs, CT-O/W NEs, HA-CT-O/W NEs at 0.1 and 1% of oil for 4 h, before 
stimulation with doxorubicin or trastuzumab at 200 nM for 12 h. * p < 0.001; ** p<0.05. 
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studied, CoQ10 is able to drastically reduce the formation of malondialdehyde 

up to baseline values of non-exposure to anticancer drugs. CoQ10-HA-CT-NEs 

had the best properties thereby corroborating the results previously 

described (Figure 6.1 and 6.2). 

 

Figure 6.1: (A) Quantification of MDA production in cardiomyocytes treated with 
doxorubicin or trastuzumab alone or combined to free CoQ10 or CoQ10 loaded O/W NEs, 
CT-O/W NEs, HA-CT-O/W NEs at 0.1 and 1% of oil.  *p<0.001; **p<0.05. 
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Figure 6.2: (B) Quantification of MDA production in hepatocytes treated with 
doxorubicin or trastuzumab alone or combined to free CoQ10 or CoQ10 loaded O/W NEs, 
CT-O/W NEs, HA-CT-O/W NEs at 0.1 and 1% of oil.  *p<0.001; **p<0.05. 
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hyaluronic acid coated nanoemulsions, both in cardiomyocytes and liver cells 

(Figure 7.1 and 7.2).  

 

 

Figure 7.1: (A) Leukotriene B4 protein expression in cardiomyocytes both unexposed or 
exposed to doxorubicin or trastuzumab alone or combined with free CoQ10 or CoQ10 

loaded O/W NEs, CT-O/W NEs, HA-CT-O/W NEs at 0.1 and 1% of oil. *p<0.001; 
**p<0.05. 
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Figure 7.2: (B) Leukotriene B4 protein expression in liver cells both unexposed or 
exposed to doxorubicin or trastuzumab alone or combined with free CoQ10 or CoQ10 

loaded O/W NEs, CT-O/W NEs, HA-CT-O/W NEs at 0.1 and 1% of oil.  *p<0.001; 
**p<0.05. 
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expression of p65/NF-kB thus giving rise to a strong cellular inflammatory 

state that exacerbates cell death (Figure 8.1 and 8.2). Doxorubicin triples the 

expression of NF-kB whereas trastuzumab increases it by about 2.3-fold 

compared to untreated cells. Liver cells exhibit similar behavior but are 

generally less susceptible to pro-inflammatory damages of the drugs being 

tested. However, co-incubation with CoQ10 improves the general inflammatory 

status of both cardiac and hepatic cells from the damage of the drugs used 

herein. Also in this case the best formulation was the CoQ10-HA-CT-NEs, which 

improves the biological properties of CoQ10 by 25-20% compared to CoQ10-CT-

NEs. 

 

Figure 8.1: (A) p65/NF-κB expression in cardiomyocytes either unexposed or exposed 
to doxorubicin or trastuzumab alone or combined with free CoQ10 or CoQ10 loaded O/W 
NEs, CT-O/W NEs, HA-CT-O/W NEs at 0.1 and 1% of oil. *p<0.001; **p<0.05. 
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Figure 8.2: (B) p65/NF-κB expression in liver cells either unexposed or exposed to 
doxorubicin or trastuzumab alone or combined with free CoQ10 or CoQ10 loaded O/W 
NEs, CT-O/W NEs, HA-CT-O/W NEs at 0.1 and 1% of oil. *p<0.001; **p<0.05. 
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6 by 2.5 times. Trastuzumab has a less important but still significant pro-

inflammatory action with increases of about 2-2.5 times of the expression of 

both interleukins. We have seen similar behavior, but less evident, with 

human liver cells that appear to be less responsive to pro-inflammatory 

damage than anthracycline and ERB2 inhibitor. Also in this case the CoQ10 

showed a behavior quite similar to that observed for NF-kB with significant 

reductions in both cell lines, up to lower values compared to the basal ones, in 

the case of CoQ10-HA-CT-NEs, at 1% of oil (Figure 9 to 12). 

 

Figure 9: Interleukins1-β expression in cardiomyocytes either unexposed or exposed to 
doxorubicin or trastuzumab alone or combined with free CoQ10 or CoQ10 loaded O/W 
NEs, CT-O/W NEs, HA-CT-O/W NEs at 0.1 and 1% of oil. *p<0.001; **p<0.05. 
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Figure 10: Interleukins 6 expression in cardiomyocytes either unexposed or exposed to 
doxorubicin or trastuzumab alone or combined with free CoQ10 or CoQ10 loaded O/W 
NEs, CT-O/W NEs, HA-CT-O/W NEs at 0.1 and 1% of oil. *p<0.001; **p<0.05. 
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Figure 11: Interleukins1-β expression in liver cells either unexposed or exposed to 
doxorubicin or trastuzumab alone or combined with free CoQ10 or CoQ10 loaded O/W 
NEs, CT-O/W NEs, HA-CT-O/W NEs at 0.1 and 1% of oil. *p<0.001; **p<0.05. 
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Figure 12: Interleukins 6 expression in liver cells either unexposed or exposed to 
doxorubicin or trastuzumab alone or combined with free CoQ10 or CoQ10 loaded O/W 
NEs, CT-O/W NEs, HA-CT-O/W NEs at 0.1 and 1% of oil. *p<0.001; **p<0.05. 
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Discussion 

Breast cancer is the most common cancer among women34. In the last twenty 

years early diagnosis, neoadjuvant and adjuvant systemic treatment targeted 

to specific molecular targets have significantly reduced the mortality from 

breast cancer34,35. However, the increase in survival has allowed to observe 

the cardiotoxic effects of anticancer therapy and increased mortality from 

cardiovascular causes, resulting in a large literature where experts try to 

identify the correct management of this critical issue2,3. It is known that the 

highest rates of trastuzumab induced cardiotoxicity are observed in patients 

receiving trastuzumab after treatment with an anthracycline8,10. Although the 

anthracycline containing treatment regimens remain superior with regard to 

both disease-free and overall survival in long-term follow-up, the differences 

are small and often weigh against the risk of cardiotoxicity7. The 

pathophysiology of the cardiotoxicity is always based on pro-oxidative, anti-

metabolic and pro-inflammatory processes in cardiac tissues36,37. These 

metabolic pathways involve several interleukins, cytokines, growth factors 

and hormones of key importance for cardiomyocyte survival38. Nutraceuticals 

are natural bioactives that exert anti-inflammatory activities39. CoQ10 is a 

highly lipophilic molecule with a chemical structure quite similar to those of 

Vitamin-K17. Although being a common component of cellular membranes, 

CoQ10 induces the production of adenosine triphosphate in the mitochondria 

increasing cell viability17. Several trials during the past 30 years examining 

CoQ10 in patients with HF have been limited by small numbers and lack of 

contemporary HF therapies40. The recent publication of the Q-SYMBIO 

randomized controlled trial demonstrated a reduction in major adverse 

cardiovascular events with CoQ10 supplementation in a contemporary HF 
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population41. Although having limitations, this study has renewed interest in 

evaluating CoQ10 supplementation in patients with HF. Current literature 

suggests that CoQ10 is relatively safe with few drug interactions and side 

effects, as example the increases in the metabolism of warfarin42. One of the 

main clinical limitations of CoQ10 is related to its low bioavailability after oral 

administration, thus limiting its biological action43. For this reason, the aim of 

the study was based on improving the stability and bioavailability of the 

molecule by nanoemulsions already tested in animal models in previous 

studies published by our research group44.  

Here we show that the biological effect of CoQ10 is enhanced when loaded in 

bioavailable nanocarriers, providing multiple molecular mechanisms of 

cardioprotection during doxorubicin and trastuzumab treatments. The anti-

inflammatory activities of the nanocarriers described herein hold potential in 

terms of modulating the heart microenvironment thereby providing insights 

for further preclinical studies, also in combination with other cardiotoxic 

anticancer drugs, namely anti-VEGF antibodies and immune check point 

inhibitors. In particular, the best cytoprotective properties were seen with 

CoQ10-HA-CT-NEs, which are aimed to be delivered by intravenous injection 

exploiting the antifouling properties of the hyaluronic acid and its natural 

affinity against CD44. Very promising is also the CoQ10-CT-NEs system, which 

due to the external chitosan coating, may be orally delivered by taking 

advantage from the gastroprotection and mucoadhesive properties provided 

by chitosan44. Preclinical studies are currently performed in our group to 

evaluate modification of left ventricular ejection fraction and global 

longitudinal strain upon administration of nanocarriers during doxorubicin 

and trastuzumab treatments. 
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Conclusion 

Doxorubicin and trastuzumab induced cardiotoxicity is a well known side 

effect seen in HER2+ breast cancer patients allowing to greater risk of 

discontinuation or interruption of drug therapies. The pro-inflammatory and 

mitochondrial-based toxicities have the same key roles in the toxicities of both 

drugs. This study shows that nanomedicines are able to increase the biological 

effects of CoQ10, particularly when they are coated with hyaluronic acid, in 

cardiomyocytes and hepatocytes, considering the prognostic role of CD44 

expression in these cells. The overall picture obtained in this study places the 

biochemical evidences and preliminary results aimed to use highly 

bioavailable nanomedicines loaded with CoQ10 as potential preventive strategy 

of cardiovascular and hepatic side events in HER2+ breast cancer patients. 
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Materials and methods 

Materials 

Both soybean oil (density at 20 °C of 0.922 g mL−1) and surfactant Lipoid E80 

(egg lecithin powder 80%–85% enriched with phosphatidyl choline (PC) and 

7%–9.5% content in phosphatidyl ethanolamine (PE)) were purchased from 

Lipoid GmbH and used without further purification. Millipore Milli-Q water 

was used for the preparation of all nanoemulsions and solutions. Chitosan (CT, 

LMW 90–150 kDa, DDA 84% determined via 1H-NMR) was purchased from 

Sigma Aldrich (Milan, Italy). Hyaluronic acid 250 kDa were purchased from 

Creative PEGWorks (HA) and used without further purification. 

Ubidecarenone CoenzymeQ10 (CoQ10) was kindly offered from Faravelli. 

Preparation of nanoemulsions 

Primary nanoemulsions were prepared adapting a previously developed 

protocol25,26. Briefly, first the oil phase was prepared by adding the surfactant 

to the soybean oil. A 5.8 g of Lipoid E 80 was dissolved in 24 mL of soybean oil 

at 60°C and mixed using the immersion sonicator (Ultrasonic Processor 

VCX500 Sonic and Materials). An amount of 4.08 g of CoQ10 were dissolved in 

the oil phase at 60 °C for 1 h, then added dropwise to the aqueous phase (Milli-

Q water) and mixed again using the immersion sonicator. The pre-emulsions 

were finally passed at 2000 bar through the high-pressure valve homogenizer 

(Microfluidics M110PS) for the first three individual cycles to greatly reduce 

the initial size, then the reservoir was continuously refilled for 200 steps. This 

method was used for the preparation of all oil-in-water nanoemulsions (O/W 

NEs) at 20 wt% of oil concentration. NEs were characterized by measuring 

size, polydispersity index (PdI) and Z-potential values through dynamic light 

scattering (DLS, Malvern Zetasizer). Before each experiment, 20 μL aliquots 
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were withdrawn from each sample and diluted 1:40 (v/v) with Milli-Q water. 

The diluted samples were poured into disposable cells, and the size and the ζ-

potential were determined at 25 °C at least 3 times for each sample. In 

particular, the particle size distribution was measured by DLS (λ= 632.8 nm) 

using a detecting angle of 173°. 

Layer by layer deposition of polymers on nanoemulsions 

A first layer of CT was deposited above the nanoemulsions (secondary 

nanoemulsions). 0.1 M acetic acid solution of CT pH 4 (0.2 wt%) was prepared. 

Nanoemulsions 20 wt% oil were added to the CT solution quickly under 

vigorous stirring and kept under stirring for 15 min to allow uniform chitosan 

deposition. Final concentrations of oil and CT were 10 and 0.1 wt%, 

respectively, while the pH of the final secondary nanoemulsions was 4. These 

nanoemulsions were re-dispersed using the method reported previously25 and 

stored at room temperature. The second layer of hyaluronic acid (HA) was 

prepared by aid of two syringe pumps (HARVARD APPARATUS 11 PLUS) and 

an ultrasonic bath (FALC INSTRUMENTS) according to a previously reported 

method26. Starting from the secondary nanoemulsions 10 wt% oil - 0,1 wt% 

CT, a polymer layer was deposited by mixing 1:1 (v:v) of a 0.24 wt% aqueous 

solution of HA, with the secondary nanoemulsions suspension. The two liquid 

phases were injected at the same flow rate (0.4 mL·min
-1

) through two 

micrometric capillaries interfaced at their extremities. Each drop was then 

collected inside a glass tube immersed in the ultrasonic bath at room 

temperature, 59 kHz and 100% power for 15 minutes. Multilayer systems 

were characterized at each step of preparation by DLS as previously 

described. 
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Cryo-TEM characterization  

The morphology of nanoemulsions was observed by Cryo transmission 

electron microscopy (Cryo-TEM) analysis. For the preparation of the frozen-

hydrated sample the plunge freezing method was performed. Briefly a drop of 

3 μL of the sample were deposited on a 200 mesh holey carbon grids (Ted 

Pella, USA), then it was inserted in the chamber of a FEI Vitrobot Mark IV (FEI 

company, the Netherland) at 4°C and 90% of humidity. The droplet of sample 

was blotted with filter paper for 1 s, (blot force 1, drain time 0.5 s) and then 

the grid was plunged into the liquid propane. The grid was then stored in 

liquid nitrogen in a grid box until it was finally transferred to a cryo-specimen 

626 holder (Gatan, Inc., USA) and loaded into the cryo-transmission electron 

microscope for imaging. To obtain the image of the nanoparticles we used a 

Tecnai G2 20, a Cryo-TEM transmission electron microscope (FEI company, 

the Netherland) equipped with LaB6 emitter (acceleration voltage of 200 kV) 

and recorded at with a 2 k × 2 k CCD-Eagle 2HS camera. The Frozen-hydrated 

sample is radiation-sensitive material so to avoid damaging; the observation 

was carried out in Low Dose Mode. 

Mitochondrial viability of hepatocytes and cardiomyocytes 

To evaluate the cardioprotective effects of CoQ10-loaded nanocarriers on 

Human Fetal Cardiomyocytes (HFC cells) (American Type Culture Collection, 

Manassas, VA, USA) and human liver cells (THLE-2 cell line) (CRL-

2706™American Type Culture Collection, Manassas, VA, USA), we measured 

the mitochondrial dehydrogenase activity of these cells using an MTT [3-(4,5-

dimethyldiazol-2-yl)-2,5- diphenyltetrazoliumbromide] assay according to the 

manufacturer’s instructions (Dojindo Molecular Technologies Inc., Rockville, 

MD, USA)45. 
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Human hepatocytes were cultured in BEGM Single Quots medium containing 

10% FBS and DMEM/F-12 (1:1) mixture containing 10% FBS in 96-well plates 

at a density of 10,000 cells per well at 37°C in a humidified 5% CO2 

atmosphere. After 24h of appropriate growth, cells were treated for three days 

with doxorubicin or trastuzumab alone (both at 200 nM) or co-incubated with 

unformulated CoQ10 at 0.017, 0.17, 1.7 and 4.25 mg/mL or CoQ10-loaded NEs, 

CT-NEs or HA-CT-NEs at 0.01, 0.1, 1 and 2.5 % w/v of oil in cell culture 

medium (corresponding to each concentration of the unformulated drug). 

After treatments, cells were washed three times with PBS at pH neutral and 

incubated with 0.1 mL of an MTT solution properly appropriately diluted in 

cell culture medium) for 4 h at 37°C. Absorbance readings were acquired at a 

wavelength of 450 nm with the Tecan Infinite M200 plate-reader (Tecan Life 

Sciences Home, Männedorf, Switzerland) using I-control software. Relative cell 

viability (%) was calculated with the following formula [A]test/[A]control×100, 

where “[A]test” is the absorbance of the test sample, and “[A]control” is the 

absorbance of the control cells incubated solely in culture medium. Then, we 

evaluated cell cytotoxicity; we measured the total protein content using the 

Pierce Micro BCA protein assay kit (Thermo Fisher, Milan, Italy). In brief, cells 

were washed with ice-cold PBS, and incubated for 15 min in 0.15 mL of a cell 

lysis buffer (0.5 % v/v Triton X-100 in PBS) that included 150 μL of the Micro 

BCA protein assay kit reagent (prepared according to the manufacturer’s 

instructions). Absorbance at 562 nm was measured on a plate reader. 

Cytotoxicity measurements were normalized by the amount of total protein 

content in each well. 
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Quantification of intracellular reactive oxygen species (iROS) 

The quantification of intracellular reactive oxygen species, a source of pro-

inflammatory and mutagenic mediators, was evaluated using a DCFH-DA 

probe, as described elsewhere46. Briefly, cells were grown under standard 

condition as described in paragraph 2.3. Subsequently, 5x103 cells/well were 

seeded in a 24-well plate and allowed to grow for 24h. After washing twice 

with PBS, cells were pretreated or not with CoQ10 loaded nanocarriers at 0.1 

and 1% w/v of oil (corresponding to the equivalent dose of CoQ10 of 0.17 and 

1.7 mg/mL) for 4 h and then incubated with 5 μM DCFH-DA in PBS for 30min. 

After the DCFH-DA removal, cells were stimulated with doxorubicin or 

trastuzumab at 200 nM for 12 h. The dose of the drugs used in this study is a 

subclinical concentration used in other work because re-entering within the 

ranges (25–250 nmol/L) for steady-state plasma concentrations reported 

after administration in humans47. After treatments, cell fluorescence was 

measured using a microplate spectrofluorometer (xMark Microplate, 

Spectrofluorometer Biorad, Milan, Italy). Intracellular antioxidant activity was 

expressed as percentage (%) of untreated cells. 

Analysis of lipid peroxidation 

After the appropriate cell growth, cardiomyocytes and hepatocytes were 

seeded in a 24-well plate and allowed to growth for one day.  Lipid 

peroxidation, having a key role in the etiopathogenesis of the cardiac and 

hepatic damage of anticancer drugs, was induced by incubating cells with 

doxorubicin or trastuzumab (200 nM) for 6 h; anti-oxidant studies were 

performed by a pre-incubation for 4h with unformulated or formulated CoQ10 

–loaded nanocarriers and subsequently treatments with anticancer drugs. 

After treatments, cells were washed three times with cold PBS, harvested with 
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0.25% v/v Trypsin and centrifuged at 1000 ×g for 10 min. The supernatant 

was discarded and the cell pellet sonicated in cold PBS. After a centrifugation 

step at 800 ×g for 5 min, we quantified malondialdehyde (MDA) by using a 

commercial kit with a spectrophotometer according to the manufacturer's 

protocols (Sigma Aldrich, Milan, Italy)48. We measured the protein content of 

the cell homogenates using the Micro BCA protein assay kit (Pierce, Thermo 

Fisher, Milan, Italy) according to kit instructions. 

 
Expression of leukotriene B4 (LTB4) 

Cardiomyocytes and hepatocytes were treated or not with unformulated or 

formulated CoQ10 for 4h before exposure to doxorubicin or trastuzumab (200 

nM) for 12 h. After treatments, the leukotriene B4 ((5S,12R)-dihydroxy-6,14Z-

8,10E-eicosatetraenoic acid) expression in cell lysates was calculated by using 

ELISA (Cayman Chemical) following the supplier's instructions49; data were 

expressed as pg of leukotriene B4/mg of cell proteins calculated by QuantiPro 

Assay (Biorad, Milan, Italy). 

Determination of p65/NF-kB expression 

Cardiomyocytes and hepatocytes were treated or not with unformulated or 

formulated CoQ10 for 4h before exposure to doxorubicin or trastuzumab (200 

nM) for 12 h. After treatments, cellular extracts were analyzed using the 

TransAM NF-κB p65 transcription factor assay kit (Active Motif, Carlsbad, CA), 

according to the manufacturer’s recommendations50. NF-κB complexes were 

isolated by a specific binding to a consensus 5′-GGGACTTTCC-3′ 

oligonucleotide immobilized on a 96-well plate. The NF-κB bounded to the 

oligonucleotide was quantified by using an anti-p65 primary antibody 

followed by horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG. 

The quantification of the complexes was obtained using a spectrophotometric 



CHAPTER 5: Coenzyme Q10: cardioprotection and hepatoprotection 
properties of nanocarriers during exposure to doxorubicin and 
trastuzumab for the management of HER2+ breast cancer 

 185 

detection at a wavelength of 450 nm using a microplate spectrofluorometer 

(xMark Microplate, Spectrofluorometer Biorad, Milan, Italy). Data were 

expressed as the percentage of NF-κB/p65 DNA binding relative to untreated 

cells.  

Quantification of pro-inflammatory interleukins 

The expression of Interleukin-6, and Interleukin-1β in cardiomyocytes and 

hepatocytes was evaluated with ELISA method, as described elsewhere51. 

Briefly, cells were grown under standard conditions as described in paragraph 

2.3. After incubation for 24 h and starvation in serum-free medium for 2.5 h, 

cells were treated or not with unformulated or formulated CoQ10 for 4h before 

exposure to doxorubicin or trastuzumab (200 nM) for 12 h. After, culture 

supernatants were centrifuged to pellet any detached cells and measured 

using IL-1β, IL-6, ELISA kits according to the manufacturer’s instructions 

(Sigma Aldrich, Milan, Italy). The sensitivity of this method was below 10 

(pg/mL), and the assay accurately detected cytokines in the range of 1–32000 

pg/mL. 

Statistical studies 

All the values were reported as ± Standard Deviation; the differences between 

the experimental groups were identified with a one-way analysis of variance 

and subsequently with Tukey’s multiple comparison tests in Sigma Plot 

Software. p < 0.05 was the lowest acceptable threshold for significance. 
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CHAPTER 6: Conclusions and outlooks 

The application of nanotechnology in the drug delivery field for cancer 

therapy was the topic of this PhD thesis, with particular focus on the active 

targeting.  

Nanocapsule-based delivery systems provide new opportunities to overcome 

the limitations associated with traditional drug therapy. The efficiency of drug 

delivery to target a tumor site is dependent on the NCs physic-chemical 

properties. In particular, it is important for the delivery platform to selectively 

accumulate in the site of interest avoiding any clearance by the mononuclear 

phagocyte system. To this aim, in this PhD thesis, the effort was to design and 

develop a basic nanocarrier that could then be funtionalized for active 

targeting on their surface with specific peptides depending on the final 

application. In particular, firstly the development of a novel multi-functional 

emulsion based nanocapsules made of biocompatible and biodegradable 

materials and stabilized by natural polymeric deposition by layer-by-layer 

protocol around O/W NEs were presented. We obtained a product with a 

narrow particle size distribution of around 100 nm, stable enough to build up 

dimensionally controllable multilayer nanocapsules of interest for 

nanomedicine. O/W NEs are an ideal carrier for drug delivery because of their 

capability to dissolve several hydrophobic drugs and natural substances like 

curcumin and coenzyme Q10, and protect their cargo from hydrolysis and 

enzymatic degradation under physiological conditions. Then, the system was 

rendered “smarter” introducing as targeting moieties first a peptide able to 

recognize CD44 receptor, highly over-expressed in many kind of cancers, and 

then, to show the versatility of the tool, a peptide able to recognize transferrin 

receptor (TfR), a well known target for the blood brain barrier (BBB). The 



 CHAPTER 6: Conclusions and outlooks 

 192 

peptides were attached outside the carrier thanks to a safe additive decoration 

strategy, which avoids any purifications step and use of potential toxic 

chemicals. Our in vitro results clearly demonstrate the ability of peptide 

functionalized NCs to target specifically tumor cells thanks to peptide-receptor 

recognition that induces their internalization and subsequently release of the 

cargo. In the last part of the PhD project, it was investigated the use of O/W 

NEs to support oncological patients during the clinical treatment, 

demonstrating the cardioprotective and hepatoprotective effects of Coenzyme 

Q10 loaded O/W NEs against Doxorubicin and Trastuzumab toxicities, widely 

used during anticancer treatments. The future upgrade for these applications 

is the functionalization of the nanocarrier with peptides able to selectively 

target liver and cardiovascular tissues so that the nanocarrier can work not 

only in a 2D culture but also in vivo by accumulating in the tissues of interest. 

A targeting peptide (CREKA) with potential applications in the field of 

cardiovascular disease has been already identified and it will be integrated to 

our NCs. Definitely, during this PhD project, we provided a modular system, 

which may add complexity by exploiting its capability to further deposit layers 

and provide multi-compartmentally and therefore multi-functionality. It holds 

promise as a useful tool to improve therapeutic efficacy for several anti-cancer 

treatments and for prevention treatment of support for oncological patients. 
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List of abbreviation 

BBB  Blood–brain barrier 

CD44  Cluster of differentiation 44 

CD44BP CD44 binding peptide 

CMC  Critical micelle concentration 

CNT  Carbon nanotubes 

CPP  Cell-penetrating peptides 

CSC  Cancer stem cells 

CT  Chitosan 

DDS  Drug delivery systems 

ECM  Extracellular matrix 

EGFR  Epidermal growth factor receptor 

EPR  Enhanced permeability and retention 

GAG  Glycosaminoglycan 

GI  Gastrointestinal tract 

GRAS  Generally recognized as safe 

HA  Hyaluronic acid 

HF  Heart failure 

i.e.  id est 

IKK  IκB kinase 

ITC  Isothermal titration calorimetric 

LbL  Layer-by-Layer 

mAB  Monoclonal antibodies 

MPS  Mononuclear phagocyte system 

MSN  Mesoporous silica nanoparticles 
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MFI  Mean fluorescence intensity 

NCs  Nanocapsules 

NE  Nanoemulsions 

NF-κB  Nuclear factor kappa-light-chain-enhancer of activated B cells 

NP  Nanoparticles 

O/W  Oil in water 

PEG  Poly(ethylene glycol) 

PTX  Paclitaxel 

QD  Conductive nanocrystals 

RES  Reticuloendothelial system 

RMT  Receptor-mediated transcytosis 

SPION  Super Paramagnetic Iron Oxide Nanoparticles 

SPR  Surface plasmon resonance 

Tf   Transferrin  

TfR  Transferrin receptor 

uPA  Urokinase plasminogen activator 

VEGFR  Vascular endothelial growth factor receptor 

W/O  Water in oil 

 

 


