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Abstract 

It has been already demonstrated that cell membrane-coated biomaterials are endowed 

with superior biocompatibility, decreased clearance rate from the rethiculoendothelial 

system, improved colloidal stability and homotypic targeting abilities. In the present 

research, two different types of cell cultures were employed as cell membranes (CM) 

source for the preparation of biomimetic nanosystems: glioblastoma primary cells, 

obtained from patient biopsies, and colorectal cancer cells cultured from a murine cell 

line. Isolated CM were analysed in terms of retained protein content and the elimination 

of residual genetic material from parent cells was assessed in this fraction. Glioblastoma 

or colorectal cancer CM were used to prepare CM-derived vesicles, and BPA-loaded 

artificial liposomes were developed and characterize for a future functionalization with 

glioblastoma CM. Colorectal cancer CM were also hybridized with synthetic, to achieve 

hybrid vesicles improving the production yield. CM and lipids were hybridized following 

two different techniques, namely the co-extrusion or micromixing using a microfluidic 

device. All the obtained formulations were characterized in terms of physico-chemical 

properties, morphology and process yield; for hybrids, membrane fusion efficiency was 

also evaluated. The in vitro internalization and homologous selectivity of biomimetic 

vesicles into parent cells and different cell types were investigated by confocal 

microscopy and flow cytometry. The obtained results confirmed that pure and stable 

bio-inspired nanosystems were developed with good production yield both from primary 

cells and from the immortalized cell line. Moreover, thanks to the cell-derived 

membranes, their selective cellular uptake sensibly increased in comparison to artificial 

liposomes, reaching the highest value in homotypic internalization into parent cells. 
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1. General introduction 

1.1. Exosomes as drug delivery systems 

Exosomes are nanoscaled extracellular vesicles produced by cells to vehiculate bioactive 

molecules involved in cell-to-cell signalling. The exosome membrane is a phospholipid 

bilayer mainly composed of phosphatidylserine, sphingomyelin, cholesterol, ceramides, 

and ganglioside GM3 [1]. As they originate from the membrane of late endosomes, their 

membrane is decorated with proteins characteristic of endosomes and plasma 

membrane of the parent cell [2]. Hence, their proteome is particularly rich in 

phospholipases and lipid-related proteins, tetraspanins (CD9, CD63, CD81 and CD82), 

heat shock proteins (HSP70, HSP90), and transmembrane proteins specific to the cell of 

origin [3]. Besides characteristic proteins and lipids, the ability of exosomes to carry 

nucleic acids such as messenger RNA (mRNA), small interfering RNA (siRNA), microRNA 

(miRNA) and DNA fragments, arose strong interest in the field of gene therapy and gene 

delivery [1]. As well as in healthy conditions, exosomes play a crucial role in cell 

communication in several pathological states, such as cancer, and neurodegenerative, 

cardiovascular, infectious and respiratory diseases. They are involved in the transfer of 

specific proteins, lipids, in the transmission of downstream signalling events, and in the 

delivery of specific nucleic acid cargo [4]. A unique characteristic of these vesicles is the 

specific interaction with a target recipient cell. Exosome targeting ability is due to the 

asymmetrical lipid distribution and specific protein composition of their membranes [5] 

and it is possibly exploited by cancer cells to transfer material amongst tumor formations 

and in the process of metastatization [6]. 

The described characteristics of exosomes, namely their nanoscaled dimensions and 

their peculiar organotropism, together with their innate biocompatibility, make these 

vesicles good candidates as drug delivery systems. Many authors have proposed 

exosomes and exosome-mimetic systems as nanocarriers for cancer treatment, studying 

different techniques for vesicle isolation and purification, drug loading and surface 

functionalization [7]. The most diffused techniques used for exosome isolation from 

culture media are summarized in Fig. 1. The drug loading methods can be classified in 

endogenous and exogenous loading: endogenous loading relies on the incubation of the 

parent cells with the drug to be loaded, or on the genetic modification of cells to induce 

the expression of proteins or nucleic acids to be included in the released vesicles; 
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exogenous loading implicates the incorporation of the drug in exosomes previously 

isolated from cell culture media or body fluids (urine, blood, saliva, breast milk, etc.) [8]. 

In spite of the comprehensive research carried out following this approach, the clinical 

translation of exosomes as drug carriers is still a challenge. The low production yield 

combined with the complicated exosome isolation make them hard to provide in a useful 

concentration [9]. Moreover, their structural heterogeneity and batch-to-batch 

differences explain the difficulties in establishing a standard, scalable, and cost-effective 

GMP procedure for exosome isolation, purification and use as therapeutic agents [10].  

Consequently, to address the described limitations, the pharmaceutical nanotechnology 

community focused the attention on other bio-mimetic and cell-derived systems, which 

will be discussed in the following chapter.  

  

Figure 1: Schematic representation of the different methods developed for exosome isolation. 

Created with BioRender.com 
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1.2 Cell-derived bio-mimetic nanosystems: different cells, cargoes, and 

formulation techniques 

As cell-to-cell homotypic interactions exploit special biofunctions such as characteristic 

phospholipids and lipoproteins, the use of cell-derived materials to form nanovesicles or 

to coat nanoparticles represents a good alternative to artificial surface functionalization. 

Moreover, the direct use of cell membrane (CM) is an efficient approach to avoid 

expensive and time-consuming biomaterial isolation and nanosystem surface 

decoration. It has been studied that CM-coated biomaterials are endowed with superior 

biocompatibility, decreased clearance from the reticuloendothelial system, improved 

colloidal stability and homotypic targeting abilities [11, 12] (Fig 2). Rao et al. 

hypothesized that the CM-related stabilizing effect on nanosized systems can be 

attributed to flexible and hydrophilic surface glycans on CMs, which prevent aggregation 

of the structures [13].  

Current research on CM-derived nanoparticles (NPs) has been focusing on outer 

membranes of platelets, erythrocytes, leukocytes, stem and cancer cells [14]. 

Erythrocytes were considered ideal sources thanks to their membrane proteins that 

confer immune tolerance [13, 15, 16], similarly to CD47 and CD45, which are present on 

leukocyte membrane [17, 18]. Moreover, beside bypassing the immune system, 

leukocytes and platelets have been studied because of their characteristic functional 

proteins such as lymphocyte function-associated antigen 1 and macrophage-1, CD41, 

CD42b, CD61, which allow binding to inflamed endothelium and targeting to tumors [19-

21]. Cancer cells were also identified as good candidates for CM coating of NPs, because 

of their immune evasion and good homotypic cell recognition, namely innate cancer 

targeting ability, which can be attributed to the transfer of cell adhesion molecules with 

homotypic binding properties [11, 22, 23].  

Cell membranes have been exploited to coat polymeric or inorganic NPs or used as such 

for the formulation of CM-derived vesicles. Red blood CMs have been studied to improve 

the circulation time of a wide variety of nanomaterials. Starting from gold nanoparticles, 

relevant tools in cancer research thanks to their successful use in imaging, sensing, and 

photodynamic therapy, Gao et al. used red blood CMs to coat AuNPs, minimizing their 

uptake by macrophages and significantly improving their blood circulation [24]. In two 
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following research studies, red blood CMs were exploited with the same aim for gold 

nanocages and gold nanorods [25, 26]. Red blood CMs have also been used to increase 

the biocompatibility of magnetic nanoparticles, widely used as contrast agents for 

magnetic resonance imaging due to their superparamagnetic properties. Xuan et al. 

attached magnetic colloids onto the surface of hypocrellin B-loaded mesoporous silica 

NPs, and further coated them with red blood CMs, achieving improved hypocrellin B 

retention compared to uncoated ones [27]. In another work, Fe3O4 nanoparticles were 

coated with the same cell-derived material, achieving the evasion of immune responses 

on both the cellular level (myeloid-derived suppressor cells) and the humoral level (IgM 

and IgG) [28]. Red blood CM-coated Fe3O4 theranostic NPs were also described by Ren 

et al. [29], who evidenced in vivo prolonged blood retention time, high tumor 

accumulation and relatively lowered liver biodistribution. Other versatile cores for 

membrane cloaking are metal-organic frameworks (MOFs), which consist in hybrid 

porous nanomaterials composed of metal ions or metal clusters combined with organic 

ligands [30]. These attractive platforms can serve as vehicles embedding drugs and 

biomolecules in their tight cavities with high loading efficiency. Zhang et al. delivered 

glucose oxidase and tirapazamine to tumor sites using zeolitic imidazolate framework-8 

(ZIF-8), reaching high tumor accumulation thanks to red blood CM coating of MOFs 

surface [31]. ZIF-8 was also formulated by Alyami et al. exploiting cancer cells as 

membrane sources: the authors achieved an excellent tumor targeted delivery of 

CRISPR/Cas9 by coating the system with cervix carcinoma or breast adenocarcinoma 

CMs [32]. Indeed, besides the significant improvements provided by red blood CM 

coating to bio-mimetic systems, the unique homologous targeting ability characterizing 

cancer CM coating was evidenced in several works. Nie et al. exploited breast cancer CM 

for mesoporous silica NPs coating [33], whereas Sun et al. cloaked the surface of gold 

nanorods for oral squamous cancer cell radiosensitizing [34]. Lung carcinoma cells have 

been widely used in CM coating: in an interesting work, an acetalated dextran-based NP 

core loaded with curcumin was coated with CMs derived from pulmonary epithelial 

cancer cells [35]. This type of CMs was also exploited to surround poly (lactic-co-glycolic 

acid) (PLGA) NPs by Liu et al., who compared the affinity for the originating cells of two 

bio-mimetic nanosystems coated with CMs or exosome membranes from the same cell 

line [36]. Polymeric NPs composed of PLGA are other popular inner cores for CM 
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decoration, being PLGA a biodegradable and biocompatible copolymer approved by FDA, 

many researchers have investigated the CM coating of PLGA NPs for developing drug 

delivery systems [23, 37-41]. Amongst the most interesting ones, Bose et al. reported 

that stem CM coating of VEGF (Vascular-Endothelial Growth Factor)-loaded PLGA NPs 

reduced the drug release rate as compared to that of bare ones [42]. Yang et al. 

demonstrated that mesenchymal stem CM coating of PLGA NP cores could improve the 

uptake of doxorubicin compared to uncoated systems, besides providing good cancer 

targeting and macrophage evasion. As in these works, several theranostic platforms took 

advantage from mesenchymal stem CM cloaking [43]: noteworthy is the work of Mu et 

al., who developed a biocompatible gene delivery platform using polydopamine-coated 

Fe3O4 NPs conjugated with siRNAs and surrounded by mesenchymal stem CM; CM-

functionalized Fe3O4-polydopamine-siRNA NPs resulted to have tumor targeting capacity 

and excellent photothermal conversion efficiency [44]. Mesenchymal stem cell-derived 

membranes were also used to coat core-shell structures for the delivery of human tumor 

necrosis factor-related apoptosis-inducing ligand (TRAIL), achieving high cancer cell 

internalization and capability of inducing apoptosis in glioblastoma cells in vitro [45]. 

CMs have been used not only as biomaterial coating, but also for the formulation of 

membrane vesicles, mimicking an “empty cell” an innovative strategy for the targeted 

delivery of active molecules. Kaneti et al. exploited mesenchymal stem CMs for the 

preparation of “nanoghosts” able to evade the immune system while targeting multiple 

cancer cell types [46], whereas Go et al. selected monocyte CM to prepare monocyte-

mimicking vesicles for the delivery of dexamethasone to treat systemic inflammatory 

response syndrome associated with infection [47]. Moreover, hybridization of cell 

membranes with liposomes was attempted with different cell types, to improve the yield 

of production of CM-vesicles while exploiting CM-derived material as targeting moieties 

for artificial liposomes. Natural killer cells were hybridized with synthetic fusogenic 

liposomes by Pitchaimani et al., obtaining a stable and cancer selective doxorubicin 

vehicle [48]. In another work, the authors designed mixed semi-synthetic vesicles by 

fusing red blood CMs and breast cancer CMs with artificial lipids, achieving efficient 

doxorubicin loading, high tumor accumulation and low clearance by the immune system 

[49], and finally Zhang et al. investigated the hybridization of lung cancer CMs with 

synthetic lipids for the co-delivery of siRNA and docetaxel [50]. 
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Another aspect to consider when discussing CM coating is that the membrane sources 

predominantly used for this scope are murine or human cancer cell lines, rather than 

primary cells deriving from biopsies. The main reasons for the preferential use of cell 

lines are their ability to grow indefinitely in vitro and thus to provide an unlimited source 

of biological material, and the absence of ethical concerns for their supply. However, as 

pointed out by Mirabelli et al., it is important to consider that cell lines have some 

limitations in mimicking tumor microenvironment, especially due to the differences in 

terms of gene expression, as compared to in vivo tumor tissues [51]. Indeed, in vitro 

cultured cell lines do not have interactions with other cell types, thus their growth is not 

under the influence of cytokines and other cell-signalling molecules, and the native 

tissue architecture is lost [52]. Primary cells have a finite period of cell culture, ensuring 

genomic and phenotypic stability, differently from cell lines, which are subjected to 

changes within the proteome after prolonged passage as a result of selective pressures 

[53]. The difference in transcriptomic and proteomic between the derived cell line and 

the originating cancer tissue would justify the replacement of cell lines with primary cell 

cultures for some applications. This might be an important aspect to consider when 

exploiting CMs for the preparation of drug vehicles, given the impact of the characteristic 

proteome of the originating cell.  

Different techniques have been studied to efficiently exploit CMs to improve the 

biocompatibility of nanovehicles. Co-extrusion of core NPs with CMs through a series of 

porous polymer films is currently the most common method for NPs coating: this process 

relies on shear force to deform or rupture vesicles, allowing them to reassemble around 

the cores in an energetically favoured process [14]. The parameters that can be regulated 

in order to control the final characteristics, such as uniformity, thickness, and stability, 

are the ratio between vesicles and NPs [39], flow rate, temperature, and pressure [54]. 

Coextrusion enables a good level of control and reproducibility, however, it is 

unfavourable for scaling-up due to the material loss and to the high incidence of 

membrane clogging when increasing formulation concentration. Amongst extruder 

membranes, the “tortuous path”-type (polyether sulfone filter), consisting of fibers 

crisscrossed over each other, can easily be clogged up, compared to the “nucleation 

track”-type membrane (polycarbonate filters), which is a thin polymer sheet with 

straight-sided holes of exact diameter [54].  
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Sonication constitutes another strategy for CM coating, enabling higher throughput 

compared to coextrusion. Within this method, the spontaneous fusion of CMs with core 

NPs is induced by acoustic waves and cavitation bubbles, which allow an increase in 

membrane permeability while maintaining protein and lipidic structure [55, 56]. 

Sonication amplitude and duration can be tuned, as well as temperature and particle 

density, to improve coating efficiency and system stability and to avoid aggregation [57].  

CM coating has also been achieved by electroporation: similarly to sonication, this 

technique breaks down the dielectric layer over CMs, generating transient pores and 

thus permitting internalization of NPs [58]. However, as demonstrated by Hu et al., a 

sugar additive such as trehalose might necessary to prevent “electrofusion” and system 

aggregation within this approach [59].  

A less diffuse method for CM coating is the freeze-thawing method, which was 

demonstrated to present several important drawbacks such as damage of membrane 

integrity and system aggregation [60].  

Finally, hydrodynamic mixing through microfluidic devices is an emerging approach not 

only for CM coating, but in general for nanotechnology in drug delivery. Besides other 

groundbreaking advantages discussed in the following chapter, this technique allows to 

improve the mixing of core NPs and CMs, minimizing material loss, increasing core 

loading efficiency and allowing a scale up transition of the process [61]. Microfluidics 

strongly contributed to the optimization and standardization of the CM-coating 

processes, as pointed out by several authors [62]. In one interesting work, microfluidics 

was employed for the insertion of proteins deriving from leukocyte membranes into 

synthetic liposomes, achieving good selectivity of the vehicle for inflamed tissues [63]. 

In addition, microfluidic platforms have been coupled to other techniques: two 

noteworthy examples are the sonication-assisted microfluidic method for cancer CM 

coating of PLGA NPs [36] and the preparation of red blood CM-coated Fe3O4 NPs through 

the coupling of electroporation and microfluidics [13]. In both cases, this formulation 

technology significantly improved the throughput of the process, resulting in more 
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efficient systems also in terms of tumour accumulation, probably due to an increased 

degree of coating compared to traditional coating methods. 

 

 

  

  

Figure 2: Schematic representation of the different strategies for CM-coating and the 

advantages related. Created with BioRender.com 
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1.3 Microfluidic devices in nanotechnology 

Nanosystems are traditionally prepared using bulk methods. Recently, to improve the 

control on NP final properties for different applications, microfluidic techniques have 

arisen interest in researchers. The mixing using microchannels allows the handling of 

picoliter-scaled samples, rapid mass transfer, precise control over reaction conditions, 

cost-effectiveness, homogeneity of reaction environment and short production time 

[64]. Focusing the attention on organic NPs (liposomes, lipid NPs, polymeric NPs), the 

nanoprecipitation process of the organic precursor in an aqueous antisolvent has been 

increasingly replaced by the mixing of the two solutions through microfluidic platforms 

that, for organic NPs, are referred to as micromixers. The parameters that mostly affect 

the final NP characteristics when using micromixers include precursor concentration, 

temperature, pH, total flow rate (TFR) and flow rate ratio (FRR) [65]. TFR is intended as 

the sum of flow rates entering a microchannel from the inlets (Fig. 3), and FRR is the 

ratio of aqueous flow rate to NP precursor flow rate. Moreover, mixing time and 

uniformity are strongly related to the final size and size distribution of NPs, such that a 

shorter mixing time results in smaller particles and lower PDI [66]. Microfluidics enable 

efficient micrometer-scaled mixing with a mixing time resulting minor than the 

precipitation time, thus allowing the production of small NPs with a low PDI. The first 

liposome formulation obtained by Jahn et al. in 2004, using a microfluidic hydrodynamic 

focusing channel, attracted very much attention from both the engineering and 

pharmaceutic point of views, since the authors demonstrated that they could control 

liposome size by tuning solvent flow rates and concentrations [67]. However, their 

platform was endowed with laminar flow microchannels, which rely on diffusion-based 

mixing (straight microchannel), characterized by a low Reynolds number (Re ~ 1): 

Re =
ρUDh

ƞ
 

where ρ is the fluid density, U is the fluid velocity, Dh is the hydrodynamic diameter of 

the channel, and ƞ is the dynamic viscosity of the fluid [64]. Consequently, their device 

was characterised by a long mixing time and low mixing efficiency due to the limited 

mass transfer occurring in diffusion between the laminar streams.  
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To overcome these issues, new technologies have been developed to fasten the mixing 

by inducing the production of a turbulent flow inside microchannels. These new 

methods are based on two different approaches, namely passive and active mixing. In 

passive mixing, flow disturbances are induced by unique geometrical structures 

designed in the microchannel, such as staggered herringbone [68], serpentine [69], and 

split-and-recombine [70] structures; these type of platforms can be fabricated from a 

variety of materials, being glass [71, 72] and silicon [73] the predominantly used ones.  

Staggered Herringbone Micromixers (SHM) are the most popular devices: they provoke 

micromixing through chaotic advection, generated by structures designed on the floor 

of the microchannel [74] (Fig. 3). This results in faster mixing process, which is generally 

related with the production of small-sized NPs with excellent monodispersity. Moreover, 

the lower mixing time at lower flow rates leads to less dilution and shorter processing 

times for NP synthesis [75]. This technology is commercially available as a 

NanoAssemblr® platform consisting of a pump system and a cartridge with a Y-junction 

connected to a SHM region. In recent years, SHM method has been widely employed for 

the preparation of lipid NPs, hybrid PLGA-lipid NPs, liposomes, oil–in-water 

nanoemulsions and unilamellar vesicles [61, 75-77].  

 

Another micromixing technology relies on the split-and-recombine method (SAR) 

constituting the principle of bifurcating mixers and Tesla mixers (Fig. 4A). In this 

technique, the turbulence in the fluid stream is due to the microchannel path: it splits 

into two branches and remerge multiple times to induce rapid chaotic mixing [64]. 

Figure 3: Schematic illustration of Staggered Herringbone Micromixer.  

Reproduced from [65] under the Creative Commons Attribution license 

(https://creativecommons.org/licenses/by-nc/3.0/). 
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Within specific bifurcating mixers, the microchannel comprises a series of circular toroids 

that subjects the fluids to centrifugal forces to achieve a faster mixing process (Fig.4B) 

[78].  

Finally, the microfluidic mixing through serpentine structures relies on microvortices 

generated in the fluid stream by the presence of several curvatures within the 

microchannel that cause a mismatch in the velocity of different portions of the fluid, thus 

allowing chaotic advection [79, 80] (Fig. 4C).  

 

In the active mixing approach, the turbulent flow is generated by external applied forces 

such as acoustic [81], thermal [82] and electric [83] fields.  

The acoustic field-driven method is a versatile technique in which the application of 

frequencies from 1 kHz to 1 GHz to a simple laminar flow microchannel generates 

vortices and chaotic advection. Consequently, the so-called “cavitation microstreaming” 

occurs, due to the collapse of cavitation microbubbles formed at frequencies below 200 

kHz [84]. This phenomenon enhances mixing and prevents clogging and NP aggregation 

and can be achieved through the immersion of microchannels in ultrasonic baths [66, 

85] or by using piezoelectric transducers bonded to glass or silicon substrates [86, 87].  

Figure 4: Schematic illustration of microfluidic devices: (A) Tesla mixer, (B) SAR toroid mixer, (C) 

Serpentine micromixer. From [64] under the Creative Commons Attribution license 

(https://creativecommons.org/licenses/by/4.0/). 
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In electrical micromixing, instead, the fluid motion is induced by the direct or alternate 

current applied by electrodes connected to the microchannel. The applied current can 

cause different types of phenomena: electrohydrodynamics, related to the fluid distinct 

electrical properties causing electrical stresses at the fluid-fluid interface; alternating 

current electrothermal effect, involving micro-vortices formed in the channel thanks to 

the fluid different temperature zones (linked to the alternated current electric field); and 

direct current-induced thermal buoyancy convection, where mixing is due to the 

formation of a temperature gradient arising from Joule heating, which triggers a gradient 

in the electrical properties of the fluid [88]. Also active micromixing was exploited for 

the formulation of different nanosystems, such as liposomes [61, 89-91], polymeric NPs 

[71, 92, 93] and several hybrid systems including exosome- and CM-coated polymeric 

nanosystems [13, 36, 56].  

Another aspect where microfluidics was able to improve nanovehicle quality and 

applicability is drug loading. Paclitaxel, doxorubicin and 5-fluorouracile are just some 

examples of chemotherapeutics that have been encapsulated into lipidic or polymeric 

nanosystems by microfluidics [94-97]. Both active and passive micromixing were 

exploited for the formulation of loaded NPs, achieving enhanced encapsulation 

efficiency and drug loading compared to bulk methods [98]. Besides traditional 

chemotherapeutics, microfluidic-generated delivery systems have been widely studied 

for gene therapy [79, 92]. Within this approach, genetic material such as DNA or RNA are 

exploited as therapeutics for genetic, acquired and infectious diseases. In nonviral gene 

delivery vehicles, genetic material is encapsulated into lipid, polypeptide or polymeric 

NPs to provide a protection from enzymes, thereby extending their lifetime in the blood, 

and allowing nucleic acids in vivo administration [99]. Among the different forms of 

genetic material, siRNA and mRNA have wide potential for therapeutic and biomedical 

applications, including bioanalysis, gene silencing, protein replacement and vaccines. 

Lipid NPs, mainly composed of ionizable or cationic lipids resulted to be the most 

effective mRNA-vehiculating system, enabling high encapsulation efficiency and 

effective cytosolic delivery of nucleic acids [100]. It is worth mentioning the successful 

case of SARS-CoV-2 mRNA-based vaccines BNT162b2 (Pfizer-BioNTech) and mRNA-1273 

(Moderna), approved by FDA and EMA, constituting a milestone in gene delivery [101]. 

The high scale production of these mRNA delivery nanosystems was performed in 
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continuous with the parallelization of 100 static micromixers, where purified mRNA and 

lipids were injected, resulting in the precipitation and self-assembly of stable lipid NPs 

[102]. 
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2. Aim of the project 

Traditional artificial NP functionalisation for selective cancer targeting has several 

drawbacks, including time-consuming and expensive processes, and low final 

throughput. For this reason, the use of biologically derived materials has attracted 

attention, combining less laborious procedures for systems preparation with more 

efficient tumor accumulation, and high biocompatibility [11]. Within this context, the 

study of exosomes as drug delivery systems constituted a milestone in recent research, 

allowing on one side to exploit the natural tumor targeting characteristic of these 

systems, and on the other to load drugs or therapeutic nanomaterials with high 

efficiency and consequent significant effect in vitro and in vivo [1]. However, exosome 

development as drug vehicles has been impaired by the low yield of isolation, the lack 

of standard procedures for their production and purification and their potential 

carcinogenicity [103, 104]. Addressing these challenges, as an innovative targeting 

strategy, cancer CMs direct use for the formulation of anticancer drug vehicles has been 

implemented in recent research [33, 34]. As thoroughly reported in the previous 

sections, this approach allowed to inherently reproduce the biological properties of the 

source cells on the bio-inspired nanosystem and to achieve a broad range of functions, 

including prolonged circulation, immune escape, and disease-related targeting ability. In 

the present work, cancer CM-derived vesicles (CMVs) were designed and deeply 

characterized. An interesting purpose of this work is the separate study of primary 

glioblastoma (GBM) cells (from biopsies samples) and immortalized colorectal cancer 

(CRC) cells from a murine cell line, as CM sources. Two types of systems were differently 

developed: “pure” CM-derived vesicles (CMVs) were obtained by assembling isolated 

cell membranes from GBM and CRC cancer cells, whereas CRC-CM fusion with synthetic 

lipids was performed to produce hybrid vesicles. The challenge addressed with 

membrane hybridization was to retain CM characteristic proteins and phospholipids and 

to embed them into a synthetic lipidic bilayer aiming to produce a tunable and standardly 

reproducible platform for drug delivery. The final purpose of the study was to 

demonstrate the role of CM decoration in cell affinity and internalization and to design 

a high throughput, standardizable and scalable procedure for the preparation of a 

potential cell-derived drug vehicle for cancer treatment.  
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3. Cell membrane-derived vesicles (CMVs) from glioblastoma cells 

3.1. Introduction 

3.1.1. Glioblastoma (GBM): prognosis and treatment 

GBM is a malignant astrocytic tumour, preferentially located in the cerebral 

hemispheres. It constitutes 25% of all malignant nervous system tumors and its 

prognosis is very poor, with a relative survival for adults of less than 30% at one year, 5% 

at three years, and 3% at five years, with no difference between men and women [105, 

106]. Although no prevention screening is available so far, known risk factors for primary 

brain tumours include exposure to therapeutic ionising radiation, employment in 

synthetic rubber manufacturing, and exposure to vinyl chloride or pesticides. Several 

researches reported increased risk of developing brain tumours in patients who had 

undergone irradiation for leukaemia as children, identifying therapeutic ionising 

radiation as a strong risk factor [107]. The 2021 WHO classification recognizes three 

subtypes of GBM: gliosarcoma, giant cell GBM, and epithelioid cell GBM [108]. All 

subtypes are characterized by the presence of poorly differentiated neoplastic astrocytes 

exhibiting cellular polymorphism, nuclear atypia and mitotic activity, generally endowed 

with regional heterogeneity and highly invasive growth. Histopathological and diagnostic 

features are also vascular thrombosis, microvascular proliferation and necrosis [109]. 

GBM, which typically affects adults, frequently develops de novo without evidence of a 

less malignant precursor lesion (primary GBM) and is characterized by the loss of 

phosphatase and tensin homolog (PTEN) and by epidermal growth factor receptor 

(EGFR) amplification. Alternatively, GBM may mature from diffuse grade II astrocytomas 

or anaplastic astrocytomas (secondary GBM) and it exhibits alterations in p53, platelet-

derived growth factor receptor (PDGF-R) alpha and p16, even if the impact of these 

alterations on the prognosis has not been clarified yet [110]. Another common mutation 

characterizing GBM is hypermethylation, with consequent disfunction, of the O6-

methylguanine-DNA methyltransferase (MGMT) gene, which is involved in DNA repair 

and whose expression is associated with drug resistance. Therefore, hypermethylation 

of the MGMT gene promoter, besides being a valuable predictive marker, is also 

associated with therapy efficiency and consequent longer overall survival [111].  
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The most common clinical presentation of GBM at diagnosis is headache and/or nausea 

in a context of a large tumor or significant edema [112]. An overview of the predominant 

symptoms leading to a diagnosis is summarized in Figure 5.  

Concerning GBM imaging and therapeutic response monitoring, gadolinium-enhanced 

magnetic resonance imaging (MRI), magnetic resonance spectroscopy (MRS) and [F18]-

fluorodeoxyglucose-positron emission tomography (FDG-PET) are the most widespread 

techniques [110]. Typical MRI imaging characteristics of glioblastomas consist in 

infiltrative, heterogeneous, poorly circumscribed intraparenchymal lesions, and display 

contrast enhancement at their margin, evidencing blood–brain barrier disruption [113]. 

To date, the standard treatment for GBM consists in surgical resection, which is 

frequently uncomplete given the infiltrative character of the lesion, followed by the 

association of radiotherapy and temozolomide. However, the frequently observed tumor 

recurrence is mainly due to treatment resistance, indicating that new strategies are 

needed to improve radiotherapy and chemotherapy association efficacy. Resistance to 

radiotherapy was discovered to be related to the presence of a sub-population of self-

renewing and pluripotent GBM stem cells within the tumor [114]. These surprisingly 

Figure 5: Overview of the main reported clinical presentations in glioblastomas [109]. Created 

with BioRender.com 
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numerous stem cells can overcome the damage of chemo- and radio-therapy through 

adaptive resistance pathways, representing a good pharmacological target for more 

effective GBM therapies [115]. 
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3.1.2. Boron neutron capture therapy (BNCT) 

Boron neutron capture therapy (BNCT) is a selective and low-invasive cancer 

radiotherapy that relies on the neutron capture-fission response occurring when the 

steady isotope boron-10 (10B) is irradiated and converted to unstable 11B (Fig. 6). The 

therapeutic effect is due to the consequent release of a high-linear energy transfer of 

alpha particles (4He), lithium-7 ions (7Li), and gamma radiations, from a sufficient 

amount of 11B [116]. The neutrons used for 10B irradiation can be low-energy (0.025 eV) 

thermal neutrons or, for clinical applications, higher energy epithermal neutrons (10000 

eV), which manage to penetrate thick tissues and the skull, a critical feature for BNCT 

success. The very short path lengths of alpha particles (5–9 μm) allow to selectively 

damage the boron-containing cells, making this technique sufficiently safe and minimally 

invasive [117]. However, to be effective, a selective accumulation of 10B in the tumor is 

needed: about 20 μg of 10B per gram of tumor tissue (or 109 atoms/cell) have to be 

selectively delivered to the tumor, while a sufficient dose of neutrons must penetrate 

and be absorbed by the cells to initiate the fission reaction [116]. 

For this reason, a strategy for increasing the selective uptake of boron-carrying agents 

into cancer cells is a solid need. An ideal BNCT delivery agent is characterized by high 

tumor uptake, low intrinsic toxicity, and minimal normal tissue uptake, possibly featuring 

tumor/normal tissue and tumor/blood boron concentration higher than 3. Another 

important requirement is sufficient persistence in the tumor (more than one hour) and 

relatively rapid clearance from blood and normal tissues [118]. To date, the clinically 

used 10B carriers in BNCT are sodium mercapto-undecahydro-closo-dodecaborate 

(Na2B12H11SH), known as sodium borocaptate (BSH), and (L)-4-

dihydroxyborylphenylalanine, commonly known as boronophenylalanine (BPA). BSH is 

an anionic polyhedral borane icosahedron used in clinical trials preferentially for the 

treatment of GBM and other high-grade gliomas. BPA is a boron-containing amino acid 

with low water solubility, administered in clinic as a complex with fructose, which 

significantly increases its aqueous solubility at physiological pH [119]. As already 

reported in several works published at the beginning of the century, this compound is 

able to preferentially accumulate in tumor tissues, justifying its use in clinical trials for 

the treatment of GBM [120, 121], meningiomas [122], head and neck tumors [123, 124], 

melanoma [125] and hepatocellular carcinoma [126]. Moreover, it is noteworthy that 
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boron agents are efficiently internalized by GBM stem cells, which further proves the 

high clinical potentiality of BNCT for the treatment of this pathology [127]. Nevertheless, 

the limited tumor/normal tissue ratios of boron accumulation, in patients treated with 

BPA-fructose complex and BSH, still impairs BNCT application for cancer treatment. For 

this reason, new strategies for the selective delivery of high amounts of boron are 

needed, and the development of nanosized boron delivery agents could be a promising 

approach. Different types of nanosystems have been recently designed aiming to 

encapsulate elemental boron or boron-carrying molecules, including liposomes and iron 

oxide, gold, silica and polymeric NPs [118]. 

  

Figure 6: Schematic representation of BNCT mechanism. Created with BioRender.com 
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3.2. Materials and methods 

3.2.1. Cell cultures  

Human GBM cells were isolated from postsurgical specimens of patients who underwent 

surgery at IRCCS Ospedale Policlinico San Martino in Genoa, with informed consent using 

the guidelines approved by the Institutional Ethical Committee. Cells were cultured in 

EndoGRO-LS Complete Culture Media Kit (Sigma-Aldrich, USA) and seeded on 

attachment factor-coated plates. Human glial oligodendrocytic hybrid cell line M03.13 

(Tebu-Bio, France) with a normal oligodendrocyte and astrocyte phenotype [128] was 

maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 15% fetal bovine 

serum (FBS), 1% penicillin/streptomycin, 1% glutamine (all from Gibco, Thermo Fisher, 

USA). M03.13 were differentiated for five days in 100 nM phorbol 12-myristate 13-

acetate (PMA, Sigma-Aldrich, USA) and 1% FBS complete medium prior to the treatment. 

3.2.2. BPA and BPA-fructose complex solutions preparation 

BPA (Sigma-Aldrich, USA) containing naturally occurring and stable isotopes, 11B (80.1 %) 

and 10B (19.9 %), was used for economical reason instead of 10B-enriched molecules (> 

90%), which will be necessary in the phase of thermal neutron irradiation tests.  

An accurately weighed amount of BPA L-isomer was suspended in methanol (1 mg/mL) 

by vigorous stirring and sonication. BPA solubilization in water was achieved through the 

formation of a complex with fructose (Sigma-Aldrich, USA) indicated as BPA-fr, 

combining BPA with a 10 % molar excess of fructose in Milli-Q water. 1 M NaOH aqueous 

solution was carefully added to the suspension until BPA was completely solubilized 

(around pH 9). Then, pH neutralization was performed by slowly adding 0.1 M HCl 

aqueous solution. The pH was monitored after each HCl addition, obtaining a 6.5 mg/mL 

complex solution at pH 7.4; the concentration is expressed as BPA weight on total 

solution volume. 

3.2.3. CMVs and liposomes preparation and purification  

To prepare monodispersed nanosized CMVs, 2-2.5 x 107 GBM cells were homogenized 

on ice for 100 downstrokes (Dounce manual homogenizer, VWR, Italy) in homogenizing 

buffer at pH 7.4. The homogenizing buffer had the following composition: 225 mM 

mannitol (Sigma-Aldrich, USA), 75 mM sucrose (Sigma-Aldrich, USA), 0.5% w/v BSA, 0.5 

mM EGTA, 30 mM tris-HCl, 5 μL/mL protease inhibitor cocktail and 1% v/v phosphatase 
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inhibitor cocktail (all from Thermo Fisher, USA). The homogenate underwent a 

differential centrifugation procedure using a Beckman Coulter J2-Avnati J-30 I centrifuge 

(Beckman Coulter, USA) : firstly, it was centrifuged at 800 x g for 5 min at 4 °C; the pellet 

was discarded, and the supernatant was centrifuged again for 5 min at 800 x g and 4 °C 

and then for 10 min at 10000 x g and 4 °C; the supernatant was collected again and 

centrifuged for 20 min at 25000 x g and 4 °C to obtain the crude membrane fraction as 

a pellet. The pellet was resuspended in a buffer composed of 225 mM mannitol, 75 mM 

sucrose, 30 mM tris-HCl, pH 7.4 (henceforth indicated as starting buffer) and centrifuged 

again for 20 min at 25000 x g and 4 °C to remove microsomal and cytosolic 

contamination; this last step was repeated twice. Two further pellet washings were 

carried out with physiologic saline solution (0.9 % NaCl). The obtained purified plasma 

membranes were resuspended in a calculated volume of Milli-Q water or PBS (Thermo 

Fisher, USA) and extruded through polycarbonate filters with decreasing pore size (400 

– 200 – 100 nm, 20 passages each) using a LiposoFast Basic pneumatic extruder (Avestin, 

Canada) set at 4 bar, immersed in a thermostated water bath at 37 °C. Fluorescent 

labelling of CMVs was performed by resuspending the CM pellet with an appropriate 

volume of a 2 nmol/mL 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine iodide 

(CM-DiI) ethanolic solution (λexc/em =550/570 nm) (Thermos Fisher, USA). After vigorous 

stirring, ethanol was evaporated under N2 flux at RT, and the obtained labelled pellet 

was hydrated and extruded as previously described. 

For liposomes formulation, stock solutions of 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC) (Avanti Polar Lipids, USA), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-

PEG2000) (Nanocs, USA) and cholesterol ≥ 99% (Sigma-Aldrich, USA) were prepared by 

dissolving appropriate amounts of lipid powders in chloroform. Then, calculated 

volumes of stock solutions (final lipid ratio of 52:45:3 mol% DSPC:cholesterol:DSPE-

PEG2000) were mixed in a round-bottom flask and dried in a rotary evaporator under 

reduced pressure.  

To prepare blank liposomes, after removal of the organic solvent, the resulting lipid film 

was hydrated with an appropriate volume of Milli-Q water or PBS, to obtain a final lipid 

concentration of 10 mM, in a thermostated bath at 58 °C for 2 h. The obtained 

multilamellar vesicles were extruded, using the pneumatic extruded mentioned above, 
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through polycarbonate filters with decreasing pore size (400 – 200 – 100 nm, 20 passages 

each) at 58 °C and 4 bar.  

Fluorescently labelled liposomes were obtained by adding an appropriate volume of a 

95 nmol/mL CM-DiI ethanolic solution to the organic mixture prior to film formation.  

For the preparation of BPA-loaded liposomes (Lipo BPA), 1.5 mL of a 1 mg/mL BPA 

solution in methanol were added to the organic lipid mixture composed of 10 µmol of 

lipids, prior to lipid film formation. After organic solvent evaporation, the film was 

hydrated with Milli-Q water for a final lipid concentration of 10 mM, and the obtained 

multilamellar vesicles were extruded as reported above. BPA-fr-loaded liposomes (Lipo 

BPA-fr) were obtained by hydrating the lipid film from 15 µmol lipids with 1.5 mL of a 

6.25 mg/mL BPA-fructose complex solution in Milli-Q water, followed by extrusion 

performed as reported for the previous formulations.  

Vesicles suspensions were purified by semipreparative HPLC through size exclusion 

chromatography (SEC) with refractive index (RI) and UV detector. The TSKgel G6000pw 

chromatographic column (i.d. 7.5 mm, length 30 cm) (Tosoh Bioscience, Japan) was 

thermostated at 30 °C; injection volume was 400 μL; isocratic elution was performed 

with 1 mL/min Milli-Q water. RI detector sensitivity was set at a value of 64, with a time 

constant of 1, and the detection cell was thermostated at 30 °C; UV detector was set at 

210 - 220 - 280 nm wavelengths. The injections were performed using a 500 μL loop, 

using the partial loop-fill injection method. HPLC data were analysed by Waters 

EmpowerTM 3 software. Prior to HPLC purification of Lipo BPA-fr, part of the 

unencapsulated BPA-fructose was removed through centrifugation on 100 kDa 

membrane filters at 1000 rpm for 20 min, in order to avoid pressure issues on the HPLC 

system, due to the high viscosity of BPA-fr solution. 

The purified liposomes were lyophilized prior to ICP-AES analysis for B quantification. 

3.2.4. CMVs and liposomes characterization  

Dynamic Light Scattering (DLS): Hydrodynamic diameter, polydispersity index and Z 

potential of the nanosystems were determined by DLS (Zetasizer HSa 3000, Malvern, 

UK). To carry out the size measurement, 30 µL of liposomal suspension were diluted to 

the final volume of 3 mL with 0.01 N NaCl aqueous solution, while the extruded CMVs 

were analysed without further dilution. The average hydrodynamic diameter value was 

obtained from three measurements (10 sub runs each) with the software firstly acquiring 
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the signal in NNLS (non-negative least squares) mode, then re-elaborating it through the 

CONTIN algorithm. The Z potential was determined through an electrophoretic mobility 

measurement on the samples diluted as described for size analysis, and was expressed 

as mean value of 5 measurements.  

Nanoparticle Tracking Analysis (NTA): Vesicle concentration was studied by NTA 

(NanoSight NS300, Malvern, UK). The particle suspensions were diluted with Milli-Q 

water to a suitable concentration for a correct analysis (1:200-1:500 dilution for CMVs 

and 1:10000- 1:100000 for liposomes) and a 488 nm laser was used to detect the 

particles in scattering mode. The yield of the process for CMVs production was defined 

as the number of final vesicles obtained per initial cell, calculated with the following 

equation: 

Yield = number of final vesicles/number of initial cells homogenized 

Transmission Electron Microscopy (TEM): For TEM observations, different aliquots of 

CMVs were concentrated under a N2 flux for 2 h at RT, and observed using a Hitachi 

HT7800 transmission electron microscope equipped with a Megaview 3 digital camera 

(HITACHI, Japan) and Radius software. 20 μL of 2% paraformaldehyde in 0.1 M phosphate 

buffer (pH 7.4) were added to 20 μL of vesicle suspension in starting buffer; the vesicles 

were then adsorbed for 20 min to formvar-carbon coated copper grids by floating the 

grids on 5 μL drops on parafilm. Subsequently, the grids were rinsed in phosphate buffer 

and negatively stained with 2% uranyl acetate for 5 min at RT. Stained grids were 

embedded in 2.5% methylcellulose for improved preservation and air dried before 

examination. 

Atomic Force Microscopy (AFM): Morphology and elasticity of CMVs were investigated 

through AFM. The support for CMVs was prepared by covering a 35 mm glass coverslip 

with a 10 µg/mL polylysine solution. After 20 min incubation, the surface of the coverslip 

was allowed to dry at RT for 1 h. 30 µL of an aqueous suspension of CMVs were deposed 

on the prepared substrate, incubated for 5 min and, afterwards, 70 µL of PBS were 

added. Measurements were performed with a JPK NanoWizard IV microscope (Bruker, 

USA) equipped with a DNP-10 probe with nominal elastic constant k=0.06 N/m. Vesicle 

images were obtained through the “quantitative imaging technique” and Young’s 

modulus (E) was calculated using the JPK Data Processing software. E of CMVs was 

calculated as mean value measured in 17 different samples. 
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Proteomic analysis: The protein profile of CMVs was qualitatively characterized through 

a proteomic analysis. Briefly, the vesicle aqueous suspension was dried under a N2 flux 

overnight, resuspended in 50 μL of iST-LYSE buffer (PreOmics, Germany) and lysed for 10 

min at 95 °C on a ThermoMixer (Torrey Pines Scientific, USA) at 1000 rpm. The lysed 

samples were then transferred to a 96-deep well plate and PAC-based protein isolation 

on magnetic microparticles and digestion were automated on a KingFisher™ Apex 

magnetic handling station in a 96-well format (Thermo Fisher Scientific, USA). More in 

detail, acetonitrile-induced protein aggregation was performed to precipitate proteins 

on beads with a protein/beads ratio of 1:4 (two cycles of 1 min of mixing at medium 

speed, followed by a 10 min pause each). Sequential washings with acetonitrile, 70% 

ethanol and isopropanol were carried out for 2.5 min at a slow speed, without releasing 

the beads from the magnet. The captured proteins were then digested with 100 μL of 25 

mM Tris-HCl pH 8, LysC (Fujifilm Wako, USA) and trypsin (Promega, USA) in an 

enzyme/protein ratio of 1:400 and 1:200 (w/w) for 2.5 h at 37 °C. Once the process was 

completed, the magnetic beads were removed from the digested samples. The peptide 

mixtures were acidified using 2% trifluoroacetic acid and separated by liquid 

chromatography prior to mass (MS) analysis. Briefly, the acidified sample was loaded 

onto C18 Evotips according to the manufacturer’s instructions. Peptides were analyzed 

on the Evosep One LC system using an EASY spray column (150 μm x 15 cm, Thermo 

Fisher Scientific, USA) and the pre-programmed gradient of 30 samples per day, with a 

flow rate of 500 nL/min. The column temperature was maintained at 40 °C and 

interfaced online with the Orbitrap Exploris 480 MS (Thermo Fisher Scientific, USA) 

equipped with the FAIMS Pro Duo Interface (Thermo Fisher Scientific, USA). MS analysis 

was performed in data independent acquisition (DIA) mode. The FAIMS CV was set to -

45 at standard resolution. The full MS resolution was set to 120000 in a range between 

375 and 1500 m/z, with an AGC target of 300% and the maximum IT set to Auto; the 

AGC target value for the fragment spectra was set at 1000%; 40 windows of 15 Da were 

used with an overlap of 1 Da; the normalized collision energy was set at 30%. Raw data 

were acquired in profile mode using positive polarity. Raw files were processed with 

Spectronaut version 183 using a library-free approach (directDIA). Enzymes/Cleavage 

Rules were set to trypsin/P, LysC. The library was generated against the UniProt Homo 

Sapiens Taxonomy ID 9606 database (released November 2022). The FDR of PTMs and 
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peptide/protein groups were set to 0.01. For the quantification precursor, filtering was 

set to Identified (Qvalue) and MS2 was chosen as quantity MS level. The protein report 

generated by Spectronaut was imported into the Perseus software version 1.6.15.04 for 

statistical analysis. UniProt database was employed for the study of protein function and 

characteristics. 

Immunofluorescence study on CMVs: The presence of the membrane protein Annexin A2 

on the CMVs surface, identified with the proteomic analysis, was also confirmed by an 

immunofluorescence study on DiI-labelled CMVs. Briefly, DiI-CMVs were incubated with 

a 1:200 dilution in PBS of Alexa Fluor® 488-labelled rabbit anti-annexin A2 antibody 

(Abcam, UK) overnight at 4 °C. Unbound antibodies were removed by 

ultracentrifugation: the mixture suspension was centrifuged for 20 min at 25000g and 4 

°C; after discarding the supernatant, the pellet was washed twice with PBS and finally 

resuspended in PBS, and a suspension drop was observed with confocal microscope (A 

Stellaris8 Falcon TauSTED, Leica Microsystems, Germany) at 520 nm for Alexa Fluor® 488 

and 570 nm for DiI. 

Nucleic acid electrophoresis: DNA or RNA presence in the purified CM fraction was 

investigated by agarose gel electrophoresis. Briefly, agarose gel 1% was prepared by 

heating an agarose suspension in 1x TBE filtered buffer (Tris/boric acid/EDTA buffer) 

(Invitrogen™, Thermo Fisher, USA); the agarose solution in buffer was allowed to cool 

down at RT and ethidium bromide gel stain (Bio-Rad, USA) was added. The mixture was 

poured in the gel stamp and allowed to polymerize at RT for 30 min. The samples were 

mixed with a gel loading buffer (18 μL sample suspension + 2 μL gel loading buffer) and 

loaded into gel wells; the electrophoretic run was performed at 80 V for 40 min in TBE 

running buffer. The gels were imaged by GelDoc imaging system (Bio-Rad, USA). 

3.2.5. Boron loading evaluation: ICP-AES analysis 

Lyophilized samples were dissolved in 3 mL of methanol, transferred to Teflon containers 

to avoid any boron contamination from glass, and dried at 90 °C under N2 flux. 40 µL of 

standard solution of yttrium (1000 ppm) were added as internal standard and the 

mixture was digested with 3 mL of 65% (m/m) nitric acid (for trace metal analysis) at 160 

°C for 6 h. After cooling at RT, the solutions were diluted to 10 mL with ultra-pure water 

(>18 MOhm cm, Puranity TU3+, VWR International). BPA concentration in digested 

purified liposomal samples were measured by ICP-AES using an iCAP 7000 Series 
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(Thermo Fisher Scientific, USA) with axial plasma view for better sensitivity. For B 

quantification, a three-point calibration was carried out using 1000 μg/mL boron ICP 

Standard Solutions. The emission line chosen was 249.773 nm. Blank liposomes were 

also digested and analysed in order to detect any matrix-related signal. 

Final BPA concentration in the purified samples was determined and encapsulation 

efficiency (EE%) and drug loading % were calculated using the following equations: 

EE% = (wt/wi) ×100 

where wt is the amount of boronated agent found in the purified liposomal suspension 

and wi is the amount of BPA initially added for loading; 

Drug loading % = (wd/wf) ×100 

where wd is the amount of boronated agent found in the purified liposomal suspension, 

and wf is the final weight of the lyophilized formulation. 

For ICP-AES recovery study, lyophilized blank liposomes were dissolved in methanol, 

dried as described above, and spiked with an accurately measured volume of BPA or BPA-

fr solution. The obtained mixtures were digested and analysed as already described. The 

recovery results were expressed as the BPA detected ratio on the initial drug used for 

sample spiking, according to the following equation: 

Recovery % = (wt/wi) x100 

where wt is the amount of boronated agent found in the sample and wi is the amount of 

BPA added for matrix spiking. 

3.2.6. In vitro internalization study: confocal microscopy, FACS 

Confocal microscopy: Confocal microscopy was used to observe the internalization of 

fluorescently labelled CMVs into GBM parent and heterologous cells (i.e., GBM cells 

deriving from a different patient), and healthy oligodendrocytes. To this aim, 10000–

15000 human GBM cells or oligodendrocytes were cultured for 24 h at 37 °C in 5% CO2 

environment. Cells were stained with CellMask™ Green Plasma Membrane Stain 

(Invitrogen™, Thermo Fisher, USA) for 15 min at 37 °C; after removal of the cell staining 

solution, the cells were treated with 1.3 mL of DiI-CMVs suspension in PBS (approx. 6.1 

× 109 particles/mL) or with 1.3 mL of a DiI-liposome dispersion previously diluted to 

obtain approximately the same nanoparticle concentration. Incubations were carried 

out for 15 and 30 min; after removal of the CMVs or liposome suspensions, the cells were 



 33 
 

added with 1 mL of PBS and imaged by a A Stellaris8 Falcon TauSTED (Leica 

Microsystems, Germany), operating as confocal microscope with a 100x objective /1.40 

NA. The desired excitation wavelengths were chosen using a white light laser (λ = 488 

nm for CellMask™ and λ = 561 nm for CM-Dil). The time of measurement was kept below 

2 h for each Petri dish. 

Fluorescence-Activated Cell Sorting (FACS) analysis: Internalization of CMVs and 

liposomes into parent and heterologous GBM cells and healthy oligodendrocytes was 

quantitatively investigated at two time points by flow cytometry. 250000 GBM cells per 

well were seeded in 60 mm Petri dishes, cultured for 24 h and then treated with 3 mL 

particle suspensions in complete medium at a final concentration of 5.5 x 108 

particles/mL. The cells were incubated with the fluorescently labelled CMVs or 

liposomes for 2 h and overnight at 37 °C. Afterwards, the nanoparticle suspension was 

removed, and the cells were washed with PBS, detached with trypsin-EDTA solution, 

washed with PBS and read with CytoFLEX S Flow Cytometer (Beckman Coulter, USA), 

excluding the dead ones from the analysis. Data analysis was done using FlowJo software 

X (BD, USA). 

3.2.7. In vitro cytotoxicity study 

In vitro toxicity of CMVs was evaluated on parent and heterologous GBM cells and 

healthy oligodendrocytes by assessing the reduction of MTT reagent (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide). 3000 cells/well were plated 

in 96-well plates and treated with CMVs at two different concentrations: 4 x 109 or 8 x 

109 particles/mL; untreated control cells were maintained in medium at the same 

conditions. After 24 or 48 h of incubation with CMVs, the cells were washed with PBS 

and MTT (2.5 mg/mL in PBS) was added and allowed to react for 2 h at 37 °C in a 5% CO2 

atmosphere. The violet-blue water-insoluble formazan crystals produced by MTT 

reduction were solubilized with dimethyl sulfoxide and the absorbance was measured 

with a BioTek ELx800 microplate reader (Agilent Technologies, USA) at 570 nm. The signal 

of treated samples was related to untreated control cells to calculate cell viability 

expressed as percentage.    
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3.3. Results and discussion 

3.3.1. Preparation and characterization of CMVs from GBM primary cells 

GBM cells homogenate underwent a differential centrifugation procedure aiming to 

isolate the membrane fraction, and to remove cytosolic components. The CM isolation 

protocol was designed adapting the procedure described by J. M. Suski et al. in [129]. As 

indicated by the authors, with the first low speed centrifugations (800 x g), nuclei and 

unbroken cells were removed as pellet, while the higher speed centrifugations (10000 

and 25000 x g) were performed to isolate CMs from the mitochondrial fraction and from 

cytosol and microsomes, respectively (Fig. 7).  

 

 

 
  

Figure 7: Schematic representation of CM isolation process 
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Once obtained the purified membrane fragments, they were resuspended in Milli-Q 

water or PBS and extruded through polycarbonate filters of decreasing pore size to 

obtain CM-derived nanovesicles. 

CMVs were characterized in terms of size, PDI and Z potential by DLS; the results are 

summarized in Table 1. They resulted in a monodisperse population of nanovesicles of 

about 125 nm with a negative surface charge. Negative Z potential, besides favouring 

nanovesicle stability, confirmed the maintenance of the surface charge characterizing 

the CMs, which are known to carry a negatively charged network of glycosylated proteins 

intercalated within the lipid bilayer, in turns comprising negatively charged 

phospholipids [130]. 

 Size (nm) PDI Z potential 
(mV) 

Concentration 
(particles/mL)  

Yield  
(x 103) 

CMVs 125 ± 7 0.13 ± 0.05 -23 ± 4 8 ± 3 x 1010 3.0 ± 0.9 

 

Moreover, nanoparticle tracking analysis was used to measure the number of CMVs in 

900 μL of final suspension obtained from 2 – 2.5 x 107 GBM cells. NTA provides a 

combined analysis of Brownian motion via light scattering to count and size 

nanoparticles in a liquid suspension [131]. In this analysis, particles in suspension were 

injected in a flow chamber and irradiated using a laser source. A syringe pump was used 

to slowly push particle suspension through the chamber to better analyse single particles 

in the sample compared to one static field of view [132]. The light scattering produced 

by the nanostructures was collected by a 20x microscope objective and was recorded 

with a digital camera (Fig. 8A). NTA software analysed particles individually and 

simultaneously, and, by using the Stokes-Einstein equation, calculated their 

hydrodynamic diameters (Fig. 8B).  

Despite NTA is currently considered to be the best method available for measuring the 

concentration of nanosystem suspensions, this technique requires specific precautions: 

to obtain accurate and reproducible size distribution and concentration data, it is 

important to dilute the nanoparticle suspension to a concentration of ~107-109 

Table 1: Physico-chemical properties of CMVs from GBM primary cells. Mean values ± standard 

deviation (n=5). 
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particles/mL, which is the suitable range for Nanosight instruments operations; 

moreover, camera level and detection threshold settings must be accurately 

configurated and standardized to minimize potential variability and artefacts.  

From this measurement, the concentration of the final CMVs suspension, obtained from 

around 2 x 107 cells and with a final volume of 0.9 mL, was determined, and the yield of 

the production process was calculated as the ratio of the final number of obtained 

vesicles on the number of initial GBM cells. The number of obtained CMVs, thus the yield 

of the production process, resulted slightly higher, compared to data reported in the 

literature for exosome isolation. Indeed, exosomes undergoing different isolation 

procedures are frequently found in concentrations ranging from 4 × 1010 to 8 × 1010 

particles/mL in final suspension [133, 134]. However, an appropriate comparison 

between the developed CMVs and exosomes is difficult to make because of some issues 

related to exosome extraction. First, exosome production yield is strictly dependent on 

the different isolation technique employed, resulting in high variability of data published 

[135]; secondly, a measured number of starting cells or volume of biological fluid for 

exosome extraction would rather be defined, to give an accurate description of vesicle 

throughput, otherwise a comparison with CM-derived vesicles might be misleading; 

lastly, it is common knowledge that exosome extraction procedures are not able to 

ensure exosome purity and their isolation from structures of approximately the same 

dimension; this might justify an overestimation of exosome concentration in the 

extracted fraction [1]. 

Figure 8: (A) NTA digital camera live image and (B) size distribution of CMVs in water suspension, 

dilution 1:250.  
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TEM analysis was performed on a concentrated aliquot of CMVs to assess their 

morphology. TEM micrographs allowed to observe round-shaped unilamellar 

nanovesicles delimited by a phospholipid bilayer (Fig. 9). The deformed conditions of the 

vesicles observed in TEM images indicates CMVs collapse, which is a common 

consequence of the steps of staining and air drying applied to lipid vesicles for sample 

preparation [136]. Moreover, during acquisition, the sample is exposed to vacuum, 

potentially inducing distortion, or alteration of the vesicle structures. Deformation 

phenomena occur more frequently when the sample is composed by soft nano-objects, 

as in the case of CMVs [137].  

 

The surface morphology and physical characteristics of CMVs were further studied by 

AFM.  

This microscopy technique relies on the fluctuations of a contacting mechanical probe 

to produce details on the morphology and on the elasticity of an analysed sample. 

Briefly, a cantilever with a sharp tip (Rc = 5-15 nm) approaches the surface of the object, 

thanks to attractive forces between the surface and the tip, and, as the cantilever is 

brought in contact with the sample surface, increasingly repulsive forces induce a  

deflection of the tip [138]. These deflections are detected by a position-sensitive photo 

diode (PSPD), which tracks the different directions of a reflected laser beam, incident on 

the cantilever (Fig. 10A). Thus, if an AFM tip passes over a region of interest, scanning a 

substrate surface and encountering different objects, the features of the sample result 

in cantilever deflection (and the subsequent change in direction of reflected beam), 

recorded by the PSPD. The collected data on the forces that the sample imposes on the 

Figure 9: TEM micrograph of CMVs. 
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tip can be used to form an image of the three-dimensional shape (topography) of a 

sample surface or measure its elasticity [139]. 

 

The elasticity, defined as the ability of a material to return to its original state after an 

exposure to stress, was described for CMVs using the Young’s modulus (E) using the 

following equation: 

 

where F is the applied force, Rc the spherical tip radius, ν the Poisson modulus and δ the 

indentation, namely the difference between the height of the object before and after 

the force application (Fig. 10B); E quantifies the relationship between the compressive 

stress applied on a surface per unit area, and the axial proportional deformation, 

defining the stiffness or the resistance to the strain, characterizing the material. 

Different substrates has also been shown to affect vesicle deformation and hence their 

measurements. For this reason, selecting a support with a convenient affinity for CMVs, 

is of particular importance. The vesicle-substrate affinity must be not excessively strong 

Figure 10: AFM technology. (A) Theoretic principles of AFM and (B) Representation of EVs 

mechanical features during AFM measurements: the spherical shape of EVs in suspension is 

modified when it adheres to the substrate, assuming a hemispherical shape (first h variation) 

and again when it is indented by the AFM tip, which deforms the lipid bilayer, inducing a second 

h variation of a factor δ (indentation depth). Reproduced from [139] under the Creative 

Commons Attribution 4.0 International License. 
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to avoid CMVs structural deformation, as this could make the determination of the initial 

point of contact between the vesicle and the AFM tip very challenging. Likewise, if the 

interaction is too weak, objects might not successfully adhere to the surface of analysis, 

or not enough to withstand the imaging forces [139].  

For the elasticity study of CMVs, different substrates were tested: neat glass was found 

to have extreme affinity for CMVs, resulting unsuitable due to CMVs fusion on its surface, 

which impaired a precise analysis. Conversely, no CMVs were observed when the 

imaging was performed using (3-aminopropyl)-triethoxysilane (APTES)-functionalised 

glass, which evidently did not succeed to retain vesicles on its surface. Finally, poly-lysine 

functionalization was tested on glass coverslips, resulting in a suitable combination of 

properties allowing the attachment of a considerable number of CMVs that adhered on 

the surface, yet avoiding the fusion with the substrate or amongst them. 

One of the images obtained for GBM-derived CMVs is reported in Figure 11. Figure 11A 

is a 2D representation of the morphology of a CMV, while figure 11B is the Young’s 

modulus map. The variation of the elasticity detected by the instrument is here 

represented as a change in the pixels colour. Indeed, when the stiffness is high as the tip 

is in contact with the substrate, the reported pixels are paler (orange), while when E 

decreases and the resistance to the tip is lower, pixels are darker. From this map, a 

circumscribed area of interest was selected to calculate the mean Young’s modulus of 

the object surface, which resulted E = 580 kPa for this particular specimen. This 

procedure was repeated for 17 CMVs and the mean E with the SD was calculated, 

resulting Emean = 687 ± 182 kPa, around 40 folds lower than the E calculated for the 

substrate (E = 28 ± 12 MPa). 
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To compare the obtained result to mechanical properties of exosomes, noteworthy is 

the variability of their elasticity values, related to the different isolation protocol used 

[140] and to the low selectivity of isolation methods. Indeed, Gazze et al. found that 

exosomes isolated from hNSC cell line conditioned media had a wide Young’s modulus 

range from 3.7 to 46.1 MPa [140]. Bairamukov et al. observed that small non 

membranous NPs isolated with exosomes (< 30 nm) exhibited high stiffness as well as 

large multilamellar EVs, while 30-50 nm vesicles, easily identified as plasma exosomes, 

were associated with an intermediate Young’s modulus of 6.6 ± 0.6 MPa [141]. Despite 

the high variability of E values reported in literature for endogenous vesicles, CMVs 

resulted slightly more elastic than exosomes, although this might not affect the 

suitability of CM-derived vesicles as valid alternatives to naturally secreted EVs.   

AFM has been widely applied for exosomes and functionalized liposomes 

characterization [139, 142], as elasticity and stiffness have been demonstrated to be 

indicators of their lipidic composition and of the presence of different membrane 

proteins [143-146]. In particular, Rawicz et al. observed that, in bilayer vesicles 

composed of phosphatidylcholine (PC) chains, membrane stiffness increased by 

progressively increasing the length of the saturated/monounsaturated PC chains. This 

pattern was inverted when two or more cis double bonds were present, resulting in 

lower stiffness for long chain unsaturated lipids. The authors also evidenced that poly-

Figure 11: Atomic force microscopy images. (A) Morphologic study of a single CMV, (B) Young’s 

modulus map extracted from AFM results. The square on the CMV surface delimits the 

considered area for the calculation of the mean E for this sample. 
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cis unsaturated chain bilayers, characterized by lower stiffness, were also thinner and 

more flexible [143]. Besides the presence of different phospholipids, other solutes 

included in the membrane might influence vesicle rigidity, as underlined by Dimova et al 

[144]. Cholesterol resulted to have different effects depending on membrane lipidic 

composition, although a stiffness increase was observed when inserting this compound 

into mono-unsaturated lipidic bilayer [147]. Concerning cell membranes, the influence 

on membrane rigidity of the large number of asymmetrically distributed or anchored 

biomacromolecules is of particular interest. Different effects have been observed, 

according to different conformation, orientation and concentration of the several 

peptides under study [148-150].  

When polymers are artificially inserted into synthetic membranes, an increase in vesicle 

stiffness is induced, according to both a theoretical [151] and an experimental [152] 

study. Moreover, adsorbed proteins can also have a role on membrane rigidity, as 

evidenced in the case of avidin binding to biotinylated bilayers, which resulted in an 

increase in membrane stiffness [153].  

In the case of exosomes, Sorkin et al. observed that natural vesicles are generally more 

elastic than pure lipid liposomes, suggesting that the presence of membrane proteins 

was important in stiffness lowering, and that the amount of membrane proteins resulted 

to be the determining factor for this decrease [145].  

Even more interestingly, several studies considered the impact of membrane stiffness on 

the interaction with cells and/or with the cellular environment. Vesicle interaction with 

host cells might occur through different pathways, most commonly membrane fusion, 

macropinocytosis and receptor-mediated endocytosis [154]. The single occurring 

pathway, as well as the efficacy of vesicle internalization, depend upon several factors, 

including strength of attractive interactions amongst lipids in vesicles and in the CM of 

host cells, receptor density on the membrane of the host cell, ligand density on vesicle 

surface, ligand-receptor affinity [155]. However, as pointed out in several studies [154-

156], also vesicle elasticity has an impact on their interaction with cells, although a clear 

definition on the importance and direction of this effect is difficult to extract from the 

literature. In a theoretical study, Yi et al. evidenced that for a stiff particle the adhesive 

interaction between the particle and the membrane simply induces the cell membrane 

to deform and surround the particle. In contrast, for soft particles, the deformation is 
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partitioned between the particle and the membrane: a very soft particle would initially 

spread along the cell membrane without significant deformation of the latter. Thus, at a 

later stage, the cell membrane will be forced to bend around the stretched particle, 

requiring a more abrupt rise in elastic energy; in contrast, surrounding a rigid particle 

would involve a gentler increase in elastic energy [154]. Consequently, with less rigid  

NPs, stronger vesicle-membrane interaction would be necessary to balance the faster 

rise in elastic energy, as confirmed by the experimental results obtained by Beningo et 

al. [157]. Also Anselmo et al. supported this hypothesis with in vivo biodistribution 

studies, demonstrating that softer NPs (E = 10 kPa) exhibited longer blood circulation 

time compared to stiffer ones (E = 3000 kPa), as a result of higher uptake of stiffer NPs 

from macrophages of the reticuloendothelial system. In vitro internalization studies on 

epithelial, endothelial and macrophage cell cultures, confirmed this hypothesis 

evidencing higher cellular internalization of more rigid NPs, compared to soft ones [158].  

As demonstrated by both a molecular dynamic simulation [155] and experimental data 

[159], this mechanism described for receptor-mediated endocytic pathway changes 

when a strong ligand-receptor interaction is implicated: in this case, elastic vesicles 

deform, acquiring an oblate shape to maximize the ligand–receptor interaction, but, 

successively, reassume their spherical shape, allowing to bypass the high energy barrier 

of membrane bending to wrap the oblate vesicle. Therefore, elastic ligand-functionalized 

vesicles might be internalized in a more efficient way, in comparison with their 

untargeted rigid counterparts [155]. 

Considering all the mentioned issues discussed in the literature, a measured stiffness-

elasticity balance would be required for an effective drug delivery system: for targeted 

vesicles a strong ligand-receptor interaction, as well as good elasticity are necessary for 

an efficient endocytosis, being the higher stiffness related to unspecific uptake and lower 

blood circulation time. 

These studies witness that the characterization of vesicles in terms of mechanical 

properties is of outmost interest for better understanding their functioning, and 

constitutes an important parameter for their characterization. 
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Prior to CMVs formation by CM extrusion, the effective purification of the isolated 

plasma membrane fraction was assessed by studying the genetic material and proteins 

retained during the extraction process. DNA or RNA elimination is essential in cancer-

derived CMVs, given their potential ability to promote carcinogenesis by delivering 

genetic material, as already observed for cancer cell-originating exosomes [104]. An 

agarose gel electrophoresis, which relies on the electric field-driven migration of charged 

RNA and DNA from a negatively to a positively charged electrode, was performed on the 

resuspended CM pellet. The starting buffer was used as a negative control, while an 

aliquot of the unprocessed cell lysate was run as a positive control. As shown in Fig. 12A, 

a faint band was still detectable in CM isolated following the initial protocol. For this 

reason, a further pellet washing with the starting buffer (SB) was introduced in the final 

procedure, resulting in the complete purification from any genetic material 

contamination (Fig. 12B). Moreover, the resuspended CM was subjected to probe 

sonication in order to disrupt multilamellar vesicles potentially formed in suspension 

that might enclose genetic material and hamper its migration, leading to unreliable 

results. Also in this case, no DNA- or RNA-related absorbance was detected, confirming 

the previous results (Fig. 12C). This test allowed to ensure the safety of the obtained 

formulation in terms of DNA- or RNA-derived potential carcinogenesis. 
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Figure 12: Scan of agarose gel electrophoresis. (A) CM isolated with the initial protocol, (B) two 

adjacent runs of CM: CM isolated with the initial protocol (x1 w) and undergoing a further washing 

(x2 w), and (C) probe-sonicated resuspended CM. SB=starting buffer. 
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Membrane protein retention was assessed by proteomic analysis of CMVs, which 

allowed not only to prove the presence of a high number of protein groups, but also to 

qualitatively identify them and consequently to speculate their role in the interaction 

between CMVs and the host cell, on the basis of their principal functions. In Table 2, the 

membrane proteins with highest relative abundance are reported; the proteins are 

associated with the cellular mechanisms in which they are commonly involved, 

according to UniProt database. 

 

Protein 
function 

Protein name Gene 
name 

Relative 
abundance (Log2) 

Immune 
surveillance 

escape 

Leukocyte surface 
antigen CD47 

CD47 10.11 

Cell migration 

CD44 antigen CD44 11.46 

Integrin beta-1 ITGB1 11.21 

HLA class I 
histocompatibility 

antigen A 

HLA-A 10.76 

CD9 antigen CD9 10.45 

Neuronal cell adhesion 
molecule 

NRCAM 8.53 

Carbonic anhydrase-9 CA9 7.54 

Pro-neuregulin-1 NRG1 3.91 

Promotion of 
extracellular 

matrix 
degradation 
and invasion 

Annexin A2 ANXA2 12.10 

Integrin alpha-3 ITGA3 11.75 

Adipocyte plasma 
membrane-associated 

protein 

APMAP 9.36 

Table 2: Proteomic analysis: some of the most abundant membrane proteins with their 

encoding genes, their functions, and relative abundances. 
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Several of the membrane proteins found are reported in the literature as characteristic 

of GBM cells, like annexin A2 [160], human leukocyte antigen (HLA), class I 

histocompatibility antigen A and pro-neuregulin-1 [161] and adipocyte plasma 

membrane-associated protein [162]. Moreover, as shown in the table, the proteomic 

analysis identified membrane proteins involved in mechanisms related to cancer 

progression that might have a key implication in malignant cell targeting and immune 

escape ability of CMVs.  

The most abundant membrane protein found in my CMVs sample was annexin A2, a 

calcium-binding protein expressed on the surface of macrophages, mononuclear cells, 

endothelial cells, and several types of cancer cells [163]. The expression of this protein 

has been associated with cell dissemination and metastasis in many cancer types, and 

several studies positively correlated annexin A2 overexpression in GBM cells with tumor 

aggressiveness and progression. The overexpression of annexin A2 has been associated 

to enhanced cell invasion, angiogenesis, proliferation, matrix invasion and mesenchymal 

transition [164, 165], and Zhai et al. [166] observed that knockdown of annexin A2 

decreased glioma cell migration in vitro and slowed tumor progression in vivo. 

To thoroughly investigate whether the proteins retained in CMVs could be actually 

implicated in the interaction with the host cell, their exposition on the outer surface of 

the vesicles must be demonstrated. Indeed, given their hydrophilic/lipophilic nature, 

proteins might remain enclosed in the aqueous core of CMVs or included in the 

phospholipid bilayer with their active domain oriented towards the inner side of the 

membrane.  

Annexin A2 was selected for this spatial orientation study, given its high relative 

abundance in the sample and its representative role in GBM cell-to-cell signalling. 

Confocal microscopy was used to observe the colocalization of fluorescently labelled 

CMVs with a fluorescent anti-Annexin A2 antibody, demonstrating the effective binding 

of the antibody with the active domain on the outer surface of CMVs. As shown in Fig. 

13, a good level of colocalization of the two probes was observed as yellow colour, 

resulting from the merge of red (CM-DiI-labelled vesicles) and green (Alexa Fluor® 488-

labelled antibody) signal.  
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This result confirmed the outer orientation of the active binding site of Annexin A2, 

suggesting an efficient implication of this protein in CMVs interaction with host cells and 

extracellular environment. 

 

 

Figure 13: Confocal imaging of DiI-CMVs incubated with anti-Annexin A2 Alexa Fluor® 488-

antibody. On the left: sample observed at λ = 570 nm; in the middle: sample observed at λ = 

520 nm; on the right, merging of the two signals. 
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3.3.2. In vitro studies on glioblastoma and healthy cells 

To study whether the CMVs could exhibit homotypic selective uptake and have a better 

cellular internalization efficiency compared to synthetic liposomes, and to rule out a 

possible aspecific interaction of the cells with lipid NPs, confocal microscopy and flow 

cytometry analysis were performed. Stealth liposomes were prepared with the thin lipid 

film hydration method, using DSPC, cholesterol, and a 3% mol of pegylated phospholipid 

(DSPE-PEG2000), which is known to improve stability during storage. Liposome size and 

Z potential resulted similar to CMV ones, with a hydrodynamic diameter of 145 ± 7 nm 

and a surface charge of -24 ± 2 mV, thus confirming that liposomes constitute a suitable 

artificial control to be compared with CMVs. CMVs and synthetic liposomes were 

fluorescently labelled with CM-DiI and incubated, at the same concentration, with 

parent and heterologous GBM cells and, as a control, with healthy oligodendrocytes. NP 

internalization efficiency was observed with confocal microscopy at two different time 

points. Confocal images revealed that parent and heterologous GBM cells internalized 

DiI-CMVs as soon as after 30 min of incubation, while a very low cell uptake was observed 

on healthy oligodendrocytes, suggesting that CMVs internalization involved specific 

membrane proteins expressed on GBM cells, but not on healthy cells (Fig. 14).  

Moreover, synthetic liposomes showed no significant internalization into GBM cells, 

excluding that CMVs binding to the cell membranes and internalization was due to 

aspecific interactions of phospholipids with the cell membrane proteins and lipids (Fig. 

14B) 
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Figure 14: Confocal microscope images of (A) CM-DiI-CMVs incubated with homologous or 

heterologous GBM cells (B), CM-DiI-CMVs incubated with healthy oligodendrocytes and CM-DiI-

liposomes incubated with parent GBM cells at two time points. 
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Internalization efficiency of CMVs was quantitively studied by flow cytometry. In Figure 

15, the fluorescence shift of cells treated with DiI-CMVs at different incubation times is 

compared to untreated control samples. FACS analysis evidenced a time-dependent 

interaction of the DiI labelled-CMVs with homologous GBM cells: indeed, while after 30 

min incubation only 2.5 % of parent GBM cells were positive to DiI fluorescent signal, 

this value increased to 76.9 and 81.2 % after overnight and 24 h incubation, respectively, 

confirming the results observed by confocal microscopy (Fig. 14A). FACS analysis was also 

performed on heterologous GBM cells incubated with DiI-CMVs for 24 h, demonstrating, 

also in this case, the high degree of internalization already evidenced through confocal 

microscopy. The confirmed extraordinary internalization of CMVs into GBM cells, which 

was not observed into healthy oligodendrocytes in confocal images, suggests the 

implication of specific GBM membrane proteins, which confer targeting abilities to the 

CM-derived nanosystem. 

 

 
 
  

Figure 15: Fluorescence intensity shift of DiI-CMVs internalized by (A) parent and (B) 

heterologous GBM cells analysed by FACS. 
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Moreover, the low internalization of synthetic liposomes further proved the specific 

interaction of CMVs with GBM cells, possibly due to the retention of essential membrane 

proteins on CMVs surface. 

In an interesting research, Han et al. used various brain murine cell lines as CM sources 

for the development of CM coated nanoparticles for gene delivery to glioblastoma [167]. 

They coated polyethylenimine/plasmid DNA complexes with CM from C6 rat 

glioblastoma cells and N2A murine neuroblastoma cells, and demonstrated that brain-

CM coating, besides lowering the toxicity of the complex and allowing BBB crossing in 

vivo, conferred homologous targeting abilities towards the cells of origin. Indeed, the 

authors observed that C6-CM coated NPs had excellent transfection efficiency into C6 

cells, a medium transfection of N2A cells and no transfection of L2 rat pulmonary 

epithelial cells. Similarly, N2A-CM coated NPs better interacted with N2A cells compared 

to C6 cells and L2 cells and, according to the authors, the observed homologous targeting 

was related to the conservation of CM proteins on NPs surface, responsible for 

recognition and binding of tumor cells. These results are consistent to what observed in 

the present research and offer interesting cues for future studies. 

Cytotoxicity of CMVs on healthy oligodendrocytes and on parent and heterologous GBM 

cells was studied by MTT colorimetric assay at two different time points. This test relies 

on the reduction of the tetrazolium dye MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) to insoluble purple formazan crystals. This reduction 

involves oxidoreductase enzymes active in viable cells, allowing to calculate cell 

metabolic activity by measuring formazan absorbance.  

The MTT assay revealed a negligible toxicity of the CMVs on healthy oligodendrocytes, 

as shown in Fig. 16. CMVs exerted slightly higher toxicity on GBM cells, both homologous 

and heterologous, although this difference might not be significant, considering the 

biological difference among the analysed cells. Indeed, cancerous GBM cells present 

different proliferation rate, cellular metabolism, and several other mutated mechanisms 

due to their mutated proteome. This discrepancy with healthy cells might be responsible 

for the slight difference detected in cell viability within this analysis. 
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Figure 16: Cell viability of parent and heterologous GBM cells and of healthy oligodendrocytes 

incubated with CMVs at the two concentrations indicated (particles/mL) for 24 h or 48 h. 
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3.3.3. B-loaded liposomes 

With the aim of performing a future hybridization of CMVs with artificial liposomes, to 

achieve an increased yield and to improve the industrial scalability of the formulation 

process, two different formulations of B-loaded pegylated liposomes were developed. 

The boronated agent employed in this study was boronophenylalanine (BPA), a boron-

containing amino acid, approved in clinical trials for the glioma and metastatic 

melanoma treatment within boron neutron capture therapy. BPA water solubility is very 

low, consequently in the first formulation, BPA dissolution was achieved through the 

formation of a complex with fructose (BPA-fr), which was loaded in the aqueous core of 

pegylated liposomes. BPA-fr complex was formed in water at alkaline pH and the 

obtained complex solution was slowly neutralized with HCl (Fig. 17) as previously 

described [168]. BPA-fr was encapsulated into liposomes (Lipo BPA-fr) by hydration of 

the lipidic film with BPA-fr complex solution with a concentration of 6.5 mg/mL in BPA, 

followed by extrusion through polycarbonate membranes filters of decreasing pore size 

at 58° C. This temperature was chosen for the hydration and extrusion processes taking 

into account the glass transition (Tg) temperatures of the lipids included in the mixture 

used for liposome formulation; indeed, it is essential that the temperature of the 

hydrating medium is above the Tg of the lipid characterized by the highest Tg, because 

this assures higher mobility of the lipids, favoring the formation of bilayers.  

Figure 17: BPA-fructose complex synthesis. 
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Among the lipids used, DSPC is characterized by the highest Tg (55 °C), so the 

temperature was set at a slightly higher value.  

In a different formulation, BPA was used as free base and inserted within the 

phospholipid bilayer of liposomes. Briefly, BPA was dissolved in methanol and added to 

the organic mixture prior to film formation, thus allowing the integration of the lipophilic 

portion of the molecule in the lipidic film. The film was then hydrated with Milli-Q water, 

and the resulting suspension was extruded as described above at 58° C, gaining Lipo BPA. 

Blank liposomes, Lipo BPA-fr and Lipo BPA were physico-chemically characterized, and 

the encapsulated BPA was quantified following purification through size exclusion 

chromatography. As reported in Table 3, from DLS analysis, the hydrodynamic diameter 

of Lipo BPA-fr resulted to be 197 ± 4 nm, which is significantly higher (p<0.005) than that 

of blank liposomes and of Lipo BPA, probably due to a swelling effect caused by the high 

osmotic pressure of BPA-fructose encapsulated in the vesicles. On the other hand, the Z 

potential of Lipo BPA-fr was more negative (p<0.005) compared to Lipo BPA; this might 

be explained by the presence of the zwitterionic portion of BPA on the surface of Lipo 

BPA, which could have an impact on the Stern layer surrounding the liposomes and 

hence on the potential difference detected by the instrument. This variation of Z 

potential in Lipo BPA might further confirm the boronated molecule intercalation into 

the phospholipid bilayer. 

 Size (nm) PDI Z potential 
(mV) 

EE% DL% 

Liposomes 145 ± 7 0.06 ± 0.03 -23 ± 2   

Lipo BPA-fr 197 ± 4 0.07 ± 0.03 -17 ± 3 2.4 ± 0.5 6 ± 1 

Lipo BPA 142 ± 7 0.07 ± 0.01 -7 ± 2 7.8 ± 0.4 3.0 ± 0.1 

 

Prior to size exclusion chromatography, the excess of unencapsulated BPA-fr was 

removed from the Lipo BPA-fr formulation through centrifugation on filter membranes 

Table 3: Physico-chemical characterization of blank and BPA-loaded liposomes (n=3). 
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with a cut off of 100 kDa. This step was necessary to avoid pressure increase into the 

HPLC system caused by the high osmotic contribute of the BPA-fr solution. 

All liposomal formulations were then purified through size exclusion chromatography 

using semipreparative HPLC, to remove the buffer salts, the lipid material not included 

in the liposomal vesicles, and the unencapsulated BPA. Size exclusion chromatographic 

separation is based on the different molecular weight (or better hydrodynamic volume) 

of the compounds within the sample. The process of separation involves the exclusion 

or inclusion of solutes during their passage through a stationary phase composed of 

heteroporous inert cross-linked polymeric gels or beads. The mechanism relies on the 

varying rates at which solute molecules penetrate the gel particle's interior. Since large 

molecules are excluded from the pores, they will enter the effluent first by passing 

through the gaps created by the gel particles or matrix, while smaller molecules will 

move more slowly through the column as they distribute in the mobile phase inside and 

outside the molecular sieve [169].  

In the present purification, liposomes were characterized by an elution time of around 5 

min, whereas smaller free molecules and ions eluted after 10 min. In Figure 18, the RI 

chromatograms of the liposomal formulations (blank liposomes, Lipo BPA and Lipo BPA-

fr) and of the BPA-fr complex solution are reported. As shown in the chromatograms, 

liposomes, were efficiently separated from the unencapsulated drug, which was 

characterised by a higher retention time (between 11 and 13 min). Moreover, as shown 

in Figure 18A, this method enabled to resolve two peaks for BPA-fr complex and only one 

for free BPA. This could be further studied through the UV spectra showed in Figure 18B. 

Here, the spectra of the two peaks observed for the BPA-fr solution are compared to the 

BPA peak in the Lipo BPA UV chromatogram. BPA-fructose complex absorption maximum 

at 262.0 nm [170] was observed in the first peak eluting at about 11 min in the BPA-fr 

solution chromatogram, while the second wide peak eluting at about 12 min 

corresponds, most likely, to uncomplexed BPA, coeluting with salts like NaCl, present in 

high concentration due to the BPA-fr complex preparation. Free BPA, having a UV 

absorption maximum at 269.1 nm [170], showed a higher retention time, being a smaller 

molecule compared to BPA-fr, and it was clearly recognizable in the Lipo BPA 

chromatogram in Fig. 18A. 
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Figure 18: RI chromatograms obtained by SEC purification of the liposomal suspensions. (A) 

Chromatograms obtained from 400 μL injections of the indicated liposomal suspension and of a 1 mg/mL 

BPA-fructose solution; (B) semipreparative SEC UV chromatograms of BPA-fr solution and Lipo BPA 

dispersion, with the UV complete spectra of the single peaks. 
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After purification, a monodispersed population of liposomes was obtained, with no 

statistically significant difference (p>0.2) in size and Z potential compared to non-purified 

liposomes. The stability of purified Lipo BPA-fr and Lipo BPA suspensions was studied by 

DLS during 30 day-storage at 4 °C and, as shown in Figure 19, no significant variations in 

size, PDI and Z potential were detected along the monitored period, demonstrating the 

good stability of both systems. 

 
Lyophilized purified Lipo BPA-fr and Lipo BPA were analysed by ICP-AES analysis. This 

technique allows to detect and quantify the presence of specific chemical elements. 

Briefly, it relies on the use of ionized argon-derived plasma, for the excitation of 

nebulized analyte molecules in the sample. Electrons and charged ions in the plasma 

collide with sample molecules and cause their atomization and ionization, leading to 

electrons loss and recombination, responsible for radiation emissions at a characteristic 

wavelengths [171]. In the present work, this technique was employed to measure boron 

atoms in digested Lipo BPA and Lipo BPA-fr samples, enabling BPA quantification in final 

purified suspensions.  

Briefly, lyophilized powders were dissolved in methanol to assure vesicle disruption, thus 

avoiding analysis artefacts due to colloid formation. The methanolic solutions were dried 

in Teflon containers to prevent boron contaminations from glass, and the digestion was 

performed in 65% (m/m) nitric acid at 160 °C for 6 h in the same containers. Fixed 

aliquots of a standard yttrium solution were added to the samples as internal standard 

Figure 19: Stability study of the BPA-loaded formulations.  

DLS results are expressed as mean value ± SD (n = 3). 
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and the highest intensity wavelength for boron detection was selected (249.773 nm). 

Before determination of BPA and BPA-fr encapsulation, the absence of a significant 

matrix signal was assessed, and the procedure for B extraction from liposomal 

suspensions was validated through BPA and BPA-fr recovery tests. Different aliquots of 

lyophilized blank liposomes were treated as described for BPA-loaded liposomes to 

measure matrix signal, whereas the recovery tests were performed by spiking blank 

liposomes with an accurately measured amount of BPA or BPA-fr solutions. After sample 

treatment and ICP-AES analysis, boron recovery was calculated by measuring the BPA 

and BPA-fr found in the spiked liposomes, expressed as the percentage over the initial 

drug added to the blank sample. The resulting recovery was higher than 90% for both 

BPA and BPA-fr (91.4 % and 94.5 % respectively), thus validating the suitability of the 

procedure for the determination of encapsulated BPA and BPA-fr in the two 

formulations. 

In Lipo BPA suspension, 117 ± 6 μg of BPA were found after purification, while in Lipo 

BPA-fr formulation the final encapsulated BPA was 279 ± 8 μg. Results of DL% and EE% 

for the developed formulations are reported in Table 3. A higher drug loading % was 

reached for Lipo BPA-fr, due to the better solubility of the BPA-fr complex in water 

compared to the low solubility of free BPA in methanol. The different solubility in these 

solvents allowed to increase the initial drug amount in Lipo BPA-fr formulation mixture, 

which can also explain the lower value of EE%.  

A suitable strategy to increase BPA loading into liposomes might be the co-loading of 

neat BPA and BPA-fr in the same formulation by embedding the drug into the lipidic 

bilayer and contextually encapsulating the aqueous solution of the complex in the core. 

This method was already evaluated by Pavanetto et al., who demonstrated that 

liposomes loaded with BPA-fr and BPA exhibited a drug content 4-fold higher than 

formulations encapsulating BPA-fr only. Moreover, they evidenced that, differently from 

conventional liposomes, pegylated vesicles were able to encapsulate a higher amount of 

BPA and BPA-fr, allowing to reach ex vivo blood and tissue boron concentrations suitable 

for BNCT application [170]. With this strategy, the authors were able to reach a maximum 

EE% value of 82 %. However, the comparison of this value with the results obtained in 

the present study might not be appropriate given the different method used to prepare 
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liposomes, since the authors employed the reverse-phase evaporation method followed 

by extrusion.  

In another study, BPA-fr was co-loaded with B-381, a boronated 2-nitroimidazole 

derivative previously synthesized by the authors, into thermo-responsive liposomes 

prepared by thin film hydration [172]. In this work, the EE% obtained was about 4.5–5 

%, which is comparable to the results obtained within the present study. An 

improvement in Lipo BPA-fr drug loading could be certainly achieved by increasing the 

concentration of BPA-fr solution used for the film hydration, but it would be necessary 

to consider the osmotic force deriving from the drug solution and the possible 

consequent increase in vesicle size. 
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3.4. Conclusions 

A stable GBM cell membrane-derived bio-mimetic nanosystem (CMV) was developed, 

thoroughly characterized and tested in vitro. CMVs resulted stable nano-sized vesicles 

with a monodisperse distribution and a negative surface charge. Their yield of 

production was satisfying, although a comparison with other bio-derived systems is 

insidious. TEM and AFM observation confirmed their round shaped and bi-layered 

structure and their elasticity (expressed as Young’s modulus) was found to be slightly 

higher compared to what reported in literature for exosomes. CMVs resulted purified 

from any potentially detrimental DNA or RNA contamination, thus validating the 

protocol for membrane isolation from cancer cells homogenate. Membrane proteins 

typical of the parent cells and possibly involved in the selective targeting process were 

preserved. The protein profile of CMVs was deeply studied: the retention of membrane 

proteins characteristic of the originating GBM cells was demonstrated and the specific 

orientation of one of the most abundant membrane proteins (i.e., annexin A2) on the 

outer surface of CMVs was investigated by immunostaining. The relevant role of the 

preserved proteins in cell interaction was evidenced by in vitro tests, and their 

implication in homologous targeting and immune escape will possibly find evidence with 

in vivo experiments. 

With the future aim of designing hybrid systems by fusing cell membranes with artificial 

lipids, a stable formulation of pegylated liposomes was developed, and two loading 

methods for the BNCT agent BPA were evaluated. In Lipo BPA-fr, the water-soluble 

complex BPA-fructose was encapsulated in the aqueous core of liposomes, resulting in 

stable nanosized vesicles with a negative surface charge, whereas in Lipo BPA the neat 

drug was inserted in the phospholipid bilayer, causing an increase in Z potential. 

However, the encapsulation results obtained for these two BPA loading methods were 

not satisfying, suggesting that an optimization of the procedure would be necessary for 

a future use of the B-loaded systems for hybridization with cell membranes.  
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4. Cell membrane-derived vesicles and hybrids with synthetic lipids from colorectal 

cancer cells  

4.1. Introduction 

4.1.1. Colorectal cancer: epidemiology and progression 

Colorectal cancer (CRC) comprises colon and/or rectum cancer and represents the third 

most diagnosed and second most fatal cancer globally [105]. Aberrant proliferation of 

glandular epithelial cells of colon is the predominant cause of CRC development, and 

risk factors could be both environmental and genetic. Indeed, multiple studies have 

demonstrated that the development of CRC is related to non-modifiable risk factors 

and modifiable risk factors. Personal medical history (sex, age, race, adenomatous 

polyps or inflammatory bowel disease history) and family history cannot be controlled 

by individuals, whereas the modifiable factors are related to individual habits or 

lifestyles (obesity, physical inactivity, regular alcohol consumption, cigarette smoking, 

the consumption of red and processed meat) [173]. Depending upon the genetics and 

the aetiology of the disease, CRC can be classified in three types: sporadic, devoid of 

any familial predisposition and emerging as a result of dietary and environmental 

factors (the most diffused); hereditary, which accounts for less than 5% of incidence 

and is characterized by identifiable germline mutations and phenotypes; and familial, 

with no identifiable germline mutation or specific pattern of inheritance, but higher-

than-expected incidence within a family [174]. 

Since CRC progresses slowly over time, early identification by screening average-risk 

individuals increases treatment chances. The success of screening is demonstrated by 

the fact that, from 2000 to 2015, an increase in screening rate was linked to a 52.4% 

decrease in mortality and a 25.5% reduction in annual CRC incidence [175]. The gold 

standard for CRC screening and diagnosis is colonoscopy, which has been increasingly 

replaced by radiologic, blood-based, and stool-based techniques, given the less 

invasive nature of these tests [176]. Moreover, novel biomarkers, like fecal bacterial 

indicators and miRNAs, have been identified as target for innovative screening tests, 

with wide potential applications [177]. 

CRC matures when epithelial cells become hyperproliferative and cause the formation 

of a benign adenoma, which can advance to cancer and metastasize. Polyps or 
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adenomas, characterizing stage 0, are benign soft cancer formations which are not able 

to metastasize to other parts of the body [174]. In stage I, adenomas become malignant 

adenocarcinomas, spreading from the mucosa into the submucosa and the muscularis 

propria of the colon. Then the tumor grows in volume and further invades the 

connected tissues: the peri-colorectal tissues (stage IIA) and the visceral peritoneum 

(stage IIB). Stage III CRCs are associated with the loss of E-cadherin expression, which 

induces the epithelial to mesenchymal transition process, leading cells to the loss of 

epithelial characteristics (cell-cell adherence), and the acquisition of mesenchymal 

properties, such as increased motility and resistance to apoptosis, and degradation and 

production of extracellular matrix components [178]. At this stage, cancer emerges into 

muscularis propria metastases in surrounding tissues or regional lymph nodes. Distant 

metastases in liver, lungs, bone and brain characterize stage IV cancer development, 

involving the migration of circulating tumor cells (CTCs) which are primarily responsible 

for metastatization and represent poor prognosis indicators for late stage CRCs [179] 

(Fig. 20). Five-year survival rates are over 90% for stage I CRC and 10% for stage IV CRC, 

according to Surveillance, Epidemiology, and End Results population-based data [180]. 

Genomic instability of several forms plays a significant role in the development of 

sporadic or inherited CRC, by facilitating the acquisition of genetic and epigenetic 

mutations in specific oncogenes and/or tumor suppressor genes, including genes of 

the chromosomal instability (CIN) and microsatellite instability (MIN) pathways [173]. 

Frequently, the uncontrolled proliferation of cells is related to the mutation of 

adenomatous polyposis coli (APC), DNA mismatch repair (MLH1 and MSH2), K-ras or 

p53 genes, and the accumulation of further genetic mutations leads to a malignant 

phenotype and progression of CRC [181]. 

According to the international guidelines, for patients in stage II or stage III, localized 

or restricted CRC is treated with surgical resection followed by an adjuvant therapy 

(chemotherapy or radiotherapy) [182]. For patients presenting unresectable 

metastasis (approximately 20–30% of CRC patients) or recurrent disease, systemic 

chemotherapy is applied to improve survival and palliation through the control of 

tumor size and symptoms. The most used active cytotoxic drugs include 5-fluorouracil 

(5-FU), irinotecan, oxaliplatin and capecitabine, alone or in combination, which are 
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though responsible for adverse side effects on healthy tissues due to non-specific drug 

biodistribution [183]. Radiation therapy represents another anticancer strategy, 

primarily used in patients at risk of tumor recurrence: it is usually applied before 

surgery to shrink cancer, improving its resection efficacy, or successively, to destroy any 

remaining cancer cells. However, also this kind of therapy is associated with severe 

acute and late side effects such as skin infections, fatigue, and fecal and urinary 

incontinence [184]. 

New anticancer approaches are now focusing on immunotherapy, relying on different 

strategies like the activation of host's immune system to achieve specific destruction 

of targeted cancer cells. This can be obtained by the increase of effector T cells, the 

suppression of negative immune checkpoints, or the elimination of cytokines and cells 

related to tumor development [185]. However, immunotherapeutics frequently have 

to deal with high costs, severe side effects, and possible short-term efficacy [186]. 

To date, the most diffused CRC chemotherapy involves the use of cytotoxic active 

principles, related on one side with severe side effects, and on the other side to drug 

resistance due to acquired mutations of cancer cells, leading to decreased anticancer 

efficacy [183]. Thus, improved and targeted therapies to protect and selectively deliver 

cytotoxic drugs to the site of interest are needed, to minimize these undesired effects. 
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Figure 20: Schematic representation of CRC progression. Created with BioRender.com 
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4.1.2 Nanomedicine in colon cancer treatment 

Nanotechnology has opened up to new strategies for improved performances in 

screening, diagnosis, and treatment of CRC along with other types of tumors. Nano-sized 

particles of different shapes and compositions have emerged as important and 

promising novel tools for colorectal cancer. 

Iron oxide NPs are established diagnostic and therapeutic tools in oncology due to their 

superparamagnetic properties and high biocompatibility [187]. They are 1-100 nm-sized 

NPs with a magnetic core, usually surrounded by a polymeric coating carrying active 

molecules. Some examples that have been studied for their potential application in CRC 

therapy are 5-FU loaded iron oxide NPs, which were demonstrated to reduce tumor 

growth in heterotopic human CRC in mice with magnetic hyperthermia [188]; epirubicin-

5TR1 aptamer-superparamagnetic iron oxide NPs, which efficiently delivered epirubicin 

to C26 murine colon carcinoma cells, concurrently allowing tumor detection by MRI 

[189]; or chitosan-coated iron oxide NPs, able to enhance reactive oxygen species’ 

production in a human colorectal carcinoma cell line [190]. 

Another type of nanosystem with widening applications in CRC imaging are quantum 

dots, which are nanocrystal particles of semiconductors ranging from 2-10 nm, with 

fluorescence emission, characterized by extended excitation wavelengths and narrow 

emission band [190]. Quantum dots have been used as diagnostic markers for CRC in 

numerous in vitro and in vivo studies [191, 192]. 

Also PLGA NPs have found wide application in cancer therapy, thanks to their 

biodegradability, biocompatibility and ability to entrap small molecules enhancing their 

chemical stability and sustaining their release. PLGA-NPs were exploited in different 

formulations designed for CRC treatment: they were loaded with 5-FU to reduce the 

proliferation rate of HT-29 colon cancer cells [193], while their ability to impair tumor 

growth in vivo was evaluated after loading with docetaxel and SPIONs [194] or with 5-

FU and perfluorocarbons [195].  

Dendrimers are other biodegradable nanosized structures with wide versatility in 

anticancer drugs and diagnostic agents delivery. They were successfully conjugated with 

antibodies for colorectal CTCs targeting for diagnostic purposes, introducing an 
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innovative cell-capture platform exploiting nanostructured dendrimers as scaffolds to 

assemble antibodies with multiple targets [196]. In another study, the in vitro and in vivo 

theranostic efficacy of curcumin-loaded dendrimer-gold hybrid structures was 

evaluated, showing high cellular uptake in C26 and HT29 colorectal cells, effective anti-

tumor activity and accurate computed tomography (CT) imaging potential in C26 tumor-

bearing mice [197]. Dendrimers were also loaded with camptothecin [198] and 

oxaliplatin [199] with promising results on CRC cells in vitro.  

Liposomes were the first nanocarriers approved by regulatory agencies for anticancer 

therapy, with the commercialization of Doxil® in 1995 for treatment of Kaposi sarcoma 

[200]. Since then, several liposomal formulations have been approved for 

chemotherapeutics delivery, to mention the last, Zolsketil® carrying doxorubicin, was 

approved in 2022 for the treatment of metastatic breast cancer, advanced ovarian cancer 

and multiple myeloma [201]. Many others are currently under clinical development, 

some of which with specific application in CRC treatment. Aroplatin™ is a liposomal 

formulation composed of DMPC (1,2-dimyristoylphosphatidylcholine) and DMPG (1,2-

dimyristoylphosphatidylglycerol), incorporating a structural analogue of oxaliplatin. 

Preclinical data showed that it had lower IC50 values than oxaliplatin, carboplatin or 

cisplatin in several cancer cell lines and a phase 2 trial on patients with therapy-

refractory advanced CRC gave promising results in terms of tolerability and selective 

tissue distribution [202]. Thermodox® is a thermosensitive liposomal formulation 

involved in phase II investigations (NCT02181075) for safety, viability, and effectiveness 

in treating liver metastases in CRC [203]. Thermosensitive liposomes enable the 

temperature-triggered release of their encapsulated content, thanks to their specific 

lipidic composition, allowing a temperature-induced rise in bilayer permeability in 

response to moderately hot temperatures (39–45 °C) [204]. In the mentioned clinical 

trial, the doxorubicin-loaded liposomes were administered along with ultrasound-

mediated hyperthermia, resulting in safe and effective enhanced delivery and 

penetration of the chemotherapeutic agent; these promising results might broaden the 

application of these thermosensitive liposomes to a wide range of drug classes to treat 

primary and metastatic solid tumours.  
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Even though several nanoformulations are undergoing clinical trials, only few of them 

are actually exploited to treat CRC, suggesting that further research is needed in this 

field. 
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4.2 Materials and methods  

4.2.1 2D cell cultures 

Murine colorectal cancer cells (CT26) and murine ovarian cancer cells (ID8) were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) and penicillin-streptomycin. Murine leg muscle myoblasts (C2C12) 

were cultured in RPMI-Glutamax (all from Gibco, Thermo Fisher, USA) supplemented 

with 10% FBS and penicillin-streptomycin. Cells were counted with manual Scepter™ 2.0 

Cell Counter (Life Science Research, Merck, Germany) equipped with 60 µm sensors. 

4.2.2  CMVs, liposomes and hybrids preparation  

CMVs preparation: CMVs from CT26 were prepared exploiting the CM extraction method 

already optimized for GBM-CMVs preparation. Briefly, a cell homogenate, obtained from 

1-2 × 107 CT26 cells using a Dounce homogenizer in homogenizing buffer (225 mM 

mannitol, 75 mM sucrose, 0.5% w/v BSA, 0.5 mM EGTA, 30 mM tris-HCl, protease 

inhibitor cocktail 5 μL/mL and 1% v/v phosphatase inhibitor cocktail, pH 7.4), was 

subjected to a differential centrifugation procedure. A first centrifugation at 800 x g was 

performed for 5 min at 4 °C; the pellet was discarded, and the supernatant was 

centrifuged again for 5 min at 800g and 4 °C, and then for 10 min at 10000 x g and 4 °C; 

the supernatant was collected again and centrifuged for 20 min at 25000 x g and 4 °C to 

obtain the crude membrane fraction as a pellet. The pellet was resuspended in starting 

buffer, with the same composition used for GBM-CMVs, and centrifuged again for 20 min 

at 25000 x g and 4 °C to remove microsomal and cytosolic contamination. As discussed 

in the previous chapter, a further washing step was introduced (20 min at 25000 x g) to 

ensure DNA and RNA elimination from the final CM fraction. The obtained purified 

plasma membranes were resuspended in Milli-Q water or DPBS 1x (Gibco, Thermo 

Fisher, USA) and extruded through polycarbonate filters with decreasing pore size (400 

– 200 – 100 nm) using an Avanti mini extruder (610000, Avanti Polar Lipids, USA) on a 

heating block set at 37 °C. Fluorescent labelling of CMVs was performed by resuspending 

the CM pellet with an ethanolic solution of the fluorescent probe (0.08 - 0.15 nmol 

depending on the amount of the starting material). Different fluorescent dyes were 

selected for labelling the bilayer membranes: CM-DiI, Cyanine5-

phosphatidylethanolamine (Cy5-PE), Rhodamine-phosphatidylethanolamine (Rhd-PE) 
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or Nitrobenzoxadiazole-phosphatidylethanolamine (NBD-PE) (all from Thermo Fisher 

Scientific, USA). After vigorous stirring, ethanol was evaporated with N2 flux, and the 

obtained labelled pellet was hydrated with Milli-Q water or PBS (800-900 µL depending 

on the amount of homogenized cells) and extruded as for non-labelled vesicles.  

Liposome preparation: Stable stealth liposomes were obtained with the same procedure 

described in the previous experimental section. Liposomes were prepared by hydrating 

a lipid film composed of DSPC, DSPE-PEG2000 and cholesterol in a lipid ratio of 52:3:45 

mol%. Hydration was performed with Milli-Q water or PBS at 58 °C for 2 h, obtaining a 

multilamellar vesicle suspension with a final lipid concentration of 5 mM. The resulting 

suspension was extruded with an Avanti mini extruder (610000, Avanti Polar Lipids, USA) 

through polycarbonate filters with decreasing pore size (400 – 200 – 100 nm) on a 

heating block set at 58 °C. Cy5-PE, Rhd-PE and NBD-PE labelled liposomes were prepared 

by adding a chloroform probe solution (0.4% mol on total lipids) to the organic mixture, 

prior to film formation by solvent evaporation. 5 mM liposomes were diluted in PBS to 

reach CMVs and hybrids concentration for in vitro studies. 

Hybrids by extrusion (HEs) preparation: For membrane hybridization in HE, the purified 

CMs were co-extruded with multilamellar artificial vesicles. Briefly, the resuspended CM 

pellet, isolated following the protocol described for CMVs preparation, was co-extruded 

in a 1:1 volume ratio with a diluted aqueous suspension of multilamellar vesicles 

resulting from the hydration of the phospholipid film as described above. Co-extrusion 

was performed using an Avanti mini extruder (610000, Avanti Polar Lipids, USA) and 

polycarbonate filters with decreasing pore size (400 – 200 – 100 nm) on a heating block 

set at 37 °C, and different protein:artificial lipid mass ratios (P:L ratio) were employed 

(1:1.5, 1:2.5 w/w) resulting in two different formulations: HE 1:1.5 and HE 1:2.5. 

Fluorescently labelled hybrids were obtained by separately labelling the two different 

portions (CMs and artificial multilamellar vesicles) as described for labelled CMVs and 

labelled liposomes and by co-extruding them in Milli-Q water or PBS.  

Hybrids by microfluidics (Hµs) preparation: Microfluidic generation of hybrids was 

performed with the small volume-NanoAssemblr® Spark™ machine (Precision 

NanoSystems, Canada) equipped with toroidal micromixer cartridges with a Y-type 

injection system. The aqueous phase consisted in a CM suspension in Milli-Q water or 
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PBS (80 µL of membrane suspension), while an ethanolic solution of DSPC, DSPE-

PEG2000 and cholesterol in a lipid ratio of 52:3:45 mol% represented the organic phase 

(40 µL). PBS was used as dilution media and the same P:L w/w ratios used for HEs 

preparation were employed to prepare the hybrids by microfluidics (Hµ 1:1.5, Hµ 1:2.5). 

Within NanoAssemblr® Spark™ the two phases are injected simultaneously in the 

microchannels at a constant pressure, set by selecting a setting input (from 1 to 9), which 

depends on the volumes used. Injection setting 7 was selected for these formulations. 

The resulting vesicles suspension is collected in the dilution well. The final volume of 

each formulation was 220 µL, which were diluted with PBS to an appropriate volume to 

reach the same concentration of CMVs and HE, for in vitro experiments. Fluorescent 

hybrids were prepared by labelling the CMs with Cy5-PE or CM-DiI, as already described 

for CMVs, prior to resuspension with water or PBS, while the synthetic lipids portion was 

labelled by dissolving fluorescent phospholipids (Rhd-PE or NBD-PE) in ethanol and 

mixing them in the organic phase, prior to film formation. 

4.2.3 CMVs and hybrids characterization 

DLS: Hydrodynamic diameter, polydispersity index and Z potential of the nanosystems 

were determined by DLS (Zetasizer® NanoZS, Malvern, UK). To carry out the size 

measurement, liposomes were diluted 1:100 in Milli-Q water, while CMVs and hybrids 

were measured without further dilution. As for vesicles obtained by GBM cells, the 

average hydrodynamic diameter value was obtained from three measurements (10 sub 

runs each) and the Z potential was determined through an electrophoretic mobility 

measurement. The physical stability of CMVs and hybrids was evaluated by monitoring 

the size, PDI and Z potential of the different suspensions when stored at 4 °C. 

NTA: As for GBM-CMVs, vesicle concentration was studied by NTA (NS300, Malvern, UK). 

Vesicles suspensions were diluted with Milli-Q water to a suitable concentration: CMVs 

and hybrids underwent a 1:200-1:500 dilution, while liposomes were diluted 1:100000. 

A 488 nm laser was used to detect the nanoparticles in scattering mode and the yield of 

the CMVs and hybrids production process was determined as the number of final vesicles 

obtained per initial cell, calculated with the following equation: 

Yield = number of final vesicles/number of initial cells homogenized 
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Fluorescence Resonance Energy Transfer (FRET): The successful membrane fusion in 

hybrid vesicles was assessed by a FRET assay. Briefly, to study the effective insertion of 

CMs into the artificial membranes by extrusion, CMs and artificial multilamellar vesicles 

were labelled as described above, with the fluorescent acceptor dye CM-DiI 

(λexc/em=550/570 nm), and the donor dye NBD-PE (λexc/em =463/549 nm) respectively, 

prior to coextrusion. Concerning hybrids by microfluidics, CM-DiI-labelled CMs were 

hydrodynamically mixed with the ethanolic solution of lipids containing a calculated 

amount of NBD-PE (NBD:CM-DiI 1:2.5 mol ratio). The fluorescence spectrum of FRET 

hybrids and of the physical mixture of CM-DiI-labelled CMVs and NBD-labelled liposomes 

were recorded in the range of 500 to 650 nm at an excitation wavelength of 463 nm, 

using a FP-8500 spectrofluorimeter (JASCO applied science, Canada). The fluorescence 

emission from the acceptor dye was measured to evaluate the effective membrane 

fusion.  

Considering the results obtained from the characterization tests above described, only 

HE 1:2.5 and Hµ 1:2.5 were further characterized. 

Cryogenic Transmission Electron Microscopy (Cryo-TEM): The morphology of HE 1:2.5 

and Hµ 1:2.5 was assessed by Cryo-TEM. Briefly, 3.5 µL of each formulation were added 

on a LC300-CU LACEY carbon supported copper grid, and plunge-frozen using a Vitrobot 

(Thermo Fisher Scientific, USA) to generate vitreous ice. The samples were stored in 

liquid nitrogen and imaged with a JEM-1400 Flash electron microscope (JEOL, Japan) 

operating at 120 kV. Before freezing, hybrids were concentrated by centrifugation at 

5000 x g for 10 min at 25° C on Amicon® Ultra 0.5 Centrifugal Filter devices, 30 kDa 

MWCO. Prior to concentration, Hµ were also dialyzed against Milli-Q water with a 3.5 

kDa membrane (Slide-A-Lyzer MINI Dialysis Device, Thermo Fisher Scientific, USA) to 

remove ethanol, which might impair correct vitreous ice formation. 

Bicinchoninic Acid (BCA) assay: The protein content of the isolated CM and of the CMVs 

and Hµ 1:2.5 obtained from approximately the same amount of initial cells was 

quantified by a BCA assay (micro-BCA Protein Assay Kit, Thermo Fisher Scientific, USA). 

A working reagent (WR) was prepared by mixing the three reagents provided with the 

kit (A, B and C) at a volume ratio of 25:24:1. The calibration standards were prepared by 

diluting a bovine serum albumin stock solution (2 mg/mL) in 0.9% saline and 0.05% 
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sodium azide aqueous solutions. Calibration standards and samples were diluted with 

2% sodium dodecyl sulphate (SDS) (Thermo Fisher, USA) aqueous solution and the WR. 

The obtained mixtures were incubated at 60 °C for 60 min and then cooled at RT. The 

absorbance of calibration standards and samples was measured at 562 nm.  

Proteomic analysis: Membrane proteins retained in CMVs and Hµ 1:2.5 were 

qualitatively studied by proteomic analysis following the protocol already described in 

the previous chapter for GBM-CMVs. Briefly, the aqueous suspensions of the two types 

of vesicles, obtained from approximately the same number of initial CRC cells, were dried 

and lysed in iST-LYSE buffer (PreOmics, Germany) for 10 min at 95 °C on a ThermoMixer 

(Torrey Pines Scientific, USA) at 1000 rpm. The resulting peptide chains were precipitated 

on magnetic microparticles and digested with LysC (Fujifilm Wako, USA) and trypsin 

(Promega, USA) in an enzyme/protein ratio of 1:400 (w/w) and 1:200 (w/w). The peptide 

mixtures were then acidified with trifluoroacetic acid and separated by liquid 

chromatography using a C18 column. Peptides were analysed with the Orbitrap 

Exploris™ 480 MS in DIA mode. 

Nucleic acid electrophoresis: As already described for CMs deriving from GBM cells, DNA 

or RNA presence in the purified CT26 CM fraction was investigated by agarose gel 

electrophoresis. In this case, the intercalating agent SYBR Green II RNA gel stain (Thermo 

Fisher, USA) was added to an agarose gel 1% (agarose in tris/boric acid/EDTA buffer), 

prepared as described in the previous chapter. The samples were mixed with a gel 

loading buffer and the electrophoretic run was performed at 80 V for 40 min. The gels 

were imaged with Gel Doc™ EZ (Bio-Rad, USA) and blue transillumination, and the 

images were elaborated with Image Lab 6.0.1 Software. 

4.2.4. In vitro internalization study: confocal microscopy, FACS 

Confocal microscopy: Confocal microscopy was used to study the internalization 

efficiency of CMVs and hybrids, compared to liposomes, into parent cells, as well as to 

confirm the colocalization of CM and synthetic lipids portions in HE and Hµ. To this aim, 

CT26 cells were incubated at 37 °C in 5% CO2 environment for 30 min or 2 h with the 

fluorescent nanovesicles, prepared as described above and labelled with Cy5-PE (CMVs) 

or Cy5-PE and Rhd-PE (hybrids). The cells were treated with vesicle suspensions diluted 

in culture medium at a concentration of 1.6 x 1010 particles/mL. After 30 min or 2 h, the 
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cells were fixed with 4% v/v paraformaldehyde in PBS for 10 min at RT, and then stained 

with Phalloidin-Atto 488 and DAPI in PBS for 1 h at RT to label cytoplasm and nuclei, 

respectively. The samples were finally mounted in Fluoromount-G™ Mounting Medium 

(Invitrogen™, Thermo Fisher, USA), and imaging was performed by a Zeiss LSM880 

confocal laser scanning microscope (Carl Zeiss, Germany) using a 63x objective.  

Fluorescence-Activated Cell Sorting (FACS) analysis: Internalization of CMVs, HE 1:2.5, Hµ 

1:2.5 and liposomes into different cell lines was quantitatively investigated at various 

timepoints. Nanovesicles were prepared as described above and labelled with Cy5-PE. 

150000 CT26, ID8 and 50000 C2C12 cells per well were seeded in 24-well plates, cultured 

for 24 h and then treated with 0.5 mL particle suspensions in complete medium at a final 

concentration of 1.6 x 1010 particles/mL. The cells were incubated with the treatments 

at 37 °C in 5% CO2 environment for 30 min and 2 h. Afterwards, the cells were washed 

with PBS, detached with trypsin-EDTA solution, washed with cell culture medium and 

stained with LIVE/DEAD® dye (Invitrogen™, Thermo Fisher, USA), 1 µL per well in PBS. 

After 30 min of incubation at 4 °C, the dye solution was removed, and the cells were 

washed and read with BD LSRFortessa™ Cell Analyzer (BD Biosiences, USA). Dead cells 

were excluded from the analysis. Data analysis was performed using FCS Express™ 

software (Thermo Fisher, USA) and the results were expressed as the mean fluorescence 

value measured on three biologically independent replicates (three samples each 

replicate). Statistical analyses were performed with Prism v8.1 software (GraphPad 

Software, USA). 

4.2.5. In vitro cytotoxicity study 

In vitro cytotoxicity of CMVs and Hµ 1:2.5 was studied on murine healthy myoblasts 

(C2C12 cell line) using a crystal violet colorimetric assay; HEs were progressively 

abandoned in later studies given the less promising internalization efficiency results. 

Briefly, 1000 cells/well were seeded in 96-well plates for 24 h at 37 °C in 5% CO2 

environment, then the cells were incubated with vesicles in cell culture medium at two 

different concentrations (1.4 x 1010 and 2.8 x 1010 particles/mL) for 72 h, while control 

untreated cells were maintained in medium for the same time. After 72 h, the cells were 

fixed in paraformaldehyde 4% for 30 min at RT and carefully washed with PBS; then a 

0.5% crystal violet solution was added and further incubated for 30 min. After washing 
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with PBS, the plate was allowed to dry at RT, and then methanol was added to dissolve 

the insoluble crystals formed after crystal violet treatment, and the 560 nm absorbance 

was recorded using a SPARK® Multimode microplate reader (Tecan, Switzerland). Cell 

viability is expressed as the mean percentage related to the signal given by the untreated 

control (6 samples were considered). 

4.2.6. CMVs and hybrids effect on the growth of 3D healthy organoids  

Mouse intestine organoids, originating from Lgr5tm1(cre/ERT2)Cle/J mice, were cultured in 0.9 

mm specifically developed inserts in Corning Matrigel Matrix (REF: 354234). The 

organoids were cultured in Intesticult Organoid Growth Medium Mouse (STEMCELL 

Technologies, Canada) for 40 days and passaged every 3-4 days. After passage 10, the 

organoids were disassembled and plated (day 0). At day 1, they were treated with Hµ 

1:2.5 at two different concentrations (1.4 x 1010 and 2.8 x 1010 particles/mL) or with 100 

μM oxaliplatin, as toxic control; untreated control samples were maintained in culture 

medium. Organoid sizes were monitored at day 1, 5 and 8: the plates were observed 

using an optical microscope ZEISS Axis Vert.A1 (Carl Zeiss, Germany) equipped with a 

digital camera, and the organoid surface areas were calculated using ImaJ software. 

Organoid growth was calculated by normalizing the organoid surface area, measured on 

different days, to their size at day 1. Results were expressed as mean organoids growth 

considering 5 samples for each treatment condition. 
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4.3 Results and discussion 

4.3.1 Preparation and characterization of CMVs from CT26 cells 

CM isolation from CT26 cells homogenate was performed following the protocol already 

optimized for the extraction of CMs from GBM cells. Considering the initial protocol, an 

additional washing with the starting buffer was introduced to allow the efficient 

purification from genetic material contamination, as demonstrated in the previous 

section. The obtained membrane pellet was then resuspended in water or PBS and 

extruded. The resulting vesicles were monodispersed nanosized structures with a 

hydrodynamic diameter of approx. 143 nm and a negative surface charge (Table 4), 

similarly to the vesicles obtained from GBM cells. Size, PDI and Z potential, which were 

monitored for 20 days, showed no significant changes (p>0.25) when CMVs were stored 

in aqueous suspension at 4 °C, demonstrating good stability for the considered time (Fig. 

21). A stability study was also conducted storing CMVs in PBS at 4 °C and, also in this 

case, no significant differences in terms of size and PDI were detected for 20 days. 

  

 Size (nm) PDI Z potential 
(mV) 

Concentration 
(particles/mL) 

Yield (x 103) 

CMVs  143 ± 5 0.14 ± 0.02 -27 ± 3 1.4 ± 0.4 x 1011 6 ± 1 

 

Table 4: Characterization of CMVs from CT26 cells. Physico-chemical properties, concentration 

of 800 µL suspension of CMVs, and yield of production. Mean values ± standard deviation (n=5). 

Figure 21: Stability of CMVs from CT26 cells. Mean values ± standard deviation (n=3). 
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The concentration of 800 µL CMVs suspension deriving from approx. 1.8 x 107 CT26 cells 

was determined by NTA, which is able to measure the number and size of nanoparticles 

by analysing their Brownian motion via light scattering. This analysis allowed to 

determine the yield of the CMVs production processes, expressed as the number of 

vesicles obtained per initial cell (Table 4). The measured throughput was very satisfying: 

it resulted higher than the value obtained for CMVs from GBM cells, and approx. 10 times 

higher than the yield reported in the literature for exosome isolation [133, 134]. 

However, the issues discussed in the previous chapter on the reliability of this 

comparison must be considered. The higher yield obtained for CRC-CMVs compared to 

GBM-CMVs might be related to the different types of parent cells: indeed, every cell type 

is characterized by a peculiar lipidic and protein content that might influence the 

mechanical properties of the membrane, as already discussed in the previous chapter 

when evaluating the vesicles elasticity aspects related to the AFM measurements. 

Within this context, the different origin of the cells used as CMVs sources might have an 

impact on CM composition and thus on membrane density, which is a key feature to 

consider when exploiting centrifugation for CM isolation, as in the present protocol. In 

particular, as underlined by Manni et al., the brain is enriched in phospholipids with 

polyunsaturated fatty acids (PUFAs), with a particular pattern in neurons, where the axon 

tip is enriched in phosphatidylcholine phospholipids containing arachidonate or 

docosahexaenoate [205]. Also in synaptic vesicles, PUFAs account for up to 70 mol% of 

the phospholipid pool [206]. Although the entity and the direction of the impact of the 

lipidic composition is still unclear, it has been found that the degree of acyl chain 

unsaturation affects membrane properties like curvature and packing density [207], 

which in turn might be responsible for a difference in CM sedimentation efficiency during 

the centrifugation of the two different homogenates. Moreover, another aspect that 

must be considered is that the cells used for the formulation of CMVs (GBM and CRC) 

differ not only in terms of tissue of origin but also in terms of culture type. Indeed, GBM 

primary cells deriving from human samples and CRC cells deriving from a murine cell line 

require very different culture conditions, which might influence the mechanical 

properties of their membranes [208]. 

To confirm the purity of the isolated CMs, the potentially detrimental presence of DNA 

or RNA was investigated. As shown in Figure 22 agarose gel electrophoresis allowed to 
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demonstrate that no genetic material contamination was present in the isolated 

membrane fraction.  

The CM isolation procedure, validated in the previous study using GBM cells, resulted 

effective in the present study as well, confirming its wide applicability to different cell 

types.   

Protein retention in CM fraction and CMVs was evaluated both quantitatively and 

qualitatively. A micro-BCA assay was performed on resuspended CMs before and after 

extrusion (CMVs) for total protein quantification. BCA assay relies on the reduction of 

Cu2+ to Cu+, due to the formation of a Cu2+-protein complex in an alkaline environment. 

The chelate complex of peptide bonds with Cu2+ enables its reduction to Cu+ (Biuret 

reaction) which successively forms a water-soluble chelation complex with two 

molecules of BCA [209]. BCA-Cu+ chelate complex causes a colour change of the solution 

from green to purple, with a strong absorbance at 562 nm. The colour change is 

correlated to the amount of proteins in two ways: on one side, the reduction of Cu+ is 

proportional to the amount of proteins in the sample, and on the other side, the 

Figure 22: Scan of the agarose gel after electrophoresis. “SB” indicates the starting buffer, “Cell 

lysate” is the unprocessed cell homogenate, while “CM ×2 w” indicates the CMs isolated with 

the optimized protocol involving 2 washings with starting buffer (x2 w). 
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bicinchoninic Cu+ complex formation is influenced by the presence of cysteine, tyrosine, 

and tryptophan side chains [210]. Therefore, to minimize the differences caused by 

unequal amino acid composition in different protein samples, the assay was performed 

at 60 °C, since elevated temperatures increase the exposure of amino acids, thus 

reducing structure influence on the test. 

Moreover, as observed by Morton et al., phospholipids can induce considerable error in 

BCA assay results, thus compromising its reliability when measuring the protein content 

of proteolipids and biological membranes [211]. Indeed, in their work, the authors 

demonstrated the correlation of the overestimated protein values with the relative 

phospholipid content of the lipoprotein samples, and proposed an adaptation of the BCA 

protocol involving the addition of 2% SDS to the samples. The lipid interference was 

eliminated by the addition of SDS, allowing the application of the BCA assay to a wider 

range of samples. Therefore, given the high lipid presence in the CM fraction, a 2% SDS 

was added to the present samples for BCA protein quantification.  

 

Sample Protein content (µg/mL) 

Isolated CM 162 ± 18 

CMVs 10.1 ± 0.3 

 

As shown in Table 5, the retained protein concentration detected with this assay in CMs 

was 162 ± 18 μg/mL, which is consistent with the values of protein content reported in 

the literature for isolated CMs [48, 212]. Nevertheless, the protein conservation into 

CMVs, after extrusion of the CM suspension, resulted significantly lower. This sizable loss 

could be due to the hydrophilic interaction of proteins with the polycarbonate 

membrane filters used in the extrusion process, which are probably responsible for a 

general loss of material during the repeated passages through the filters, as further 

discussed in the following section.  

Unfortunately, not many data were found in the literature assessing the protein amount 

in bio-mimetic systems formulation. In several studies describing the development of 

CM-deriving systems, proteins are quantified in the biologically derived fraction, but, 

Table 5: Protein content of CM and CMVs measured by BCA assay. Both samples derived from 

1.8 x 107 CT26 cells and were suspended in 800 µL. 
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after the formulation process, only qualitative protein studies are performed, making 

the comparison with the protein retention result found herein, very difficult [50, 212]. 

Nevertheless, this result indicating a generic protein loss must be supported by a 

qualitative information, to determine which kinds of proteins are lost or retained, and 

whether this could affect the interaction of the vesicles with the target cancer cells.  

With this aim, proteomic analysis was conducted on CMVs. In Table 6, a selection of the 

identified membrane proteins characterized by high relative abundance is reported, 

along with the cellular processes in which they are involved, according to the UniProt 

database. 

Protein function Protein name Gene name Relative 
abundance (Log2) 

Cell migration 
and adhesion 

CD44 antigen CD44 16.47 

Integrin alpha 3 ITGA3 15.38 

Vesicle-associated 
membrane protein 7 

VAMP7 15.18 

Moesin MSN 14.15 

Ras-related protein Ral-A RALA 14.00 

Cadherin-2 CDH2 13.37 

Cell signalling 

Annexin A2 ANXA2 18.11 

Integrin alpha 6 ITGA6 15.60 

Plexin-B2 PLXNB2 15.00 

Neurogenic locus notch 
homolog protein 2 

NOTCH2 13.26 

Immune evasion T-lymphocyte surface 
antigen Ly-9 

LY9 11.86 

Table 6: Proteomic analysis report of some of the most abundant membrane proteins found in 

CMVs from CT26. In the table the encoding genes, functions and relative abundance of each 

protein are also reported. 
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The proteomic analysis evidenced the conservation of proteins that are commonly 

overexpressed in tumor cells such as CD44, a non-kinase transmembrane glycoprotein 

[213] and Annexin A2, as already described in the previous chapter [160]. Moreover, 

characteristic antigens that resulted to play a role in CRC specific progression were 

identified with this analysis. Moesin, a cytoskeletal protein involved in cell motility, 

invasion and metastasis, has proved to be of prognostic significance in CRC progression 

[214]. Also Notch receptor overexpression was observed in CRC [215], as well as Ral-A 

receptor protein. The role of Ral-A and Ral-B small GTPases in promoting oncogenesis 

was illustrated in the work of Martin et al. They found upregulated Ral-A and Ral-B 

activation in CRC cell lines and demonstrated that Ral-A was involved in anchorage-

independent cancer cell growth [216]. Moreover, the abundant presence of proteins 

implicated in mechanisms that are of particular interest for the aim of the present study 

was assessed, suggesting their potential positive impact on tumor targeting and 

penetration efficiency. Vesicle-associated membrane protein 7, involved in vesicle 

membrane fusion, and Integrin alpha 3, mediating cell migration, adhesion and matrix 

degradation, are representative examples.  

4.3.2 Preparation and characterization of hybrid vesicles: comparison of two 

techniques 

The hybridization of CMs with synthetic lipids was carried out following two different 

techniques: co-extrusion of cell-derived material with multilamellar synthetic vesicles 

was performed to obtain hybrids by extrusion (HEs), while hybrids by microfluidics (Hμs) 

resulted from the mixing of isolated CMs with an ethanolic solution of synthetic lipids 

through a micromixer. During co-extrusion, shear forces induce the rupture and 

deformation of large multilamellar vesicles, allowing fusion and reassembling of 

membranes [54]. An advantage of co-extrusion is the use of membrane filters with a 

determined pore size, which allow proper size control of the obtained particles. 

However, the extrusion method may be difficult to adapt to large-scale preparation, also 

due to the associated material loss [14].  

Hydrodynamic mixing through microfluidic devices relies on mass transfer between the 

two phases, due to the formation of a turbulent flow within microchannels. It enables 

to minimize material loss and to precisely control and replicate formulation conditions, 
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hence allowing to scale up the procedure more easily [61]. In this work, NanoAssemblr® 

Spark™ system was used. This instrument operates using a pressure-driven mechanism, 

exerting the same pressure on two input wells of a cartridge, allowing the injection of 

the two phases into a toroid-type micromixer [217]. The pressure settings vary from 1 

through 9; the exact pressure associated to each setting is not specified but they are 

selected depending on the volume of the two starting phases. In this work, setting 7 was 

selected. 

The two components of hybrid formulations HE and Hμ were mixed in different 

CMs:synthetic lipids ratios, here expressed as mass ratio (w/w) of retained 

proteins:synthetic lipids. The tested ratios were 1:1.5 and 1:2.5 w/w, leading to the 

formulation of HE 1:1.5, HE 1:2.5, Hμ 1:1.5 and Hμ 1:2.5. The rationale behind the 

selection of these two mass ratios was the attempt of maintaining the discussed 

advantages related to CM-functionalization while increasing the production yield of bio-

mimetic vesicles. 

The results of the physico-chemical characterization, performed in water or PBS, are 

summarized in Table 7. HEs were first prepared in water, and their size, PDI and Z 

potential were determined. The preparation of Hµs was limited by costs issues, which 

motivated the decision of studying their physico-chemical properties and stability 

exclusively in PBS. Z-potential measured in PBS 1x was considered not reliable for any of 

the formulations developed, due to salts concentration and increased conductivity [218]. 

Thus, only size and PDI were monitored for hybrids stability study in PBS. All formulations 

resulted in monodisperse populations (PDI<0.25) of nano-sized vesicles. The surface 

charge of HEs resulted negative and comparable to the value obtained for CMVs. Hybrids 

did not show statistically significant differences in terms of hydrodynamic diameter 

(p>0.005), except for the formulation Hμ 1:1.5, which showed a larger size (p<0.005) and 

higher PDI, and for this reason it was not included in the following studies. The size of 

hybrids was slightly larger than CMVs (143 ± 5 nm, see Table 4). Hybrids stability was 

studied by monitoring size and PDI during 8 day-storage at 4 °C in PBS. As shown in Figure 

23, the physico-chemical characteristics of the developed systems remained constant 

over the investigated period, demonstrating good stability under these conditions. 
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Formulation Size (nm) PDI Z potential (mV) Yield (x 103) 

HE 1:1.5 151 ± 11 0.15 ± 0.04 -28 ± 3 7.6 ± 0.9 

HE 1:2.5 153 ± 14 0.11 ± 0.02 -20 ± 5 9 ± 1 

Hμ 1:1.5 257 ± 30 0.20 ± 0.03  10 ± 2 

Hμ 1:2.5 176 ± 4 0.08 ± 0.06  16 ± 2 

As described for CMVs, the yield of the different production processes was calculated as 

the number of obtained vesicles (determined by NTA) per initial cell (Table 7). As 

expected, the insertion of synthetic lipids in hybrids formulation led to an increase in the 

production yield, if compared to CMVs, with a proportional trend following the increase 

in the amount of artificial lipids added. Moreover, although a good production yield was 

achieved for HEs, a significant increase in vesicle production was reached with the 

microfluidic technique, which might be reasonably responsible for a minor loss of 

starting materials.  

Table 7: Physico-chemical properties, concentration, and yield of two types of hybrids from 

CT26 cells, stored in water (HEs) or PBS (Hμs) at 4°C. Mean values ± standard deviation (n=5). 

Figure 23: Physico-chemical properties of the two types of hybrids from CT26 cells, stored in 

PBS at 4°C. Mean values ± standard deviation (n=3). 
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Indeed, U.S. Pat. No. 4, 737, 323 revealed that the extrusion method has low throughput 

issues, due to membrane clogging (more common for “tortuous path” filters) and to the 

limited pore surface area, which constitutes the 20% of the total surface area of the 

membrane. Moreover, filter membranes are planar disks mounted against a flat 

mechanical support which further severely restricts the surface area available for 

extrusion and leads to low throughput [219].  

The hypothesis of material loss affecting the extrusion process was further supported by 

the protein content measured in Hμ 1:2.5 by BCA assay.  

Indeed, the protein quantified in the suspension of hybrids prepared by microfluidics, 

from approximately the same number of cells used to prepare CMVs (final protein 

concentration 10.1 ± 0.3 µg/mL), resulted to be 31.1 ± 0.2 µg/mL, demonstrating a 

higher protein conservation under the micromixing process.  

 

A proteomic analysis was performed to further investigate the discrepancy in protein 

amount found in CMVs and Hμs, deriving from approximately the same number of CT26 

cells. 

This analysis confirmed the BCA result, since a higher number of protein groups was 

detected in hybrids compared to CMVs. Nevertheless, the same representative protein 

groups found in CMVs were also identified in Hμ, and their relative abundance is 

reported in Table 8, together with data related to CMVs for an easier comparison.  

As shown in the table, the selected membrane proteins had a comparable relative 

abundance in the two samples, suggesting that the loss of material related to the 

extrusion procedure was somehow uniform, and did not affect the relative conservation 

of membrane proteins considered of superior interest.  

Proteome databases, in particular the Cancer Surfaceome Atlas 

(http://fcgportal.org/TCSA) and UniProt, were employed to collect information for the 

present discussion. Indeed, few works developing bio-mimetic cell-derived systems 

report proteomic analysis on their final formulations. The most diffused qualitative 

studies to identify the retained proteins rely on SDS page electrophoresis followed by 

western blot [11, 22, 220], dot blot [48] or immuno-labelling with microspheres for TEM 

imaging [24]. However, being immuno-assays, these types of tests allow to evaluate the 

presence of single proteins by selecting specific antibodies, and do not consider all the 

http://fcgportal.org/TCSA
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other antigens that might be unexpectedly found and might be equally important for an 

accurate characterization of the developed nanosystem. 

 

Protein 
function 

Protein name Gene 
name 

Relative 
abundance 

(Log2) 

CMVs 

Relative 
abundance 

(Log2) 

Hμ 1:2.5 

Cell 
migration 

and 
adhesion 

CD44 antigen CD44 16.47 14.94 

Integrin alpha 3 ITGA3 15.38 14.41 

Vesicle-associated 
membrane protein 7 

VAMP7 15.18 13.63 

Moesin MSN 14.15 14.28 

Ras-related protein Ral-
A 

RALA 14.00 13.11 

Cadherin-2 CDH2 13.37 13.21 

Cell 

signalling 

Annexin A2 ANXA2 18.11 17.91 

Integrin alpha 6 ITGA6 15.60 14.80 

Plexin-B2 PLXNB2 15.00 14.36 

Neurogenic locus notch 
homolog protein 2 

NOTCH2 13.26 12.74 

Immune 
evasion 

T-lymphocyte surface 
antigen Ly-9 

LY9 11.86 13.19 

 

The morphology of HEs and Hµs was investigated by cryo-TEM. Within this particular 

transmission electron microscopy technique, the sample is deposited on a carbon 

supported copper grid as a thin film, and its vitrification is achieved by rapid plunging 

the grid into liquid ethane. The vitrified specimen is kept below -165 °C during storage, 

Table 8: Proteomic analysis report of some of the most abundant membrane proteins found in 

CMVs and Hμ prepared from CT26. In the table the encoding genes, functions, and relative 

abundance of each protein are also reported. 
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transfer to the microscope, and investigation [221]. Differently from the staining process 

imposed by TEM, vitrification of the sample enables the preservation of the original 

shape of the observed objects, embedded in the pores of the carbon film inside a thin 

layer of amorphous ice. Besides NMR spectroscopy, cryo-TEM is the only technique able 

to differentiate between uni- and multi-lamellar vesicles [136], which constitutes 

another advantage over TEM, applied for the morphological study of the previously 

developed GBM-CMVs. In cryo-TEM micrographs, lipid vesicles appear as circular objects 

with strong contrast at the rim, due to the high projected thickness at the edges of the 

lipid bilayer shell [222].  

As shown in Figure 24, round shaped vesicles surrounded by a phospholipid bilayer were 

clearly identified in both HE and Hµ samples, and no visible differences were observed 

for the two types of hybrids. 

The effective fusion of CMs with synthetic lipids was evaluated to exclude the hypothesis 

of the formation of distinct systems composed of the two fractions separately.  

A FRET analysis was conducted on the two types of hybrids to investigate this aspect. 

This technique, frequently used to evaluate the effective membrane fusion in hybrid 

system characterization [48, 50, 212, 223], relies on the efficient energy transfer 

occurring between two specific fluorophores (“FRET pair”), when they are within a 

distance of approximately 10 nm. The efficiency of the energy transfer process varies in 

Figure 24: Representative cryo-TEM images of concentrated aliquots of HE and Hµ. Cryo-TEM 

analysis was performed on 3 different hybrid batches for each type of formulation. 
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proportion to the distance separating the donor and acceptor fluorophores constituting 

the FRET pair, consequently, FRET measurements can be exploited as an effective 

molecular ruler for determining distances between them [224]. The selected donor 

fluorophore must emit in a wavelength range which include the excitation frequency of 

the acceptor; if the complementary probe is sufficiently close, the radiation emitted by 

the excited donor will excite the acceptor, producing an increase in the measured 

fluorescence. Thus, when the distance between the two portions of the membrane 

decreases, the two fluorophores become closer, enabling the excited donor to irradiate 

the acceptor, inducing an increase of the FRET signal (Fig. 25). 

Different strategies might be adopted to evaluate membrane fusion with FRET assays: 

several authors exploited the method of probes distancing, first described by Struck et 

al. [225]. This strategy involves the preparation of FRET liposomes labelling the 

phospholipid bilayer with both the donor and the acceptor probes, and the detection of 

a minimized emitted fluorescence from the excitation of the donor, due to its proximity 

with the acceptor. When hybridization with unlabelled CMs is successful, this transfer of 

energy, acting as quenching, is diminished, resulting in an increase in the fluorescence 

emission from the donor [48, 50, 212]. 

In contrast, van den Bogaart et al., studying the membrane fusion mediated by SNARE 

proteins, differently labelled the two membranes involved in the fusion process and 

measured the increase of the fluorescence emission from the acceptor, excited by the 

Figure 25: Schematic representation of FRET principles. Created with BioRender.com 
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excitation emission of the donor, due to the fluorophores approaching [226].  In this way, 

the test is less affected by other factors independent from CM insertion, which, in 

contrast, could interfere in FRET measurements using the “probe distancing” method. 

Indeed, using the probe distancing approach, the energy transfer effect measured in a 

FRET liposome might be impaired by many variables hardly monitored, such as lipids 

arrangement during extrusion, leading to a potential misrepresentation within the assay. 

For this reason, this approach was considered less reliable, and the “aproaching probes” 

method was consequently selected for the present study. 

For the evaluation of membrane fusion in HEs and Hµs, FRET-hybrids were prepared by 

labelling the synthetic lipids and the CM portions with a fluorescence donor (NBD-PE) 

and a fluorescence acceptor (CM-DiI), respectively, and hybridizing the components 

using the two described methods. By exciting the sample at the specific donor excitation 

wavelength, the fluorescence emitted by the acceptor was measured and compared to 

the one measured in the physical mixture of the two labelled components (DiI-CMVs and 

NBD-liposomes). As shown in Figure 26, for both types of production techniques, the 

FRET signal produced by hybrids was sensibly higher than the one deriving from the 

physical mixture. However, the fluorescence emitted by Hμs resulted significantly higher 

than the signal of HEs, assessing a more efficient membrane fusion obtained through 

microfluidics.  

 

Figure 26: FRET study of the two types of hybrids. Incident radiation λ=460 nm.  
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4.3.3 In vitro studies on parent and different cell lines 

Similarly to the study performed on GBM-derived CMVs, in vitro internalization efficiency 

was investigated also on CMVs and hybrids deriving from CT26 cell line. Hybrids with the 

better yield of production (HE 1:2.5 and Hµ 1:2.5) were selected for in vitro experiments. 

Confocal microscopy and flow cytometry were employed to evaluate CMVs and hybrids 

cellular internalization efficiency compared to synthetic liposomes. Stealth liposomes 

were used as an artificial control likewise in the previous study on GBM-CMVs, and their 

preparation and Cy5-labelling were performed as described in the experimental section. 

Their physico-chemical characteristics resulted analogue to what obtained for DiI-

labelled liposomes used in GBM-CMVs in vitro experiments, with a hydrodynamic 

diameter of 141 ± 3 nm, PDI of 0.06 ± 0.03, and a negative surface charge of -26 ± 3 mV. 

In a preliminary study, CM-derived systems as well as synthetic liposomes (all 

fluorescently labelled) were incubated with parent CRC cells at two time points; the cells 

were then fixed, stained and imaged by confocal microscopy. The same study was 

performed on live cells by flow cytometry at longer times, to support the qualitative 

result of confocal images with a quantitative analysis. All vesicles were incubated with 

the cells at the same concentration.   

Confocal imaging, shown in Figure 27A, demonstrated good internalization of CMVs and 

hybrids into the originating cells, already after 30 min-incubation. On the contrary, as 

already observed with GBM cells, liposomes scarcely interacted with CT26 cells at the 

studied time points, which supports the hypothesis of an important implication of the 

inserted CM portion, in the interaction of the hybrids with the parent cells.   

In this test, CMs and artificial lipids used to prepare hybrids were also labelled with 

different fluorophores, in order to observe their co-localization as a further confirmation 

of the successful fusion of the two membrane components. The colocalization is 

displayed in the images in Figure 27A as purple colour, resulting from the 

superimposition of red CMs (labelled with Cy5-PE) and blue synthetic lipids (labelled 

with Rhd-PE), providing further qualitative evidence of the efficient hybridization.  

FACS analysis was performed on CT26 cells treated with Cy5-labelled CMVs and the two 

types of hybrids, to quantitatively evaluate the different efficacy of internalization of the 

developed vesicles. Dead cells were excluded from the analysis by staining the samples 
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with LIVE/DEAD® dye. In Figure 27B, the results of FACS analysis are expressed as the 

mean percentage ratio of the number of Cy5-positive cells to the total live cells detected 

by the instrument for each sample (3 samples each replicate). The figure highlights that 

at both time points the internalization of Hµs into CT26 cells was significantly higher 

(p<0.005) than the value detected for the internalization of HEs. Moreover, CMVs 

showed a faster internalization into parent cells compared to hybrids. Whereas the 

superior internalization of CMVs can be explained by their whole CM composition, the 

higher internalization of Hµs evidenced a better homologous uptake of the microfluidic-

formulated system, having the same CM composition of HEs. Functional proteins and 

lipids retained during formulation by microfluidics and lost during extrusion might 

possibly have a role in the improved internalization efficiency of Hµs.  

It is important to remind that, as indicated in the experimental section, cells were 

incubated with the same concentration of vesicles, taking into account the 

aforementioned different production yield, which justified the use of different amounts 

of CMs for the preparation of vesicles for in vitro studies. 

Moreover, the results obtained with FACS analysis evidenced a decrease in percentage 

of fluorescent cells after 24 h of incubation with labelled vesicles (Fig 27B). However, at 

longer time points, the proliferation rate of the studied cell lines has to be considered. 

Indeed, CT26 cells exhibit a high proliferation rate, leading to their duplication in 24 h of 

culture. Consequently, considering CMVs uptake pattern, since after 2 h of incubation 

the 88 ± 6 % of CT26 cells internalized the vesicles, after 24 h half of the analysed sample 

would be composed of newly divided cells, which lost CMVs-related fluorescence. For 

this reason, internalization quantification at this time point might not provide significant 

information, thus shorter time points were considered in the following studies. 
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Figure 27: (A) Confocal images of Cy5-CMVs, Cy5-Rhd-HEs, Cy5-Rhd-Hµs and Rhd-liposomes, 

incubated with parent CT26 cells for 30 minutes and 2 h. Scale bar = 5 µm (B) FACS analysis of 

CT26 cells incubated with Cy5-CMVs, Cy5-HEs and Cy5-Hµs for 2 h and 24 h. Results expressed 

as the percentage ratio of the number of Cy5-positive cells onto the total of live cells (minimum 

threshold 10000 events per analysis). Each experiment was repeated in three biologically 

independent replicates and results are expressed as mean ± SD.  ***= p<0.005 
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Given the promising results obtained for Hμ 1:2.5 on originating cells, this formulation 

was chosen for the in vitro studies of selective internalization into parent cells compared 

to different cell lines. Different types of murine immortalized cell lines were selected for 

this assay: besides the parent CT26 cells, ovarian epithelial cancer cells (ID8) and healthy 

myoblasts (C2C12) were incubated with Cy5-labelled CMVs, Hμs and synthetic 

liposomes. The Cy5 fluorescence signal was recorded after 30 min and 2 h of incubation 

and also in this case only live cells were considered for data analysis. As shown in Figure 

28, a time-dependent and very rapid uptake of CMVs and Hμs was observed in their 

source cells, reaching 88 ± 5 % and 76 ± 6 % of internalization respectively, at 2 h. This 

result was predictable based on confocal microscopy observations, and confirmed the 

results of the preliminary FACS analysis.  

Surprisingly, after 2 h-incubation, a 48 ± 5 % and a 52 ± 15 % positivity to hybrid 

fluorescence was also detected in ID8 and C2C12 cells respectively. At the same time 

point, CMVs internalization remained under 30 % in non-parent cells. The unexpected 

considerable heterologous internalization of hybrids might suggest the implication of CM 

proteins and lipids that are retained with microfluidic technique, but lost with extrusion, 

in the vesicle internalization process in non-parent cells. Following another hypothesis, 

synthetic lipids might confer to hybrids particular mechanical properties, favouring 

aspecific cellular uptake. This interesting aspect would be efficiently investigated with 

AFM. 

Nevertheless, although in vitro separate cellular uptake studies represent valid 

preliminar indicators of vesicles selectivity, co-cultures of different cells or in vivo 

biodistribution studies would certainly be more reliable to investigate the targeting 

abilities towards homologous cells or other cell types, of the developed systems.  

As evidenced in the study on GBM, also in the case of CT26-derived CMVs, the parent 

cells better internalized both CMVs and hybrids, compared to the other cell lines, 

supporting the hypothesis of the involvement of specific membrane proteins in 

favouring the interaction with the parent cells. 

Moreover, all the cell lines treated with synthetic liposomes had similar weak 

fluorescence signals (less than 2%), corroborating the hypothesis that the decoration 

with cell membranes endowed the vesicles with faster and higher uptake in vitro.  
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A similar result was obtained by Liu et al., who coated SiO2 NPs with CT26-deriving CMs 

either neat or hybridized with synthetic liposomes [227]. Analogously to the present 

study, to evaluate the selective uptake of their nanosystems, the authors incubated CM-

SiO2 NPs, hybrid membrane-SiO2 NPs (H-SiO2) and synthetic lipids-coated SiO2 NPs (L-

SiO2) with three different cell lines, namely parent cells (CT26), HeLa human cervical 

carcinoma and MCF-7 human breast cancer cells. After 4 h of incubation, using flow 

cytometry, they evidenced high internalization of CM-SiO2 and H-SiO2 into parent cells, 

and observed also an overall higher uptake of the two systems compared to L-SiO2 in all 

the considered cell lines. Noteworthy, they observed higher uptake of H-SiO2 compared 

Figure 28: Cellular internalization study via flow cytometry: (A) Mean % fluorescence 

positivity on total live cells treated with Cy5-labelled CMVs, Hμ 1:2.5 and liposomes, at 30 

min or 2 h incubation; (B) Cy5 fluorescence intensity shift in treated and untreated samples. 

Each experiment was repeated in three biologically independent replicates and results are 

expressed as mean ± SD. 
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to CM-SiO2 in the analysed cell lines, which is consistent with the results obtained in the 

present work. 

A comparison between the internalization efficiency of the systems presented by the 

authors and the ones developed herein must take into account the different nature of 

the considered particles, which exhibit different structure and mechanical properties, 

leading to different mechanisms exploited for the interaction with the cell. Indeed, the 

authors ascribed the differences in cellular uptake to the different rate of SiO2 NPs 

coating related to their developed systems, which is not applicable to the present 

discussion. 

However, the increased vesicle uptake into different cell lines due to CM insertion is 

objective, noticeable not only in the parent cells but also into other cell types, although 

to a minor extent. 

The biocompatibility of CMVs and Hμ 1:2.5 was investigated in two diverse in vitro 

models. Crystal violet was used to assess cell viability on 2D healthy myoblasts cell 

culture (C2C12 cell line), treated with different concentrations of vesicles, and incubated 

for 72 h. This colorimetric test allowed to indirectly quantify cell death through the 

determination of the adherence of cells, relying on the staining of attached cells with 

crystal violet, which binds to proteins and DNA. The dead cells lose their ability to 

adhere, and thus they are removed from the well prior to crystal violet treatment, 

causing the reduction of the amount of dye revealed in the cell culture. The bound dye 

is extracted from the viable cells using methanol, and the absorbance of the solution is 

measured. The cell viability % was calculated in relation to untreated control cells (whose 

absorbance was considered as 100% of cell viability) and reported in Figure 29. All 

vesicles under study resulted to be totally biocompatible at both concentrations tested, 

since the cell viability of treated cells was not significantly different from the control 

(p>0.4). 
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Moreover, the potential effect of Hμ 1:2.5 on the regeneration ability of 3D healthy 

murine colon organoids was evaluated by monitoring the 3D sample morphology and 

size during 8 day-treatment.  

Organoids are self-organized 3D tissues typically derived from stem cells (pluripotent, 

fetal or adult), mimicking the key functional, structural and biological complexity of an 

organ [228]. Stem cells play a fundamental role in maintaining organ structure and 

function through cellular renewal, migration, differentiation and apoptosis [229], which 

make them suitable candidates for the construction of an in vitro 3D organ model. 

Compared to conventional 2D cultures, organoid cultures reproduce in vitro the typical 

in vivo tissue-like structures and functions, containing small populations of genomically 

stable, self-renewing stem cells that give rise to fully differentiated progeny at 

frequencies similar to those in living tissues [230]. Moreover, organoid cultures are more 

accessible for manipulation and in-depth biological studies than animal models and they 

enable patient specificity. Therefore, organoid cultures have been studied for a wide 

variety of applications including drug discovery [231], personalized diagnostics [232] and 

cell therapy  [233]. Cells comprising organoids can be derived from induced pluripotent 

stem cells or from tissue-derived cells, as in the case of the organoids exploited in the 

present study. Tissue-derived organoids are produced from isolated fragments of tissue 

from the corresponding organ, originating from humans or animals. Within these 

Figure 29: Biocompatibility study. (A) Cell viability of C2C12 cells incubated with CMVs and Hμs, and 

treated with crystal violet after 72 h. Results expressed as mean ± SD of 6 replicates. 
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models, the cells expand in culture for prolonged time, while retaining their genetic 

stability and the peculiarity of their tissue of origin [234].  

In the present study, intestinal organoids were employed to mimic the in vivo response 

to the potential administration of the developed vesicles. Intestinal organoids are among 

the first organoid types successfully established in vitro [235]. Their effective 

establishment is related to their characteristic architecture, exhibiting proper branching 

morphology with constant multicellular composition [236]. It has been demonstrated 

that intestinal organoids, cultured in Matrigel with a suitably supplemented medium, are 

able to proliferate in vitro for more than a year, overcoming the Hayflick limit, which 

indicates that primary non-transformed cells can only divide 40–60 times (about 2-3 

months) prior to undergoing senescence [228]. Furthermore, they were demonstrated 

to retain their ability to generate different intestinal epithelial cells in vitro [237]. 

Generally, for their preparation, the samples of intestinal tissue are opened, washed, 

and then chopped into 2-4 mm fragments, to maximize the surface area available for 

enzymatic digestion or additional mechanical dissociation, to finally isolate individual 

intestinal stem cells. The collected stem cells undergo multiple rounds of washing and 

purification before being seeded to create and grow organoid cultures [234]. 

For the present experiment, organoids from the intestinal tissue of a healthy mouse 

were cultured for 40 days and then disassembled (day 0 of the experiment) to allow the 

investigation on tissue regeneration and the potential effect of Hµs on this process. Hμs 

at two concentrations and oxaliplatin at a toxic concentration, used as positive control, 

were added to the culture medium the day after the disassembling procedure (day 1), 

while the medium was renewed for control organoids (negative control). Size monitoring 

was performed by optical microscopy, following the same organoids at day 1 (before the 

treatment), 5 and 8, and by measuring the surface area of the samples using ImaJ 

software. 5 organoids per condition were monitored along the study and the mean 

surface area of organoids treated in the same conditions was calculated. In Figure 30A, 

the growth of organoids is described as the size increase in relation to sample size at day 

1, while in Figure 30B some representative pictures of selected organoids are shown. 

The regular morphology and constant growth of Hμ-treated organoids, compared to the 

positive and negative control, demonstrated the biocompatibility of the developed 
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system. Indeed, while the toxic concentration of oxaliplatin effectively impaired organoid 

growth, leading to their disassembly after 6 days, untreated and Hμ-treated organoids 

grew regularly reaching a 6 fold-increase in size along the considered period. 
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Figure 30: (A) Healthy organoid surface area, normalized by sample size at day 1, expressed as 

mean surface value ± SD of 5 considered samples. (B) Images of untreated and Hμ-treated 

organoids. Scale bar = 200 μm. 

For both studies: (1x) = 1.4 x 1010 particles/mL; (2x) = 2.8 x 1010 particles/mL. 
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4.4 Conclusions 

Three CM-derived bio-mimetic nanosystems were developed and thoroughly 

characterized. All formulations resulted stable and nano-sized, with a negative surface 

charge, demonstrating their suitability as drug delivery systems. The purification from 

potential carcinogenic genetic material was assessed, validating the CM isolation 

procedure also for cells deriving from immortalized cell lines. A considerable loss of 

material related to the extrusion process for CMVs and HEs preparation was 

demonstrated on one side by the lower amount of proteins detected in CMVs compared 

to Hµs, and on the other side by the lower yield of production evidenced for CMVs and 

HEs, compared to Hµs. Nevertheless, this loss of material appeared to involve all kinds 

of proteins to a similar extent, considering the consistency of the protein relative 

abundances detected with proteomic analysis in CMVs and Hµs.  

Extrusion resulted also less effective than microfluidics in terms of hybrids membrane 

fusion, as revealed by FRET study.  

All the developed systems showed good affinity for parent cells, although CMVs and Hµs 

showed higher internalization in this type of cells, compared to HEs.  

CMVs also showed a selective uptake towards parent cells compared to different cell 

lines, while an unexpected non-specific internalization was observed for Hµ after 2h- 

incubation.  

CMVs and Hµs showed no significant cytotoxicity on 2D cultured healthy myoblasts, and 

Hµs did not appear to affect intestinal tissue regeneration, as observed in a 3D organoid 

model study, demonstrating the biocompatibility of the developed nanosystems. 
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5. General discussion and conclusions 

 

A lot of interest has arisen towards cell membranes as functional coating for 

nanoparticles or constituent of vesicles for cancer therapy [11]. The innovation related 

to this strategy relies on the unique and easy reproduction of extremely intricate 

biological functions to provide important features to the nanovehicle such as 

homologous targeting abilities and immune clearance evasion, resulting in long blood 

circulation, thanks to the conservation of “markers of self” from the source cells [238]. 

To this aim, different cell types have been investigated as well as various technological 

approaches [14], and particular interest was sparked by the use of microfluidic 

techniques, due to their unique performances related to production yield and control on 

the final characteristics of the nanosystems [62, 63]. 

My Ph.D. work focused on the development of tumor-targeted bio-mimetic vesicles, 

composed of cancer cell membranes, with the aim of reproducing the excellent 

homologous targeting efficacy observed when achieving specific antigens conservation 

on vesicles surface [11, 22]. CMs were extracted from different parent cell types: primary 

human GBM cells were cultured from patients’ biopsies for GBM-CMVs, and a murine 

CRC cell line was used for the preparation of CRC-CMVs and hybrids, obtained from the 

fusion of CMVs with synthetic lipids. 

A procedure for CM isolation from a cell lysate was developed and validated in terms of 

purification from potentially cancerous genetic materials for both cell types, and 

extrusion was performed to yield CMVs. 

The protein profile of CMVs from GBM and CRC cells was thoroughly investigated, 

evidencing the successful retention of membrane proteins characteristic of the 

originating cells and possibly involved in cancer cellular mechanisms of particular 

interest. 

The physico-chemical characteristics of CMVs deriving from the two cell types were 

comparable and stable over time. 

The yield for CMVs production was evaluated through NTA, resulting in slightly different 

throughput related to the different parent cells: CMVs were obtained in a lower yield 

from GBM primary cells compared to CRC cell line. The differences in mechanical 
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properties and chemical composition of CM deriving from diverse cell types and cultures 

might contribute to this result. 

Both GBM- and CRC-CMVs showed high and selective internalization rate into parent 

cells and no cytotoxicity towards various cell types. 

With the intent of increasing the production yield of these promising bio-mimetic 

nanosystems, synthetic lipids were introduced in CRC-CMVs exploiting co-extrusion and 

micromixing through a microfluidic device, and a critical comparison of the two obtained 

systems was carried out. In both cases, hybridization of CMs with artificial lipids allowed 

to increase the number of bio-mimetic vesicles obtained, compared to CMVs gained 

from the same amount of parent cells. Nevertheless, the use of the microfluidic 

technology was associated with a higher throughput of hybrids production in terms of 

number of vesicles as well as protein retention from the originating cells. Moreover, a 

more efficient membrane fusion was observed for hybrids produced by micromixing 

compared to co-extrusion. Finally, hybrids obtained by microfluidics showed better 

internalization into parent cells compared to their extruded counterparts, along with 

remarkable selectivity when considering the vesicle uptake in different cell lines. 

The biocompatibility of hybrids by microfluidics was investigated on 2D cultured murine 

healthy myoblasts and on 3D intestinal murine organoids, considered more reliable in 

reproducing in vivo conditions. Neither cytotoxicity on 2D cell cultures nor organoid 

growth inhibition were associated with hybrids treatment. 

In conclusion, a protocol for the preparation of stable CM-deriving bio-mimetic vesicles 

was successfully developed, and their physico-chemical characteristics, as well as their 

composition and mechanical properties were thoroughly investigated. The 

demonstrated safety and internalization efficiency of the developed CMVs and hybrids 

make them novel potential drug vehicles for cancer therapy. 

Future studies will focus on the development of a standard protocol for the loading of 

anticancer agents for radiotherapy or chemotherapy into CMVs and hybrids from 

different cell types. Once the protocol for vesicles development and loading will be 

standardized, in vitro and in vivo anticancer activity studies will be performed to evaluate 

the potential impact of this bio-mimetic platforms in cancer therapy. 
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5-FU: 5-Fluorouracil 

AFM: Atomic force microscopy 

APTES: (3-aminopropyl) triethoxysilane 

BCA: Bicinchoninic acid 

BNCT: Boron neutron capture therapy 

BPA: (L)-4-dihydroxyborylphenylalanine 

BPA-fr: BPA-fructose complex 

BSH: Sodium borocaptate 

CIN: Chromosomal instability 

CM: Cell membrane 

CM-DiI: 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine iodide 

CMVs: Cell membrane derived vesicles 

CRC: Colorectal cancer 

Cryo-TEM: Cryogenic transmission electron microscopy 

CTCs: Circulating tumor cells 

CT: Computed tomography 

Cy5-PE: Cyanine5-phosphatidylethanolamine 

DIA: Data independent acquisition 

DLS: Dynamic light scattering 

DMEM: Dulbecco’s modified eagle medium  

DMPC: 1,2-Dimyristoylphosphatidylcholine 

DMPG: 1,2-Dimyristoylphosphatidylglycerol 

DSPC: 1,2-distearoyl-sn-glycero-3-phosphocholine 
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DSPE-PEG2000: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 

glycol)-2000]  

EGFR: Epidermal growth factor receptor 

FACS: Fluorescence-activated cell sorting 

FBS: Fetal bovine serum 

FDG-PET: (F18)-fluorodeoxyglucose-positron emission tomography 

FRR: Flow rate ratio 

GBM: Glioblastoma 

Hµs: Hybrids by microfluidics 

HEs: Hybrids by extrusion 

HLA: Human leukocyte antigen 

HSP: Heat shock protein 

Lipo BPA: BPA-loaded liposomes 

Lipo BPA-fr: BPA-fr-loaded liposomes 

MGMT: O6-methylguanine-DNA methyltransferase 

MIN: Microsatellite instability 

miRNA: Micro RNA 

MOF: Metal organic framework 

MRI: Magnetic resonance imaging 

mRNA: Messenger RNA 

MRS: Magnetic resonance spectroscopy 

NBD-PE: Nitrobenzoxadiazole-phosphatidylethanolamine 

NP: Nanoparticle 

NTA: Nanoparticle tracking analysis 



 106 
 

PC: Phosphatidylcholine 

PLGA: Poly (lactic-co-glycolic acid) 

PSPD: Position-sensitive photo diode 

PUFAs: Polyunsaturated fatty acids 

Rhd-PE: Rhodamine-phosphatidylethanolamine 

RI: Refractive index 

SAR: Split-and-recombine method 

SB: Starting buffer 

SDS: Sodium dodecyl sulphate 

SEC: Size exclusion chromatography 

SHM: Staggered herringbone micromixers 

siRNA: Small interfering RNA 

TDCs: Tissue-derived cells 

TEM: Transmission electron microscopy 

TFR: Total flow rate  

TRAIL: Tumor necrosis factor-related apoptosis-inducing ligand 

VEGF: Vascular-endothelial growth factor 

WR: Working reagent 

ZIF-8: Zeolitic imidazolate framework-8 
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