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[ƛǎǘ ƻŦ !ōōǊŜǾƛŀǘƛƻƴǎ 

AAV adenovirus-associated viruses  

AAm acrylamide 

APMAAm N-(3-aminopropyl) methacrylamide 

Ab antibody 

alpha-SMA alpha smooth muscle actin  

CAN acetonitrile 

ANOVA analysis of variance 

AuNP gold nanoparticle 

BCA bicinchoninic acid 
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CID ŎƻƭƭƛǎƛƻƴπƛƴŘǳŎŜŘ ŘƛǎǎƻŎƛŀǘƛƻƴ 

circRNA circular mRNA  

CMNPs cell membrane-based nanoparticles 

CNT carbon nanotube 

CuS copper sulfide 

DC dendritic cells  

DDW double-distilled water  

DiO 3,3'-Dioctadecyloxacarbocyanine Perchlorate 

DiD 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine, 4- Chlorobenzenesulfonate salt 

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine 

DLS dynamic light scattering 

DMEM dulbecco's modified eagle's medium 

DMG-PEG 1,2-dimyristoyl-rac-glycerol-3-methoxypolyethylene glycol-2000 

DTT dithiothreitol 

EA2 2-(di((9Z,12Z)-octadeca-9,12-dien-1-yl)amino)ethyl 4-(dimethylamino)butanoate 

ECAR extracellular acidification rate  

ECM extracellular matrix 

EDTA ethylenediaminetetraacetic acid  

EPR enhanced permeability and retention 

ER endoplasmic reticulum 

EpRE genetically defined electrophile response elements 
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EMA european medicines agency 

EV extracellular vesicles 

F68 pluronic copolymer F68  
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FBS fetal bovine serum 

FDA food and drug administration 

GAPDH glyceraldehyde-3-Phosphate Dehydrogenase 

HO1 heme oxygenase-1 

HPLC high-performance liquid chromatography 

HRP horseradish peroxidase 

ICG indocyanine green 

IFP interstitial fluid pressure  

IV intravenous 

IVT in vitro-transcribed  
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LC-MS/MS liquid chromatography-tandem mass spectrometry  
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MDSC myeloid-derived suppressor cells  
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MNP magnetic nanoparticle 
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MRI magnetic resonance imaging  
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mRNA messenger RNA 

miRNA micro RNA  
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NA nucleic acids  

NTPs nucleotide triphosphates  
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N/P nitrogen/phospate 
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OCR oxygen consumption rate  

ORF open reading frame  

OXPHOS oxidative phosphorylation  
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PA photoacoustic 
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PCEC PCL-PEGPCL 

PCL polycaprolactone 

PCN-224 porous coordination network-224 

PEG polyethylene glycol 
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PEI poly-ethylenimine  

PET positron emission tomography  

PLGA poly(lactic-co-glycolic 3 acid) 

poly(A) polyadenylated  

PPy polypyrrole 

PPt Pt(II) porphyrinic-metal organic framework 

PDT photodynamic therapy  

PTT photothermal therapy  

QD quantum dot 

RBC red blood cells 

RES reticuloendothelial system  

RNAi RNA interference 
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RT room temperature 

saRNAs self-amplifying mRNAs  

SD standard deviation 

SDS-PAGE sodium dodecyl sulphate - polyacrylamide gel electrophoresis 

siRNA small interfering RNA  

SORT selective organ targeting  

SPNs semiconducting polymer nanoparticles 

TAM tumor-associated macrophages  

TEM transmission electron microscopy 
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TME tumor microenvironment 
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WB western blot 
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!ōǎǘǊŀŎǘ 

Gene therapy success in cancer treatment relies not only on a good molecular 

strategy but also on the need of a safe, efficient, and target-selective gene delivery 

system 1. Despite the great clinical success of lipid nanoparticles (LNPs) as non-viral 

gene therapy vectors, they suffer from lack of tumor targeting capability, which is 

a prerequisite for effective and selective cancer therapy 2. In this regard, the cell 

membrane coating technology is becoming a prospective tool for targeting specific 

cells. This top-down approach makes use of cell membraneςderived vesicles to 

ŎŀƳƻǳŦƭŀƎŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ŀǎ άselfέ ŀƴŘ ōŜǎǘƻǿ ǘƘŜƳ ǿƛǘƘ ƛƴƘŜǊŜƴǘ ŎŀǇŀōƛƭƛǘƛŜǎ ƻŦ 

source cells 3. Specifically, the coating with cancer cell membranes has been widely 

investigated for the selective tumor targeting, owing to the homotypic self-

recognition ability of cancer cells 4.  

In this project, the natural composition of the tumor cell membranes is instead 

explored to achieve a heterotypic targeting, relying on the intrinsic interaction of 

cancer cells with heterotypic cells in tumor microenvironment (TME). In this thesis, 

we focused our attention on desmoplastic cancers, which exhibit hardly accessible 

tumor stroma. Herein, rather than acting directly on hardly accessible cancer cells, 

we reasoned that it could be more convenient to develop an innovative gene 

therapy vector suitable to deliver RNA-based anticancer agents specifically to the 

more accessible cancer associated fibroblasts (CAFs). After the establishment of a 

CAF cellular model, a systematic biochemical characterization of the peculiar 

features of CAFs was accomplished, including the metabolic phenotype profile 

disclosure and identification of selective biomarker expression (i.e., h -SMA). Next, 

I focused on the fabrication of a core-shell system, whereby siRNA encapsulating 

LNPs (core) were wrapped by cancer cell membrane derived nano-vesicles (CCM-

NVs) (shell). First, I developed a reproducible protocol for the production of labeled 
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CCM-NVs derived from murine 4T1 cancer cells. CCM-NVs were characterized in 

terms of size, surface charge, protein content, membrane sidedness and 

fluorescent properties, and their ability of heterotypic interaction with CAFs was 

tested in vitro. Secondly, dǳǊƛƴƎ Ƴȅ ƛƴǘŜǊƴǎƘƛǇ ōȅ ǘƘŜ tǊƻŦΦ 5ŀƴ tŜŜǊΩǎ ƭŀōƻǊŀǘƻǊȅ ƛƴ 

Tel Aviv (Israel), I optimized a protocol for the production of Cy5-labeled siRNA-

encapsulating LNPs by means of microfluidic technology. Together with LNPs 

physicochemical characterization, the high RNA encapsulation efficiency was 

confirmed. Finally, I developed a protocol for LNPs coating with CCM-NVs whereby 

the two components were first mixed at optimized ratios and subsequently 

subjected to sonication. Flow cytometry was selected as a characterization method 

for evaluating the co-localization of red and green fluorescence signals arising from 

LNPs and CCM-NVs, respectively. The appearance of a double positive population 

identified after sonication suggested that a physical association of the two 

components occurred but was not sufficient to prove the actual incorporation of 

LNPs into the CCM-NVs leading to a core-shell structure. Future expansion of the 

present work will involve additional characterization experiments to fully disclose 

the structural features of the semisynthetic nanovesicles. 
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LƴǘǊƻŘǳŎǘƛƻƴ 

1. Nanotechnology and Nanomedicine 

The term nanotechnology refers to the manipulation of materials at atomic, 

molecular, and supramolecular level in order to create and apply systems with 

specific functions attributable to their size 5. Nanotechnology classically refers to 

matter in the size range of 1ς100 nm, but it is often extended to include materials 

ōŜƭƻǿ м ˃Ƴ ƛƴ ǎƛȊŜ 6. When confined to the nanometric scale, materials show 

physiochemical properties that differ from those of their larger counterparts due to 

their higher surface-to-volume ratio 7. These novel properties, including optical, 

magnetic, and electronic properties, make nanomaterials excellent candidates for 

biomedical applications, given the range of biological processes that occur at 

nanometer scale 8. The implementation of nanotechnology for medical needs has 

been termed άnanomedicineέ and is defined as the application of nanomaterials for 

diagnosis, monitoring, and curing diseases 9 (Fig. 1). 

 

 

 

 

 

 

 

 

Fig. 1: Illustration indicating various fields of applications of nanomedicine and the advantages of introducing 

nanotechnology in analysis, diagnosis, therapeutic and imaging techniques. Image adapted with permission  9. 
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The main tools explored in nanomedicine are nanoparticles (NPs), defined as solid 

colloidal particles ranging in size from 10 to 1,000 nm. Their high surface-to-volume 

ratio, combined with tunable characteristics and functionality, makes them a 

versatile tool and therefore attractive for diverse biomedical applications 10. Here, 

relevant for the objective of this work, my discussion will focus on the application 

of nanoparticles for gene therapy and cancer treatment. 

 

1.1 Gene therapy  

Gene therapy consists in the introduction of a therapeutic genetic material (DNA, 

RNA, RNAi, etc.) into an individual cell and biological tissues to treat or prevent 

gene-associated human diseases like cancer, neurodegenerative diseases, and 

autoimmune diseases 11. This strategy includes two main approaches: gene transfer 

and gene editing. If an altered gene causes a necessary protein to be faulty or 

missing, gene transfer therapy can introduce a άƘŜŀƭǘƘȅέ ǾŜǊǎƛƻƴ ƻŦ the gene to 

recover the function of the protein. Alternatively, the therapy can introduce a 

different gene that provides instructions for a protein that helps the cell function 

normally, despite the genetic alteration 12. On the contrary, instead of adding new 

genetic material, gene editing relies on direct correction of the existing genetic 

aberrations in situ, to restore the proper cell function 13,14,15. Over the last years, 

the development of new advanced tools based on the CRISPR-Cas9 system has 

improved the gene-editing specificity as well as made this process much more 

efficient, flexible, and affordable 14. However, despite the great potential for clinical 

success, gene therapy faces certain challenges.  To be effective in vivo, nucleic acids 

(NA) need to reach the target site overcoming several biological barriers and 

eventually gain the cell entry 16,17. Nonetheless, naked gene therapy drugs are not 
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able to cross biological membranes because of their negative charge and large 

molecular weight 18. Additionally, they exhibit poor stability during in vivo 

circulation, caused by susceptibility to serum nucleases, phagocyte uptake and 

rapid renal clearance. Lastly, the toxic effect arose by immune response stimulation 

upon the systemic administration of naked nucleic acid severely restricts their 

clinical application 16,19. With the rapid progress of nanotechnology, nanosized 

materials for gene delivery have attracted attention as promising strategy for 

overcoming the above-described limitations. To date, many delivery systems are 

being developed to accomplish a safe and effective delivery of several gene therapy 

drugs 18. They are generally classified into two main categories: viral and nonviral 

vectors 20,21,11 (Fig. 2). 

 

 

Fig. 2: Overview of the types of vectors used in gene delivery: viral and non-viral vectors. AAV: adeno-associated 

virus. NP: nanoparticle. AuNP: gold nanoparticle. CNT: carbon nanotube. MNP: magnetic nanoparticle. MSN: 

mesoporous silica nanoparticle. QD: quantum dot. Image adapted with permission 18. 
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The choice of the vector to be used in gene delivery depends upon 1) the type of 

genetic material to be delivered, 2) the type of gene therapy strategy being pursued 

(stable or transient expression), 3) the amount of the genetic material to be 

delivered, 4) the route of administration, and the tissue/cell specificity (tropism) 22. 

Both viral and non-viral vectors have their own unique advantages and 

disadvantages 11 (Fig. 2). 

 

1.1.1 Viral vectors 

Viral vectors consist of viruses that are modified to be replication-deficient by 

replacing most of the viral genome with the therapeutic nucleic acids of interest 23. 

Several viruses, such as retroviruses, lentivirus, adenovirus, and adenovirus-

associated viruses (AAV), have been widely studied to deliver gene therapeutics in 

diverse applications 24. Viruses mediate efficient gene transfer through their 

favorable cell uptake and intracellular trafficking machineries 25. One-way viral 

vectors are categorized is as integrating or non-integrating, based on whether the 

recombinant vectors integrate their viral genome into the cell genome of the host 

or if it remains in the cytoplasm in an episomal form 26. Other factors when selecting 

a viral vector are the ǾŜŎǘƻǊΩǎ ǘǊƻǇƛǎƳ ŦƻǊ ŘƛǾƛŘƛƴƎ ƻǊ ƴƻƴ-dividing cells, the vector 

packaging capacity, and its tendency to elicit immune responses if applied in vivo. 

A brief overview of the main properties of viral vectors is reported below (Tab. 1). 
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Tab. 1: Viral vectors properties; adapted with permission  27. 

 

Although viral vectors provide high transfection efficiency and sustainable gene 

expression, several obstacles compromise their use as delivery systems such as high 

immunogenicity, insertion mutagenesis risk 28 (for integrating viral vectors), limited 

DNA packaging capacity, complex production procedure and high manufacturing 

costs 29,11. The mutagenesis risk above mentioned refers to the phenomenon 

known as insertional mutagenesis i.e. ectopic chromosomal integration of viral 

genetic material disrupts the expression of tumor suppression gene or activates 

oncogene leading to the malignant transformation of cells 30. Considering all the 

above, the investigation of alternative systems is of great interest. Due to their 

demonstrated reduced pathogenicity, low cost and ease of production, non-viral 

vectors display important advantages over viral approaches 30. 

 

 

 

 

 

 

 Lentivirus AAV Adenovirus Retrovirus 

Expression Stable Transient Transient Stable 

Genome RNA ssDNA dsDNA RNA 

Packaging capacity < 8 Kb ~ 4.5 Kb > 8 Kb < 8 Kb 

Virus size (nm) 80 - 130 18 - 26 105 80 - 130 

Cell infected Dividing /  

Non - dividing 

Dividing /  

Non - dividing 

Dividing /  

Non - dividing 

Dividing 

Target cell genome 

integration 

Yes No No Yes 

Immune response Low Very low High Moderate 
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1.1.2 Non-viral vectors 

Non-viral gene delivery systems can be divided into physical and chemical 

techniques. The materials used for all these methods are generally less toxic and 

immunogenic than the viral counterparts 25. 

Physical methods take advantage of physical phenomena that disrupt the cellular 

membrane and allow for the internalization of the genetic material. Physical 

methods include 1) needle injection, in which naked DNA is directly injected 

through a syringe 31,18, 2) gene gun whereby nanoparticles are coated by DNA and 

propelled by pressurized helium gas against the target tissue 32,33, 3) laser 

irradiation  in which laser energy creates microscopic holes in the cell membrane, 

enabling the genetic materials internalization 34,35, 4) other techniques such as 

electroporation and sonoporation, which induce pore formation and transient 

permeability using electric pulses or ultrasound, respectively 36,37. Interestingly, 

localized injection of naked DNA was first demonstrated intramuscularly in 1990 

and afterward in several other tissues, including liver, skin, and brain. In this case 

DNA uptake is mostly localized in the area where needle track is, suggesting that 

physical damage induced by needle insertion is responsible in part for the uptake 

of DNA 25. From application standpoint, this procedure is particularly attractive 

because of its simplicity but the therapeutic efficacy is limited to the injection site. 

Indeed, the inability to achieve specific targeting through naked DNA injection, 

accounts a major limiting factor for this gene therapy approach.  Moreover, despite 

being attractive because of their low immunogenicity compared to viral vectors, 

easy and safe manipulation, one major limitation associated with physical methods 

is the risk of tissue damaging 38.  
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Compared to viral vectors, chemical non-viral vectors can transfer large quantities 

of genetic material, are suitable for safe large-scale production, and are relatively 

less toxic 39. However, they also pose some disadvantages such as decreased 

transfection efficiency, and lower gene expression 40,11.  Chemical carriers can be 

divided into organic and inorganic strategies 41. Inorganic nanomaterials are an 

emerging tool for therapeutic delivery thanks to their different structural and 

physical properties. Indeed, nanostructures size, shape and surface can be tailored 

depending on their needs, making them a helpful approach in almost every gene 

delivery case 42.  On the other side, organic strategies mainly include the use of 

cationic lipids or polymers that interact with negatively charged nucleic acids. Lipid-

based drug delivery systems are one of the most attractive non-viral vectors for 

delivering of gene therapeutics as several formulations of these carriers have been 

approved by the Food and Drug administration (FDA) and European medicines 

agency (EMA) to deliver different drugs 43,44. These systems take advantage of the 

self-assembling properties of amphiphilic lipids, such as phospholipids, to generate 

carriers that protect nucleic acids 18. Alternatively, positively charged polymers, 

such as poly-ethylenimine (PEI) or chitosan can form nanoparticles, called 

polyplexes, upon interaction with negatively charged NA, and have also been widely 

studied for the delivery of gene therapeutics 45.   

For non-viral vectors, cell or tissue specificity can be achieved by harnessing cell-

specific functionality in the design of chemical or biological vectors, while physical 

procedures can provide spatial precision. Other practical advantages of non-viral 

approaches include ease of production and the potential for repeated 

administration 25. 
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1.2 mRNA-based therapy 

Messenger RNA (mRNA), discovered by pioneering studies in 1947ς1961, is a 

transient intermediator between genes and proteins 46. By the late 1980s, the vast 

amount of research done at a molecular level, insights into mRNA structure and the 

development of in vitro-transcribed (IVT) mRNA have boost the preclinical 

development of mRNA therapeutics 47,48,49 providing the basis for mRNA as a new 

class of drug 46. Enzymatic in vitro transcription uses a DNA template of the target 

protein 50.  Following template linearization, the mRNA is synthesized from 

nucleotide triphosphates (NTPs) by a DNA-dependent bacteriophage RNA 

polymerase. Once transcription is complete, the starting template DNA is digested 

while the produced mRNA is purified to take forward for formulation 51. The 

therapeutic delivery of RNAs prepared by enzymatic in vitro transcription presents 

multiple advantages over DNA- or virus-mediated gene therapy approaches 52 (Tab. 

2). Firstly, exogenously delivered IVT mRNAs molecules do not insert into the host 

genome, and thus avoid the risk of insertional mutagenesis that genome integrating 

systems have been plagued to date 53,41,54. Secondly, due to its short half-life (2-3 

days) 55,56, no inactivation or excision of IVT mRNA is necessary compared to protein 

expression strategies using genome integrating viral vectors. Hence, mRNA has a 

significantly higher safety profile than DNA in gene therapy clinical applications. 

Furthermore, in comparison with other non-integrative methods such as episomal 

DNA plasmids, mRNA-based gene therapy circumvents the need for selecting a 

specific promoter and thus the transfection process is relatively efficient and facile 

57. Moreover, due to the large size of chemically complexed DNA plasmids (pDNA), 

cell transfection using DNA is less efficient than with respectively packed IVT mRNA 

molecules 58. An additional advantage of mRNA over conventional pDNA reflects 

the fundamental differences of mRNA molecules compared to pDNA when 
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expressing target proteins. Unlike DNA, mRNA directly encodes the protein in 

cytoplasm through a single translation step. This process enables extremely high 

protein expression that is comparable to viral systems and rapid onset time for the 

expression of target proteins 59. Moreover, mRNA therapeutics do not need to 

enter the nucleus, avoiding one of the key intercellular barriers that hampers DNA-

based gene therapy 60,41. Finally, while plasmid DNA enters the nucleus 

preferentially during mitotic phase, resulting in high protein expression only in 

dividing cells, mRNA-mediated protein expression takes place efficiently both in 

dividing and non-dividing cells 61. 

 

 

Tab. 2: Comparison between RNA- and DNA- based gene therapy. 

 

All together these advantages make IVT mRNA a powerful alternative gene 

expression system for various applications in nanomedicine 62. However, several 

factors threaten its practical use and need to be considered in order to maximize 

the clinical application of mRNA-based gene therapy. These include the innate low 

stability of mRNA as well as the possible immunogenic issues 62. When synthesizing 

mRNA by in vitro transcription, several factors can influence the biological activity 

of mRNA and, depending on its design, translation in the target cell is substantially 

affected. Therefore, it is necessary to optimize the structural elements in the IVT 

mRNA for stable expression of the target proteins (paragraph 1.2.1). 

 RNA-based therapy DNA-based therapy 

Cellular delivery Cytoplasm Nucleus 

Target cell type Dividing and non-dividing 

cells 

Dividing cells 

Risk of insertional 

mutagenesis 

none possible 

Therapeutic action Rapid (hours) Delayed (3-5 days) 

Transfection efficiency High Low 

Immunogenicity low high 
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1.2.1 IVT mRNA modifications 

Notably, obtaining highly biologically active RNA usually depends on reliable design 

and preparation 50. Several types of chemical modifications of IVT mRNA have been 

performed to increase its intracellular stability (mediating its translation efficiency) 

or decrease the level of immunogenicity, while retaining its translation efficiency 

63,64. These involve each component of an individual mRNA: ǘƘŜ ŎŀǇΣ р  ŀƴŘ о  

untranslated regions (UTRs), open reading frame (ORF) and polyadenylated 

(poly(A)) tail 65,66 (Fig. 3). 

 

 

 

 

 

Fig. 3: Structural elements of mRNA molecule include open reading frame (ORF) encoding protein, surrounded 

ōȅ р  ŀƴŘ о  ǳƴǘǊŀƴǎƭŀǘŜŘ ǊŜƎƛƻƴǎ ό¦¢wǎύΣ р  ŎŀǇ ǎǘǊǳŎǘǳǊŜ ŀƴŘ о Ǉƻƭȅό!ύ ǘŀƛƭ. Image adapted with permission  67. 

 

A list of the main structural modifications is presented below:  

- In addition to being involved in the initiation of mRNA translation, tƘŜ рΩ ŎŀǇ 

ŀƴŘ оΩ Ǉƻƭȅό!ύ ǎǘǊǳŎǘǳǊŀƭ ŜƭŜƳŜƴǘǎ ŀǊŜ ƛƴǘƛƳŀǘŜƭȅ ŎƻƴƴŜŎǘŜŘ ǘƻ the 

processes of mRNA translation and decay.  ¢ƘŜ р  ŎŀǇ ǇǊƻǘŜŎǘǎ Ƴwb! ŦǊƻƳ 

р  ǘƻ о  ŜȄƻǊƛōƻƴǳŎƭŜŀǎŜǎ 68 while the length of the poly(A) tail determines 
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ǘƘŜ о  ǘƻ р  ŜȄƻƴǳŎƭŜƻƭȅǘƛŎ ŘŜŎŀȅ 69. Consequently, numerous studies have 

focused on the development of р  ŎŀǇ ŀƴŀƭƻƎǎ ŀƴŘ on the poly(A) length 

optimization (100ς300 nucleotides) with the purpose of maximizing mRNA 

stability and translational efficiency through exonuclease protection and 

enhanced catalysis to the ribosomal complex 70; 

- ¢ƘŜ ¦¢wǎ ŀǘ ǘƘŜ о  ŀƴŘ р  ǘŜǊƳƛƴŀƭǎ ƻŦ Ƴwb!ǎ Řƻ ƴƻǘ ŘƛǊŜŎǘƭȅ ŜƴŎƻŘŜ 

proteins but play important roles in regulating mRNA translation and 

ǇǊƻǘŜƛƴ ŜȄǇǊŜǎǎƛƻƴ όǊŜŦύΦ {ǇŜŎƛŦƛŎŀƭƭȅΣ ǘƘŜ р-UTR is primarily involved in 

ƛƴƛǘƛŀǘƛƴƎ ǘƘŜ ǘǊŀƴǎƭŀǘƛƻƴ ǇǊƻŎŜǎǎ ǿƘƛƭŜ ǘƘŜ о-UTR mostly affects the stability 

and half-life of the mRNA. Modifications of 5Ω UTR (Kozak sequence) and оΩ 

UTR (pyrimidine-rich sequence) involve a careful screening and 

customization to the target of interest, allowing each mRNA to be tailored 

to the target cell to maximize protein synthesis per mRNA transcript 70; 

- The design of the ORF has largely focused on codon optimization which 

remains a controversial approach for translation improvement. mRNA 

translation efficiency can be improved by replacing rare codons with 

synonymous codons decoded by tRNA with higher abundance in ORF 71  but 

it may change protein conformation and give rise to novel peptides with 

unknown biological activity in vivo. Moreover, increasing the GC-rich 

sequence together with chemical modification of nucleosides (particularly 

uridine moieties) can markedly increase the protein expression after 

transfection as well as reduce mRNA immunogenicity 72. Indeed, it has been 

shown that modified nucleosides, such as methylpseudouridine and 5-

methylcytidine, greatly reduce (up to 100-fold) the detection by the Toll-like 

receptors of the innate immune system, resulting in an increase in protein 

expression in vivo compared to unmodified mRNA 70.  
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Combinations of different types of chemical modifications reveal a surprisingly 

diverse set of effects, suggesting that there may be additional room for 

optimization.  Furthermore, the properties and effects of many other RNA chemical 

modifications remain to be explored 73.  

In addition to the amplitude of protein expression, a key limitation of mRNA 

therapeutics for chronic diseases is the relatively short duration of protein 

production, which necessitates repeated administration 74. In parallel to the above-

mentioned mRNA structural optimizations, which tackle immune stimulation and 

protein expression level, several approaches in development aim to enhance the 

duration of protein expression. Self-amplifying mRNAs (saRNAs) use the self-

replication basis of an RNA alphavirus, which can amplify RNA transcripts in the 

cytoplasm, but replace the viral structural coded genes with the gene of interest 75. 

This approach increases protein expression, requiring ~10-fold less RNA for a similar 

amplitude of protein expression compared to linear modified mRNA, and is now 

being tested as an in vivo, scalable process for vaccine production 76. Another 

alternative to linear mRNA is circular mRNA (circRNA). The back-ŦƻƭŘƛƴƎ ƻŦ ǘƘŜ wb!Ωǎ 

loose ends during processing shields circRNA from exonuclease activity, which 

extends the RNA lifespan 77. Consequently, the extended longevity increases the 

total protein yield compared to linear mRNA. Importantly, circRNA circumvents the 

ƴŜŜŘ ŦƻǊ Ŏƻǎǘƭȅ р  ŎŀǇǇƛƴƎ ŀƴŘ ŎǳƳōŜǊǎƻƳŜ о  Ǉƻƭȅό!ύ ǘŀƛƭ ōȅ ƛƴǘǊƻŘǳŎƛƴƎ ƛƴǘŜǊƴŀƭ 

ribosomal entry site (IRES) sequences. Moreover, circularization strongly reduces 

RIG-1 and Toll-like receptor recognition without using chemical substitution 78.  
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1.2.2 Biological barriers  

Along with the optimization of IVT mRNA molecule structure described above, 

another issue for the clinical success of mRNA-based therapy concerns the delivery 

of gene therapeutic to the target site. Indeed, the desired therapeutic effects can 

be achieved only if the mRNA molecule reaches a specific target cell and produces 

enough protein of interest 79. Depending on their target organ or tissue and their 

administration route, gene therapeutics must cross multiple extra- and intra-

cellular barriers 18 (Fig. 4). In the case of intravenous (IV) administration route, once 

in circulation, gene therapeutics must navigate the bloodstream, avoid 

macrophages uptake, cross the endothelium barrier, go through the extracellular 

matrix (ECM) and eventually cross the complex molecular structure of the cellular 

membrane 18.  Then, once internalized in the cells, gene therapeutics must escape 

the endosomal pathway in its early stage to avoid being exposed to low pH and 

catalytic enzymes 80. The absence of therapeutic impact observed following naked 

Ƴwb! ŘŜƭƛǾŜǊȅ ƛǎ ŀ ŘƛǊŜŎǘ ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ Ƴwb! ƳƻƭŜŎǳƭŜΩǎ ƛƴŀōƛƭƛǘȅ ǘƻ ƻǾŜǊŎƻƳŜ 

these barriers. Consequently, it is necessary to provide mRNA with a suitable 

delivery system able to 1) protect it from nucleases degradation and phagocyte 

uptake, 2) cross cellular membranes, 3) escape from endosomes and 4) release the 

payload into the cytoplasm for its subsequent translation 18. 
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Fig. 4: The pathway of in-vivo mRNA delivery. Delivery vectors need to extravasate from the bloodstream to 

reach target tissues, mediate the cell entry and perform endosomal escape. Image adapted with permission  81. 
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1.2.3 mRNA delivery vectors 

The development of optimal mRNA delivery vectors is an area of active research. 

The delivery systems explored to date include lipid-based carriers, polymers, and 

protein derivatives 46,82,83. Lipid nanoparticles can resolve the challenges associated 

with polymeric nanoparticles, such as cytotoxicity and the lack of suitable methods 

for large-scale production 84. Compared to other delivery vehicles, lipid 

nanoparticles (LNPs) are gaining increasing attention over the last years and will be 

described in the following paragraph. 

 

 

1.2.3.1 Lipid nanoparticles 

Most of the mRNA therapeutics under development rely on lipid nanoparticles. The 

current versions of RNA-loaded LNPs are advanced derivatives of liposomes, the 

earliest generation of lipid nanoparticles, first discovered in the 1960s 74,85.  

Liposomes are lipid vesicle larger than LNPs (size between 20 and Ḑ 1,000 nm) 

composed essentially by phospholipids, sphingolipids, and cholesterol. Due to their 

amphiphilic nature (hydrophilic head group and lipophilic group) these molecules 

spontaneously self-assemble to form one (unilamellar liposomes) or more 

(multilamellar liposomes) lipid bilayers with spherical shape encompassing an 

aqueous core 86 (Fig. 5). 
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Fig. 5: Schematic representation of liposome (left) and lipid nanoparticle (right) structure. 

 

Thanks to their extreme versatility at encapsulating both hydrophobic and 

hydrophilic molecules, liposomes have emerged as the first nanomedicine delivery 

platform to successfully proceed from concept to clinical application. Several 

liposomal drug formulations have been approved and successfully applied to 

medical practice 87,74. Starting from 1990s, new generations of lipid nanocarriers 

made with different lipids, such as LNPs, were developed with improved 

characteristics in terms of both Kinetic and structural stability 86. LNPs are liposome-

like structure, especially suitable for the encapsulation of various nucleic acids (RNA 

and DNA). Indeed, the presence of positively charged cationic lipids in the first LNP 

generation allowed the efficient loading of negatively charged nucleic acids 74,88. 

However, they show considerable drawbacks such as cytotoxicity, opsonization 

with plasma proteins and low transfection efficiency 89. Therefore, intensive efforts 

made to modulate their physiochemical properties resulted in the discovery of pH-

sensitive ionizable cationic lipids that substantially reduced LNPs immunogenicity, 

opening the era of new LNPs generation. As shown in Fig. 5, LNPs are smaller than 

liposomes (less than 100 nm in diameter) and exhibit more complex architectures 

and rigid morphology. A key characteristic of LNPs that makes them different from 
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liposomes is the presence of lipids in the core, although data from several studies 

indicate that water is also present to some extent 90,91. Despite numerous studies 

proved the high RNA encapsulation efficiency in LNPs, characteristics of the exact 

structure of LNPs core are still under debate 92. During last years, LNP have been 

thoroughly investigated and successfully entered the clinic in 2018 for the delivery 

of siRNA 93. The FDA approval of the drug Patisiran (ONPATTRO) for the treatment 

of hereditary transthyretin-mediated amyloidosis indeed marked an important 

milestone in the development of LNP-mediated delivery of RNA therapeutics 94. 

Nowadays LNPs have become the most advanced non-viral delivery platform of NA, 

improving mRNA limitations as therapeutics such as stability, delivery, safety, and 

efficacy. Notably, two authorized coronavirus disease 2019 vaccines, mRNA-1273 

and BNT162b21 95, used lipid nanoparticles to deliver antigen mRNA (Fig. 6). Many 

other lipid nanoparticleςmRNA formulations have been developed and are under 

clinical evaluation as alternative approaches for the prevention and treatment of 

virus infections, cancer and genetic diseases 82,83,96,97.  

 

 

 

 

 

 
 
 
 

 

Fig. 6: Timeline of liposomes/LNPs advancement. (Upper part) technological advancement; (Lower part) 

examples of FDA-approved LNP drugs. Image adapted with permission 86. 

Ionizible 

lipids 



28 
 

Lipid composition 

LNPs in their classical formulation are composed of four key components: structural 

lipids, cholesterol, stealth lipids and ionizable cationic lipids (Fig. 7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: LNP Structure. The LNPs interior contains electrostatically neutral inverted micelles, in which the 

negatively charged nucleic acid is surrounded by the ionizable lipid and other lipid components. The surface of 

the LNPs is composed of a hydrophilic shell containing the PEG-lipid. Image adapted with permission 2.   

 

The chemical structure of the most frequently used lipids in LNP formulations are 

shown in Fig. 8 and each single component is described below. 

- Structural lipids are the fundamental scaffold of LNPs and are mainly 

neutrally charged phospholipids. The two main examples used in classical 

formulations are DOPE and DSPC, commonly used at a 10 % of total lipids 90 

(Tab 2).  

- Cholesterol is an essential component of LNPs. It is commonly used at a 

concentration ranging from 30% to 40% of total lipids (Tab. 2) and serves to 

stabilize the LNPs structure by filling in gaps between phospholipids 98. 
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Inclusion of cholesterol contributes to greater stability of LNPs and serves 

to modulate properties, such as membrane fluidity 99,90.  Unveiling the 

importance of cholesterol in the process of endosomal escape is of 

paramount importance since it remains one of the most uncooperative 

barriers to successful gene delivery 100. It is hypothesized that the lower 

solubility of cholesterol in the core region may lead to its enrichment on the 

LNP surface, promoting its crystallization and potentially contributing to 

endosomal fusion 101,102. Interestingly, recent studies demonstrated that the 

inclusion of phytosterol (C-24 alkyl derivatives of cholesterol) in LNPs 

formulations have a considerable impact on the morphology, as well as the 

intracellular uptake of LNPs, resulting in a dramatic improvement in the 

efficiency of nucleic acid delivery 102. This finding emphasizes the crucial role 

of each lipid structure in subcellular interaction as well as the need for 

greater insights into structural properties of LNPs, which enable to improve 

endosomal escape 102.   

- Stealth lipids, mainly polyethylene glycol (PEG) polymerςconjugated lipids, 

are added to the composition of LNPs (1-5% of total lipids) (Tab. 3) to 

increase colloidal stability and stealth properties. Such ability to reduce 

nanoparticles aggregation and clearance enables to reduce LNPs 

immunogenicity and enhance in vivo retention, that results in an improved 

safety and efficacy profile 103. On the other hand, growing concerns 

regarding PEG hypersensitivity are expediting the need of further 

optimization of PEGylated lipids or the development of different stealth 

lipids. Indeed, the formation of anti-PEG antibodies has been shown to 

increase the clearance of PEGylated NPs, an effect which was enhanced in 

case of patients previously exposed PEG (e.g. treated with other PEGylated 

drugs, cosmetic or hygiene products). Notably, recent studies highlighted 
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the role of PEG as the most common cause of post-vaccination anaphylactic 

reactions in the case of Comirnaty (Pfizer/BioNTech) and Covid-19 vaccine 

(Moderna) 104.  

- Ionizable cationic lipids are pH-sensitive lipids that can be structurally 

divided into three parts: a hydrophilic amine head group, a hydrophobic 

lipid chain, and a linker region that connects these two parts 105 (Fig. 8). At 

low pH, ionizable lipids have a positive charge, which aid the complexation 

with the negatively charged mRNA molecules via electrostatic interactions. 

As such, mRNA is stabilized and its resistance to nuclease degradation is 

improved. Then, at physiological pH, ionizable lipids become neutral, 

reducing opsonization by serum proteins and raising less cytotoxic effects 

compared to positively charged lipids 106,79. After cellular uptake by the 

endosomal pathway, the low lysosomal pH promotes again the lipid 

ionization. Hence, positively charged ionizable lipids fuse with the 

negatively charged endosomal membrane, causing the disrupting of LNPs 

architecture, and leading to the release of mRNA cargo into the cytoplasm 

for subsequent translation. Overall, the amine of the hydrophilic head 

determines the acid dissolution constant (pKa) and a recent study 

demonstrated that a pKa close to 6.4 is required for the efficient 

translocation of LNPs cargo from the endosomes to the cytosol 90. In FDA-

approved formulation, ionizable lipids constitute half of the total lipid 

amount, as shown in Tab. 3 that reports the lipid composition of FDA-

approved LNPs. 
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Tab.3: Lipid composition of FDA-approved LNPs. 

Product Lipid Composition 

 Cationic ionizable lipid/helper 

phospholipid/cholesterol/PEG-lipid 

Onpattro DLin-MC3-DMA/DSPC/Chol/DMG-PEG2000 = 
50/10/38.5/1.5 

mRNA-1273 SM-102/DSPC/Chol/DMG-PEG2000 = 50/10/38.5/1.5 

BNT126b2 
 

ALC-0315/DSPC/Chol/ALC-0159 =  
46.3/9.4/42.7/1.6 
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Fig. 8:  Chemical structure of lipids for LNP. a) DLin-MC3-DMA, SM-102, and ALC-0315; b) DOPE and DSPC; c) 

Cholesterol; d) PEG-DMG and ALC-0159. Image adapted with permission 90.  
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The relative amounts of ionizable lipid, helper lipid, cholesterol and PEG lipid used 

in the formulation substantially affect the physiochemical properties of LNPs (size 

and surface charge) as well as the mRNA encapsulation efficiency 107,2,108. Together 

with these LNPs properties, the ionizable amino lipid chemical structure have been 

shown to impact the behavior of lipid nanoparticles in vivo and therefore need to 

be optimized for each application 2. Overall, designing LNPs requires the striking of 

a proper balance between the need for particle stability, long systemic circulation 

time, and the need for LNP destabilization inside the target cell to release the 

oligonucleotide cargo, which requires the proper selection of both the cationic and 

helper lipids. Customized design and empirical optimization are needed for specific 

applications as well as for specific cell target 109.  

 

 

 

Liver tropism  

Targeted gene delivery is the key for precision therapy. Lipid nanoparticles as non-

viral vectors have attracted extensive attentions in treating a variety of diseases, 

such as cancer, immune diseases, cardiac diseases, and pathogen infections. 

However, intravenously administered LNPs have largely been limited to one organ: 

the liver 107. The LNPs inherent liver tropism involves apolipoprotein E (ApoE) 

adsorption in the blood that subsequently mediates uptake into hepatocytes via 

the low-density lipoprotein receptor (LDL-R) 110,111. Recent findings point out that 

different LNPs distribute nucleic acids to liver microenvironment cell types 

including Kupffer cells and endothelial cells as efficiently as they distribute to 

hepatocytes. Additionally, slight modifications in LNPs composition led to LNPs 

accumulation in Kupffer and endothelial cell subsets 112
. Interestingly, a recently 
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published paper demonstrated how the chemistry of the ionizable amino lipid can 

control the endogenous LNP identity, affecting cellular uptake in the liver and 

altering therapeutic outcomes in a model of liver cancer 113. This finding highlights 

the importance of understanding the cellular localization of RNA delivery and 

incorporating further checkpoints when choosing nanoparticles beyond physical 

characterization, as small changes in the chemical composition of LNPs can have an 

impact on both the fate of LNPs and therapeutic outcomes 113.  

Although the delivery of nucleic acids to the liver by LNPs has therapeutic potential, 

many other diseases would benefit from non-hepatic LNP tissue targeting, such as 

cancer and neurological and cardiovascular disease 2. Indeed, the predictable and 

rational design of LNPs for delivery of nucleic acids to extrahepatic tissues 

constitute a key challenge that must be overcome to reach the full potential of 

mRNA LNP technologies to allow broad therapeutic development 114. As already 

mentioned, lipid molar composition of the four types of lipids used in the 

formulation, as well as the type of ionizable amino lipid, have a great impact on cell-

specific targeting. One such example shows that increasing amounts of DMG-PEG 

led to the reduction in LNPs size from 200 nm to 30 nm, resulting in an enhanced 

cellular uptake by dendritic cells in lymph nodes 108. Alternatively, an increasing 

number of approaches aimed at improving LNPs tissue-specific targeting consist in 

decorating LNPs with targeting ligands directly to the formulation in ethanol, via 

chemical conjugating to the LNP surface 115.  A new methodology termed selective 

organ targeting (SORT) was recently developed that enables controllable delivery 

of nucleic acids to target tissues (hepatic and extrahepatic) 116. SORT lipid 

nanoparticles (LNPs) are formed by inclusion of a supplemental SORT molecule that 

accurately tune cellular uptake and delivery to the liver, lungs and spleen of mice 

after intravenous administration via an endogenous targeting mechanism of action 

114 .  
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These effects are dependent on the chemistry and amount of included SORT 

molecule in a modular and tunable fashion. Nevertheless, SORT strategy can 

currently only realize organ-specific delivery to the liver, spleen and lungs while 

approaches to deliver RNA-LNP therapeutics to other organs, tumor tissues and 

specific cells still need to be explored and developed 114. Overall, although the great 

success to synthesize lipid nanoparticles, it remains a challenge to produce lipid 

nanoparticles with definable targetability, especially with high quality and good 

translation reproducibility 115. An alternative to the above-described approaches is 

the incorporation of cell membrane-derived components into LNPs making a 

ōƛƻƭƻƎƛŎŀƭ ƘȅōǊƛŘ ŎƻƴǎǘǊǳŎǘ ǘƘŀǘ ŘƛǎǇƭŀȅǎ ŎŜƭƭ ƳŜƳōǊŀƴŜΩǎ ƛƴƴŀǘŜ ǉǳŀƭƛǘƛŜǎ. This 

approach will be described in paragraph 2.3.3.1. 

 

2. Cancer 

¢ƘŜ ǘŜǊƳ άŎŀƴŎŜǊέ ŜƴŎƭƻǎŜǎ ŀ ƭŀǊƎŜ ƎǊƻǳǇ ƻŦ complex, heterogeneous and highly 

dynamic diseases, all characterized by an uncontrolled cell growth. It can occur 

everywhere in the body leading to the formation of a new mass of abnormal 

proliferating cells that grow beyond their usual boundaries and can acquire 

infiltrating behavior spreading to other organs 117 . The most validated hypothesis 

regarding cancer onset is the multistep clonal evolution by which cancer evolves 

starting from an initial mutation in a single normal cell that acquires selective 

growth advantages over other cells. Consequently, the mutated cell starts to 

proliferate, accumulating genomic instability during generations 118 and this 

process leads to a step-by-step acquisition of different biological modifications that 

enable cells to become tumorigenic and malignant 119. The significant progress in 

understanding the cancer biology let to define ten common capabilities that cells 
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acquire during tumorigenesis and tumor development: 1) sustaining proliferative 

signaling; 2) evasion of growth suppressors; 3) evasion of immune surveillance; 4) 

replicative immortality; 5) inflammation; 6)  activation of invasion and metastasis; 

7) angiogenesis; 8) genome instability and mutations; 9) resistance to cell death and 

10) deregulation of cellular energetics 119,120 (Fig. 9). Over the years these cancer 

hallmarks were used as targets for the development of anticancer drugs. A deep 

understanding of all these cancer hallmarks could help in the development of new 

pharmacological treatments. 

Fig. 9: Cancer hallmarks and target elements for therapy. Scheme of all the modifications involved in cancer 

onset and progression and drugs that have been developed to target each of them. Image adapted with 

permission  120.  
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Beside endogenous factors such as genetic predisposition, extensive research 

during last years recognized that cancer occurrence and progression is attributable 

to complex interactions of various exogenous risk factors that are classified by the 

World Health Organization (WHO) in physical (ultraviolet and ionizing radiation), 

chemical (asbestos, tobacco, alcohol) and biological carcinogens (virus, bacteria or 

parasites) 121. Considering that the overall risk accumulation is combined with the 

tendency for cellular repair mechanisms to be less effective with aging, it is not 

surprising that the incidence of cancer rises dramatically with age.  Indeed, estimate 

published by European Cancer Information System predicted that population 

ageing will lead to a big increase in the number of people dying from cancer ( 32 % 

increase by 2040, compared to 2020) 122. 

 

2.1 Nanotecnology for cancer treatment 

Cancer is a major public health problem and a leading cause of death worldwide 

(estimated 18.1 million cancer cases in 2020) and despite all clinical efforts lots of 

malignancies still have no effective treatment. Moreover, cancer incidence 

statistics by WHO are projected to increase with a total of 24 million new cancer 

cases expected to occur in 2030 123. Conventional methods to treat cancer include 

surgery, chemotherapy, and radiotherapy. However, if tumors are non-resectable 

or metastasized, chemotherapy is the only therapeutic resolution to control the size 

and spread of cancer. As one of the most common clinical strategies, chemotherapy 

still has unsatisfactory performance. Among the reasons why lots of 

pharmacological strategies fail, the mains are the poor selectivity of the drugs and 

the onset of resistance, resulting in systemic toxicity and ineffectiveness of the 

treatment, respectively. In this scenario, nanotechnology can help in overcoming 

https://ecis.jrc.ec.europa.eu/explorer.php?%240-4
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current drug limitations: the encapsulation of cytotoxic drugs into NPs may reduce 

toxicity, extend blood circulation time and increase stability via the reduction of 

their systemic exposure. Nanocarriers can protect payloads from biodegradation or 

excretion, influencing the pharmacokinetic profile of a compound. Moreover, the 

encapsulation of a high quantity of drug can protect from the extrusion mediated 

by the multidrug resistance pumps (MDR pumps), overcoming the resistance issue. 

Finally, the nano-formulations may improve biodistribution and tissue penetration 

and, if functionalized with targeting agents, NPs can also provide a mechanism to 

deliver these drugs specifically to the tumor site 124. Research on nanotechnology-

based cancer therapy extends beyond drug and gene delivery into the creation of 

new alternative approaches that include immunotherapy, photothermal therapy 

(PTT), photodynamic therapy (PDT) 125. Moreover, recent advancements in 

nanomaterials synthesis and tailored-made biomaterials with specific desirable 

ǇƘȅǎƛŎƻŎƘŜƳƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ŀƭƭƻǿ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ άǎƳŀǊǘέ ƴŀƴƻǇŀǊǘƛŎƭŜ ŘŜǎƛƎƴ 

that can combine the diagnosis and therapy in a single carrier (termed as 

theranostic) 126,124. Cancer theragnostic allow faster, safer, and effective cancer 

therapy and remains a significant research area by cancer nanotechnology and 

biomedical researchers 127,128 (Fig. 10). 
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Fig. 10: Nanoparticles for cancer treatment and diagnosis: Theranostic nanoplatforms integrate the 

conventional or the new therapeutic modalities (drug and gene delivery, photothermal therapy (PTT) and 

photodynamic therapy (PDT)) and diagnostic functions (magnetic resonance (MRI) imaging, positron emission 

tomography (PET) imaging, fluorescence imaging and photoacoustic (PA) imaging) into one single carrier to 

assist the management of cancer. Image adapted with permission 124. 

 

 

Despite the great efforts in the implementation of new strategies for prevention, 

early detection, and treatment, cancer remains a major public health problem 129.  

Therapeutic failure can be attributable to the fact that cancer has been long viewed 

as a disease consisting of transformed cells acquiring cell autonomous 

hyperproliferative, invasive and limitless survival capacities. However, emerging 

evidence indicate that, to effectively control cancer, we need to consider 

carcinogenesis and tumor progression not as a cell-autonomous and cancer cell-
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centered condition, but rather as a disease involving complex heterotypic 

multicellular interactions within a newly formed tissue, the cancer tissue. Hence, 

the concept of tumor microenvironment as an integrated and essential part of the 

cancer tissue was coined 130,131,132 . 

 

 

2.2 Tumor microenvironment  

Tumor heterogeneity has been identified as a major challenge for the development 

of effective anticancer therapies. Indeed, cancer should be considered as an 

άƻǊƎŀƴέ ŎƻƳǇƻǎŜŘ ƻŦ ƳŀƭƛƎƴŀƴǘ ŀƴŘ ƴƻƴ-malignant cells closely interacting in a 

complex network. The overall interplay between these cell populations identifies 

the tumor microenvironment (TME) 133. The TME typically comprises immune cells 

(including T and B lymphocytes, tumor-associated macrophages (TAM), dendritic 

cells (DC), natural killer (NK) cells, neutrophils, and myeloid-derived suppressor cells 

(MDSC)); stromal cells (such as cancer-associated fibroblasts (CAF), pericytes, 

adipocytes and mesenchymal stromal cells); the extracellular matrix and other 

secreted molecules, such as growth factors, cytokines, chemokines, and 

extracellular vesicles (EV); and the blood and lymphatic vascular networks, which 

are collectively enmeshed and in communication with each other as well as with 

the heterogeneous cancer cells themselves 134,135.  

Recent studies have shown that the mechanism of tumor initiation, progression, 

and resistance involves not only endogenous changes to tumor cells, but also to the 

TME which play critical roles in regulating tumor biology and modulating response 

to standard-of-care therapies. All TME components provides the necessary 

conditions for the growth, invasion, and metastasis of cancer cells, akin to Stephen 

Paget's hypothesis of "seed and soilέ 136. The increased awareness of stromal 



41 
 

contributions to cancer progression and therapeutic outcome has led to a new 

cancer treatment paradigm: targeting the tumor stroma acquires primary role in 

the fight against cancer 137. Hence multiple therapies directed to various 

components of the TME have been developed in recent years 134. The most 

advanced strategies, which either have been approved or are currently under 

clinical evaluation, mainly focus on the targeting of TAMs, DCs, T cells, tumor 

vasculature, ECM, and CAFs, and are highlighted in Fig. 11 134. 
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Fig. 11: The TME is composed of diverse cell types and secreted factors that represent targets for anticancer 

therapies. Cell types that populate the TME include immune cells, stromal cells, the blood and lymphatic vascular 

networks and tissue-specific cell types such as neurons and adipocytes. These cells secrete ECM components, 

growth factors, cytokines, and EVs, which are essential for signaling between cell types in the TME and 

systemically. As each of these cell types can contribute to the regulation of tumor progression and therapeutic 

response in unique ways, multiple therapies directed to the TME have been developed in recent years. Image 

adapted with permission  134. 

 

 

 

2.2.1 Cancer associated fibroblasts 

Among the cell types that populate the TME, cancer associated fibroblasts (CAFs) 

are one of the most abundant populations. Some studies have shown that 

fibroblasts account for 70 to 90 % of the whole tumor volume of breast cancer and 

pancreatic cancer 138,139. CAFs share several features with myofibroblasts 140. 

Indeed, the evolution and structure of TME has many parallels with wound healing 

and inflammation processes. In this condition, quiescent fibroblasts can be 

activated and become smooth muscle reactive fibroblasts (myofibroblasts), which 

are involved in tissue repair and scar formation 141,142. Starting from the assumption 

ǘƘŀǘ άǘǳƳƻǊǎ ŀǊŜ ǿƻǳƴŘǎ ǘƘŀǘ Řƻ ƴƻǘ ƘŜŀƭέ 143, it is not surprising that in such 

chronic inflammatory condition resident fibroblasts are constitutively activated. 

CAFs are known to have a dynamic and often tumor-promoting function and are 

critically involved in cancer progression with multiple actions. They 1) create a 

protective barrier for cancer cells remodeling the tumor stroma; 2) induce 

epithelial-to-mesenchymal transition; 3) activate survival pathways and metabolic 

reprogramming in tumor cells; 4) promote tumor metastasis and angiogenesis and 

5) strongly contribute to build an immunosuppressive environment 144 (Fig. 12). 
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Fig. 12: Roles of CAFs in assisting tumor initiation, progression, and therapeutic resistance.  

 

 

The increasing effort in unveiling the role of TME in cancer development and 

resistance has shown a complex interplay between tumor cells and neighboring 

CAFs, frequently referred to as bidirectional crosstalk. In this process, the behaviors 

of both components are mutually influenced: CAFs are able to stimulate pro-

survival programs in cancer cells by different mechanisms; conversely, cancer cells 

recruit resident fibroblasts and other cellular subtypes (e.g., mesenchymal stem 

cells, circulating fibrocytes) and reprogram them into CAFs, thereby converting 

them from a quiescent to a tumor supportive state 145,142. Such crosstalk takes place 

by essentially three pathways: 1) direct heterotypic cell-cell contact, 2) paracrine 

secretion of exosomes, and 3) paracrine secretion of soluble factors (e.g., growth 

factors, cytokines, chemokines). In particular, exosomes released from both cancer 
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cells and CAFs are exploited to communicate with neighboring cells delivering their 

content (e.g., proteins, mRNA, miRNA) therein 146. 

 

 

 

2.2.1.1 CAFs: an appealing target for anticancer strategies 

Taking advantage of their abundance in TME and their involvement in tumor 

pathogenesis, cancer-associated fibroblasts have been explored for the definition 

of innovative therapies 147. Currently, anticancer strategies that relies on targeting 

CAF populations include: the depletion of CAFs, the inhibition of CAF activator 

signaling pathways and the reversion from an activated to a quiescent state of CAFs 

141. However, these strategies present some intrinsic restrictions, such as the lack 

of a specific CAF marker, which hamper their selective depletion. Moreover, the 

heterogenicity of CAFs makes it difficult to discriminate between tumor-promoting 

and tumor-suppressive subpopulations, often resulting in therapeutic failure or 

even exacerbating the tumor invasiveness 148. Rather than depleting CAFs or 

compromising their function, a new valid strategy could be to reprogram them to 

act as a source of antitumor effectors in TME. Indeed, their peculiar localization 

near the blood vessels 149 as well as their role as main drug scavengers for the off-

target distribution of anticancer agents inside the tumor area 150 make CAFs an 

accessible target. Moreover, exploiting their intrinsic role as reservoir of cytokines 

and growth factors involved in paracrine signaling, the reprogramming of CAFs to 

produce cancer cytotoxic agent could be a valid anticancer strategy to treat tumors 

that share a distinctive desmoplastic stroma (see next paragraph). 
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2.2.2 Extracellular matrix  

The extracellular matrix (ECM), which comprises the interstitial elements within 

tissues or organs, is a three-dimensional network composed of fibrous proteins 

(collagens, elastins, fibronectins, laminins), glycosaminoglycans (hyaluronic acid) 

and proteoglycans 151. The ECM plays vital roles for all biological processes by 

providing architectural support, anchorage for cell adhesion, a reservoir for water, 

and various growth factors, as well as inductions for intracellular signaling pathways 

138. As one of the major components of the tumor microenvironment, the 

dysregulation of ECM is a remarkable feature of cancer and the main differences 

between normal and tumor-associated ECM are represented in Fig. 13. 

 

 

 

 

 

 

 

 

Fig. 13: Schematic illustration of ECM components in normal tissue (left) and the TME (right). Matrix stiffness is 

mainly related to excessive collagen and HA within TME. Both cancer cells and fibroblasts contribute to the 

remodeling of the ECM during its stiffness, fundamentally influencing many critical biological processes during 

the development of cancer. Image adapted with permission 152.  

https://en.wikipedia.org/wiki/Three-dimensional_space
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Stromal cells, including fibroblasts and pericytes, are the major source of ECM 138. 

Particularly, fibroblasts directly produce structural macromolecules (collagen, 

fibronectin, and laminin) and secrete enzymes involved in the modification and 

degradation of these structural macromolecules (lysyl hydroxylases and 

metalloproteinases) 153. During the development of some type of solid cancer, CAFs 

contribute to an excessive collagen deposition and a disordered production of ECM 

components, which induce significant mechanical stiffening within the tumor 

tissue. In return, the stiffened ECM alters the characteristics of cancer cells 152. This 

feature, named desmoplasia, is typical of some kinds of tumors, particularly 

pancreatic, bladder and some breast cancer subtype 154 and act as a biophysical 

barrier for drug delivery. Indeed, the dense stroma, together with concomitant 

increase in the interstitial fluid pressure (IFP), hampers the tissue penetration of 

anticancer agents making most therapies ineffective 155.   

 

2.3 Tumor targeting 

The concept of drug tumor targeting was first introduced by Paul Ehrilch (Nobel 

Prize in Physiology or Medicine in 1908) who described a hypothetical "magic 

bullet" capable to selectively act on diseased cells tissues without affecting normal 

cells 156. This can be translated in achieving the maximal therapeutic efficacy with 

minimal toxic effect 157. Nanotechnologies offer the possibility to design such 

"magic bullets" that may effectively accumulate inside the tumor and ensure a 

controlled therapeutic delivery. Indeed, as already mentioned, most current 

anticancer agents do not differentiate between cancerous and normal cells, leading 

to systemic toxicity and severe side effects 158. As a result, all these adverse effects, 

such as bone marrow suppression, cardiomyopathy, and neurotoxicity, strongly 
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ƭƛƳƛǘ ǘƘŜ ƳŀȄƛƳŀƭ ŀƭƭƻǿŀōƭŜ ŘƻǎŜ ƻŦ ŘǊǳƎ ŀƴŘ ǊŜŘǳŎŜ ǇŀǘƛŜƴǘǎΩ ŎƻƳǇƭƛŀƴŎŜΦ ¢ƘŜǊŜ 

are two main strategies by which targeting can be achieved, namely passive and 

active targeting. Passive targeting exploits some tumor abnormalities in order to be 

preferentially internalized inside the cancerous microenvironment, while in active 

targeting, NPs are decorated with some functionalities, such as ligands or peptides, 

that actively recognize and interact with specific receptors on cancer cells surface 

159. 

 

2.3.1 Passive and Active targeting  

During tumor formation, normal vascular tissues made of tight lined endothelial 

cells become defective and more permeable than in healthy tissues. Indeed, the 

increasing need of nutrients and oxygen by cancerous cells lead to the rapid 

formation of leaky vessels characterized by abnormal branching and enlarged inter-

endothelial gaps, which allow a massive exchange of substances 160. Moreover, 

tumor mass is also characterized by an impairment in lymphatic drainage, which 

results in a prolonged retention of these substances inside the tissue. Together with 

nutrients, the leaky blood vessels allow the extravasation and accumulation of 

nanoparticles with sizes of up to 400 nm in the tumor interstitial space 161,162. This 

mechanism, called άŜƴƘŀƴŎŜŘ ǇŜǊƳŜŀōƛƭƛǘȅ ŀƴŘ ǊŜǘŜƴǘƛƻƴέ ό9twύ ŜŦŦŜŎǘΣ was first 

described in 1986 when researchers observed that NPs better accumulate and are 

retained in tumor tissue compared to small molecules 163. Even though a high 

number of currently approved nanomedicines rely on the passive drug targeting, 

this approach has some limitations. In the last couple of years, scientists have 

realized that the EPR effect is highly heterogeneous, changing over time during 

tumor development and possibly also being transient. This pathophysiological 
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phenomenon does not only vary between mouse models and patients, but also 

among tumor types of the same origin, and among tumors and metastases within 

the same patient 162. In addition, the physicochemical properties of nanoparticles 

such as their size, shape and surface charge also contribute to the variations in the 

EPR effect and drug accumulation 164. Finally, although the formulation is effectively 

delivered to the tumor microenvironment, internalization of the drug into the cell 

is not guaranteed. All together these issues make challenging to predict the success 

of a nanoparticle-based drug delivery system which solely relies on the EPR effect 

(Fig. 14).  

Active targeting involves the use of a variety of affinity moieties (such as ligands, 

antibodies, or peptides) to direct the binding of nanoparticles to many biological 

targets, receptors or other surface membrane proteins overexpressed on target 

cells 165. Hence, these functionalities may promote NPs internalization in cancer 

cells by triggering receptor-mediated endocytosis. As a result, active targeting 

ensures the release of drugs inside, or at least nearby, tumor cells improving 

therapy efficacy. Moreover, this mechanism shows the potential to suppress 

multidrug resistance via bypassing of P-glycoprotein-mediated drug efflux 166. 

Numerous targeting ligands have been employed to actively target nanoparticles 

including antibodies, antibody fragments, aptamers, peptides and whole proteins 

(e.g., transferrin) and different receptor ligands (e.g., folic acid) 167. Obviously, for 

this mechanism to be selective and successful, the antigen chosen as a target should 

be as much as possible exclusively, or at least preferentially, expressed on cancer 

cells than healthy counterparts (Fig. 14). 
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Fig. 14:  Schematic representation of passive and active targeting. Image adapted with permission 161. 

 

Despite the potential benefit of active targeting is widely accepted, this technology 

has resulted in a few clinically validated products 159. Indeed, functionalization of 

NPs remains insufficient to reproduce complex and multicellular interactions 

present in a human body, thus limiting the efficacy of active drug delivery 168.  
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2.3.2 Challenges for NPs-mediated tumor targeting 

As already mentioned in paragraph 2.2.2, the density of ECM components strongly 

influences nanomedicine accumulation, as it forms a barrier which prevents the 

penetration of nanomedicines from the vessels deep into the tumor interstitium, 

further contributing to inhomogeneous distribution of drugs and drug delivery 

systems 162. The hypothesis that nanomedicine accumulation is compromised in 

collagen-rich tumors has been confirmed in several studies, showing that dense 

fibrillar collagen prevents large molecules as well as standard chemotherapeutic 

agents from penetrating deep into tumorous. Together with this, before than 

reaching the tumor site, nanotherapeutic agents must face another challenge: the 

reticuloendothelial system (RES) uptake 169. 

 
 

 

2.3.2.1 Reticuloendothelial system uptake 

Despite the progress in the field of nanoparticles for applications as drug and gene 

delivery systems, the specific tumor targeting, and immune system escape 

capabilities of these carriers are still limited 170.   

DƛǾŜƴ ǘƘŜ ΨŦƻǊŜƛƎƴΩ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ƴŀƴƻǇŀǊǘƛŎƭŜǎΣ ƻƴŎŜ ƛƴƧŜŎǘŜŘ ƛƴ ǘƘŜ ōƭƻƻŘǎǘǊŜŀƳ 

they are rapidly sequestered by the reticuloendothelial system, a heterogeneous 

population of phagocytic cells that are part of the immune system  171. The process 

of sequestration begins with opsonization of nanoparticles, involving the 

adsorption of plasma proteins, including serum albumin, apolipoproteins, 

complement components and immunoglobulins, onto the surface of circulating 

nanoparticles (protein corona) 172. Consequently, RES components specifically 

recognize the protein corona formed around NPs inducing their elimination before 
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they reach the tumor site 173. This process results in a short nanoparticle circulation 

time and, ultimately, less therapeutic efficacy 174,173,175. 

In addition to increasing uptake by the mononuclear phagocyte system (MPS), 

opsonization often proves detrimental to active-targeting strategies for 

nanoparticles, as the adhered biological corona masks targeting ligands, resulting 

in a marked reduction in specificity 169,176. 

 

 

Fig. 15: Strategies for nanoparticle biomimicry for MPS avoidance and prolonged circulation. Image adapted 

with permission 169. 

 

In summary, although substantial research efforts have aimed to incorporate 

multiple functionalities and moieties within the overall nanoparticle design, many 

of these strategies fail to adequately address the RES barrier 169. 

Instead of creating new alternative solutions from the ground-up, recent research 

looks towards nature for inspiration, taking design cues directly from biological 

systems. Indeed, an entire area of research dedicated towards biomimetic 

nanotechnologies has spawned in recent years 177. 
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2.3.3 Biomimetic nanoparticles 

Biomimetic nanoparticles (BNPs) emerged as a strategy to overcome the above-

described limitations associated with synthetic carrier, since many of the desirable 

abilities of drug delivery systems are innate characteristics of biological vesicles 170. 

Specifically, cell membrane-based NPs is an emerging class of drug delivery vehicles 

that mimic the features and functions of native cells 178,179. This approach includes 

two main strategies: 1) the use of the cell membrane itself as therapeutic cargo 

carrier or 2) the coating of another material-based core NPs with cell membrane 180 

181. This last approachΣ ƴŀƳŜŘ άcell-membrane camouflagingέ ŀǇǇǊƻŀŎƘΣ will be 

described in the next paragraph.  

 

 

2.3.3.1 Cell membrane-camouflaged NPs 

Cell membrane-coated/camouflaged nanoparticles (CMNPs) consist of a core NP 

coated with the membrane derived from natural cells (shell) resulting in a hybrid 

core-shell structure 182 (Fig. 16). 

 

 Fig. 16: Schematic illustration of core NPs coating with cell membrane (CM) fragments. Image adapted with 

permission 183.  
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This top-down approach integrates the complexity and versatility of the biological 

cell membrane with the flexibility and controllability of synthetic materials 184,185. 

Indeed, the cell membrane coating acts as a medium to functionalize synthetic NPs, 

providing the design of ideal multifunctional delivery systems suitable for different 

biomedical applications 181.  

Retaining the cell-membrane structure (lipid bilayer) and components (membrane-

bound antigens and sugar moieties) CMNPs display peculiar properties that are 

typical of the donor cells such as 1) the ability of bio-interfacing in complex 

biological systems, 2) self-identification 186, which enables the biomimetic delivery 

system to escape immune clearance and opsonization 187, 3) prolonged systemic 

circulation 188,  and 4) enhanced targeting toward a specific biological compartment 

189. Different source cell will endow CMNPs of different properties and thus the 

choice of cell membrane depends on the desired therapeutic aims. To date, various 

cell membranes have been utilized to design biomimetic systems including red 

blood cells, platelets, cancer cells, and macrophages 190 (Fig. 17). 

Fig. 17: Timeline of CMNPs development. Image adopted with permission 190. 
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¢ƘŜǎŜΣ ŎƻƳōƛƴŜŘ ǿƛǘƘ ŀ Ǿŀǎǘ ŘƛǾŜǊǎƛǘȅ ƻŦ άŎƻǊŜǎ ƳŀǘŜǊƛŀƭǎέ ƎŀǾŜ ǊƛǎŜ ǘƻ ŀ ƭŀǊƎŜ ƭƛōǊŀǊȅ 

of CMNPs that have been tested in different medical applications. The first example 

reported in literature by Zhang et al. shows the use of erythrocyte membranes to 

coat polymeric NPs in order to reduce macrophage uptake and systemic clearance 

190. Later, Tasciotti et al. expanded the selection of membranes from non-nucleated 

cells to nucleated cells using leukocytes as the raw material for membrane coating. 

Beside monotypic CMNPs, in the last decade the research is focusing also on a new 

appealing strategy that combines the cell membranes derived from two different 

cell types generating hybrid cell membrane-coated nanoparticle 190. The first 

example was proposed by Zhang et al. that demonstrated the preservation of both 

RBC and platelet proteins on the same nanocarrier, combining their unique 

functions. Subsequently, an increasing number of combinations were 

experimented such as cancer cellsςRBCs, macrophagesςcancer cells, and bacterial 

vesiclesςcancer cells 191. 

 

 

Cell membrane-camouflaged NPs production 

The preparation of CMNPs usually comprises three steps (Fig. 18): 1) isolating the 

cell membranes from the source cells (step 1), designing the NP inner core (step 2), 

and fusing the cell membrane with the core NPs to form a core-shell structure (step 

3) 191. 
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Fig. 18: Schematic diagram of preparing monotypic CMNPs. Step 1 includes two processes of harvesting cell 

membrane fragments; step 2 requires cautious selection and fabrication of the inner core according to the 

purpose; step 3 is the final step to coat the cell membrane onto a template. Image adopted with permission 190.  

 

Step 1: The first step comprises cell membrane isolation and membrane 

purification, both of which need to be performed gently to preserve the structure 

and composition of the membrane as well as to avoid denaturation of proteins 

located on the surface and within the membrane 190. Among various options, 

methods mostly used for membrane isolation include hypotonic lysis 190, freeze-

thawing 190, the use of ultrasonic waves 192, and homogenization 193. The choice of 

the methods depends on the cell characteristics and often the combined use of 

these methods can yield satisfactory results. For example, simpler extraction 

methods, such as hypotonic lysis and freeze-thawing, can be suitable, for non-

nuclear cells while nuclear cells, such as cancer cells require other methods, such 

as the use of ultrasonic waves and homogenization 194. The next stage for cell 

membrane extraction involves the purification of cell membranes. Several methods 

have been developed, including differential ultracentrifugation, density gradient 
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centrifugation, and ultrafiltration 195. While differential ultracentrifugation adopts 

a gradual increase in centrifugal speed, which is suitable for cell lysates with 

significantly different sedimentation coefficients, density gradient centrifugation 

requires the formation of a continuous or discontinuous density gradient in the 

centrifuge tube and is suitable for separating materials with different densities 196. 

By contrast, ultrafiltration requires no phase change, no heat release, low energy 

consumption, and no chemical reagents. However, it is greatly limited by sample 

volume. 

Step 2: The core constituents of cell membrane-camouflaged NPs can be organic, 

inorganic, or organicςinorganic hybrid nanosystems 197,198.  Obviously, different 

inner cores endow CMNPs with different properties and therefore the core 

selection should be carried out depending on the desired application 191.  Typically, 

the core of the NP, which must be delivered and released at the target site, consists 

of its therapeutic agent and framework, which are shielded by cell membranes 

obtained from step 1. In the case of drug delivery, the NP core carries the payload 

that needs to be delivered to the desired site. Organic cores are fabricated using 

organic compounds, such as polymers, liposomes, gelatin, chitosan, and human 

serum albumin and thus display the advantage of biocompatibility and 

biodegradability 199,200. Among these, the FDA approved poly(lactic-co-glycolic 3 

acid) (PLGA) has been widely used as skeleton of the core  and loaded with different 

cargo such as anticancer drugs, near-infrared (NIR) dye, and/or other materials 185. 

Other examples include the use of liposomes as core material for loading both 

hydrophilic and hydrophobic therapeutic cargos 201. Alternatively, inorganic NPs 

with their tunable and inherent electrical, optical, and magnetic properties have 

been exploited for different applications such as photodynamic therapy, 

photothermal therapy, fluorescence imaging, and magnetic resonance imaging 202. 

However, their non-negligible toxicity for healthy tissues and organs has restricted 
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their clinical use 203. Several examples of inner core materials employed for cell 

membrane-camouflaged NPs are listed in Tab. 4. 

 

Applications Source cells Materials of inner core Disease models 

Drug delivery Erythrocyte PLGA, PCL, hydrogel, SiO2/TiO2, silica, protein, 
sodium alginate, porous carbon/silica, drug 

nanocrystal, a-dextran, solid lipid, 
perfluorocarbons, gold, MnO2, ZIF-8, 

bacterium, adenovirus 

Cancers, bacterial infection, 
hemorrhagic shock, diabetes 
mellitus, acute liver failure 

Leukocyte PLGA, mPEG-PAE, silica, silicon, liposome, 
silver, PCL-PEG, ZIF-8 

Cancer, rheumatoid arthritis, 
acute pancreatitis, lung 

inflammation 

Platelet PLGA, AAm/APMAAm, silica, dextran, black 
phosphorus, melanin, liposome 

Cancer, atherosclerosis, 
bacterial infection, myocardial 

I/R injury 

Cancer cell PLGA, PCL-F68, Fe3O4, gold, silica, cationic 
polymers, liposome, ZIF-8 

Cancer 

Stem cell PLGA, hydrogel Cancer, myocardial infarction 

Bacterium Silica Bacterial infection 

Endothelial cell MnO2 Atherosclerosis 

Gastric 
epithelial cell 

PLGA Helicobacter pylori infection 

Hybrid cell PLGA, CuS, copolymer micelle, liposome Cancer 

Imaging and 

phototherapy 

Erythrocyte PLGA, UCNPs, gold, Fe3O4, prussian 
blue/manganese, black phosphorus, chitosan, 
dioxide, melanin, PPy, silica, UiO-66, TPC, Cu2-

xSe, PCEC, ICG 

Cancer 

Leukocyte Fe3O4, gold, PLGA, UCNPs, mPEG-PLGA, 
gold/silver, ICG 

Cancer, bacterial infection 

Platelet PLGA, Fe3O4, silica/bismuth, W18O49 Cancer 

Cancer cell PLGA, UCNPs, ICG, ZIF-8, PCN-224, Silica, PPt, 
styrene/acrylic acid, Fe3O4, gold, TiO2@MnO2, 

ZIF-8, carbon sphere/cerium oxide 

Cancer 

Stem cell UCNPs Cancer 

Endothelial cell Fe3O4/gold /  

Fibroblast SPNs Cancer 

Hybrid cell CuS, melanin, Fe3O4 Cancer 

Toxin 

neutralization 

Erythrocyte PLGA, hydrogel, gold Bacterial infection, 
organophosphate poisoning, 

type II immune hypersensitivity 
reactions 

Leukocyte PLGA, Fe3O4 Sepsis, endotoxemia, HIV 
infection, rheumatoid arthritis 

Platelet PLGA, helical nanomotors Immune thrombocytopenia 

Host cell Hydrogel Zika virus infection 

Erythrocyte PLGA, Mg-TiO2, Bacterial infection, cancer, viral 

infection 
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Immune 

modulation 

Leukocyte PLGA Bacterial infection 

Cancer cell PLGA, silicon, pSi Cancer 

Bacterium Gold, nucleotide Cancer 

Sensing and 

detection 

Erythrocyte PLGA, carbon, Fe3O4 Viral infection, bacterial 

infection, cancer 

Leukocyte Fe3O4, graphene Cancer 

Platelet PLGA Atherosclerosis 

Cancer cell Gold, silica, PLGA, Ag2Te Cancer 

Sonodynamic 

therapy 

Cancer cell TiO2, ZIF-8 Cancer 

Hybrid cell liposome Cancer 

Anti-adhesion 

therapy 

Bacterium PLGA Bacterial infection 

 

Tab. 4: List of different cell membrane-camouflaged nanoparticles. AAm: acrylamide; APMAAm: N-(3-

aminopropyl) methacrylamide; F68: pluronic copolymer F68; UCNPs:upconversion nanoparticles; CuS: Copper 

Sulfide; PPy: polypyrrole; ICG: indocyanine green; ZIF-8: zeolitic imidazolate framework 8; PCN-224: porous 

coordination network-224; PPt: Pt(II) porphyrinic-metal organic framework; SPNs: semiconducting polymer 

nanoparticles; TPC: 5,10,15,20-tetraphenylchlorin PCL: polycaprolactone; PCEC: PCL-PEGPCL. 

 

 

Step 3: The last step for the preparation of CMNPs is the reconstruction of cell 

membrane-coated NPs. The coating process is commonly achieved by several 

methods that include physical extrusion, sonication, and microfluidic 

electroporation (Fig. 19).  
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Fig. 19: Schematic illustration of the camouflage of cell membrane to nanoparticles by extrusion (a), sonication 

(b) and microfuidic electroporation (c).  Image adopted with permission 190. 

 

Extrusion refers to the production of uniformly sized particles by pushing the 

material through nano-porous membranes 204 (Fig. 19a). The cell membrane 

fragments obtained from step 1 are extruded to form uniform vesicles. Then these 

vesicles are re-extruded with solid NPs (inner core) in the nanopore channel, 

thereby fusing to form coreςshell CMNPs 205.  The efficiency of cell membrane 

coating by extrusion can be determined based on two factors that drastically 

influence the coverage percentage right-side-out ratio: membrane-to-core ratio 

and surface charge of the inner core 206. Compared with other methods, extrusion 

results in better uniformity and smaller size dispersity 207 and can be flexibly applied 

to coat NPs of different sizes 208. However, the primary drawback of using this 

method for mass manufacture is the substantial sample waste resulting from the 

buildup of material on the porous membrane 209. Unlike extrusion, sonication 

method prevents material loss during the coating process 210. By applying acoustic 

waves at the frequency of ultrasound (20 kHzς1 MHz), sonication produces local 

instability in bilayer membranes causing their deformation and disruption 211.  

Hence, upon mixing of the two components, the mechanical force imposed by 

ultrasonic energy allow the membrane material to spontaneously reassemble in 

vesicles around the NPs cores in an energetically favorable process (Fig. 19b). This 

technique has been used for constructing CMNPs by several groups that 

demonstrated that the function of membrane protein was not affected by 

ultrasound waves 212. However, despite its technical simplicity, this method may 

result in a higher degree of sample polydispersity 213. Microfluidic electroporation 

successfully enhances the entrance of the inner core into membrane vesicles by 

generating temporary hydrophilic holes through the cell membrane using quick 
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high-voltage electric field pulses 214 (Fig. 19c). The feasibility of CMNPs manufacture 

using microfluidics was proven in 2017. The benefits of this approach are its high 

throughput and quantitative format that allow the use of microfluidic 

electroporation at the industry scale 215. However, problems including the lack of 

specifications and standards for core-shell technology need to be addressed 216. 

Overall, when selecting the coating method, membrane coverage, right-side-out 

membrane orientation, uniformity, size dispersity, and protein loss are important 

factors that need to be considered.  

 

 

Cancer cell membrane coating 

The coating with membrane derived from cancer cells is one of the most prominent 

biomimetic approaches for cancer therapy, which can be readily expanded for 

large-scale preparation owing to the immortal nature of cancer cells 217. As with 

most biomimetic nanotechnologies, NPs coating with cancer cell membrane exhibit 

prolonged blood circulation times and immune evading characteristics that make 

them an excellent candidate for drug delivery as well as many other applications 

218. Cancer cell membrane coating possesses a unique feature that is commonly 

referred to as homotypic targeting 219 whereby the constructs can recognize and 

bind to the parent cancer cells from which they were derived with molecular 

specificity 220. Homotypic binding is the mechanism by which cancer cells adhere to 

one another, thus allowing tumor growth and metastasis formation 221. This 

property displayed by cancer cells is mediated by cell adhesion molecules (CAMs) 

that include cadherins (E-cadherin), selectins (galectin 3), integrins, the 

immunoglobulin superfamily (Ig-SF), and lymphocyte-homing receptors (such as 

CD44) 222 (Fig. 20). Consequently, the ability of cancer cell membrane-camouflaged 
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NPs to initiate homologous targeting with inherent self-adhesive properties 

provides great tumor-selective accumulation, molecular specificity toward cancer 

cells and reduced accumulation in healthy tissues 223,219. Cancer cell membrane 

coatings have been extensively used for formulating therapeutic drugs, such as 

doxorubicin and paclitaxel, to treat breast cancer, ovarian cancer, lung cancer and 

many others 224,218. Interestingly in the last years, the camouflage approach is 

showing significance for the delivery of nucleic acids for cancer therapy. Various 

examples reported in literature relies on the use of biocompatible polymers such 

as PLGA polymer or Ǉƻƭȅόʲ-amino ester) (PBAE) to condense small interfering RNA 

(siRNA) into nanoparticles as the core, which is further camouflaged with cancer 

cell membranes 225,226,227. As already discussed in paragraph 2.2.1, cancer cells 

dynamically interact with stromal cells in TME via different mechanisms among 

which direct cell-cell contact plays a critical role in the regulation of tumor behavior 

228. Specifically, adherent junctions and gap junctions, which participate in forming 

direct connections between neighboring cells, essential for diverse cellular 

functions, are mediated by transmembrane cell adhesion molecules 229. A better 

investigation of cell-cell interaction mechanisms in TME has revealed that surface 

antigens with overexpressed adhesion domains like E-cadherin, galectin-3 and 

Thomsen-Friedenreich antigen (TF antigen) are involved in cancer cell heterotypic 

adhesion with supportive cells of TME 218,230. An interesting example occurs 

between CAFs and cancer cells in TME: the heterotypic interaction between N-

cadherin and E-cadherin on their surface, respectively, is responsible for generating 

intercellular mechanical forces to promote collective invasion of cancer cells 231 (Fig. 

20). 
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Fig. 20: Homotypic (cancer cell-cancer cell) and heterotypic (cancer cell-CAF) interactions mediated by cell-

adhesion molecules.  

 

Similarly to what was speculated for homotypic tumor targeting property of cancer 

cells, cancer cell membrane coating could be applied to perform heterotypic 

targeting of stromal cells in TME. To the best of our knowledge, this phenomenon 

has not been described yet and will be explored in this thesis work.  
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Aim 

mRNA-based gene therapy has been considered one of the most promising 

strategies for the treatment of cancer 232. However, the general instability and 

immunogenicity associated with the in vivo administration of naked mRNA require 

the use of suitable delivery systems able to protect it from nucleases and to improve 

the transfection efficiency 18. In this regard, lipid nanoparticles (LNPs) have recently 

emerged as the most clinically advanced non-viral gene therapy vector 94. Despite 

the great success, they lack tumor targeting capability, which is a prerequisite for 

effective cancer therapy 233. While tumor targeting is challenging to achieve via 

nanoparticle functionalization with synthetic targeting ligands, the cell membrane 

coating technique offers a new promising approach to face this challenge 232. 

Specifically, coating the nanoparticles with entire cancer cell membranes or with 

their components provide them with various cell-like biological properties, 

including immune escape, prolonged systemic circulation time and cell-cell 

recognition in the tumor microenvironment 188. However, despite the efforts in 

designing an ideal nanocarrier, the dense desmoplastic stroma typical of some solid 

tumors hampers the tissue penetration of nanotherapeutics, making them 

ineffective 155.  

With this background, my project lays its foundations on a new cancer treatment 

paradigm whereby targeting the tumor stroma and stimulating the 

microenvironment response acquires a primary role in the fight against cancer.  

Rather than acting directly on hardly accessible cancer cells, my thesis work aims to 

develop a nanocarrier suitable to deliver mRNA-based anticancer agents specifically 

to stromal cell populations, more accessible compared to cancer cells. Among the 

many tumor microenvironment (TME) cell types, we chose cancer associated 

fibroblasts (CAFs) as a favorable biological target, leveraging their abundance and 
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perivascular localization as well as their known role as drug scavengers in the tumor 

neighborhood 149. 

The idea behind the goal of my thesis, which is the objective of a broader project 

funded by the Italian Association for Cancer Research (AIRC), was to reprogram 

CAFs by means of gene therapy for the high-rate production of the tumor-specific 

proapoptotic agent TRAIL. We believe indeed that the cytotoxic agent produced by 

transfected CAFs will be directed toward the neighboring tumor cells, reflecting the 

physiological bidirectional paracrine signaling between CAFs and malignant cells in 

TME.  

In this project, I focused my interest on the design and development of an 

innovative gene therapy vector able to efficiently target CAFs cells in a desmoplastic 

tumor model. The strategy proposed consists in exploiting a core-shell system, 

inspired by the cell membrane camouflage approach, whereby mRNA 

encapsulating lipid nanoparticles (core) are wrapped by cancer cell membrane 

(shell). 

Although cancer cell membrane-coated nanoparticles are generally investigated for 

their homologous targeting capabilities, in this project the natural composition of 

the tumor cell membranes will be explored for the first time also to achieve a 

heterotypic targeting, given their intrinsic interaction with CAFs. Indeed, recent 

investigations around the cellular cross-talk mechanisms within the TME have 

highlighted the important role of heterotypic recognition in tumor development 

and resistance against external stimuli (Öhlund et al., 2014). 

The resulting biomimetic platform will combine the properties of natural cell 

membrane to avoid immune-recognition and perform TME targeting with the 

abilities of lipid nanoparticles to encapsulate and carry genetic material. 

For this purpose, we selected highly stromatic murine triple negative breast cancer 

(TNBC) as a model to test the feasibility of our strategy in a desmoplastic 
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microenvironment. Thus, TNBC cells were used as the source material for the 

production of cancer cell membrane-derived nanovesicles (CCM-NVs) and their 

property of heterotypic interaction with CAFs was tested in vitro.  In parallel, lipid 

nanoparticles were manufactured by means of microfluidics and subsequently 

coated with CCM-NVs. Aiming to set-up a general method for the production of the 

above described biomimetic nanovector, we opted to use siRNA instead of mRNA 

as nucleic acid cargo, given its cheaper availability. Obviously, once optimized and 

tested, the approach will be ready for translation into the development of 

functional nanocarriers encapsulating the mRNA of interest. 
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wŜǎǳƭǘǎ ŀƴŘ 5ƛǎŎǳǎǎƛƻƴ 

1. Production and characterization of cancer cell membrane-derived nanovesicles  

1.1 CCM-NVs production protocol  

The production of cancer cell membrane derived nanovesicles (CCM-NVs) is a 

multistep process that includes the growth of source cancer cells, the digestion of 

parent cells, the purification of the cell membranes, and the formation of nanosized 

vesicles. One of the main limitations of cell membrane-derived nanovesicles 

production is the low process yield, which necessitates a large amount of source 

cells 234. Therefore, the first step consists in the source cell expansion until reaching 

enough cells. As previously mentioned, we chose the highly stromatic murine triple 

negative breast cancer to model a severe desmoplastic tumor. Specifically, 4T1 

murine TNBC cells were selected as source cells and proved to be a good candidate 

taking advantage of their high proliferation rate. Once expanded, the cells were 

harvested through trypsinization and washed several times in PBS to remove 

protein contaminants contained in the cell medium. Afterward, 4T1 cancer cells 

were ruptured into cell fragments under mild hypotonic conditions coupled with 

mechanical homogenization. Using a motor headed homogenizer, the cells were 

forced through a narrow space between the close-fitting plunger and the tube 

walls, that caused cell swell, burst, and the release of cytosolic content (Fig. 21).   
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Fig. 21: Cell homogenization process: a) cells suspended in PBS (20X); b) cells suspended in homogenizing buffer 

(40X); c) cells suspended in homogenizing buffer after homogenization (40X). 

 

The resulting homogenate containing large and small molecules from the cytosol 

(enzymes, ribosomes) and organelles (lysosomes, Golgi, mitochondria, and 

endoplasmic reticulum), underwent a process called fractionation by differential 

centrifugation, through which the plasma membrane was isolated from the other 

subcellular components based on the difference in density (Fig. 22). Unbroken cells 

and nuclei were pelleted under a first low-speed centrifugation, while other 

organelles such as lysosomes and mitochondria were spun at increasing speed and 

spin duration. Finally, the plasma membrane was harvested under 

ultracentrifugation, appearing as a solid pellet at the bottom of the tube (Fig. 22a), 

whereas the cytosol-containing supernatant was removed. The membrane pellet 

was then resuspended in a buffer containing 0.1% sucrose and ultracentrifuged 

again to completely remove the cytosol contaminants.  

 B)

a) 
C) A) 
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Fig. 22: Differential centrifugation: Schematic representation of serial centrifugation cycles with centrifugal 

forces from 1,000 × g up to 100,000 × g. After each centrifugation step the pellet was discarded while the 

supernatant was collected for further centrifugation. The final pellet containing membrane fragments (a) was 

resuspended in sucrose buffer (b). 

 

At the end of this process the membrane fragments contained in the pellet were 

suspended in sucrose-containing buffer and transferred into nano-sized vesicles 

through mechanically induced physical extrusion. The extrusion process is a 

technique widely used to produce nanoparticles or to suit particles size and 

morphology. In this procedure, the fluid containing the membrane fragments is 

forced through a nanopore membrane. This causes the lipids reassembly leading to 

the formation of smaller and more homogeneous particles having size close to that 

of membrane pores. In details, the solution containing the membrane fragments 

was first passed 10 times on a polycarbonate membrane with a pore size of 800 nm 

and subsequently passed 10 times through a membrane with pore size of 400 nm.   

 

 

A) 

B) 
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1.2 CCM-NVs characterization  

The obtained CCM-NVs were then characterized in terms of size, surface charge and 

morphology. The analysis by dynamic light scattering (DLS) (Fig. 23a) showed a 

significant reduction in both hydrodynamic diameter (from 433.3 ± 0.659 nm to 

197.1 ± 0.127 nm) and polydispersity index (from 0.659 ± 0.074 to 0.127 ± 0.05) of 

the nanoparticles after the extrusion step. The Z-potential analysis indicated that 

both pre-extrusion and post-extrusion CCM-NVs had a negative surface charge (ς

20.7 ± 1.62 mV and ς26.2 ± 2.59 mV, respectively), which is consistent with the 

negative charge of the membrane phospholipid bilayer (Fig. 23b). Moreover, 

nanoparticles tracking analysis (NTA) highlighted the feature of the extrusion 

technique to bestow the nanovesicles a high degree of size uniformity, as 

represented in Fig. 23c.  
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Fig.23:  Characterization of CCM-NVs before and after extrusion: a) Size and PDI measurement by dynamic light 

scattering; b) Z-potential analysis; c) Nanoparticles tracking analysis.  

 

The CCM-NVs morphology was imaged by transmission electron microscopy (TEM) 

upon negative staining with uranyl acetate. Fig. 24 shows the analysis of both pre-

extrusion (upper quadrants) and post-extrusion (lower quadrants) samples. TEM 

images of CCM-NVs before extrusion suggested the formation of objects with 

poorly defined morphology. In contrast, TEM image of extruded CCM-NVs showed 

a population with a well-defined shape that resemble the cup-shaped morphology 

of another well-known membrane-derived structure, namely the exosomes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24: Transmission electron microscopy analysis of pre-extrusion (upper panels) and post-extrusion (lower 

panels) CCM-NVs.  
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One of the main features of CCM-NVs is their capacity of retaining the high 

complexity of the source cell membrane including the membrane structure and, 

most relevant, the membrane protein content. In particular, cell adhesion 

molecules expressed on the surface of cancer cell membranes are responsible for 

the multi-cancer-cellular aggregation 235. In order to analyze the protein content of 

CCM-NVs, we performed a western bot analysis examining the different fractions 

recovered from the various steps of differential centrifugation, including the 

unbroken cells, the cytosol, and the membrane fraction. We chose to evaluate the 

enrichment in proteins specific for different cellular compartments. The membrane 

proteins of CCM-NVs were extracted using RIPA buffer, then the samples were run 

into a gradient polyacrylamide gel suitable for the separation of large size 

membrane proteins. The sodiumςpotassium ATPase (N+/K+ ATPase) was chosen as 

plasma membrane marker given its constitutive and ubiquitous expression and its 

significance in homotypic targeting of homologous cancer cells 236. On the other 

side, the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was selected as a 

cytosolic marker. To compare the weight percentage of the marker proteins in 

whole 4T1 cells, cytosol fraction, membrane fraction before extrusion and 

membrane fraction after extrusion we loaded identical protein amounts into each 

lane. Thereby, differences in band intensity are indicative of a protein 

predominance in the sample. As visible in Fig. 25, the CCM-NVs fraction before 

extrusion (lane 3) was enriched in the N+/K+ ATPase content while it showed a 

negligible amount of GAPDH protein. On the contrary, the cytosolic fraction (lane 

2) revealed a predominance of GAPDH protein together with a weak signal of N+/K+ 

ATPase, probably due to contamination. In addition, the comparison between the 

CCM-NVs pre-extrusion (lane 3) and post-extrusion (lane 4) showed no significant 

difference in the protein content and predominance. These results confirmed the 

retention of the membrane protein N+/K+ ATPase from source cells to CCM-NVs 
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produced and suggested that the membrane integrity and the protein content were 

not affected by the extrusion process, which is part of the fabrication protocol.  

 

 

 

 

 
 

 

Fig. 25: Western blotting analysis of 1) whole 4T1 cells; 2) cytosol fraction; 3) CCM-NVs pre-extrusion; 4) CCM-

NVs post-extrusion. The samples were immunostained with antibodies against the plasma membrane-specific 

marker N+/K+ ATPase and the cytosol marker GAPDH. 

 

Once the good outcome of the membrane isolation process was proved, we 

repeated the experiment to examine the preservation of other membrane proteins 

involved in the cell-cell adhesion process after the isolation process. Specifically, we 

evaluated the presence of E-cadherin protein, belonging to the CAM family, that is 

strongly involved in the homotypic interactions among the tumor cells as well as 

heterotypic interaction with N-cadherin in CAFs membrane. In addition, the 

expression of the self-marker CD47 was also evaluated considering its role in 

protecting cancer cells from phagocytic clearance 237. Indeed, previously published 

data demonstrated that the retention of such protein in cancer cell membrane 

camouflaged nanoparticles endow them with the immune-evading property, 

enhancing their blood circulation time 238. As shown by western blot analysis in Fig. 

26, all the membrane proteins N+/K+ ATPase, E-cadherin and CD47 were identified 

in CCM-NVs sample (sharp bands) while, on the contrary, only GAPDH marker was 

detected in the cytosol fraction. 
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Fig. 26:  Characterization by Western blotting analysis of 1) cytosol fraction; 2) CCM-NVs. The samples were 

immunostained with antibodies against the plasma membrane-specific markers N+/K+ ATPase, E-cadherin, 

CD47 and the cytosol marker GAPDH. 

 

 

 

1.3 Plasma membrane isolation via density gradient centrifugation 

The protocol described so far allowed the isolation of a mixture of membrane 

ŦǊŀƎƳŜƴǘǎΣ ŎŀƭƭŜŘ άǘƻǘŀƭ ƳŜƳōǊŀƴŜ ŦǊŀŎǘƛƻƴέ (see Fig.22), likely containing the 

plasma membrane fraction together with the endoplasmic reticulum (ER) 

membrane and the Golgi membrane.  Consequently, a higher degree of purification 

is needed to individually isolate the plasma membrane. This can be achieved 

through density gradient centrifugation by which the sample is made to sediment 

through a sucrose gradient following a previously published protocol 239. The total 

membrane fraction was suspended in 1.4 M sucrose, then a sucrose gradient (1 mL 

of 2 M sucrose, 2 mL of 1.6 M sucrose, 4 mL of membrane fraction suspension, 3 

mL of 1.2 M sucrose, and 2 mL of 0.8 M sucrose) was loaded into an ultracentrifuge 

tube and centrifuged using a swing out rotor. During the centrifugation, membrane 

fragments from different compartments, given the different lipid composition, 
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move to the gradient location at which their own densities match the density of the 

surrounding solution, and therefore are separated. At the end of the spinning three 

discrete fractionsΣ ŎŀƭƭŜŘ άƳŜƳōǊŀƴŜ ŦǊŀŎǘƛƻƴǎέΣ were clearly visible in the 

ultracentrifuge tube: the highest one at 1 M density region (fraction 1), the middle 

one at the interface between 1.2 M and 1.4 M density region (fraction 2) and the 

lowest one at the interface between 1.4 M and 1.6 M density region (fraction 3) 

(Fig. 27). 

 

 

 

 

 

 

 

 

 

Fig. 27: Photographs of centrifuge tubes before (left panel) and at the end (right) of spinning. Images show a 

discernable separation of the three membrane fraction bands. 

 

The three fractions were separately recovered, diluted with imidazole containing 

buffer and pelleted by centrifugation at 100,000 x g. Once resuspended in sucrose 

buffer, the three distinct membrane fractions were characterized for their protein 

content by western blot analysis as described above. Calnexin protein was chosen 

as biomarker for ER membrane while the N+/K+ ATPase e and GAPDH were used as 

plasma membrane and cytosol biomarkers respectively (Fig. 28a). The 

densitometric analysis of western blot assay highlighted a significant difference in 
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GAPDH content between the cytosol fraction and the three membrane fractions. 

Moreover, the fraction isolated at 1 M density region (fraction 1) resulted the most 

enriched in the plasma membrane marker and the less enriched in Calnexin marker 

compared to fraction 2 and fraction 3 (Fig. 28b). This led to identifying it as plasma 

membrane fraction which is consistent with data found in literature 239, while the 

second and the third bands were assumed to correspond to the ER membrane and 

Golgi membrane respectively. However, the considerable amount of calnexin found 

in the plasma membrane fraction could be explained by the finding that the 

calnexin is partially delivered to the cell surface playing a critical role as a chaperone 

on the plasma membrane 240. 

 

 

Fig. 28: Characterization of three membrane fractions obtained by density gradient centrifugation: a) Western 

blotting analysis (the samples were immunostained with antibodies against the plasma membrane-specific 

marker N+/K+ ATPase and the cytosol marker GAPDH; b) densitometric analysis of western blot image. 

 

The three fractions were also characterized in size and surface charge by DLS, NTA 

and Z-potential analysis (Fig. 29). The DLS measurement showed a particles 

distribution with an average size of about 240 nm for the first and second fraction 

and an average size of 290 nm for the third fraction. The Z-potential on the contrary 

A)

a) 

B)

a) 



76 
 

was similar for all the fractions, with values ranging from -26.3 mV to -31.5 mV. In 

this case, given the low sample amount, the membrane fractions were not extruded 

as previously described for the total membrane fraction. By contrast, bath 

sonication was used as alternative downsizing procedure since the mechanical 

force imposed by ultrasonic energy leads to the rupture of the membrane lipidic 

bilayer and its reassembly in smaller vesicles.  

The NTA of the three membrane fractions (Fig. 29c) showed a higher degree of 

sample polydispersity compared to NTA analysis of post-extrusion CCM-NVs 

reported above. This result is consistent with what described in paragraph 1.3.2.1.  

 

 

 

Fig. 29: Characterization of three membrane fractions obtained by density gradient centrifugation:  a) Size and 

PDI measurement by Dynamic light scattering; b) Z-potential analysis; c) Nanoparticles tracking analysis.  
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These data point out that a density gradient centrifugation was superior to 

differential centrifugation in terms of purity of plasma membrane fraction. 

However, considering the low yield and time-consuming process, we decided to 

use the total membrane fraction to produce CCM-NVs, in accordance with the 

production protocols reported in literature.   

 

1.4 CCM-NVs stability test 

After the production, the stability of CCM-NVs was evaluated over time; the 

particles were conserved in sucrose buffer at 4 °C and their size distribution was 

measured by DLS analysis at different time points. As shown in Fig. 30, the NPs 

hydrodynamic diameter did not significantly change after 21 days, fluctuating 

between 221 nm and 248.2 nm. These results ensured the use of CCM-NVs up to 3 

weeks after the production without concerning about aggregation phenomena.  

 

 

 

 

 

 

 

 

 
Fig. 30: CCM-NVs stability test in sucrose buffer: the hydrodynamic diameter of CCM-NVs was measured by 

dynamic light scattering analysis at day 0 as well as 3, 7, 14 and 21 days after the production (mean ± SD, n = 

3). 
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1.5 Analysis of CCM-NVs surface proteome 

To deeper analyze the protein composition of CCM-NVs, we performed a mass-

spectrometry based proteomic analysis in collaboration with the Proteomic and 

Metabolomic Unit directed by Prof. Magni (Department of Medicine and Surgery, 

University of Milano-Bicocca). This large-scale protein study involved in succession: 

1) the extraction of protein samples from CCM-NVs, 2) the fractionation of the 

protein mixtures, 3) the acquisition of the data necessary to identify individual 

proteins using mass spectroscopy, 4) the data analysis and organization using 

bioinformatics. In details, proteins were extracted from CCM-NVs using RapiGest 

detergent and the composition of the extracted protein samples was analyzed by 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) upon trypsin 

digestion. The digested peptide mix was fractionated by HPLC and electro-sprayed 

onto a quadrupole time-of-flight mass spectrometer. Then, mass spectrometry was 

performed to analyze the peptide mass-to-charge ratio spectra and to determine 

the protein mass. For additional analysis and identification, the peptides were 

further fragmented by collision induced dissociation and analyzed again. The 

peptides were identified by Peaks software against the murine part of the Uniprot 

database. Through this analysis, more than 1,500 proteins were identified on the 

CCM-NVs surface. The proteins identified were further characterized based on their 

cellular localization (gene ontology term) using STRING database. From this 

classification, many membrane proteins involved in cell-cell interaction and cell-

matrix interaction were identified and are listed in Tab. 5. 
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Reference Accession No Reference Accession No 
Integrin beta-1 PC00126 Ephrin type-B receptor 4 PC00197 

Desmoglein-2 PC00057 Lipoma-preferred partner homolog PC00140 

Junction plakoglobin  Q02257 Ephrin type-A receptor 2 PC00197 

Integrin beta-2 PC00126 Vesicle-associated membrane protein 3 P63024 

Vascular cell adhesion protein 1 P29533 Kin of IRRE-like protein 1 Q80W68 

Podocalyxin PC00069 Fermitin family homolog 2 Q8CIB5 

Ras-related C3 botulinum toxin substrate 1 PC00208 Myosin-9 Q8VDD5 

Protein scribble homolog PC00226 Desmoglein-2 PC00057 

Phosphatidylinositol 4-phosphate 5-kinase type-1 
alpha 

PC00137 Laminin subunit beta-3 PC00102 

Ezrin PC00041 Coxsackievirus and adenovirus receptor homolog P97792 

Protein RCC2 Q8BK67 Catenin alpha-1 PC00165 

Neuroplastin PC00226 Junction plakoglobin Q02257 

Receptor-type tyrosine-protein phosphatase kappa PC00195 Src substrate cortactin PC00165 

CD2-associated protein Q9JLQ0 Syntaxin-binding protein 3 PC00151 

Ras-related protein Rab-1A P62821 Cell division control protein 42 homolog PC00208 

Lactadherin PC00176 Phosphatidylinositol 4-phosphate 5-kinase type-1 
beta 

PC00137 

40S ribosomal protein SA PC00202 Laminin subunit beta-1 PC00102 

Integrin-linked protein kinase PC00167 Laminin subunit alpha-5 PC00102 

CD166 antigen PC00125 Integrin beta-5 PC00126 

Fibronectin type III domain-containing protein 3B PC00234 Protein EFR3 homolog A Q8BG67 

Moesin PC00041 Neuronal proto-oncogene tyrosine-protein kinase Src P05480 

Epithelial cell adhesion molecule Q99JW5 Claudin-3 PC00214 

Sodium/potassium-transporting ATPase subunit 
beta-1 

PC00068 Cyclin-dependent-like kinase 5 PC00167 

Catenin delta-1 PC00130 Flotillin-2 Q60634 

Vinculin Q64727 Myosin-10 Q61879 

5'-nucleotidase PC00185 Rho-related GTP-binding protein RhoB PC00208 

CD44 antigen PC00197 T-lymphocyte surface antigen Ly-9 PC00124 

Tight junction protein ZO-2 PC00214 MICAL-like protein 2 Q3TN34 

Galectin-1 PC00102 Protein disulfide-isomerase A6 PC00072 

Basigin PC00226 Laminin subunit gamma-1 PC00102 

Phosphatidylinositol 4-phosphate 5-kinase type-1 
gamma 

PC00137 Junctional adhesion molecule A O88792 

Integrin alpha-6 PC00126 Zyxin PC00041 

Serine/threonine-protein kinase 10 O55098 Inactive tyrosine-protein kinase 7 PC00233 

Leukocyte surface antigen CD47 PC00069 Disks large homolog 1 PC00226 

Laminin subunit gamma-2 PC00102 Integrin alpha-5 PC00126 

Transmembrane 9 superfamily member 4 PC00227 Galectin-9 PC00102 

Catenin beta-1 Q02248 Plexin-B2 B2RXS4 

Alpha-actinin-1 Q7TPR4 Breakpoint cluster region protein PC00022 

Talin-1 P26039 Integrin beta-4 PC00126 

TGF-beta receptor type-2 PC00205 Transforming protein RhoA PC00208 

Contactin-associated protein 1 O54991 Integrin beta-2 PC00126 

Paxillin PC00041 Reticulon-4 Q99P72 

Integrin alpha-V PC00126 Plakophilin-3 PC00130 

Nectin-2 P32507 Fibronectin PC00207 

Osteopontin PC00083 Cadherin-1 PC00057 

Disintegrin and metalloproteinase domain-containing 
protein 17 

PC00190 Integrin alpha-2 PC00126 

Collagen alpha-1(XVIII) chain PC00103 Fibronectin type-III domain-containing protein 3A PC00234 

Presenilin-1 PC00053 60S ribosomal protein L29 PC00202 

Integrin alpha-3 PC00126 Afadin PC00165 

Ras-related protein Rap-2b PC00208 Tyrosine-protein kinase receptor UFO PC00197 

Talin-2 Q71LX4 Platelet endothelial aggregation receptor 1 PC00152 

Disintegrin and metalloproteinase domain-containing 
protein 15 

PC00153 Disintegrin and metalloproteinase domain-containing 
protein 9 

PC00153 

 

Tab. 5: Mass-spectrometry based proteomic analysis: Proteins identified in CCM-NVs and involved in cell-cell 

interaction. All protein results are given as Uniport Accession Numbers. 
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The data obtained from mass spectrometry analysis on CCM-NVs confirmed the 

preservation of several cell-adhesion molecules, mainly cadherins and integrins, 

known to be involved in cancer homotypic targeting mechanism (see paragraph 

2.3.3.1.) Specifically, proteins that mediate heterotypic binding have also been 

detected, such as integrin-beta 1, integrin-beta 2, Desmoglein-2 and Junction 

plakoglobin. 

 

 

1.6 Validation of CCM-NVs membrane protein functionality and orientation 

The above mentioned characterizations provided insights about the preservation 

of protein markers in the nanoparticles. However, to fulfill the biofunctions of the 

membrane, one of the key requirements is to keep the proteins of the plasma 

membrane structurally intact and properly oriented in the CCM-NVs surface 241. 

Indeed, considering the asymmetricity of the cell membrane, the correct 

topological orientation of the membrane antigens is detrimental for their molecular 

interaction, recognition, and biological function 242. Among the proteins detected 

by mass spectrometry analysis, we focused on the CD44 antigen, a cell-surface 

glycoprotein involved in cellςcell interactions, cell adhesion and migration 243. To 

verify the CD44 proper orientation in the CCM-NVs membrane, the nanoparticles 

surface was examined for the presence of CD44 extracellular domains as described 

as follow. 4 µm-aldehyde-sulfate latex beads were coated with an anti-CD44 

antibody (Ab) specific for the recognition of an extracellular and conformational 

epitope. For this experiments, CCM-NVs were labeled with a green fluorescent dye 

following the protocol described in the paragraph 2 (results and discussion). Then, 

the binding of CCM-NVs to latex beads was evaluated by flow cytometry analysis. 
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The rationale behind this experiment is the following (Fig.31): CCM-NVs will bind to 

the CD44 Ab-functionalized beads only if the CD44 protein is presented in its native 

form and correct orientation on the nanoparticles surface. In this case, the green 

fluorescence signal will be detected in the bead population; on the contrary, since 

the bound is mediated by anti-CD44 Ab, CCM-NVs are not expected to bind onto 

beads functionalized with the isotype control antibody and consequently, no green 

fluorescence signal is supposed to be detected.  

 

 

 

Fig. 31: Schematic representation of the experiment rationale for the validation of CCM-NVs membrane protein 

functionality and orientation. 

 

The beads were first incubated with either the anti-CD44 Ab and the isotype control 

Ab for 48 h at 4 °C under agitation. Then, glycine was added to saturate the free 

aldehyde groups on the beads and after 30 min incubation the beads were 

centrifuged at low speed and washed with PBS containing bovine serum albumin 

(BSA 0.5%) for removing the glycine excess as well as the unbound antibody. 

Afterward, Ab-functionalized beads were incubated with the green labeled CCM-

NVs at precise ratios. Finally, the beads were washed again in PBS-BSA 0.5% for 

unbound CCM-NVs removal and analyzed by flow cytometry.  

In the first experiment, 10 mg of CCM-NVs (protein amount) were incubated with 5 

ml of latex beads (approximately 6 × 106 beads). The graph in Fig.32 shows the 
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percentage of green positive events in beads population for each sample. 54.6 % of 

green positive events were detected in anti-CD44 Ab-functionalized beads while 

only 2.73% of green positive events were detected in isotype control Ab-

functionalized beads. At the same time, no green positive events were observed in 

άōŜŀŘǎ ƻƴƭȅέ ǎŀƳǇƭŜΦ ¢ƘŜǎŜ ǊŜǎǳƭǘǎ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ǘƘŜ ǇƻǎƛǘƛǾƛǘȅ ŦƻǊ ƎǊŜŜƴ 

fluorescence arises from the binding with CCM-NVs. Following the same procedure, 

anti-CD44 Ab functionalized beads were incubated with unlabeled CCM-NVs as 

negative control. As shown in the graph, in this case the detected fluorescence was 

negligible, with no statistically significant difference compared to the isotype 

control sample. 

 

 

 

 

Fig. 32: Flow cytometry analysis of beads samples. Histograms representing the percentage of green positive 

events (left) and FITC-A fluorescence distribution (right). 

 

The experiment was then repeated as described above decreasing the CCM-NVs 

amount to 5 mg (protein content). The results obtained (Fig. 33) were consistent 

with the previous data, with a marked increase of the green positive events (96%) 
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for άŀƴǘƛ-CD44 Ab-functionalized beadsέ sample. Interestingly, the treatment of 

labeled CCM-NVs with a mix of proteases (trypsin 100 mg/ml and proteinase K 100 

mg/ml) prior to the incubation with beads, resulted in an almost complete decrease 

of green positive events (6%). We assumed that the treatment with proteases 

digest the accessible proteins localized on the surface of the CCM-NVs, among 

which CD44 antigen, resulting in the loss of the extracellular epitope recognized by 

anti-CD44 Ab. Consequently, the disappearance of the green fluorescence signal in 

beads population proved that the binding was mediated by CD44 antigen, which is 

presented in its native form and correct orientation on the particles surface. 

Overall, these results stand out that cancer cell derived biomimetic nanovesicles 

produced in this way retain the biologically relevant moieties of source cells, such 

as membrane-bound antigens responsible for their innate nature of homing and 

heterotypic targeting abilities. 

 

 

 

 

Fig. 33: Flow cytometry analysis of beads samples. Histograms representing the percentage of green positive 

events (left) and FITC-A fluorescence distribution (right). 

 



84 
 

2. CCM-NVs labeling  

To perform in vitro cell internalization studies as well as in vivo studies, CCM-NVs 

were fluorescently labeled. Among various methods reported in literature for CCM-

NVs labeling 244, we chose the use of lipophilic tracers belonging to the family of 

carbocyanine dye. Carbocyanines, which are the most prevalent fluorophores used 

for in vivo imaging 245, have low fluorescence in aqueous phase, but become highly 

fluorescent upon binding to lipid bilayers, making them ideal for staining cell 

membranes. Structurally, they consist of a fluorophore attached to two long 

aliphatic alkyl tails responsible for their insertion within membranes. The use of this 

class of dyes for CCM-NVs labeling includes two different strategies: the 

nanovesicles labeling post-production and the nanovesicles labeling pre-

production. A major problem that we encountered with the post-production 

method was related to the formation of dye micelles during the labeling process. 

Given their amphiphilic structure, carbocyanine dyes form micelles with a size close 

to CCM-NVs dimension, making the separation of these two entities challenging. 

For this reason, we focused on the second strategy that consists in labeling the 

membrane of the 4T1 source cells first and then use them to produce CCM-NVs, as 

schematically represented in Fig. 34. 

 

 

 

  

 

Fig. 34: Schematic representation of CCM-NVs pre-production labeling method. 

 

4T1 cells 

growth 

Cell membrane 

labeling 

Labeled cells Cell detachment Cell lysis Membrane isolation 
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2.1 4T1 cells labeling with DiO lipophilic tracer 

Among a vast spectrum of carbocyanine dyes, we selected the green fluorescent 

carbocyanine DiO (3,3'-Dioctadecyloxacarbocyanine Perchlorate) for its extremely 

high extinction coefficient and short excited-state lifetime. First, we performed 

preliminary experiments aimed at optimizing the DiO concentration for cell 

labeling. 4T1 cells were seeded and grown in complete serum, then the medium 

was replaced by serum-free medium containing DiO dye in different 

concentrations, ranging from 1 mM to 10 mM. After incubation at 37 °C for 1 h and 

2 h, the cells were harvested by trypsinization, and the cell labeling was evaluated 

by flow cytometry analysis. As observed in the graph in Fig. 35 for all conditions the 

incubation with DiO resulted in the labeling of almost the totality of the cells. On 

the other hand, the mean fluorescence intensity increases significantly with 

increasing DiO concentration and incubation time, with the highest fluorescence 

value obtained after 2 h incubation.  

 

Fig. 35: Flow cytometry analysis of 4T1 labeled cells using DiO dye. Histograms of the green mean fluorescence 

intensity (left) and the percentage of green positive events (right) analyzed by flow cytometry (mean ± SD, n=3). 
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The data obtained from flow cytometry are consistent with the qualitative analysis 

of cell green fluorescence signals performed using the Digital Fluorescence Cell 

Imager PAULA (Fig. 36).  
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Fig. 36: Images of 4T1 labeled cells. Brightfield and fluorescent images of 4T1 cells labeled with different 

concentrations of DiO dye at 1 h (a) and 2 h (b) incubation. Images were acquired by Digital Fluorescence Cell 

Imager PAULA. 

 

Given these results, 10 mM Dio for 2 h incubation was selected as the best condition 

for DiO labeled CCM-NVs production.  

 

B) 
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2.2 CCM-NVs DiO labeling protocol and characterization 

As mentioned above, after the cell growth and cell labeling with DiO at selected 

conditions, the CCM-NVs were produced following the protocol described in 

paragraph 1.1. For the production of each CCM-NVs batch, the labeling of the 4T1 

source cells was checked by flow cytometry before starting the cell homogenization 

process. Moreover, the appearance of orange color in the sample and its retention 

in all the steps of the membrane isolation process was indicative of the membrane 

labeling (Fig. 37). 

 

Fig. 37: Photographs of different steps of CCM-NVs labeling procedure. The orange color is retained from the 

first step (4T1 cells labeling with DiO dye) until the last step (resuspension of cell membrane pellet).   

 

The membrane pellet resuspended in sucrose buffer was sonicated to promote the 

vesicle formation and then DiO CCM-NVs were physiochemically characterized. The 

NTA and DLS analysis (Fig. 38) showed a homogeneous population with a 

hydrodynamic diameter of 208.6 ± 20.7 nm, a polydisperse index of 0.21 ± 0.01 and 

a negative Z-potential (-15.9 ± 4.88 mV). These results demonstrated that the 

incorporation of DiO lipophilic tracer in the membrane lipidic bilayer did not 

drastically affect the physiochemical properties of CCM-NVs, which showed a 
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dimension and surface charge comparable to the unlabeled CCM-NVs. Secondly, 

the nanoparticles fluorescence property was assessed by fluorometric analysis (Fig 

38b). Upon excitation at 488 nm, the emission spectrum of CCM-NVs was acquired, 

showing a peak at 508 nm. Finally, the retention of the membrane protein Na+/K+ 

pump was assessed by western blot analysis similarly to what was done for 

unlabeled CCM-NVs. 

 

 

 

 

 

 

 

 

 

Fig. 38: Characterization of DiO labeled CCM-NVs: a) Nanoparticles tracking analysis; b) Fluorometric analysis; 

c) DLS and Z-potential analysis; d) Western blot analysis (the samples were immunostained with antibodies 

against the plasma membrane-specific marker N+/K+ ATPase and the cytosol marker GAPDH). 

 

 

Size (nm) 208.6 ± 20.7 

PDI 0.21 ± 0.01 

Z-potential (mV) -15.9 ± 4.88 

A) B) 

C)

a) 
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2.3 4T1 cells labeling with DiD lipophilic tracer 

Once set up the method for producing labeled CCM-NVs using DiO lipophilic tracer, 

we reproduced the protocol using DiD carbocyanine (мΣм-dioctadecyl-оΣоΣо Σо- 

tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt). DiD dye has 

longer excitation and emission wavelengths and thus provides a valuable 

alternative for labeling cells and tissues that have significant intrinsic fluorescence 

as well as for in vivo studies. As described for DiO labeling, first DiD amount was 

optimized after testing 4T1 cell labeling using different DiD concentrations (1 mM, 

5 mM and 10 mM) for 2 h incubation at 37 °C. The results obtained showed the same 

trend of DiO labeling experiment, whereby the mean fluorescence intensity 

increases with increasing DiD concentration (Fig. 39). Given these results, 10 mM 

DiD was chosen as optimal concentration for the production of labeled CCM-NVs. 

 

 

 

 

 

 

Fig. 39: Flow cytometry analysis of 4T1 labeled cells using DiD dye. Histograms of red mean fluorescence 

intensity (left) and percentage of red positive events (right) (mean ± SD, n = 3). 
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2.4 CCM-NVs DiO labeling protocol and characterization 

DiD CCM-NVs were produced following the same protocol reported in paragraph 

1.1. The Fig. 40 shows that the blue color of 4T1 cells pellet is retained during all 

the membrane isolation process. 

 

 

 

 

 

 

 

Fig. 40: Photographs of different steps of CCM-NVs labeling procedure. The blue color is retained from the first 

step (4T1 cells labeling with DiD dye) until the last step (resuspension of cell membrane pellet).   

 

The nanoparticles were resuspended in sucrose buffer and characterized in terms 

of dimension, surface charge, protein content and fluorescent property (Fig. 41). 

DiD CCM-NVs have a size of 176.2 nm and a surface charge of -19.9 mV. The 

western blot analysis confirmed the translocation of the membrane marker N+/K+ 

ATPase, while the fluorescence property was evaluated by means of fluorometric 

analysis upon sample dilution. Fig. 41b shows the emission spectra of DiD CCM-NVs 

(with a peak at 665 nm) compared to the spectra of unlabeled CCM-NVs. 
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Fig. 41: Characterization of DiD labeled CCM-NVs: a) Nanoparticles tracking analysis; b) Fluorometric analysis 

(DiD CCM-NVs in red compared to unlabeled CCM-NVs in black); c) DLS and ZP analysis; d) western blot analysis 

(the samples were immunostained with antibodies against the plasma membrane-specific marker N+/K+ ATPase 

and the cytosol marker GAPDH). 

 

 

3. CCM-NVs uptake studies  

Unlike normal cells, cancer cells have a natural homologous adhesion property for 

tumor targeting 219. As previously mentioned, the homotypic binding occurs when 

cancer cells adhere to one another, allowing for the growth of tumor mass and is 

Size (nm) 176.2 ± 1.79  

PDI 0.212 ± 0.02 

Z-potential (mV) -19.9 ± 2.57 

A) 

C)

a) 

D)

a) 

B) 
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dependent on surface antigens belonging to the family of cell adhesion molecules 

(cadherins, selectins, integrins, and ThomsenςFriedenreich (TF)). Together with 

homotypic aggregation, also cell heterotypic intercellular adhesion to the 

microvascular endothelium and tumor microenvironment components are 

mediated through similar molecular mechanisms 246. Specifically, accumulating 

evidence highlight the importance of direct physical interactions between CAFs and 

cancer cells for enhancement of cancer cell invasion mediated by a heterophilic 

adhesion involving N-cadherin at the CAF membrane and E-cadherin at the cancer 

cell membrane 247,248. 

 

 

3.1 DiO CCM-NVs uptake in CAFs 

The ability of DiO CCM-NVs to perform cell-specific targeting through inherent 

heterotypic adhesion was evaluated in vitro by cell internalization studies. The 

uptake experiments were performed in a model of cancer associated fibroblasts 

obtained from NIH3T3 murine fibroblasts differentiation as described in paragraph 

6.1. After seeding in 24 well plate (20,000 cells/well), NIH3T3 cells were 

differentiated using transforming growth factor beta 1 (TGF-ʲм) 5 ng/ml in medium 

containing 1 % serum and grown for 24 h. Afterward the DiO CCM-NVs (20 µg/ml) 

were incubated with the cells for different times (1 h, 2 h, 4 h and 6 h were chosen 

as timepoints of interest) and the cell uptake was evaluated by means of flow 

cytometry. The flow cytometry results reported in Fig. 42 showed an increase of 
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the percentage of green positive cells as well as the mean fluorescence intensity 

over time, compared to untreated cells.  

 

Fig. 42. Flow cytometry analysis of DiO CCM-NVs uptake in CAFs. Histograms of mean fluorescence intensity 

(left) and percentage of green positive events (right) (mean ± SD, n = 3). 

 

One well-known issue for nanoparticles uptake analysis by flow cytometry is the 

incapacity to discriminate if the DiO CCM-NVs have been internalized or are bound 

to the cell surface 249. To overcome this limitation, we performed fluorescence 

microscopy analysis which allowed to verify that nanoparticles were inside the cells. 

Confocal images were acquired after staining of the cell nuclei with Hoechst (blue) 

and staining of the membrane with Alexa 647 anti CD44 Ab (red) (Fig. 43). The DiO 

CCM-NVs signal was visible in the form of spots mainly localized in the perinuclear 

area, likely coincident with early endosomes. The increase of total green 

fluorescence signal with increasing incubation time was consistent with the data 

obtained by flow cytometry analysis. Moreover, no green signal was detected in the 

untreated cells as well as in cells treated with unlabeled CCM-NVs, which served as 

negative control. 
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Fig. 43: Confocal microscopy images of CCM-NVs uptake in CAFs at lower magnification (left) and higher 

magnification (right). Nuclei were stained in blue, the cell membrane in red and CCM-NVs in green. 

 

 

 

3.2 Comparison of DiD CCM-NVs uptake between 4T1 and CAFs 

With the aim to evaluate differences in the interaction properties of CCM-NVs with 

heterotypic and homotypic cells, we repeated the experiment described above 

comparing the uptake of CCM-NVs in CAFs and 4T1 cancer cells. Specifically for this 

experiment DiD-labeled CCM-NVs were used. 4T1 and NIH3T3 cells were first 

cultured in complete medium in a 24 well plate. The number of cells seeded was 

chosen based on each cell line replication rate to have the same cell number at the 

moment of incubation with the nanovesicles. According to the calculations, for CAF 

cell line, 20,000 cells / well were seeded and differentiated following the protocol 

described in paragraph 6.1 (results and discussion). For 4T1 cells, 35,000 cells / well 

were seeded and cultured for 24 h. Both 4T1 and CAFs were incubated with DiD 

CCM-NVs (20 mg/ml) for different times (1 h, 2 h, 4 h and 6 h). The cells were then 

harvested by trypsinization and the DiD CCM-NVs uptake was evaluated by means 

of flow cytometry (Fig. 44). 
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Fig. 44: Flow cytometry analysis of DiD CCM-NVs uptake in CAFs (left) and 4T1 cells (right): Histograms of mean 

fluorescence intensity in CAFs (a) compared to 4T1 cells (b) and percentage of positive events in CAFs (c) 

compared to 4T1 cells (d) (mean ± SD, n = 3). 
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From the results obtained we observed that at each incubation time, the mean 

fluorescence intensity in CAFs exhibited a progressively time-dependent increase 

comparable to that of 4T1 tumor cells, suggesting a heterotypic affinity even higher 

than the homotypic one in this case. However, the percentage of positive events is 

about 100 % in all the tested conditions for both CAFs and 4T1 cells.  

 

 

3.3 DiO CCM-NVs cytotoxicity assay  

The cytotoxicity of DiO CCM-NVs was assessed on both 4T1 tumor cells and CAFs by 

means of XTT cell proliferation assay. This relies on the measurement of the cellular 

metabolic activity that is used as an indicator of cell viability, proliferation, and 

cytotoxicity. The XTT assay is based on the ability of metabolic active cells to reduce 

the tetrazolium salt XTT to orange-colored compounds of formazan. The dye 

formed is water soluble and its intensity is proportional to the number of metabolic 

active cells. Therefore, the quantification of the colorimetric signal gives insight of 

the cell viability, proliferation, and cytotoxicity.   

4T1 cells were seeded at a density of 4,000 cells/well in a 96 well plate and cultured 

for 24 h. Then the cells were incubated for 24 h with different concentrations of 

DiO CCM-NVs ranging from 2 to 100 mg/ml (referred to protein content).  At the 

end of the incubation, 50 ml of the XTT reagent were added in each well and the 

plate was placed in an incubator for 6 h. During the incubation an orange color is 

formed, and the absorbance of the sample was measured at 450 nm with a 

spectrophotometer. For the evaluation of CCM-NVs cytotoxicity in CAF cells, 

NIH3T3 were seeded at a density of 4,000 cells/well and cultured for 24 h. Then 

they were differentiated with TGF-ʲм to promote the CAF phenotype. 24 h after 

differentiation, CCM-NVs were incubated with the cells as described above and the 
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procedure was the same as the experiment with 4T1 cells. The greater the number 

of active cells in the well, the greater the activity of mitochondria enzymes, and the 

higher the concentration of the dye formed, which can then be measured and 

quantitated. Since slight spontaneous absorbance around 630-690 nanometer 

occurs in the culture medium incubated with the XTT reagent, two blank control 

wells without cells were prepared by mixing the same volume of culture medium 

with the highest DiO CCM-NVs amount. In order to measure the reference 

absorbance (avoiding the non-specific readings) the average absorbance at 660 nm 

of the blank control was subtracted from the absorbance measured in the other 

wells. The graphs in Fig.45 represent the % of cell viability measured for CAFs cells 

(left graph) and 4T1 cells (right graph) calculated after data normalization against 

the untreated sample. The obtained data showed that both 4T1 and CAFs cell 

viability were not affected by DiO CCM-NVs, with no statistically significant 

differences between all the conditions compared to the untreated sample. 

Therefore, we concluded that the DiO CCM-NVs were not toxic and could be used 

for next experiments in the concentration range tested. 

 

Fig. 45: XTT assay: Percentage of CAFs cell viability (left) and 4T1 cells viability (right) after incubation with DiO 

CCM-NVs at different concentrations (mean ± SD, n = 3). 
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4. Lipid Nanoparticles synthesis and characterization 

4.1 siRNA LNPs synthesis 

Lipid nanoparticles are the most clinically advanced non-viral gene delivery system 

for safe and effective delivery of nucleic acids 250. LNPs are made of ionizable lipids, 

which are positively charged at low pH (enabling RNA complexation) and neutral at 

physiological pH (reducing potential toxic effects, as compared with positively 

charged lipids). Owing to their size and properties, lipid nanoparticles are taken up 

by cells via endocytosis, and the ionizability of the lipids at low pH enables 

endosomal escape, which allows the cargo release into the cytoplasm. In addition, 

LNPs contain a helper lipid that promote the cell binding, cholesterol to fill the gaps 

between the lipids, and a polyethylene glycol to reduce opsonization by serum 

proteins and reticuloendothelial clearance.  

As already mentioned, the purpose of this work is the development of a core-shell 

biomimetic platforms that combines the properties of cell membranes to avoid 

immune recognition and perform CAFs targeting (through heterotypic cell 

interaction) with the abilities of LNPs to encapsulate and carry genetic material.  

Hence, the core-shell system proposed is composed of RNA encapsulating LNPs 

(core) wrapped by CCM-NVs membrane (shell). With the aim to synthesize LNPs 

suitable to be coated with CCM-NVs, we decided to perform the setting 

experiments using siRNA as nucleic acid payload instead of the more expensive 

mRNA. Specifically, siRNA against heme oxygenase-1 (HO1) was selected, because 

it was already available and proved to be functional in a paper recently published 

251. siRNA encapsulating LNPs were produced using a microfluidic mixer system, the 

NanoAssemblrϰ Benchtop instrument by Precision Nanosystem. One of the 

challenges that has faced the robust scalable development of LNPs as an RNA 

delivery strategy has been the production of uniform sized particles 252. This usually 
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involves time-consuming protocols including the extrusion of lipid particles through 

appropriately sized filters. In addition, the encapsulation of the siRNAs required the 

lyophilization of the lipid complexes that were than reconstituted with siRNA-

containing solutions. This led to inefficient encapsulation of the siRNAs, with much 

of the siRNAs failing to be incorporated. Several microfluidic strategies have been 

shown to overcome these limitations reducing the size dispersity of LNPs 

population, improving the reproducibility, increasing the production rates for large 

scale manufacturing, and enhancing the encapsulation efficiency. Specifically, the 

NanoAssemblrϰ platform exploits a mixing microfluidic device that incorporates a 

series of asymmetric protrusions called staggered herringbone micromixers (SHMs) 

for millisecond mixing 253. This peculiar architecture can controllably mix solvents 

in microseconds to milliseconds, which is faster than the characteristic timescale 

for lipids to aggregate (10ς100 ms), and therefore enables the obtaining of smaller 

NPs with a uniform size. As represented in Fig. 46 an aqueous phase and a miscible 

solvent containing dissolved nanoparticle precursors are injected into two 

separated inlets of the cartridge. In its inside the two fluids come in contact under 

non-turbulent laminar flow and the microscopic features engineered into the 

channel control the mixing of the two streams. The Rapid, controlled, homogenous 

mixing produces reproducibly and homogeneous nanoparticles encapsulating the 

nucleic acid of interest.  
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Fig. 46: Schematic illustration of LNPs synthesis. Nucleic acid and lipid components are injected into two 

separated inlets of a microfluidic chamber. The two fluids come in contact under laminar flow in acidic 

conditions, leading to the rapid formation of homogeneous lipid nanoparticles. Image adopted with permission 

254. 

 

After several preliminary tests aimed at optimizing the lipid composition as well as 

the lipid molar ratio, we selected the formulation reported in Tab. 6. EA2 ionizable 

lipid was selected based on the data published by Ramishetti et al. 255.The author 

indeed demonstrated that EA2 lipid formulated into LNPs was highly efficient to 

deliver siRNAs into leukocytes, which are among the hardest to transfect cell types. 

Moreover, DSPC was selected as helper lipid while PEG-DMG and cholesterol were 

added in the LNPs formulation to improve LNPs structure and stability 

(50.5:10:38.5:0.5 mole ratio). The chemical structure of the lipids used in the 

formulation is shown in Fig. 47. 
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Tab. 6: lipid molar ratio of siRNA-LNPs 

 

 

Fig. 47:  Chemical structure of lipids used in LNPs formulation: a) 1,2-Distearoyl-sn-glycero-3-phosphocholine; 

b) Cholesterol; c) 1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000; d) 2-(di((9Z,12Z)-octadeca-

9,12-dien-1-yl)amino)ethyl 4-(dimethylamino)butanoate. 

 

One parameter taken into consideration for the calculation of nucleic acid amount 

in LNPs formulation is the N/P ratio that refers to the ratio of positively chargeable 

amine (N = nitrogen) groups of ionizable lipids to negatively charged nucleic acid 

phosphate (P) groups. For our formulation, siRNA amount was calculated using an 

N/P ratio of 9 and diluted in 25mM citrate buffer (pH 4). For LNPs labeling, Cy5-

labeled scrambled control siRNA was mixed with HO1 siRNA (1:4 % w: w) to reach 

a total volume of 900 µl. The flow rate ratio (FRR) between the aqueous solution 

LIPID COMPOSITION molar % 

DSPC 10 

PEG-DMG 0.5 

Cholesterol 38.5 

EA2 50.5 

 

A) 

C) 

B) 

D) 
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and the ethanol solution was set to 3. Moreover, the total flow rate (TFR), which is 

the total speed in mL/min at which both fluid streams are pumped through the two 

separate inlets of the microfluidic cartridge, was set to 12 mL/min. After synthesis, 

the ethanol is removed by dialysis against PBS and the obtained formulations are 

stored at -20°C.  

 

 

4.2 LNPs characterization 

After production LNPs were characterized in terms of physiochemical properties. 

The result in Fig. 48 shows the production of highly uniform-sized nanoparticles 

that have a mean diameter of 72.8 ± 2.01 nm measured by dynamic light scattering. 

Since the pKa of the EA2 lipid is 6.44, it is expected to provide a minimal charge at 

physiological pH (7.4), and indeed, the Z-potential of the LNPs was shown to be 

-4.33 mV ± 2.94 mV. The particle size and monodispersity was also confirmed by 

means of transmission electron microscopy (Fig. 48).  

  

 

 

 

 
 
 
 
 
 
 
 

Fig. 48: Characterization of siRNA-LNPs: Size, PDI and Z-potential values measured by DLS (left) and TEM 

image (right). 

Size (nm) PDI Z-potential (mV) 

72.8 ± 2.01 0.17 ± 0.01  -4.33 ± 2.94 
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4.3 siRNA encapsulation quantification  

The RNA encapsulation efficiency was assessed performing the Ribogreen assay. 

This assay enables the quantification of RNA in solution using a fluorescent stain, 

the Quant-iTϰ RiboGreen® RNA reagent. This fluorescent dye was chosen given its 

high sensitivity with linear fluorescence detection in the range of 1-200 ng of RNA. 

The working principle of this assay relies on the properties of the dye to exhibits 

fluorescence when bound to nucleic acids (DNA/RNA) and on its inability to 

permeate the LNPs membrane. For the quantification of RNA encapsulation, two 

different LNPs samples were prepared as follow: the synthetized LNPs were diluted 

200-fold in 330 ml of TE buffer (LNPsςT). A second sample was prepared diluting 

LNPs in TE buffer containing Triton X-100 (LNPs+T), a detergent which destroys the 

LNPs structure causing the release of the encapsulated RNA. The fluorescent signal 

of LNPs-T sample upon reagent incubation arises from the RNA in solution that is 

not encapsulated in LNPs while the fluorescence of LNPs+T sample comes from the 

sum of non-encapsulated RNA in solution and encapsulated RNA in nanoparticles. 

The RNA concentration in both samples was calculated according to a standard 

curve. Specifically, two standard curves were prepared performing serial dilution of 

the stock of ribosomal control into TE buffer and TE buffer + Triton (0.5% v/v). Then 

the LNPs + T sample was shortly vortex and incubated at 37 °C for 15 min to help 

the LNPs disintegration. The standard curve samples and both the LNPs samples 

were dispensed in triplicate in a black 96-well plate. Then the Quant-iTϰ 

RiboGreen® RNA Reagent was diluted in TE buffer and added to each well (100 

ml/well). Finally, the fluorescence signal was read at 530 nm and the encapsulation 

efficiency was calculated according to the following formula:  

  

 RNA encapsulated  

Total RNA  
x 100% ҈ 99 Ґ  
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The amount of RNA encapsulated in LNPs is calculated subtracting the RNA amount 

quantified in the sample LNPs-T from the total RNA amount quantified in the 

samples LNPs+T. According to these calculations the encapsulation efficiency of 

LNPs formulation was equal to 95%.  

Beside Ribogreen assay, the RNA encapsulation in LNPs was re-verified by the gel 

retardation assay.  This technique relies on the differences in electrophoretic 

mobility of free RNA and RNA complexed with LNPs in the agarose gel matrix upon 

current application. LNPs+T and LNPs-T (1 mg siRNA) were loaded and run in a 1.5% 

nuclease-free agarose gel together with free RNA. Upon RNA staining, the samples 

migration was detected via exposure to UV-vis light. As visible in Fig. 49, LNPs+T 

sample (lane 3) show RNA migration that is comparable with free RNA migration 

(lane 1) while the signal arising from LNPs-T sample (lane 2) is mainly localized in 

the upper part of the gel (corresponding to the gel wells), indicating that RNA is 

mainly encapsulated in LNPs and therefore its migration is hampered.  

 

 

 

 

 

 

 

Fig. 49: Gel retardation assay: Free siRNA (lane 1), LNPs-T (lane 2) and LNPs+T (lane 3) were run in 1.5 % agarose 

gel. 

 

The Gel retardation assay outcomes were analogous to the results obtained by 

Ribogreen assay. 
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4.4 Evaluation of siRNA-LNPs functionality after sonication  

As described in paragraph 4.1, the delivery vector proposed in this project is a 

hybrid system with a core-shell structure, in which LNPs encapsulating RNA act as a 

core and the CCM-NVs are used as wrapping shell. Cell membrane coating has been 

largely reported in the literature as an advanced process that adopts a simple top-

down approach for functionalizing synthetic nanoparticles with the complex 

functionalities associated with natural cell membranes. As already mentioned in 

paragraph 2.3.3.1, one of the most broadly exploited methods for the fabrication 

of cell membrane-coated NPs is the sonication technique 256. Therefore, we chose 

to use sonication to promote LNPs coating with CCM-NVs. Having some concerns 

about RNA stability during sonication process, we performed a preliminary 

experiment aimed at evaluating the retention of RNA functionality after sonication. 

Specifically, siRNA-LNPs were sonicated at 40 KHz for different times using a bath 

sonicator (2 min, 5 min, 7.5 min, 10 min). Then the functionality of the encapsulated 

siRNA was evaluated by validating the target-gene silencing through real-time 

quantitative PCR in 4T1 cell line. After seeding (30,000 cells/well in a 12 well plate) 

the cells were transfected with sonicated LNPs and non-sonicated LNPs that served 

as positive control. Moreover, cells treated with LNPs encapsulating scrambled 

siRNA were used as negative control. 24 h after transfection, the cells were 

harvested, the RNA was isolated, and the cDNA was synthetized according to the 

protocol described in materials and methods (paragraph 17.1). Then, the reduction 

of Heme Oxygenase 1 mRNA expression was quantified by RT-qPCR using the beta 

actin for gene expression normalization (Fig 50).  
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Fig. 50: Characterization of siRNA-LNPs after sonication: a) HO1 mRNA expression (fold change) calculated by 

RT-qPCR; b) siRNA encapsulation efficiency quantified by means of RiboGreen assay; c) Size and PDI 

measurements of LNPs sonicated samples compared to non-sonicated LNPs (mean ± SD, n = 3). 

 

The graph reported in Fig. 50a represents the fold change of Heme Oxygenase 1 

mRNA expression compared to the untreated sample.  As indicated by statistical 

analysis, a strong silencing effect was detected in all the sonication conditions, with 
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no statistically significant difference between the shortest and the longest 

sonication times in comparison with non-sonicated LNPs. Moreover, as expected, 

cells treated with scrambled siRNA (negative control) did not show any silencing 

effect. The DLS measurement showed that LNPs average size as well as PDI were 

similar for all the samples (Fig. 50c). These data, together with the results from 

Ribogreen assay (Fig. 50b), confirmed that the bath-sonication performed at 40 KHz 

did not affect the LNPs structural stability, RNA encapsulation efficiency as well as 

RNA functionality. Therefore, we concluded that sonication technique was suitable 

to be used as external force to promote the coating process in our protocol.  

 

 

4.5 Evaluation of mRNA-LNPs functionality after sonication  

The same experiment described in the previous paragraph was repeated with 

mRNA encapsulating LNPs to assess the retention of mRNA functionality after 

sonication. Differently from shorter siRNA, mRNA length and structure are critical 

features for the preservation of the nucleic acid stability 257. For mRNA functionality 

test we used LNPs encapsulating mRNA that encodes for Firefly Luciferase enzyme 

(FLuc-mRNA). The lipid composition and lipid molar ratio of mRNA-LNPs 

formulation is similar to siRNA-LNPs formulation previously described, with 

exception for the ionizable lipid type.  In this case, the mRNA functionality was 

evaluated performing the luciferase assay in 4T1 cell line as described as follow. 

After cell seeding in a 96 well plate (3,000 cells/ml), the cells were transfected with 

the LNPs sonicated samples (0.4 mg/ml mRNA) as well as non-sonicated LNPs as 

positive control. Moreover, non-transfected cells served as negative control. 24 h 

after transfection the cells were lysed, and the luciferase assay was performed 
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following the protocol described in materials and methods (paragraph 17.2). The 

luciferase assay is a bioluminescence-based assay that uses the luciferase enzyme 

and the substrate luciferin. This latter is oxidized when the luciferase enzyme is 

produced, generating a light signal that is measured using a luminometer and is 

exploited as reaction readout. 

The graph in Fig. 51a reports the luminescence intensity (fold change) measured 

for each sample in comparison with the control (untreated). As expected, non-

transfected cells do not show luminescence intensity while all the sonicated 

samples display a strong signal with no statistically significant differences compared 

to non-sonicated LNPs. These results confirmed that FLuc-mRNA was translated in 

an active protein and therefore the sonication process did not affect the integrity 

and the functionality of the mRNA payload even at a sonication time of 10 min. In 

addition, the measurement of LNPs size and PDI by means of DLS analysis (Fig. 51b) 

confirmed the retention of LNPs structure as observed in the previous experiment.  

 

Fig. 51: Characterization of mRNA-LNPs after sonication: a) Luminescence intensity (fold change) of sonicated 

LNPs (at different times) and non-sonicated LNPs; b) Size and PDI measurements of LNPs sonicated samples 

compared to non-sonicated LNPs (mean ± SD, n = 3). 
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5. LNPs coating with CCM-NVs 

Once demonstrated that sonication could be used for our purpose without affecting 

RNA payload integrity, we performed several tests in order to achieve LNPs coating 

with CCM-NVs. A major issue encountered during our investigation was the 

identification of a suitable method for the characterization of the final product. 

Given the chance to get a different label for the LNPs core (red) and the CCM-NVs 

shell (green) as described above, we decided to evaluate the co-localization of red 

and green fluorescence signal using flow cytometry analysis. Specifically, for this 

analysis we utilized the CytoFLEX S flow cytometer from Beckman Coulter. With 

several innovations to enhance light capture, reduce noise, and prevent signal 

losses, this instrument indeed was proved to be capable of detecting biological 

nanoparticles (NPs) as small as 80 nm by light scattering.  

For this purpose, LNPs encapsulating Cy5-labeled siRNA and CCM-NVs labeled with 

green DiO dye were produced (as described in paragraph 16.1. and 13 respectively, 

materials and methods) and characterized by flow cytometry analysis. Fig. 52a 

showed the fluorescence intensity distribution of Cy5-labeled LNPs (red line) in the 

red channel (APC) compared to unlabeled LNPs (black line). Similarly, the 

fluorescence intensity distribution of CCM-NVs (green line) in the green channel 

(FITC) was reported in Fig. 52b, in comparison to unlabeled CCM-NVs (black line).  
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Fig. 52: Flow cytometry analysis of both LNPs and CCM-NVs: a) Fluorescence intensity distribution of Cy5-labeled 

(red line) and unlabeled (black line) LNPs; (b) Fluorescence intensity distribution of DiO-labeled (green line) and 

unlabeled (black line) CCM-NVs. 

 

Both DiO CCM-NVs and Cy5-siRNA LNPs were physiochemically characterized. The 

analysis by dynamic light scattering (Fig. 53) showed the size distribution of LNPs 

(a) and CCM-NVs (b). As indicated by the values reported in Tab. 7, Cy5-siRNA LNPs 

were smaller than DiO CCM-NVs (83.66 ± 1.87 nm and 175.1 ± 1.79 nm respectively) 

and more monodisperse in size (PDI value of 0.06 ± 0.008 for LNPs compared to 

0.212 ± 0.019 of CCM-NVs).   

 

 

Fig. 53: Dynamic light scattering analysis of Cy5-siRNA LNPs and DiO CCM-NVs. Size distribution measured by 

intensity. The measurements were performed in triplicate. 
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Tab. 7: Characterization of Cy5 siRNA-LNPs and DiO CCM-NVs. The measurements of size, PDI and Z-potential 

are listed as mean ± SD of 3 independent measurements. 

 

Moreover, as outlined by the Z-potential values listed in Tab. 6, the LNPs core had 

a surface charge slightly negative (-1.77 ± 0.82 mV) while DiO CCM-NVs had a high 

negative surface charge (-20.1 ± 1.96 mV). In literature, this condition is considered 

advantageous for the development of cell membrane cloaked nanoparticle 

platform. Specifically, the surface charge of NPs cores has been demonstrated to 

affect the cell membrane coating outcome 258. Indeed, highly positive charged cores 

coalesce into large polydisperse aggregates when coated with red blood cell 

membrane. Owing to the dense, negatively charged sialyl moieties on the 

extracellular membrane side, the strong affinity to positively charged nanoparticles 

could collapse the fluidic lipid bilayer and impede the local arrangement necessary 

for lipid coverage. On the contrary, slightly negative surface charge of core NPs has 

emerged as a major factor in enabling proper coverage formation. An example 

reported in literature showed that the electrostatic repulsion between negatively 

charged particle surfaces and asymmetrically charged RBC membranes provides a 

driving force that favors the right-side-out membrane orientation on the RBC-NPs.  

The illustration in Fig. 54 represents the procedure carried out for the coating 

experiment: briefly DiO CCM-NVs were pelleted by ultracentrifugation and then the 

pellet was resuspended in PBS containing Cy5 siRNA-LNPs. The mix was incubated 

for 15 min at RT and successively sonicated in a bath sonicator. The resulting 

product was characterized by flow cytometry as previously mentioned.  

 Size (nm) PDI ZP (mV) 

Cy5-LNPs 83.66 ± 1.87 0.06 ± 0.008 -1.77 ± 0.82 

DiO CC-NGs 175.1 ± 1.79 0.212 ± 0.019 -20.1± 1.96 
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Fig. 54: Schematic illustration of the procedure carried out for the LNPs coating with CCM-NVs. 

 

Preliminary experiments were necessary for the optimization of some critical 

parameters. Indeed, the ratio between the core nanoparticle and the membrane 

vesicles, their density in solution and the volume reaction play an important role in 

the outcome of the coating process 259. Indeed, coating of the membrane vesicles 

onto the surface of core nanoparticles requires collision of the two components as 

a result of the disruptive forces afforded by ultrasonic energy. We hypothesized 

that a lower density of the particles in solution would decrease the chances of 

collision and therefore reducing the coating efficiency. Moreover, since sonication 

utilizes acoustic energy, other variables can influence the interactions between the 

core nanoparticle and the membrane vesicles in co-suspension. These variables 

include the power, the duration of sonication, and the temperature of the bath 259. 

Considering this, different experiments were performed varying the CCM-NVs to 

LNPs ratio, their density and the total reaction volume. Moreover, different 

sonication times were tested while the sonication power (40 KHz) and the bath 

temperature (20°C) were kept constant.  By the results of these preliminary 

experiments, a total reaction volume of 150 µl and a sonication time of 10 min were 

selected as best conditions and were used for the further experiments. The ratio 

between DiO CCM-NVs and LNPs was calculated referring to protein amount (in mg) 

of CCM-NVs and the siRNA amount (mg) encapsulated in LNPs. From the results 

obtained with the optimization tests, we selected the ratios reported in Tab. 8. For 
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convenience, the samples with CCM-NVs: LNPs ratio of 3, 6 and 12 will be named 

άǎŀƳǇƭŜ !έΣ άǎŀƳǇƭŜ .έ ŀƴŘ άǎŀƳǇƭŜ /έ ǊŜǎǇŜŎǘƛǾŜƭȅΦ   

 

Tab. 8: Table listing the conditions selected for coating experiment: Sample A, B, and C correspond to CCM-NVs 

to LNPs ratios of 3, 6, and 12 respectively. The CCM-NVs protein amount (ug) is the same for all conditions while 

LNPs encapsulated siRNA amount (ug) varies according to the selected ratios.  

 

The Fig. 55 shows the flow cytometry analysis of Cy5-LNPs and DiO CCM-NVs in a 

bivariate dot plot. This data representation allowed the simultaneous visualization 

of both the red (Y axis) and green (X axis) fluorescence signals in one graph, 

whereby events with similar fluorescence intensity values accumulate in clusters.  

Quadrant gates were inserted to distinguish different populations and to quantify 

the relative proportions of these populations. As visible in Fig. 55, unlabeled LNPs 

and unlabeled CCM-NVs are localized in the lower left quadrant since they are 

negative for both red and green fluorescence. Instead, Cy5 labeled siRNA-LNPs are 

localized in the upper left quadrant (positivity for red fluorescence), without 

displaying any green fluorescence signal. Conversely, DiO labeled CCM-NVs are 

mainly located in the lower right quadrant (positivity for green fluorescence), 

without displaying any red fluorescence signal. All these four samples were 

sonicated for 10 min before the analysis. The upper right quadrants represent 

events that are positive for both the fluorescence signals.  

 

ID CCM-NVs : LNPs 

ratio 

CCM-NVs 

proteins (ug) 

LNPs siRNA 

(ug) 

Total reaction 

volume (ul) 

Sonication 

time (min) 

A 3 24 8 150 10  

B 6 24 4 150 10  

C 12 24 2 150 10 
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Fig. 55: Flow cytometric analysis of labeled and unlabeled LNPs and CCM-NVs: data are shown as a bivariate 

dot plot. 

As noticeable from the graphs reported in Fig. 56, all the samples subjected to 

sonication process (A, B, C) showed the emergence of a new population (in pink) 

localized in the upper right quadrant, whereas the DiO CCM-NVs population in the 

lower right quadrant almost completely disappears.  Moreover, in both samples B 

and C, the % of free LNPs population was reduced compared to the sample A. Taken 

together, these results let us hypothesize that the new double positive population 

ŎƻǳƭŘ ŀǊƛǎŜ ŦǊƻƳ ŀ άǎƻŦǘέ ǇƘȅǎƛŎŀƭ ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ǊŜŘ-labeled LNPs with the 

green-labeled CCM-NVs lipid components. As mentioned in paragraph 2.3.3.1., 
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given several examples reported in literature whereby negatively charged 

liposomes mixed with cancer cell membrane derived vesicles under sonication lead 

to the formation of a core-shell structure 260, the same event is likely to happen in 

our case.  

Despite the inability to derive compelling evidence from our analysis, the 

arguments reported above made us confident that, in the double positive 

population, red labeled LNPs were indeed wrapped or at least partially fused with 

green labeled CCM-NVs and not just randomly aggregated.  

 

Fig. 56: Flow cytometric analysis of sonicated samples: Data of sample A (CCM-NVs to LNPs ratio of 3) sample 

B (CCM-NVs to LNPs ratio of 6) and sample C (CCM-NVs to LNPs ratio of 12) are shown as a bivariate dot plot. 

 

The experiment was repeated to assess the role of the sonication process in the 

formation of the double positive population. Only sample B and C were tested, since 

they gave the best results in terms of double positive population percentage, with 

60.83 % and 64.26 %, respectivelyΦ Lƴ ǇŀǊŀƭƭŜƭΣ ǘǿƻ ƻǘƘŜǊ ǎŀƳǇƭŜǎ όƴŀƳŜŘ άǎŀƳǇƭŜ 

. ƳƛȄέ ŀƴŘ άǎŀƳǇƭŜ / ƳƛȄέ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ōȅ ƳŜǊŜƭȅ ƳƛȄƛƴƎ 5ƛh //a-NVs and LNPs 

in the same ratios of sample B and C, without performing the sonication step. After 

incubation for 15 min ŀǘ w¢Σ ǎŀƳǇƭŜǎ ά. ƳƛȄέ ŀƴŘ ά/ ƳƛȄέ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ōȅ Ŧƭƻǿ 
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cytometry and compared to sample B mix and C mix. A clear difference in the dots 

distribution is displayed in Fig. 57: sample B mix and C mix show only 6% and 2% of 

double positive population respectively while the sonicated counterparts samples 

show 62 % and 69 %. Notably, in both non-sonicated samples, the DiO CCM-NVs 

population is shifted toward slightly higher red intensities compared to DiO CCM-

NVs alone sample. Moreover, the differences in the relative % of CCM-NVs and LNPs 

of sample B mix and C mix, reflect the different ratios selected. Overall, these 

results indicated that, while merely mixing the lipids with CCM-NVs could lead to a 

partial interaction between the core and the shell populations, the sonication is the 

external force responsible for generating the double positive population. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 57: Flow cytometric analysis: Comparison in dot distribution between samples undergone to sonication 

process and samples merely mixed. Both sample B (CCM-NVs to LNPs ratio of 6) and sample C (CCM-NVs-to- 

LNPs ratio of 12) were tested. 
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In accordance with the result of the first test, the highest percentage of double 

positive events was achieved using a CCM-NVs-to-LNPs ratio of 12 (sample C). 

However, not even this condition enabled to get rid of the free LNPs, which 

accounted for 20 % of the total population. We initially attributed the excess of free 

LNPs to the low concentration of CCM-NVs, thus we next performed the same 

experiment testing a higher CCM-NVs-to-LNPs ratio (ratio of 24). However, as 

shown in Fig. 58, these conditions did not provide a better result, showing a % of 

double positive population even lower than the conditions previously tested.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 58: Flow cytometric analysis: Comparison in dot distribution between sonicated sample and merely mixed 

sample. In this experiment a CCM-NVs-to-LNPs ratio of 24 was tested. 

 

With the aim to get rid of free LNPs, we repeated the experiment performing a 

slight modification to the previously reported protocol as shown in Fig. 59: PBS 

containing LNPs was slowly added to the CCM-NVs pellet drop by drop during 

sonication (drop method). For this experiment, a CCM-NVs-to-LNPs ratio of 12 was 

used. 
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Fig. 59: Schematic illustration of the drop method for LNPs coating with CCM-NVs. 

 

The sample after sonication was analyzed by flow cytometry together with Cy5-

siRNA LNPs and DiO CCM-NVs alone (Fig. 60). As visible in the graph, the amount of 

free LNPs population was drastically reduced up to 2 %, while the amount of double 

positive population was increased to 90 %. Given these results, we hypothesized 

that the drop-by-drop addition of LNPs during the resuspension of CCM-NVs pellet 

Ŏŀƴ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŀŦŦŜŎǘ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ǘǿƻ άƻōƧŜŎǘǎέΣ ŦŀǾƻǊƛƴƎ ǘƘŜ ŎƻǊŜ-shell 

structure formation. 
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Fig. 60: Flow cytometric analysis: Dot distribution of Cy5-LNPs, DiO CCM-NVs and sample C obtained by drop 

method.  

 

The double positive population obtained from the drop method was finally 

characterized by DLS (Fig. 61), Z-potential (Tab. 9), and TEM (Fig. 62). The DLS 

analysis showed a double positive population with an average size of 141.8 ± 0.35 

nm and a PDI of 0.209 ± 0.002. Moreover, the high negative value of Z-potential 

analysis (-18.8 ± 3.62 mV) reflects the overall negative surface charge of the cell 

membrane, likely coating the LNPs core.  

 

 

 

 

Tab. 9: Characterization of double positive population: Size, PDI value and Z-potential measured by DLS. Data 

reported as mean ± SD of 3 independent measurements. 

 

 

 

 

 

Fig. 61: Dynamic light scattering analysis of double positive population. Size distribution measured by intensity. 

The measurements were performed in triplicate. 

 

Transmission electron microscopy is commonly used as standard technique for the 

characterization of the core-shell structure in cell membrane camouflaging 

approach. TEM images usually highlight the presence of a thicker layer of film 

structure outside the core nanoparticle. However, in our case, dealing with two 

entities with lipidic composition, the difference in electron density between the 

core and the shell components was not visible (Fig. 62). 

Size (nm) PDI Z-potential (mV) 

141. 8 ± 0.35 0.209 ± 0.002 -18.8 ± 3.62 
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Fig. 62: Transmission electron microscopy analysis of double positive population. 

 

Eventually, besides the above speculations, further analyses are required to achieve 

a more reliable characterization of the new population. The merely co-localization 

of red and green fluorescence signals derived from LNPs and CCM-NVs, 

respectively, was not sufficient to incontrovertibly prove the actual incorporation 

of LNPs inside the CCM-NVs leading to a core-shell structure. Of course, the 

validation of RNA encapsulation in the core-shell structure is expected to enhance 

the chance to achieve successful functionality of the designed delivery vector. 

Beside further characterization studies, additional experiments will include the 

assessment of cell transfection ability as well as the payload biological functionality.  
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6. CAF model establishment and characterization 

As already explained, in this thesis we aimed at developing a nanocarrier suitable 

to deliver mRNA-based anticancer agents specifically to stromal cell populations, 

more accessible compared to cancer cells. Among the many TME cell types, we 

chose cancer associated fibroblasts as a favorable biological target, leveraging their 

abundance in TME, their perivascular localization as well as their role as drug 

scavengers in the tumor neighborhood. From literature there is strong 

experimental evidence that CAFs can originate from a variety of cells such as 

resident fibroblasts, precursor cells that differentiate, mature cells that de-

differentiate or transdifferentiate, or even tumor cells 261 (Fig. 63). 
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Fig. 63: Origin of cancer associated fibroblasts. The different cellular sources for CAFs are shown, colors indicate 

the type of origin. Factors involved in the recruitment, differentiation, and activation of these cells into CAFs are 

indicated for each cell type. Image adopted with permission  262. 

 

 

Resident fibroblasts, located in the tissue of origin of the primary tumor, are the 

main source of CAFs. As shown in the schematic representation in Fig. 63, 

transforming growth factor beta 1, secreted by stromal and tumor cells, is the main 

factor promoting the CAFs differentiation 262.  

 

 

 

6.1 NIH3T3 differentiation protocol 

Thus, with the aim to establish a CAF cellular model that resemble resident CAFs in 

tumor microenvironment, normal murine fibroblasts (NIH3T3) were activated with 

TGF- .̡ In order to establish the best differentiation condition, I tested two different 

TGF-  ̡concentrations (5 ng/ml or 10 ng/ml) and two different incubation times (24 

and 48 h).  In details, NIH3T3 cells were first cultured in complete medium until 70-

80% confluence. Then, the cells were serum-starved to simulate the nutrients 

deprivation in TME and treated with TGF- .̡ 24 h or 48 h after treatment, the cells 

were harvested and characterized evaluating the expression of a typical CAF marker 

together with metabolic and morphological analysis (Fig. 64). 
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Fig. 64: Protocol for CAFs model establishment. NIH3T3 were seeded and treated with different concentrations 

of TGF- .̡ The expression of alpha-SMA marker, the metabolic phenotype and the cell morphology were 

evaluated at 24 h and 48 h post treatment.  

 

 

6.2 Quantification of alpha smooth muscle actin expression 

Alpha smooth muscle actin (alpha-SMA), a cytoskeletal protein associated with a 

highly contractile phenotype, was selected as CAFs cellular marker 263 and its 

expression level was evaluated by means of western blot analysis. NIH3T3 

fibroblasts cultured at the same CAFs conditions were used as control. For western 

blot analysis GAPDH was chosen as loading control and alpha-SMA expression was 

compared between different samples.  As shown by the graph in Fig. 65, regardless 

TGF-ʲ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŀƴŘ ǘǊŜŀǘƳŜƴǘ ǘƛƳŜΣ ŎŜƭƭǎ ǘǊŜŀǘŜŘ ǿƛǘƘ TGF-  ̡showed an alpha-

SMA expression level statistically significantly higher compared to the untreated 

cells. However, no statistically significant differences were detected between all the 

treatment conditions (TGF-ʲ р ƴƎκƳ[ нпƘΣ ¢DC-ʲ мл ƴƎκƳ[ нпƘΣ ¢DC-ʲ р ƴƎκƳ[ пуƘ 

e TGF-ʲ мл ƴƎκƳ[ пуƘύ.  
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Fig. 65: CAFs characterization by means of western blot analysis. Representative image of Western Blotting 

analysis of a-SMA expression level in control and TGF-b activated fibroblasts (top). GAPDH was used as loading 

control. Righ: Pixel intensity analysis of Western Blotting bands (bottom). Graph shows mean ± SD. The 

difference between groups was analyzed by two-way ANOVA followed by post hoc analysis using Tukey test. 

(n = 3ς6). 
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6.3 Metabolic phenotype analysis 

As a second step, we studied CAFs metabolic phenotype throw the use of Seahorse 

technology that measures the oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) of live cells giving insight into mitochondrial respiration 

and glycolysis (Fig. 66). Indeed, the two major pathways to produce energy, 

mitochondrial respiration, and glycolysis, involve cellular consumption of oxygen 

and efflux of protons, respectively.  Seahorse technology uses label-free sensors to 

detect extracellular changes in these analytes to measure the rates of cellular 

respiration, glycolysis, and ATP production. 

 

 

 

 

 

 

Fig. 66: Seahorse technology: the measurement of oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) of live cells give insight into mitochondrial respiration and glycolysis. 

 

For the characterization of CAFs phenotype we performed the ATP rate assay, 

whereby the OCR e ECAR are measured before and after the serial addition of 

oligomycin (inhibitor of ATPase synthase) and a mix of rotenone and antimycin A, 

inhibitors of mitochondrial complexes I and III respectively. This allowed to 

calculate the total ATP production rates distinguishing between the fractions of ATP 

that are produced from mitochondrial oxidative phosphorylation (OXPHOS) and 



129 
 

glycolysis. Indeed, through a series of calculations, OCAR and ECAR measured by 

the ATP rate assay are converted in the total ATP production rate and the pathway-

specific rates mitoATP e glycoATP production rates (measured as pmolATP/min). 

The glycoATP production rate is the ATP production speed associated with the 

conversion of glucose into lactate in the glycolytic pathway; the mitoATP 

production rate is ATP production speed associated with the OXPHOS while the 

total ATP production rate is the sum of glycoATP e mitoATP production rates.  

The results reported in Fig. 67, referred to basal metabolism, showed that, 

regardless of TGF-  ̡concentration, the TGF-  ̡treatment itself is responsible for a 

more energetic phenotype. The same trend is shown at both 24 h and 48 h 

incubation times, however, at 24 h post treatment the cells are generally more 

energetic compared to 48 h. This result could be due to a matter of confluence (a 

higher confluence at 48 h could cause a reduction of total ATP production). 

 

Fig. 67: Total ATP production (basal rates) of control 24h, TGF-ʲ р ƴƎκƳƭ нпƘΣ ¢DC-ʲ мл ƴƎκƳƭ нпƘ όƭŜŦǘ ƎǊŀǇƘύΣ 

control 48h, TGF-ʲ р ƴƎκƳƭ пуƘΣ ¢DC-ʲ мл ƴƎκƳƭ пуƘ όǊƛƎƘǘ ƎǊŀǇƘύΦ Data represents the mean of technical 

replicates of two biological replicates ± SD. Scale factor: 10,000. 
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Moreover, the energetic map in Fig. 68 points out that the difference in total ATP 

production rate is due to an increased glycolytic pathway, while the mitochondrial 

respiration seems to be unchanged between the treated samples and the control. 

 

 

Fig. 68: Energetic map (basal rates) of control 24h, TGF-ʲ р ƴƎκƳƭ нпƘΣ ¢DC-ʲ мл ƴƎκƳƭ нпƘ όƭŜŦǘ ƎǊŀǇƘύΣ ŎƻƴǘǊƻƭ 

48h, TGF-ʲ р ƴƎκƳƭ пуƘΣ ¢DC-ʲ мл ƴƎκƳƭ пуƘ όǊƛƎƘǘ ƎǊŀǇƘύΦ Data represents the mean of technical replicates of 

two biological replicates ± SD. Scale factor: 10,000. 

 

The result previously described stands out looking at the ATP Rate index (Fig. 69) 

which is the ratio between the mitoATP production rate and the glycoATP 

production rate. Indeed, a ratio higher than 1 indicates a more respiratory 

metabolism while a ratio lower than 1 indicates a more glycolytic metabolism. The 

graphs showed that the treatment with TGF-  ̡ induced a more glycolytic 

metabolism compared to untreated cells that conversely have an equal glycolytic 

and respiratory metabolism.  
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Fig. 69: XF ATP Rate Index of control 24h, TGF-  ̡5 ng/ml 24h, TGF-  ̡10 ng/ml 24h (left graph), control 48h, TGF-

 ̡5 ng/ml 48h, TGF-  ̡10 ng/ml 48h (right graph). Data represents the mean of technical replicates of two 

biological replicates ± SD. Scale factor: 10,000. 

 

Overall, the obtained data, indicating a shift toward a more glycolytic metabolism 

are consistent with what reported in literature. Indeed, CAFs are known to be more 

energetic than their inactivated counterpart and the shift toward aerobic glycolysis 

is necessary to provide cancer cells with high energetic metabolites (increased 

glucose uptake and preferential production of lactate, even in the presence of 

oxygen). The metabolic symbiosis between CAFs and cancer cells indeed promote 

the tumor survival and proliferation in TME. Along with these results, that refer to 

basal conditions, we will investigate if significant differences in mitochondrial 

respiration of treated and untreated cells emerge under stressed conditions.  
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6.4 Morphological analysis 

Finally, CAFs morphology was compared to normal fibroblasts (Fig. 70). The 

brightfield images acquired at 48 h after treatment highlighted a slight 

morphological difference between the treated and the control groups where CAFs 

have more elongated shape. Moreover, the TGF-  ̡treatment seemed to induce an 

increase in cellular proliferation rate, which was consistent with the Seahorse 

results shown above. 

 

 

Fig. 70: Brightfield images of TGF-ʲ ǘǊŜŀǘŜŘ ŀƴŘ ŎƻƴǘǊƻƭ ŦƛōǊƻōƭŀǎǘǎ нпƘ όŀǘ ǘƘŜ ǘƻǇύ ŀƴŘ пуƘ όŀǘ ǘƘŜ bottom) 

post treatment. 

 


































































































